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Hydroxyapatite (HA) is the main inorganic constituent of natural bones and teeth with the c-axis

orientation and a(b)-axis orientation, respectively. Designing of HA coatings (HACs) with specific

orientation and morphology is an important strategy to improve their biological properties. Herein, we

report, for the first time, the hydrothermal synthesis of HACs with oriented nanoplate arrays according to

the following steps: (i) deposition of brushite/chitosan coatings (BCCs) on Ti6Al4V substrates; and (ii)

transformation of HACs with oriented nanoplate arrays from BCCs after hydrothermal treatment with

alkaline solutions. After soaking the BCCs in a NaOH solution under hydrothermal conditions, the Ca**

and PO, ions are released from the coatings because of the dissolution reaction of brushite, and react

with OH' ions to form HA nanoplates. Interestingly, these HA nanoplates with a preferential c-plane

orientation are perpendicular to the coating surfaces. Hydrothermal reaction time and Ca/P ratio of BCCs

have great effect on the morphologies of HA nanoplates. With increasing the reaction time from 3 h to 3

days or decreasing the Ca/P ratio from 2.0 to1.0, the widths (or lengths) of HA nanoplates increase

gradually. Simulated body fluid immersion (SBF) tests reveal that the HACs with oriented nanoplate

arrays can promote the formation of apatite on the surfaces, suggesting their good in vitro bioactivity.

Moreover, human bone marrow stromal cells (1(BMSCs) have been used as cell models to investigate
cytocompatibility of the HACs. The hBMSCs on the HACs have better cell adhesion, spreading,
proliferation and osteogenic differentiation than on Ti6Al4V substrates because the HACs are similar to

the minerals of human hard tissues in chemical composition, morphology and crystallographic

orientation. Therefore, HACs with oriented nanoplate arrays have great potentials for implants of human

hard tissues.

1.

Reconstructions of skeletal defects arising from osteoporosis,
tumour resection and bone trauma are still complicated
challenges in the field of orthopaedic surgery.! Titanium alloys
have been widely used for bone implants under load-bearing
conditions because of their low density, good corrosion resistance
and excellent mechanical properties.”> However, their bio-inert
property limits their clinical applications. Recently, biocoatings
on medical metal substrates have developed because they
combine the mechanical advantages of titanium alloys with the
excellent biological properties of bioactive materials.> Notably,
the bioactivity, osseointegration and biocompatibility of
biocoatings depend mainly on chemical composition,
crystallographic texture and morphology.

Carbonated calcium-deficient apatite is the major inorganic
constituent of natural bones, and the corresponding synthetic
hydroxyapatite (Ca;o(PO,)s(OH),, HA) has been widely used for
bone implant, bone filling material and teeth root.* In vertebrate
bones and tooth enamel surfaces, HA crystals exhibit c-axis
orientation and a(b)-axis orientation, respectively. Previous

Introduction

researchers have demonstrated that highly c-axis oriented HA
coatings (HACs) have higher hardness and Young’s modulus
values than randomly oriented HACs.? Moreover, well aligned,
so ordered HA structures can promote initial adhesion, long-term
growth, differentiation of MG-63 osteoblast-like cells, and
accelerate mineralized tissue formation.’
Hexagonal HA crystals with a P6s/m space group have two
crystal planes including a(b)-plane (ac and bc crystal faces) and
ss c-plane (ab crystal face).® The a(b)-plane of HA crystals are rich
in calcium ions, while the c-planes are rich in phosphate and
hydroxide ions.® HA crystals with different crystallographic
orientations exhibit different biological properties including
biocompatibility, bioactivity and biodegradability. Up to now,
0 several coating methods such as electrochemical deposition,
ZnO-seeded method and hydrothermal method have been
developed to fabricate HACs with oriented nanorod arrays
composed of nano/micro HA single crystals.” The HA crystals on
the above coatings exhibit a rod-like structure with a c-axis
es orientation. It is noted that HA nanocrystals in natural bones exist
as plate-like shapes with thicknesses of 2-7 nm, lengths and
widths of 30-200 nm.® Although plate-like HACs have been
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fabricated in recent years, the HA plates exhibit only weak a(b)-
axis orientations and are polycrystalline.” The synthesis of HACs
with oriented nanoplate arrays still remains great challenge.

The biomineralization mechanism of natural bones provide an
important way to design and fabricate ideal bone implants.®
During biomineralization of bone minerals, apatite nanocrystals
are converted from amorphous calcium phosphate by using
metastable crystalline phases such as octacalcium phosphate
(OCP, CagHy(PO4)s-SH,0) and brushite (DCPD, CaHPO,4-2H,0)
as transitory precursors.® Herein, we mimicked the formation
process of HA in natural bone to fabricate HACs with oriented
nanoplate arrays by using DCPD/chitosan coatings (BCCs) as

precursors. The preparation process included the following stages:

(i) preparation of precursor solutions including Ca*" ions, PO4>
ions and chitosan, (ii) deposition of BCCs on Ti6Al4V substrates
by dip-coating method; and (iii) transformation of HACs with
oriented nanoplate arrays from BCCs after hydrothermal
treatment with alkaline solutions. The main aims of this work
were to fabricate HACs with oriented nanoplate arrays, and to
study their structure, morphology, formation mechanism,
cytocompatibility and osteoinductivity.

2. Experimental

2.1 Materials

Titanium alloys (Ti6Al4V) substrates were purchased from Baoji
Tiint Medical Ti CO., Ltd. Hydrochloric acid, phosphoric acid,
hydrofluoric acid, acetic acid, sodium dihydrogen phosphate,
calcium nitrate, sodium hydroxide, sodium chloride, sodium
hydrogen carbonate, potassium chloride, dipotassium hydrogen
phosphate, magnesium chloride, calcium chloride and sodium
sulfate were purchased from National Medicine Group Chemical
Reagent Co., Ltd. Chitosan (85% deacetylated form),
trihydroxymethyl aminomethane, 4,6 diamidino-2-phenylindole
(DAPI), dexamethasone, tetramethylrhodamine isothiocyanate
(TRITC) phalloidin, ascorbate acid, paraformaldehyde, (-
glycerophosphate sodium (B-GP), red solution,
cetylpyridinum chloride, cetylpyridinum chloride and sodium
phosphate were obtained from Sigma Aldrich, USA. Alpha
modification of Eagles medium (a-MEM), fetal bovine serum
(FBS) and p-nitrophenyl phosphate (pNPP) were purchased from
Gibco-BRL, Sydney, Australia. Penicillin and streptomycin were
purchased from Hyclone, USA. CCK-8 was obtained from
Dojindo Molecular Technology, Japan. All chemicals used in this
study were of analytical grade.

2.2 Preparation of HACs

alizarin

Titanium alloys (Ti6Al4V), 15X15>0.9 mm® in size, were used
for substrate materials. Before deposition, the substrates were
abraded with 1000-grit SiC paper and washed with pure acetone
and deionized water in an ultrasonic cleaner. Acid treatment was
performed by soaking these substrates in a 1.0 mol/L H3PO,4-1.5
wt% HF solution for 20 min at room temperature, to form a layer
of TiOx gel on their surfaces. After the acid treatment, the
substrates were gently washed with deionized water, and dried at
room temperature in an air atmosphere.

The biomedical grade chitosan (3.4x10° g/mol of viscosity-
average molecular weight and 91% of deacetylation degree) was

100

105

110

supplied by Qingdao Haihui Bioengineering Co., Ltd. 1.000 g of
chitosan powders were dissolved to 100 ml of an acetic acid
solution (2.0 vt%) under vigorous agitation to obtain a
homogeneous chitosan/acetic acid solution. Ca(NOs3),4H,0
(2.362 g) and NaH,P0O,-2H,0 (0.780 g, 0.936 g or 1.560 g) were
added into the chitosan/acetic acid solution at room temperature.
The corresponding Ca/P molar ratios in the solutions were 2.0,
1.67 and 1.0, respectively. The Ti6Al4V substrates were dipped
in the above solutions for 5 s, and then were withdrawn in a rate
of 1 mm/s. The as-obtained coatings were abbreviated as CCPs.
After drying the CCPs at room temperature for 48 h, BCCs
including DCPD/chitosan coatings were prepared. The BCCs
were immersed in a NaOH solution (5 wt%) in Teflon-lined
stainless steel autoclave, and hydrothermally reacted at 120°C for
2 h, 24 h and 3 days, respectively. Finally, the products (HACs)
were washed with deionized water, and then dried at 60°C for 48
h.

2.2 Characterization

The morphology and microstructure of samples were
investigated by using scanning electron microscopy (SEM,
Hitachi S-4800, CamScan) with energy-dispersive spectrometry
(EDS) and transmission electron microscopy (TEM,
CM200/FEG, Philips) with electron diffraction (ED). Fourier
transform infrared (FTIR, VECTOR22, BRUKER) spectra were
collected by using the KBr pellet technique. The phases of
samples were examined by X-ray powder diffraction (XRD,
D/max-II B, Japan). The thermal behaviors of samples were
examined by thermo-gravimetric analysis (TG-DTA, Perkin-
Elmer) at a heating rate of 10 °C/min in an alumina crucible in air
atmosphere.

2.3 In vitro bioactivity of HACs

A simulated body fluid (SBF) with ion concentrations
approximately equal to those of human blood plasma has been
used widely to investigate the vitro bioactivity of
biomateirals.'® SBF was prepared by dissolving reagent grade
chemicals of NaCl, NaHCO;, KCl, K,HPO,-3H,0, MgCl,-6H,0,
CaCl,, Na,SO,, and (CH,OH);CNH, into deionized water, and
buffering it at pH 7.40 with hydrochloric acid at 37°C. The HACs
which were converted from BCCs with a Ca/P ratio of 1.67 by
hydrothermal reaction at 120°C for 24 h were soaked in 25 ml of
SBF, and kept at 37°C. After given periods of time (6 h, 12 h, 1
day, 2 days, 3 days, 5 days, 7 days), the samples were removed
from the SBF, washed with deionized water and dried at room
temperature. The concentrations of phosphorus and calcium in
SBF were determined by using inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima 5300DV,
Perkin-Elmer).

in

2.4 Proliferation and morphology of hBMSCs

This study was approved by the Ethic Committee of the Ninth
People’s Hospital of Shanghai Jiao Tong University. Human
bone mesenchymal stem cells (hBMSCs) were isolated and
expanded by using the standard method as described previously.'!
The donor was healthy without metabolic disease, inherited
illnesses or other diseases. The hBMSCs were grown in complete
a-MEM supplemented with 10% FBS and antibiotics (100 U/ml
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penicillin and 100 pg/ml streptomycin) in a 37°C humidified
atmosphere with 5% CO,. The cells at a passage from P3 to P4
were used for these experiments. In addition, in order to
investigate the cytocompatibility of the HACs, Ti6Al4V
substrates were used as the control.

The cytoskeleton of hBMSCs on samples was observed by
using double fluorescence staining.'” Briefly, hBMSCs were
seeded on HACs and Ti6Al4V at a density of 3x10* cells per
sample in a 12-well plate in triplicate, respectively. After
incubation for 24h, the samples were gently washed with PBS
and maintained in 4 % paraformaldehyde for 15 min, followed by
soaking in 0.1 % Triton X solution for 15 min. TRITC phalloidin
was used to stain the actin filaments of cells, and 4',6-diamidino-
2-phenylindole (DAPI) was used to stain the nucleation of cells.
The cell morphology and spreading of hBMSCs were
investigated by using confocal laser scanning microscopy
(CLSM, Leica TCS SP2; Leica Microsystems, Heidelberg,
Germany).

The proliferation of hBMSCs on HACs and Ti6Al4V was
examined with a cell counting Kit-8 (CCK-8, Dojindo Molecular
Technology, Japan) assay.'? Briefly, hBMSCs were seeded on
coating surfaces at a density of 7x10° cells per sample in a 12-
well plate in triplicate. At each time point, the medium were
removed, and 1 mL medium was added into each well with 100
puL CCK-8 according to the manufacturer’s instructions. After
incubation for 3 h, optical density (OD) was measured at 450 nm
by using an automated plate reader (PerkinElmer).

2.5 Osteogenic differentiation of hBMSCs

For the osteogenesis assay, hBMSCs with a density of 1x10°
cells/well were used to evaluate the osteogenic differentiation of
the HACs and Ti6AI6V substrates. After incubation in a 12-well
plate with the substrates for 24 h, the culture medium was
changed to osteogenic induction medium. The o-MEM culture
medium was supplemented with 10% FBS, 50 uM ascorbate acid,
100 nM dexamethasone and 10 mM B-GP. The medium was
renewed every 3 days.

Alkaline phosphatase (ALP) staining was performed according
to previous report.* The ALP activity of each sample was
determined by a colorimetric assay using an ALP reagent with
pNPP as the substrate after culturing for 7 and 14 days. The
absorbance of as-formed p-nitrophenol was measured at 405 nm
using a microplate reader (Synergy HT, Bio-Tek). The total
protein content was determined using the BCA protein assay kit
(Pierce, Thermo, Rockford, IL, U.S.A.). ALP activity was
expressed as OD value at 405 nm per milligram of total cellular
proteins. All experiments were performed in triplicate.

Alizarin red staining was used to analyze calcium nodule
formation (mineralization). Cells were grown on the HACs and
Ti6Al4V substrates for 24 days in osteogenic inductive culture
medium. The cells on the samples were fixed in 4%
paraformaldehyde for 15 min and stained with 1% alizarin red
solution (pH = 4.20) for 45 min at room temperature. Next, the
samples were washed with deionized water until no further
orange colour appeared in deionized water and then dried at
37°C. Finally, images of the stained samples were acquired using
a digital scanner (Scanjet 2400, HP, Palo Alto, CA, U.S.A.). For
quantitative analysis, the orange staining was dissolved in 10%
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cetylpyridinum chloride (pH = 7.0) in 10 mM sodium phosphate,
and the OD values were measured at 620 nm using a microplate

o reader (SynergyHT,Bio-Tek). The mean OD obtained from the

blank control were subtracted from the OD of the test groups.
2.6 Statistical analysis

Data were presented as the mean + standard deviation from at
least three independent experiments. Statistical analyses were

s performed using a one-way analysis of Variance (ANOVA)

followed by the Student-Newman-Keul’s test. p < 0.05 was
considered significant.

3. Results and discussion

3.1 Structure and morphology of HACs

Intensity, a.u.

Al Ti
Ti
(o] Na P Ca

0 1 2 3 4 5 6
Energy, keV

Figure 1 (a) SEM images of BCCs; (b,c) SEM images and (d) EDS

spectrum of HACs converted from BCCs with a Ca/P ratio of 1.67 after

hydrothermal reaction for 24 h.

During the biomineralization process of natural bones, apatite
nanocrystals are converted from amorphous calcium phosphate
by using DCPD or OCP as transitory precursors.*™ In this work,
HACs with oriented nanoplate arrays were fabricated according
to the following steps. At the first stage, the precursors including
chitosan, Ca®" ions and PO,” ions were prepared by the addition
of Ca(NOs),-4H,0 and NaH,PO,-2H,0 into chitosan/acetic acid
solutions. At the second stage, the sol-like precursors deposited
on Ti6Al4V substrates by dip-coating method. After dried at
room temperature for 48 h, DCPD were formed on the coatings
(BCCs) due to the volatilization of acetic acid. The SEM image in
Figure la indicates that the BCCs possess smooth surfaces
because the DCPD particles are covered with chitosan. At the
final stage, the BCCs were transformed to the HACs with
oriented nanoplate arrays after hydrothermal treatment with
alkaline solutions at 120°C for 24 h. The low-magnification SEM
image in Figure 1b reveals that the HACs are perfectly crack-free
coatings. The HA nanoplates with thicknesses of about 10 nm
and widths (or lengths) of about 300 nm are perpendicular to the
surfaces of the HACs (Figure 1c). Interestingly, the shape of the
HA nanoplates is similar to the HA crystals in natural bones,

os though the particle size of the latter is tinier than the former.® In

addition, the HA nanoplates aggregate to produce nonuniform

This journal is © The Royal Society of Chemistry [year]
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pores with a pore size of 20-200 nm. The EDS spectrum in Figure
1d reveals that the chemical elements of HACs include Ca, P, O,
C, Na, Al and Ti. The Ca, P and O elements are mainly derived
from the HA, the Na element might be attributed to the

s adsorption of Na" ions on the coatings or the substitution of the
Ca®" ions in HA crystal lattice by Na* ions, the C element is
derived from chitosan, and the Ti and Al elements are originated
from Ti6Al4V substrates.

10 Figure 2 (a,b) Low-resolution TEM images, (c) high-resolution TEM
image and (d) corresponding ED pattern of HACs converted from BCCs
with a Ca/P ratio of 1.67 after hydrothermal reaction for 24 h.
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Figure 3 SEM images of HACs converted from CCPs with the Ca/P ratio
15 of 1.67 after hydrothermal reaction for different time: (a,b) 2 h; (c,d) 3
days.

Figure 2 shows the TEM image and ED pattern of the HA
nanoplates in the HACs. The low-resolution TEM image
confirms that the shape of the HA particles in HACs is plate-like

20 structure, too (Figure 2a and b). The high-resolution TEM image
indicates the crystal lattices with a spacing (0.82 nm) that
corresponds with the (100) HA planes. Both the SEM images and
TEM images suggest that the HA crystals in the HACs possess
the c-plane orientation (Figures 1 and 2). Moreover, the ED

25 pattern shows the visible diffraction rings, which are indexed to
the crystalline HA phase (Figure 2d).

The reaction time has great effects on the morphologies and
structures of the HACs. If the reaction time is 2 h, the as-formed
HA crystals exhibit plate-like shape (Figures 3a and b). These

30 nanoplates with thicknesses of about 8 nm, widths (or lengths) of
about 100 nm are perpendicular to the surfaces of the HACs.

With prolonging the reaction time from 2 h to 24 h, the particle

size of HA plates grows gradually (Figures 1 and 3).

Unfortunately, if the reaction time is prolonged upon 3 days, the
35 obtained HA plates on the HACs exhibit uneven sizes with
thicknesses of 50 nm and widths (or lengths) ranging from 100
nm to 800 nm. Moreover, the HA plates begin to curl up (Figures
3c and d).

The effects of reaction time on the structures are investigated
by using XRD patterns and FTIR spectra. As we know, calcium
phosphate phases mainly include HA, OCP, DCPD and TCP
[Ca3(POy),]. Interestingly, only DCPD exists on the BCCs, as
confirmed by the XRD pattern (Figure 4a). After hydrothermal
reaction at 120°C for 2 h, the characteristic peaks due to HA
45 crystals are observed in Figure 4b (JCPDS card no. 09-0432).

Because of short reaction time, the as-formed HA crystals exhibit

a low crystallinity. With prolonging the time from 2 h to 3 days,

the characteristic peaks become sharper and stronger, suggesting

the increase of HA crystallinity (Figure 4).

=
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Figure 4 (a) XRD pattern of BCCs with the Ca/P ratio of 1.67; XRD
patterns of the HACs converted from the BCCs after hydrothermal
reaction at 120°C for different time: (b) 2 h; (c) 1 day; (d) 3 days.

50

Figure Sa shows the FTIR spectrum of the BCCs before
ss hydrothermal reaction at 120°C for 24 h. The infrared stretching
v(OH) are observed at 3550, 3489 and 3412 cm™’. The band at
1648 cm™ is ascribed to the H-O-H bending of lattice water
molecules.' The bands at 1147, 1070, 986 and 877 cm’ are
ascribed to P-O stretching vibration in HPO,> groups,
respectively.'* The band due to O-P-O(H) bending mode locates
at 530 cm™. The BCCs with the Ca/P ratio of 1.67 are converted
to the HACs, after hydrothermal reaction at 120°C for 2h, 24 h
and 3 days, respectively. The characterized functional groups of
HA crystals are detected for three samples (Figure 5b-d). The
6 intense absorption peak at 1030 cm ' is ascribed to the stretching

=y
S

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 11



Page 5 of 11

Journal of Materials Chemistry B

vibration (v;) of the phosphate (PO,) groups, and the absorption
peaks at 563 and 604 cm™ are ascribed to the bending vibration
(v4) of the phosphate (PO,*) groups."® The absorption band due
to HPO,> at around 1102 cm™ indicates that the samples are

s calcium deficient HA.'® The band at 3437 cm™ is corresponding
to adsorbed water on the HACs.'” The hydroxyl absorption bands
due to HA are detected at 636 and 3703 cm™.'® The weak bands
at around 3571 cm’ are ascribed to OH group with weak
interactions to the environment.'” The above results of SEM

10 images, XRD patterns and FTIR spectra suggest that the particle
sizes and crystallinities of HA crystals on the HACs increase with
prolonging reaction time, but the functional groups do not change
obviously.
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15 Figure 5 (a) FTIR spectrum of BCCs with the Ca/P ratio of 1.67; FTIR
spectra of the HACs converted from the BCCs after hydrothermal
reaction at 120°C for different time: (b) 2 h; (c) 1 day; (d) 3 days; (e)
FTIR spectrum of chitosan.

Chitosan, a random copolymer of N-acetyl-D-glucosamine and

20 D-glucosamine, is the partially de-acetylated derivative of chitin.
The functional groups of chitosan are detected by FTIR spectrum
in Figure 5e. The band at 1589 cm™ is assigned to the N-H
bending vibration overlapping the amide II vibration. C-N
stretching vibration occurs at around 1030 cm™ and overlaps the

25 vibration from the carbohydrate ring. The broad band at around
3437 cm’! is corresponding to the stretching vibration of N-H and
OH groups. The -CH, bending vibration occurs at 1420 cm™."
During the conversion of BCCs into HACs under the
hydrothermal conditions, the chitosan in the BCCs is remained.
30 The characteristic bands of chitosan at 1420 cm™ and 1589 cm™
are observed in the HACs (Figure 5). However, its characteristic
bands at 1030 and 3437 cm are overlapped by those of HA
crystals (Figure 5). In order to determine the percentage of
chitosan in the HACs, TG and DTA analyses were carried out.
35 The weight loss of 4% between 30°C and 180°C is due to the loss
of physically adsorbed water on the HACs (Figure 6).° The
weight loss of 28.5% at the temperature range 180-550°C belongs
to the decomposition of chitosan, suggesting that the content of
chitosan is about 28.5% of the total in HACs.?® The above results
can be confirmed by the DTA pattern of HACs (Figure 6). The
endothermic peak at around 88°C and exothermic peak at around

4

S

278°C are associated with evaporation of adsorbed water and
thermal decomposition of chitosan, respectively.
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45 Figure 6 TG and DTA curves of the MHACs converted from the MBGCs
with the Ca/P ratio of 1.67 after hydrothermal reaction for 24 h.

In addition, the effects of Ca/P ratios in the BCCs on the
morphologies and structures of HACs are discussed in the
following text. As we know, stoichiometric HA has a hexagonal

so crystal structure with the P6;/m space group, and its Ca/P ratio is
1.67. The original Ca/P ratio in the BCCs had great effect on the
morphologies of the HACs, as shown in Figures 1 and 7. If the
Ca/P ratio in the BCCs is 1.0, the obtained HA nanoplates have
the thicknesses of ~40 nm and widths (or lengths) of 1~2 pm.

ss With increasing the Ca/P ratio from 1.0 to 2.0, the thicknesses
and widths (or lengths) decrease gradually. Notably, if the Ca/P
ratio in the BCCs is 2.0, the HA nanoplates curl up, and they have
the smallest particle size with thicknesses of ~8 nm and widths
(or lengths) of 100~300 nm among the three samples with Ca/P

0 ratios of 1.0, 1.67 and 2.0.

Ca/P ratio after hydrothermal reaction for 24 h: (a,b) 1.0; (c,d) 2.0.

Figure 8 shows the XRD patterns of the HACs converted from

os the BCCs with the different Ca/P ratios after hydrothermal
reaction at 120°C for 24 h. Lin et al. have demonstrated that
calcium phosphate phases include HA with a Ca/P molar ratio of
1.67, OCP with a Ca/P molar ratio of 1.33, a-orf-

This journal is © The Royal Society of Chemistry [year]
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tricalcium phosphate (a- or B-TCP, Ca;(POy),) with a Ca/P molar
ratio of 1.5 and DCPD with a Ca/P molar ratio of 1.0.>! Although
the BCCs with different Ca/P ratios of 1.0-2.0 are used as
precursors, all the obtained products are HA phase. No other

s calcium phosphate phases are detected in the XRD pattern
(Figure 8), suggesting that the original Ca/P ratios have no effect
on the phases of products. Moreover, the functional groups of the
HAC:s converted from the BCCs with the different Ca/P ratios are
demonstrated by FTIR spectra. Both the characteristic bands due

10 to HA and chitosan are observed for the three samples (Figure 9).
Therefore, we can conclude that the original Ca/P ratios in the
BCCs have no great effects on the functional groups and phases
of the final products.

L C % * ** VLA e
rk.w PRAIM bt | 4\»* Vihid N W VWA

Intensity, a.u.

mww* il

10 15 20 25 30 35 40 45 50 55
2 theta, deg.

15 Figure 8 (a) XRD patterns of the HACs converted from the BCCs with
the different Ca/P ratio after hydrothermal reaction at 120°C for 24 h: (a)
1.0; (b) 1.67; (c) 2.0.
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Figure 9 FTIR spectra of the HACs converted from the BCCs with the
20 different Ca/P ratio after hydrothermal reaction at 120°C for 24 h: (a) 1.0;
(b) 1.67; (c) 2.0.

3.4 Formation mechanism of HACs

Carbonated calcium-deficient apatite is the main inorganic
constituent of human hard tissues including bones and teeth.

2s Depending on the type of hard tissues, apatite crystals possess
different orientations. Generally, in the long bones, the c-axes of
apatite crystals are parallel to the extending collagen fibers,
resulting in exposure of their a,b-planes on the bone surfaces.® On
the other hand, in the dental enamel, the a(b)-axes of apatite
30 crystals are perpendicular to the teeth surfaces. The anisotropic
characteristics of a,b-plane and c-plane for HA crystals have
great  effects on  Dbioactivity, biodegradability, and
biocompatibility.” HACs with oriented nanorod arrays along the
c-axis have been fabricated by electrochemical deposition, and
35 ZnO-seeded method and hydrothermal method.” However, the
plate-like HACs with preferred c-plane (a,b-axis) orientations
have rarely been reported because HA single crystals grow easily
along the c-axis. Recently, the biomineralization mechanism of
bone minerals has been reported by several research groups.'®
40 The apatite crystals in natural bones do not initially nucleate
within the hole zones, but rather a liquid-phase amorphous
precursor is drawn into the collagen fibers via capillary action,
and the precursor crystallizes to form apatite crystals by using
metastable crystalline phases such as OCP and DCPD as
transitory precursors.”” Based on the formation process of the
apatite crystals in natural bones, we fabricated HACs with
oriented nanoplate arrays by using BCCs as precursors, as shown
in Figure 10.

IS
o

Chitosan PO and Cd" ions Chitosan DCPD

.i' -"o. °
° > 00

®. %Bccs *
) -]
® ° o

HA plates

OH ions
0© 0©° 009 o
= 0© 09 o0

PO4 ions
N
Ca®" ions
.

so Figure 10 Illustration of the fabrication strategy of HACs with oriented
nanoplate arrays: (a) deposition of precursor coatings (CCPs) containing
chitosan, Ca’" and PO,> ions on Ti6Al4V substrates; (b) formation of
BCCs after drying CCPs at room temperature for 48 h; (c) immersion of
BCCs in a NaOH solution; (d) fabrication of HACs with oriented
ss nanoplate arrays.

First, the precursors including chitosan, Ca?" ions and PO43'
ions were prepared by the addition of Ca(NOs),"4H,O and
NaH,PO42H,0 into chitosan/acetic acid solutions. Since
Ca(NO;), and NaH,PO, could be dissolved in acetic acid

¢ solutions, no calcium phosphate phases existed in the sol-like
precursors. Second, the sol-like precursors including chitosan,
Ca*" ions and PO, ions deposited on Ti6Al4V substrates by dip-
coating method (Figure 10a). After drying at room temperature
for 48 h, DCPD crystals were formed in situ on the coatings
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(BCCs) due to the volatilization of acetic acid (Figure 10b). The
main inorganic phase of BCCs is DCPD, as confirmed by XRD
pattern (Figure 4a).These DCPD particles are covered with
chitosan, so the BCCs have smooth surfaces (Figure 1a). Finally,
after hydrothermal treatment with a NaOH solution, the BCCs
were converted into the HACs. Notably, the chitosan remains on
the coatings rather than diffuse into the solution (Figures 5 and 6).
The main reason may be attributed to the unique structure of
chitosan. Chitosan is a random copolymer of N-acetyl-D-
glucosamine and D-glucosamine.”® The presence of amino groups
makes chitosan exist in a soluble or solid state, which depends on
the pH value of environments. The chitosan with solid state is not
easily dissolved into the NaOH solution because of the
stereoregularity and molecular hydrogen bonding among chitosan
molecules. Since the logarithmic solubility product of DCPD
(pKp=6.622) is lower than that of HA (pK,,=58.6), HA is more
stable in solutions than DCPD.'® Under hydrothermal conditions,
the BCCs can be converted into the HACs. The morphology of
the BCCs is different from that of the HACs (Figure 1),
suggesting that the conversion mechanism is a dissolution-
precipitation reaction.

After soaking the BCCs in a NaOH solution, the Ca®" and
PO,* ions are dissolved from the DCPD in the coatings, and enter
into the solution. The concentrations of Ca?* and PO,* ions
exhibit gradient distributions and decrease gradually from the
coatings to solution.

CaHPO ,-2H,0+ OH - — Ca?*+ PO3 +3H,0 1

The released Ca*" and PO,> ions may react with the OH" ions
in the NaOH solution to produce plate-like HA particles as the
ionic activity product exceeds the thermodynamic solubility
product.

10Ca%"+6PO3 +20H ™ — Ca (PO 4)¢(OH), )

After soaking the BCCs in a NaOH solution, the Ca®" and
PO, ions are released from the coatings because of the
dissolution reaction of DCPD (Eq. 1). The HA nanoplates tend to
deposit on the coating surfaces rather than in the solution because
of the following reasons: first, the concentrations of Ca®" and
PO, ions on the coating surfaces are higher than in the solution;
secondly, the functional groups such as —OH and -NH, in the
coatings may serve as active sites to promote the deposition of
HA crystals.

The reaction time has great effect on the morphologies of the
HACs. After the hydrothermal reaction for 2 h, the HA
nanoplates with widths (or lengths) of ~100 nm are observed in
SEM image (Figures 3a and b). These nanoplates are
perpendicular to on the surface of the HACs. With increasing the
reaction time from 2 h to 24 h, the widths (or lengths) of HA
nanocrystals grows gradually (Figures 1b and 3a). Unfortunately,
if the reaction time prolongs upon 3 days, the obtained HA plates
on the HACs exhibit an uneven particle size ranging from 100 nm
to 800 nm. Moreover, the HA plates begin to curl up. The
obvious changes of morphologies with increasing reaction time
can be demonstrated by the evolution process of HA crystals. The
formation process of the HA particles on the coatings is divided
into two stages, including nucleation and growth.”® The velocity
of nucleation is proportional to the relative supersaturation, while
that of growth is proportional to the absolute supersaturation.?
Since the solubility of HA is small (pKy=58.6), the absolute
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saturation has a greater effect on the velocity of nucleation than
that of growth. If the absolute saturation is large, the velocity of
nucleation is greater than that of growth, giving rise to forming
lots of nanocrystals; on the contrary, the as-formed nuclei begin
to grow.?* The relative supersaturation and absolute
supersaturation for the HA crystals are mainly determined by the
concentrations of the Ca®" and PO,> ions, which are derived from
BCCs. At the initial stage, a number of Ca”" and PO,> ions are
released from BCCs. The great concentrations of reactants
increase the absolute saturation, resulting in the greater velocity
of nuclei formation than their growth. Lots of HA nanocrystals
are formed on the surface of BCCs after treatment with the NaOH
solution for 2 h (Figure 3a). Upon increasing the immersion time,
the concentrations of the Ca*" and PO, ions decrease because
they are consumed in the initial stages. Under the low absolute
saturation, the HA nanoplates tend to grow. The widths (or
lengths) of HA nanoplates increased from ~100 nm to ~300 nm
with prolonging the reaction time from 2 h to 24 h (Figures 1b
and 3a). If the hydrothermal reaction increases up to 3 days, some
HA nanoplates become bigger and the others become smaller
than those obtained after reaction time of 24 h. Moreover, the
numbers of HA plates on the coating surfaces decrease, and they
are 231.0, 77.1 and 19.4 per square micron when the reaction
times are 2 h, 24 h and 3 days, respectively. This phenomenon
can be demonstrated by Ostwald ripening rule.”> Larger HA
particles may grow further at the expense of smaller particles in
order to reach a more thermodynamically stable state wherein the
surface to area ratio is minimized.

In our previous work, we have developed the HACs with
oriented nanorod arrays by using bioglass coatings (BGCs) as
precursors in SBF.® Under the hydrothermal conditions, the
elongated HA nanorods with c-axis orientation deposit on the
surfaces via a dissolution-precipitation reaction. With increasing
the reaction time from 2 h to 2 days, some HA nanorods are
transformed into blocky particles and no plate-like HA particles
are obtained.” Interestingly, the HA crystals in the HACs exhibit
plate-like shape rather than rod-like shape. Zhuang et al. have
reported that HA crystals possess preferred c-plane and a(b)-
plane orientations with the different atomic arrangement.® The
a(b)-plane is rich in calcium ions, while the c-plane is rich in
phosphate and hydroxide ions.® In the present work, the NaOH
solution is used as a reaction solvent to convert the HACs from
the BCCs. The high concentration of OH™ ions tends to promote
the formation of plate-like HA crystals. In addition, the Ca/P
ratios of the CCPs have great effect on the morphologies of HA
crystals on the HACs. Under the same amount of Ca*>* ions in the
BCCs, the widths of HA nanoplates with c-plane orientation
increase with increasing the amount of PO,> ions. If the Ca/P
ratio of the BCCs is 2.0, the length (or width) of the HA crystals
is 100~300 nm. When the Ca/P ratio decreases to 1.0, the length
(or width) of HA plates increases upon 1~2 pum (Figure 7). In
contrast, the HA nanorods with a(b)-plane orientation deposit on
the surfaces of the BGCs, since the release amounts of PO,* and
Ca®" ions are related to their original percentages in the BGCs.

3.5 In vitro bioactivity of HACs

Previous reports have indicated that in vitro bioactivity of is
assessed by soaking biomaterials in SBF and monitoring the
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formation of apatite on the surfaces.”® The HACs with oriented
nanoplate arrays have been prepared from the BCCs after
hydrothermal treatment with the NaOH solution for 24 h (Figures
1, 4 and 5). Interestingly, abundantly apatite deposits on the
surfaces of HACs after soaking in SBF at 37°C for 3 days (Figure
11a). In addition, gel-like materials are detected in the SEM
image, which are ascribed to amorphous calcium phosphate
(ACP). Yan et al. have found the formation of ACP on ordered
mesoporous bioactive glass after soaking in SBF, too.?” The ACP
as precursor can be converted to apatite both in vitro and in vivo
with increasing the incubation time.”” Although all HA particles
on the HACs before and after soaking in SBF exhibit plate-like
shapes, they have different morphologies and chemical
components. The high magnification SEM images indicates that
the thickness of HA nanoplates formed in SBF is about 40 nm,
while those on the HACs is only about 10 nm (Figures 1c and
11a). The EDS spectrum in Figure 11b shows the chemical
elements including Ca, P, O, C, Na, Al and Ti, which are mainly
derived from the apatite, chitosan and Ti6Al4V substrates.

Energy, keV

Figure 11 (a) SEM images and (b) corresponding EDS spectrum of
HAG:s after soaking in SBF at 37°C for 3 days. The arrows in (a) show the
gel-like ACP.

After soaking the HACs in SBF at 37°C for different days, Ca
and P concentrations were determined by ICP-OES, as shown in
Figure 12. The concentration changes for Ca and P follow a
similar trend. Both the Ca and P concentrations in SBF decrease
obviously in the first 5 days, and then reach the equilibrium with
increasing further the immersion time. The immersion time,
during which Ca and P concentrations reach a stable value, may
be used as one of the criteria to evaluate the in vitro bioactivity of
biocoatings. For HACs, the time that the Ca and P concentrations
reach equilibrium is only 5 days, suggesting that the HACs have
good in vitro bioactivity.

Taken together, both SEM images and ICP-OES investigations
reveal that the HACs with oriented nanoplate arrays can promote
the formation of apatite on their surfaces (Figures 11 and 12).
Kokubo et al. have demonstrated that the essential requirement
for a material to bond to living bone is the formation of apatite on
its surface when implanted in the living body.?® Therefore, we
can infer that the HACs with oriented nanoplate arrays have
potential for implants of human hard tissues. The rapid formation
of on the surfaces of the HACs may be attributed to their porous
structure, chemical component and crystallographic orientation.
Firstly, the nonuniform pores with a pore size of about 20-200 nm
among the HA nanoplates help to accelerate the kinetic
deposition process of apatite (Figure 1c). The pores in the HACs
increase the surface area of the coatings, so many Ca®* and PO,*
ions are attracted to their surfaces and enter into the inner layer of
so coatings by using the pores as ion-transfer channels. As the local

b

S

S

ion activity product exceeds its thermodynamic solubility product,
the apatite deposits on the surfaces of HACs. Secondly, the HA
nanoplates on the HACs exhibit preferred c-plane orientation,
which is rich in phosphate and hydroxide ions. The rich
phosphate and hydroxide ions tend to adsorb the Ca*" ions in SBF
via electrostatic interactions. The increase of local supersaturation
around the HA nanoplates improves the formation of apatite on
the HACs. Thirdly, the -NH, groups in the chitosan can serve as
the active sites, which can attach the Ca*" ions and promote the
nucleation of apatite.
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Figure 12 Ca, P concentrations in SBF as a function of immersion time
after soaking HACs at 37°C.

3.6 Cell performances of hBMSCs on HACs

] merge

a nucleus

b nucleus merge

50 pm

Figure 13 LSCM images of hBMSCs cultured on the different samples:
(a) Ti6Al4V, (b) HACs. The cells were stained with blue and red
fluorescence, the actin filaments were stained as red fluorescent light and
the nucleation were stained as blue fluorescent light.

The cytocompatibility of HACs was investigated by using
hBMSCs as cell models and Ti6Al4V substrates as control
samples. Figure 13 shows the LSCM images of the hBMSCs
cultured on HACs and Ti6Al4V for 24 h. An actin cytoskeleton
and focal adhesion staining kit is used to map the orientation of
actin filaments with TRITC phalloidin and labeling nuclei with
DAPI. The long red bundles of stress fibers composed of actin
filaments and good cell-cell contact with one another demonstrate
the good cell cytoskeleton morphology of the hBMSCs on the
HACs and Ti6Al4V. Notably, as compared with the Ti6Al4V, the

so hBMSCs cultured on the HACs exhibit rearranged cytoskeleton

with better-developed stress actin fibers (Figure 13), suggesting
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that the HACs possess better cell adhesion and spreading than
Ti6Al4V. CCK-8 assay is a quick and effective method for
testing mitochondrial impairment and correlates quite well with
cell proliferation.”” Figure 14 shows the CCK-8 results of the

s hBMSCs cultured on HACs and Ti6Al4V at the different days.
With increasing the culture time, the number of viable cells
increases gradually. For both groups, the cell number of the
hBMSC:s at day 7 is more than three times that of day 1. Both the
LSCM images and CCK-8 assay results reveal that the Ti6Al4V

o and HACs exhibit good cytocompatibility (Figures 13 and 14),
which can promote the cell adhesion, spreading and proliferation.
Interestingly, the HACs possess better cell biological properties
such as the adhesion, spreading and proliferation than the
Ti6Al4V substrates.

1.5
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5
Figure 14 CCK-8 assay results of hBMSCs cultured on the Ti6Al4V and
HACs at different days. The data are represent as the means+standard
deviation; n=3 (** p<0.01).
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Figure 15 (a) ALP staining and (b) ALP activity of hBMSCs grown on
the Ti6Al4V and HACs after 7 and 14 days. (c) Alizarin red staining and
(d) corresponding quantitative analysis results of hBMSCs grown on the
Ti6Al4V and HACs after 24 days (** p<0.01).

To investigate the osteogenic differentiation of hBMSCs on
s different substrates, ALP activity and mineralization were

~
o

measured in vitro. In the process of hBMSCs osteogenesis, ALP
is an early marker for osteoblast differentiation, which involves
the degradation of inorganic pyrophosphate to provide sufficient
local concentrations of phosphate for mineralization.*® Figure 15a
shows the typical ALP staining results of hBMSCs in the
osteogenic medium after 7 and 14 days. The ALP staining
intensity of the hBMSCs on the HACs is stronger than that on the
Ti6Al4V substrates. Figure 15b shows the relative ALP activity
results for the HACs and Ti6Al4V at 7 and 14 days. Both
samples exhibit a similar time-dependent increase in ALP activity
from 7 days to 14 days. Interestingly, the cells on the HACs have
a higher ALP activity than those on Ti6Al4V (p<0.01). The
results of ALP staining and ALP activity suggest that the
osteogenic differentiation of the hBMSCs is enhanced on the
HACs as compared with the Ti6Al4V substrates. In addition, the
extracellular matrix mineralization was assessed by alizarin red
staining, as shown in Figures 15¢ and d. More calcium nodules
are formed on the HACs than on the Ti6Al4V after culturing for
24 days (Figure 15c). Quantitative analysis of the alizarin red
staining in Figure 15d indicates that the HACs exhibit clearly
higher mineralization than the Ti6Al4V (p<0.01), which is
consistent with ALP activity results (Figures 15a and b).

The better adhesion, spreading, proliferation and osteogenic
differentiation of the hBMSCs on the HACs than on the Ti6Al4V
may be attributed to the presence of HA nanoplates with
preferred c-plane orientations. Firstly, the HACs have pores
among the HA nanoplates, which increase contacting areas and
roughness. Large contacting areas are preferable for cell
attachment, spreading and proliferation.’' At the same time, cell
adhesion, proliferation and detachment strength are sensitive to
surface roughness. The surface roughness of the coatings can
improve the short- and longer-term response of cells.’? Costa et
al. have reported that increased levels of surface roughness and
complexity could enhance collagen type I and alkaline
phosphatase ~ expression,  consistent ~ with  accelerated
differentiation.*® Secondly, chitosan originated from hard shell of
insects and has good cytocompatibility,
biodegradability and bioactivity.>* The presence of chitosan in the
HACs may improve the adhesion, proliferation and osteogenic
differentiation of hBMSCs.*> Amir et al. have reported that
Chitosan can significantly enhance RUNX2 and ALP mRNA,
and tend to increase the release of ALP hydrolytic enzyme
activity into the medium during the first week.*® Finally, the HA
c-plane orientation on the HACs have great effect on cell
performances. The a(b)-plane of HA crystals is rich in calcium
ions with positive charges, while the c-plane is rich in phosphate
and hydroxide ions with negative charges.® Since the HA crystals
on the HACs exhibit c-plane orientation, more phosphate and
hydroxide ions exist on the surface, resulting in negative surfaces,
great wettability and high energy surfaces. Generally, a high-
energy surface will improve cell attachment, spreading and
osteogenic differentiation.’” In contrast, Zhuang et al. have
reported that the adhesion efficiency of MC3T3-E1 cells decrease
with increasing initial a(b)-plane orientation degree.* Therefore,
the hBMSCs on the HACs with oriented nanoplate arrays have
good cell morphology, cytoskeletal organization, cell attachment,
spreading and proliferation.

crustaceans
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4. Conclusions

HACs with oriented nanoplate arrays are converted from BCCs
by hydrothermal treatment with alkaline solutions. After soaking
the BCCs in a NaOH solution, the Ca** and PO,* ions are
released from the BCCs, and react with OH™ ions to form HA
nanoplates under hydrothermal conditions. These HA nanoplates
with a preferential c-plane orientation are perpendicular to the
coating surfaces. Hydrothermal reaction time and Ca/P ratio of
BCCs have great effect on the morphologies of HA nanoplates.
10 With increasing the reaction time from 3 h to 3 days or
decreasing the Ca/P ratio from 2.0 to1.0, the widths (or lengths)
of HA nanoplates increase gradually. The HACs with oriented
nanoplate arrays have good in vitro bioactivity, which can
promote the formation of apatite on the surfaces. Moreover, the
1s hBMSCs on the HACs have good cell adhesion, spreading and
proliferation because of the similar chemical component, plate-
like shape and crystallographic orientation to bone minerals.
Therefore, the HACs with oriented nanoplate arrays have great
potential for bone implants.
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