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Being a biocompatible and bioactive material, hyaluronic acid has great potential as a template to
regulate the mineralization of hydroxyapatite (HA) nanocrystals in vitro. Our present study investigates
the effects of sodium hyaluronate (SH) concentrations and initial pH values on the chemical
composition, morphology and biological properties of hydroxyapatite (HA) crystals prepared by the
wet chemical approach. All purified products were studied by Fourier transform infrared (FTIR)
spectroscopy, X-ray diffractometry (XRD), X-ray photo-electronic spectroscopy (XPS), and
transmission electron microscopy (TEM). This is the first time that bioactive carbonated apatites were
synthesized using SH as a template. Biocompatibility of such apatites was gauged by cell vitality and
alkaline phosphatase activity of MG-63 cells. The results suggested that carbonated apatites
synthesized in the presence of SH were more favorable to the proliferation and differentiation of MG-
63 cells compared to conventional apatites. In our study, we also found that SH temporarily stabilizes
amorphous calcium phosphate (ACP) at the early stage of crystallization. The results imply that the
initial pH value and the concentration of SH play a key role in affecting calcium vacancies, carbonate
content and morphology of apatite crystals, as well as their effects on the proliferation and osteogenic

differentiation of MG-63 cells. These synthesized carbonate-containing apatites are potentially

attractive candidates for tissue engineering applications.

Introduction

Biomimetic approaches for inorganic materials synthesis can give
rise to nanomaterials with improved physical and chemical
properties, as well as biological properties, compared to tradi-
tional synthesis methods. Biological constituents, such as bio-
macromolecules, play an important role in regulating the
mineralization and prevent random proliferation of crystal
nuclei.!

Based on the hypothesis that proteins regulate bone mineral-
ization, most research efforts on bone biomimetic mineralization
have focused on collagens,>* gelatin®® and peptides.””® Nudel-
man et al.* even demonstrated that collagen played an active role
in the formation of the oriented hydroxyapatite in bone.
However, Wise er al.'® have recently underscored that poly-
saccharides, not proteins, predominantly form an organic—
mineral interface. Unlike hydrophobic collagens, the functional
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groups of polysaccharides can chelate Ca** ions and form
hydrogen bonds with protonated PO,*>~ and H,O on the surface
of the mineral.’* Recently, a rational biomimetic design has been
shown to demonstrate that the presence of an acidic poly-
saccharide, maleic chitosan, stabilized the amorphous inorganic
phase at the early stage of mineralization in vitro.'? In addition,
this study suggests that the acidic polysaccharide component
plays important roles in regulating the morphology, size and
crystallinity of the inorganic minerals.'?

Hyaluronic acid is one of the largest components of the
extracellular matrix (ECM), which consists of a basic unit of two
sugars, glucuronic acid and N-acetylglucosamine, polymerised
into large macromolecules. Hyaluronic acid is a natural
biopolymer present in some bacterial capsules and in the inter-
cellular matrix of vertebrate connective tissue like cartilage. Since
hyaluronic acid is unstable in an acid form, it is usually extracted
and refined as a sodium salt. At physiological pH, hyaluronic
acid assumes the double helical form,'*'* which degrades with
the addition of NaOH.** It is reported that N-acetylglucosamine
of hyaluronic acid is degraded in basic solution, and hydrolyzed
at the glucuronic acid residue in acidic solution forming the
hemi-acetal.’® Studies have indicated that the degradation
products of hyaluronic acid appear to regulate wound healing by
prompting angiogenesis.'” The biocompatibility of hyaluronic
acid and its key role in tissue development, repair, and function
allow for wide use in clinical applications, such as regeneration,

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 20257-20265 | 20257


http://dx.doi.org/10.1039/c2jm33624c
http://dx.doi.org/10.1039/c2jm33624c
http://dx.doi.org/10.1039/c2jm33624c
http://dx.doi.org/10.1039/c2jm33624c
http://dx.doi.org/10.1039/c2jm33624c

dermal scaffolds, cartilage defects, glial cell culture and sper-
matic motility assessment.

Hydroxyapatite (HA), [Ca;o(PO4)s(OH),], neither antigenic
nor cytotoxic,' is well-known as a suitable bone repair and
substitute material. Its chemical composition and crystal struc-
ture are similar to the mineral in human bone and teeth,'® and is
used as a raw material for the manufacture of implants and
scaffolds. A large number of methods for the synthesis of apatites
have already been published.?*?* But the synthetic apatites
produced by traditional approaches usually have lower
carbonate content and larger particle sizes compared to biolog-
ical apatites. Currently, researchers are concentrating on
synthesizing carbonated apatites with specific morphologies and
nano-scale sizes to more closely resemble biological apatites.?®

The human osteosarcoma cell line MG-63 belongs to a
particular subpopulation of osteoblasts, namely, osteoblast
precursors or early undifferentiated osteoblast-like cells.** The
sequential expression of genes for collagen type I and alkaline
phosphatase (ALP), which is characteristic of osteoblast differ-
entiation, features MG-63 differentiation.?>** MG-63 cells have
been widely used to decide whether a material is biocompatible
and promotes osteogenic differentiation.?’®

The negatively charged groups on hyaluronic acid and its
hydrolytic products play an important role in regulating the
mineralization of apatites, because they have a high affinity for
calcium ions in solution and can prevent crystals from aggrega-
tion. The purpose of this study was to address the effects of the
concentration of SH and the initial pH value on the chemical
compositions, morphology and biological properties of apatites
synthesized by the chemical precipitation method. All products
were characterized by Fourier-transform infrared (FTIR) spec-
troscopy, X-ray diffractometry (XRD), X-ray photo-electronic
spectroscopy (XPS), and transmission electron microscopy
(TEM). The impacts of as-prepared samples on the proliferation
and osteogenic differentiation of MG-63 cells have been evalu-
ated by CCK-8 and alkaline phosphate activity assay.

Experimental
Materials

Ca(N03)2'4H20 (AR, Tianjin, China), (NH4)2HPO4 (AR,
Beijing, China), HNO; (AR, Hebei, China), NH;-H,O (AR,
Tianjin, China), and sodium hyaluronate (>1000 kDa, Shanghai,
China) were used as received without further purification.

Synthesis of carbonated apatites

The synthesis procedure for apatites under atmospheric condi-
tions includes heating of an aqueous mixture of Ca(NOs), and
(NH4),HPO, at 95 °C for 4-6 h. SH was added as a template at
the concentrations of 0, 1.5, 10 and 30 mg ml~'. The specific
synthetic conditions of each sample are listed in Table 1. Solution
pH was carefully adjusted from the initial pH of 2 by adding
NHj;-H,0. The resultant white solution was aged at ambient
temperature overnight. The products were washed at least three
times with deionized water until impurities were completely
removed, then dried in an oven at 60 °C before characterization.

Synthesis of early stage products

At the room temperature, ammonium dibasic phosphate solution
[(NH,),HPO,, 50 ml, 0.2 mol I~'] was rapidly poured into stirred
calcium nitrate solution [Ca(NOs),-4H,0, 50 ml, 0.334 mol 17!]
with 0.3 g per 100 ml of SH. Before mixing, the pH values of both
solutions mentioned above were adjusted to 10 by adding
NH;-H,0. Immediately after precipitation the suspension was
filtered and washed with icy deionized water and finally lyophi-
lized for 72 h. Precipitations were also collected after reaction for
600 s, 1200 s and 1800 s. For comparison, the early stage powders
prepared in the absence of SH were also obtained as the control
group.

Measurements

The crystalline powders were identified and analyzed by X-ray
diffraction (XRD, Standard attachment XRD 6000, Shimadzu,
Tokyo, Japan). Fourier transform infrared spectrometry (FTIR,
Magna-IR 750, Nicolet, USA) was used to detect samples which
were in the form of pellets (KBr pellet). The chemical constitu-
ents were analyzed by X-ray photo-electronic spectroscopy
(XPS, Kratos, UK). Microstructural characterization was
carried out using a Tecnai F30 transmission electron microscope
(TEM). Selected Area Electron Diffraction (SAED) was recor-
ded using the same equipment.

Cell proliferation

Human osteoblast-like cell line MG-63 cells (American Type
Culture Collection, VA, USA) were cultured in «-MEM medium
(Invitrogen) supplemented with 10% of fetal calf serum (FCS),
100 pg ml™!' penicillin and 100 pg ml~! streptomycin in a
humidified atmosphere with 5% CO, at 37 °C. After cell count-
ing, MG-63 cells were seeded in 96-well culture plates (Costar,
USA) at a density of 5 x 10° cells per well for proliferation and
differentiation assays.

The impact of the prepared samples on the proliferation of
human osteoblast-like MG-63 cell line was evaluated by a cell
counting kit-8 assay (CCK-8, Dojindo). One day after seeding,
cells were rinsed with phosphate-buffered saline (PBS) and
exposed to different samples with the concentration of 20 pg
ml~'. The culture medium was refreshed with a-MEM every 2
days. After co-culture for one day, three days and five days, 10 ul
of CCK-8 was added into each well and incubated for 4 h. Then
80 wl of supernatant from each well was transferred to new 96-
well cell culture dishes. Optical density (OD) measurements were
performed using a spectrophotometer (El1x-800, bio-Tek instru-
ments) at 450 nm, with a reference wavelength of 630 nm.

Alkaline phosphate activity assay

Alkaline phosphatase (ALP) activity of MG-63 cells was assayed
by a test kit (Nanjing Jiancheng Bioengineering Institute, China).
Free phenol, which is produced in the hydrolysis process of p-
nitro-phenyl phosphate (p-NPP) with ALP acting as a catalyst,
reacts with 4-amino-antipyrine to form a red-coloured complex.
The absorbance of such a complex measured at 520 nm is
proportional to the ALP activity in the samples. Briefly, after co-
culturing as-prepared samples and MG-63 for 7 days, the
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Table 1 Synthesizing conditions for preparing carbonated apatites with
SH as a template

Sample SH (gper [Ca®'] [PO, 7] Time 7T  pH
name 100ml)  (moll™") (moll™") (h) (°C) value
Pure HA 0 0.167 0.1 4 95 2-10
pH2TO015  0.15 0.167 0.1 4 95 210
pH2T1 1 0.167 0.1 4 95 2-10
pH2T3 3 0.167 0.1 4 95 210
pH10TO15 0.15 0.167 0.1 4 95 10
pH74T015 0.15 0.167 0.1 6 95 74— 10

supernatant was removed and 100 pl of lysis solution (1% Tri-
tonX-100) was added into each well and incubated for 1 h.
Afterwards, 30 pl of MG-63 cell lysates at each well was trans-
ferred to new 96-well cell culture dishes, and cultivated with 50 ul
of carbonated buffer solution (pH = 10) and 50 pl of substrate
solution (4-amino-antipyrine) at 37 °C for 15 min. Then 150 ul of
potassium ferricyanide (a chromogenic agent) was added into the
above solution and its absorbance was measured at the wave-
length of 520 nm by a spectrophotometer (EIx-800, bio-Tek
instruments). For normalization, the total protein concentration
was measured by a bicinchoninic acid (BCA) protein assay kit
(Beijing Biosea Biotechnology, China). Thus the ALP activity
was normalized and expressed as the total protein content (U per
g prot.). Each experiment was performed in triplicate for each
group and repeated twice to get similar results at least.

Statistical analysis

All quantitative data expressed as mean + standard deviations
are derived from experiments carried out in triplicate. Statistical
analysis was carried out with Origin software. Student’s -test
was used to identify the significant differences among the
experimental groups, and a p-value of <0.05 was considered
statistically significant.

Results and discussions
Fourier transform infrared spectroscopy

The FTIR spectra of all as-prepared powders are shown in Fig. 1.
Both the intense peak at 3570 cm™' and the weak peak at
632 cm ™! belong to the stretching (v5) and vibrational modes (v1)
of the hydroxyl anions, which usually exist in the HA crystal.?®
The broad peaks, at approximately 3428 and 1633 cm ™', should
be assigned to the adsorbed water within HA.3® The weak bands,
which are detected at about 1459, 1417 and 872 cm™!, indicate
that there is a partial substitution of CO5*~ for PO,~ (B-
type).332 The bands at around 1095 and 1039 cm ™' are likely
attributed to the triply degenerate »; antisymmetric P-O
stretching modes, and the peak at 962 cm ™! is assigned to the »,
non-degenerate symmetric P-O bond stretching band. Addi-
tionally, the peaks at about 602 and 570 cm ™' should belong to
the triply degenerate v,4 vibration of O-P-O bonds?? and the peak
at nearly 433 cm ™! is attributed to the v, of the P-O mode.3*35
The spectra of the samples synthesized by adding SH into the
solution are very similar to that of pure HA, even though there are
still some differences, which are clearly shown in Table 2. It is easily
found that as the SH concentration is increased, the »3 and »,
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Fig. 1 FTIR spectra of as-synthesized carbonated apatites under different
conditions. The FTIR spectrum of pure HA is shown for reference.

vibrations of P-O bonds, as well as the v3 and vy vibrations of the
hydroxyl anions, could not be detected. It may be ascribed to more
substitution of carbonate for both PO,*>~ and OH™, which are
called B-type and A-type substitutions, respectively.*®* Compared
to pH2T015, v3 and v vibrations of P-O bonds are hardly detected
in pH74T015, as well as the CO5>~ vibration in pH10T015.

X-ray diffraction studies

XRD patterns of the six synthesized samples are shown in Fig. 2.
The diffraction peaks of the products prepared by SH agree with
those of pure HA at 26 values of 25.9°, 31.8°, 32.9°, 39.8°, 46.7°,
49.5° and 53.1°, which are indexed to (002), (211), (300), (310),
(222), (213) and (004) planes, respectively.?” The intense bands at
around 26 = 26°and 26 = 33° demonstrate that the samples are
predominantly HA.

As the SH concentration is increased the diffraction peaks, in
particular the three most intense peaks of HA [corresponding to
(211), (112), and (300) planes], become broader, which indicates
that the dimension of the apatite nanocrystals is decreased.?® The
patterns of carbonated apatites with broader bands are very
similar to those of minerals in human bone and dentin.?* In
addition, with the same SH concentration, the low initial pH
value (pH = 2) contributes to the product with sharp peaks.
However, both neural and alkaline solutions lead to the
production of apatite crystals with broader bands, which may be
ascribed to smaller sized crystals.

Table 2 The different categories of specific functional groups existing in
as-prepared samples

CO5*” (B type)

OH at 3570 at 1459, 1417 PO~ (r;)  POs™ (1)
and 632 cm™! and 872 cm™'  at 1095 cm™!' at 962 cm™!
Pure HA J N N
pH2TOI5 J J J
pH2T1 X J X X
pH2T3 X J X X
pH10TO15 / X J J
pH74T015 N X X
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Fig.2 XRD patterns of as-prepared apatites under different conditions.
The diffraction pattern of pure HA is shown for reference.

The unit cell parameters for apatites obtained were also
calculated. The lattice parameters for calcium hydroxyapatite
were reported to vary between 9.403 and 9.49 A for the « axis and
between 6.866 and 6.940 A for the ¢ axis. 4 Additionally, the
lattice dimensions vary with the A-type carbonate content.*3**
The a dimension systematically increases and the ¢ dimension
decreases with increasing carbonate content. The dimensions of
an A-type carbonated apatite containing 4.4% CO5;*~ (A-type)
were used for reference.*® The order of A-type carbonate content
in as-prepared apatites is as follows: pH2TO015 > pure HA =
pH2T1 > pH74T015 > pHI0TO015 > pH2T3. The lattice
dimensions of pH10TO015 are almost equivalent to the standard
ones (PDF # 72-1243), which indicates that there is no A-type
carbonate in this sample.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy, an important surface
analytical tool widely used in the field of biomaterials, was
applied to examine as-prepared hydroxyapatite powders for the
calcium to phosphorous ratio and also for identifying the pres-
ence of impurities. The XPS wide scan shows that calcium,
phosphorus, oxygen and small amounts of carbon elements were
present in the reference sample, whose spectrum is in agreement
with a previous report (Fig. 3).%6 Other products studied have the
same typical characteristics as the reference sample. The Ca/P
ratios of all samples, which are very close, are less than 1.67,
indicating the calcium-deficient state on the HA crystalline
surface.

Moreover, the analysis of the elementary composition (Table 3)
shows that with the increase of SH concentration, the carbon
element content in the products synthesized at the same initial pH
value is also raised. It illustrates that the solution system with
more hydrolytic products may lead to more CO, absorption.
Additionally, the products synthesized at the same SH concen-
tration have distinct carbon element contents, and their sequence
in the carbon element content is as follows: pH2TO015 >
pH74T015 > pHI10TO015. This implies that when hydrolytic
products mainly function as templates to guide the growth of HA
crystals, the CO5*~ substitution in HA is inhibited. FTIR and
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Fig.3 XPS spectra of as-synthesized apatites under different conditions.
The XPS survey spectrum of pure HA is shown for reference.

XRD analyses identified that there were no A-type and B-type
carbonate substitutions in pH10T015, the carbon element detec-
ted in the sample may be due to carbon contamination in the
detector. Nitrogen was not detected in all the as-prepared
powders, illustrating that there are no presence of any organic
residuals. These results are in agreement with the FTIR analysis.

Morphology analysis using TEM

Fig. 4 shows TEM micrographs of the as-synthesized samples,
from which it was easily seen that the pure HA featured very
irregular morphology. The morphology of pH2T1 is sharply
different from that of pure HA. It indicates that the presence of
hydrolytic products of SH in solution may interfere with the
growth of carbonated apatite crystals, even though those
hydrolytic pieces could not be able to attract calcium ions at a
low pH value and nucleation of apatites could mainly occur in
solution. It was also observed that with the increase of the SH
concentration, the morphology of apatite crystals changes
greatly. It illustrates that more hydrolytic products lead to bigger
steric hindrance, which seriously disturbs the growth of
carbonate-containing apatite crystallines. Both pH74T015 and
pH10TO15 have similar rod-like morphologies, which are very
different from that of pH2T015. However, the rods of pH10TO015
are more uniform than those of pH74T015, because the length of
hydrolytic products at a constant pH value of 10 is more even.
Under alkaline conditions, those hydrolytic pieces function as
templates to attract calcium ions, promote nucleation of minerals
and guide the growth of crystals along the chains.

Table 3 Elementary composition of the as-synthesized apatites

Ca(At%) P(A%) O (At%) C(At%) Ca/P ratio
Pure HA  21.42 15.29 49.26 14.03 1.40
PH2TOIS  19.83 15.11 48.02 17.04 1.31
PH2TI 18.88 13.91 49.80 17.41 1.36
PH2T3 18.94 14.30 49.13 17.63 1.32
pHIOTOI5  20.88 16.10 50.02 13.00 1.30
pH74TOIS  18.70 14.79 50.75 15.77 1.26
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Fig. 4 TEM micrographs of all carbonated apatites prepared under
different conditions. The image of pure HA is shown for reference.

Energy dispersive X-ray

EDX analysis in Fig. 5 and Table 4 revealed a difference in the
Ca/P ratio among the as-prepared crystals. These ratios differed
from those calculated by XPS, but in a similar order. This is
because XPS can only investigate the surface of samples. It is
found that pure HA, pH2T1 and pH2T3 have nearly the same
Ca/P ratio, but that of pH2TO015 is relatively low. It implies that
low SH concentration under the low initial pH conditions may
not contribute to production of apatites with high Ca/P ratio. In
addition, at the same SH concentration, the Ca/P ratio sequence
of samples is as follows: pH2T015 < pH74T015 < pH10TO015.
This indicates that the alkaline conditions may be good to
aggregation of calcium ions on the -COO- groups of the
templates and thus contribute to the synthesis of apatites with
high Ca/P ratio.

MG-63 cell vitality

The in vitro biocompatibility of the prepared samples was inves-
tigated using CCK-8 assay on MG-63 cell line. The viable cell
number is directly proportional to the amount of CCK-8 assay
products, formazan, which shows a linear response at 570 nm

Ca
P
| Ca
pHT4TO15 Al ~
A I
i
8 pH10TO15 N
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Fig. 5 TEM-associated EDX area analysis of the as-prepared powders
prepared under different conditions. The pattern of pure HA is shown for
reference.

Table 4 Calcium to phosphate ratio derived from EDX patterns of the
as-synthesized powders

Pure HA pH2TO015 pH2T1 pH2T3 pHI10T015 pH74T015

Ca 60.191  58.521 60.802 61.149 62.665 59.009
P 39.808  41.478 39.197 38.85 37.334 40.99
Ca/P ratio 1.51 1.41 1.55 1.57 1.67 1.44

absorbance values. From Fig. 6, it can be seen that the viability of
MG-63 cells incubated with each sample (20 pg ml~") for 1 day
displays little statistical differences with that of the control group.
While, after 3 days incubation, pH2T1, pH2T3 and pH10T015
groups show lower absorbance than the control group, but higher
than the other three groups (pure HA, pH2T015 and pH74T015
groups). Similar results are obtained after 5 days incubation.
However, the pH2T1 and pHI0TO015 groups presented little
statistical difference with the control group. Therefore, the
inhibitory effect of the samples on the MG-63 growth after 5 days
incubation is as follows: pure HA > pH74T015 = pH2TO015 >
pH2T3 = pH10T015 = pH2T1. The distinct 570 nm absorbance
could be ascribed to the difference in the morphology, carbonate
content and the Ca/P ratio of the synthesized nano-apatite crys-
tals. It is reported that the crystals of biological apatite are always
of a small size*” and that the substitution of carbonate can
increase the lattice strain of HA and enhance its solubility, which
makes HA biologically active.*® In addition, calcium-deficient
apatites are also of biological importance**>® since the catalytic
activity of HA is proportional to the calcium deficiency®! of the
sample. Large amounts of carbon, non-stoichiometric Ca/P ratio
and appropriate nano-morphology may be the co-contributors to
the biocompatibility of apatites.

Properties of all as-prepared samples are listed in Table 5, from
which it is observed that cells co-cultured with pH10TO015 display
very good vitality. pH2T1 also features good biocompatibility
derived from its small size, low Ca/P ratio as well as large
amounts of carbonate substitution. pH2T3 also results in good
cell vitality due to its low Ca/P ratio, large amounts of carbon
and appropriate morphology of crystals. However, both
pH2TO015 and pH74T015 led to very poor biocompatibility

257 control
244 [ pureHA
25| HEEPH2T015

: [ pH2T1
204 [ pH2T3
1] [EEEPH10TO15
I pH74T015

Absorbance (570nm)
=
1

1 day 3 day S day
Time in culture (day)

Fig. 6 In vitro cytotoxicity of MG-63 cell lines after culturing with the
prepared samples for 1 day, 3 days and 5 days. * represents p < 0.05
compared with the control groups.
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Table 5 Properties of all as-synthesized carbonated apatite samples

Carbon (At%) Ca/P ratio Morphology
Pure HA 14.03 1.51 Irregular
PH2TO15 17.04 1.41 Cloud-like
PH2T1 17.41 1.55 Flake-like
PH2T3 17.63 1.57 Sheet-like
PH10TO15 13.00 1.67 Rod-like”
PH74T015 15.77 1.44 Rod-like”

%526+ 8.8nm, 15.8 & 3.5nm. * 41.8 £ 5.5 nm, 18.2 & 5.5 nm.

mainly due to its very low Ca/P ratio, making the crystals too
chemically active. Pure HA features irregular morphology which
has little biological activity.

Alkaline phosphatase activity

For the purpose of investigating the impact of these morpho-
logically unique synthetic apatites on the differentiation of
MG-63 cells in culture, alkaline phosphatase (ALP) activity
was measured after co-culturing with the samples. This assay is
able to show early osteoblastic phenotypic expressions®?
since alkaline phosphate is expressed in large amounts in the
differentiation phase of osteoblast cells, which is indicative of
osteogenesis. As shown in Fig. 7, after co-culturing for 7 days,
the as-synthesized samples promote differentiation in the MG-
63 in the following order: pH2T1 = pH10T015 > pH2T3 =
pH2TO015 = pH74T015 > pure HA. This sequence agrees
quite well with that of the inhibitory effect of these samples on
the MG-63 viability after co-culturing for 5 days. This
result implies that the prepared HA powders with different
chemical compositions and morphologies have very similar
impacts on the growth and osteogenic differentiation of MG-63
cells.

Possible synthesis mechanism for carbonated apatites
crystallization

Bone sialoprotein (BSP), a polyanionic protein, has been
confirmed to play a role in inducing the formation of HA. The

35

I Control
I pH2HA

30 I pH2T015
I pH2T1
[ pH2T3
[ pH10T015
E pH74T015

25

20

15 o

ALP activity (U/gprot)

104

Fig.7 ALP activity of MG-63 cell lines after culturing with the prepared
samples for 7 days. * represents p < 0.05 compared with the control
group.

glutamic acid-rich sequences of BSP are suggested to be of
special importance in the nucleation of HA. Hyaluronic acid
has a very similar structure with these glutamic acid-rich
sequences, since both have abundant carboxyl groups.®® In
addition, Duer et al reported that the coexistence of bio-
macromolecules, especially glycosaminoglycan (GAG), plays a
key role in the formation of kidney stone, in which apatites
predominate.>*

In this study, in order to understand how SH plays a role in
HA crystallization, we analyzed the early stage products
prepared at the room temperature with the addition of SH.

XRD phase identification of early stage products

Fig. 8 shows the phase transformation process of the early stage
products in pH10TO015 and its control group with the increase
of reaction time. The initial precipitations of both pH10TO015
and the control group were amorphous calcium phosphate
(ACP) with a characteristic bump whose maximum was located
at around 26 = 30°,°®> and ACP was widely recognized as the
precursor for apatites formation both in vivo**=® and in vitro.'?
After 600 s reaction, the diffraction peaks assigned to apatitic
calcium phosphate (AP-CaP)*® were first observed in
pH10TO015, which were also detected in the control group after
1800 s reaction time.

FTIR analysis results of early stage products

FTIR analysis was further used to verify the XRD results in
Fig. 8. As shown in Fig. 9, the wide absorbance bands of all the
samples at 3428 cm™! and 1633 cm™' are assigned to the
absorbed water within the prepared samples.’® The broad
and relatively symmetrical bands of PO,*~ at 1050 cm™! and
560 cm ™' originate from ACP.5

But with the increase of reaction time, the two peaks at
1050 cm™! and 560 cm™! are split into four characteristic
absorbance bands approximately at 1093 cm™', 1032 cm™',
602 cm™" and 562 cm™', respectively. And these four peaks are
likely attributed to the acid phosphate groups in typical poorly
crystalline apatitic calcium phosphate, which are similar to those
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Apatitic calcium phosphate
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Fig. 8 XRD patterns of early stage products at different reaction times.
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Fig. 9 FTIR spectra of early stage products at different reaction times.

Table 6 The difference of PO,>~ absorbance bands shape in the samples

Absorbance bands shape of
PO~

Group Reaction time Symmetrical

Zero
600 s
1200 s
1800 s
Zero
600 s
1200 s
1800 s

Control

pH10TO15

X X X Ll X << <
<L <X <X X X %
E

of HA crystalline.® The difference of PO,*~ absorbance bands
shape from 1100 cm ™! to 560 cm ™! is summarized in Table 6, and
the results agree well with the XRD analysis.

200nm  §

Fig. 10 TEM images of early stage products after immediate precipi-
tation. (a: control group; b: pH10TO15).

TEM images of early stage products

Products obtained after immediate precipitation were
further identified by TEM and SAED. As shown in Fig. 10,
spherical nanoparticles were found in both pH10T015 and the
control group. The appearance of diffuse rings in the SAED
pattern confirmed their amorphous feature. The amorphous
characteristics were also supported by XRD data. From the
TEM images, it was easily found that the amorphous
particles produced in the presence of SH were smaller than
those prepared without SH. This implies that at the early
stage of crystallization SH may chelate with the Ca®" ions on
the surface of ACP, inhibit the growth of ACP nanoparticles
and temporarily stabilize ACP particles through carboxyl
groups in SH. The smaller nanoparticles tend to transform
into more stable mineral phase with shorter induction
time.*%> Thus SH also facilitates the transformation of ACP
to HA.

Hyaluronic acid in solution assumes a stiffened helical
configuration at physiological pH, which can be ascribed to
hydrogen bonding along the chain.!*'* The possible mechanism
is shown in Scheme 1.
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Scheme 1 Schematic drawings of the hydroxyapatite formation mechanism in solution with SH.
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Under acid conditions, hyaluronic acid undergoes acidic
hydrolysis and its unbranched long chain is broken down into
pieces.'® These small pieces with -COOH groups cannot chelate
calcium ions, thus the nucleation of inorganic minerals mostly
goes on in solution before the pH is increased. As the acid
solution becomes more alkaline, these pieces continue to undergo
hydrolysis and become smaller.® The smaller pieces with —-COO™
could chelate the remaining Ca>* and further promote the
nucleation of minerals. After adequate aging time, crystals grown
in solution become flake-like, but the ones grown on the surface
of hydrolytic products have rod-like morphology. These rods
could have been covered by apatite flakes and not easily seen.

Slowly increasing the pH of neutral solution to 10 induces
partial alkaline hydrolysis in the natural polymer, which leads to
the production of hydrolytic pieces with different lengths. The
hydrolytic products with —COO™ easily chelate Ca®*, and thus
form ionic clusters for the nucleation of minerals. Rod-like
inorganic crystals grow on the surface of hydrolytic products,
which function like a natural template.

While maintaining a pH of 10, SH undergoes alkaline hydro-
lysis completely, which leads to the formation of uniform
hydrolytic pieces with -COO™. These similarly sized templates
could contribute to the production of uniform apatite crystals
with rod-like morphology. Changing the pH value and SH
concentration in the synthesis process could lead to the
production of apatites with different Ca/P ratios and carbonate
contents, as well as distinct morphologies. As the biological
properties of apatites largely depend on their Ca/P ratio,
carbonate substitution and morphology, sodium hyaluronate
appears to be an adequate template for obtaining bioactive HA.

Conclusion

The effects of the SH concentration and the initial pH value on the
chemical composition, morphology, and biocompatibility of as-
synthesized apatites were investigated by the chemical precipita-
tion method for the first time. It was found that non-stoichio-
metric, carbonated apatites with high purity were obtained and
some of them were more favorable to the proliferation and
differentiation of MG-63 cells compared to HA powders
synthesized without SH. The results also suggest that SH
temporarily stabilizes ACP at the early stage of crystallization.
The initial pH value and the concentration of SH play a key role in
affecting the Ca/P ratio, carbonate content and morphology of
carbonated apatite crystals, as well as their effects on the prolif-
eration and osteogenic differentiation of MG-63 cells.
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