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Biomimetic synthesis of bone-like carbonated apatite with good biocompatibility is a promising strategy for the develop-
ment of novel biomaterials for bone engineering applications. Most research efforts have been focused on only protein-
based or only polysaccharide-based template for synthesis of apatite minerals. To understand the cooperative roles of
gelatin and polysaccharide playing in the biomineralization, agar hydrogel, gelatin and agar-gelatin hybrid hydrogel were
respectively introduced as mineralization matrix for the in vitro growth of apatite in the study. It was shown that bundle-like
carbonated apatite was successfully prepared in agar-gelatin hybrid hydrogel for the first time, through the interaction
between apatite and matrix macromolecule under physiological temperature. Moreover, the in vitro biocompatibility of
the prepared nanostructured apatite crystals was investigated using CCK-8 assay and alkaline phosphatase activity of
osteoblast-like MC3T3-E1. Compared with HA synthesized by traditional method, the obtained apatite in agar-gelatin
hybrid hydrogel could provide significantly higher cell viability and alkaline phosphatase activity. Through the study, we
could better understand the role of gelatin and polysaccharide in bone formation process, and the product is a promising
candidate to be used in bone tissue engineering.
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INTRODUCTION

Hard tissues of human body such as bone have a com-
plex structure, and are composed of approximately 70%
minerals and 30% organic matrix by dry weight.""> The
mineral crystals in human bone tissue grow with a specific
crystalline orientation-extremely elongated in the c-axial
direction, high aspect ratio and packed in parallel arrays.
At the finer end of the hierarchical spectrum of bone,
the self-assembled collagen fibrils are impregnated with
bundle structures of apatite nanocrystals having tens of
nanometers in length and width.?

Recently, various kinds of nanostructured materi-
als, such as synthesis nano-polymeric scaffolds,*>

nanovesicles,® carbon nanotube’® and silica,” have been
applied in bone tissue engineering, however, they are not
the intrinsic constituents of our body, which makes poten-
tial implantation applications problematic. Hydroxyapatite
(HA) is the basic component of the natural bone, and
is widely considered to be the ideal bone graft substi-
tutes in bone tissue engineering,!”!! due to its excel-
lent osteoinduction!?> and chemical similarity with bone
apatite. So far, various methods have been reported to pro-
duce nanostructured HA crystals, including chemical pre-
cipitation process,'>!* solid-state reaction,'> and sol-gel
synthesis.'® However, these approaches can’t control the
crystal morphology precisely, and the structure and mor-
phology of the obtained nanostructured HA crystals often
differ from those of bone apatite. Besides, HA crystals
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prepared by the conventional approach have low bio-
compatibility and induce apoptosis in osteoblasts with
the concentration beyond 20 wg/mL."”” To reduce the
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inflammation of HA coating, it was reported that platelet-
rich plasma and platelet-rich fibrin were pre-grafted into
the bone defects before putting the HA coated implants.'®
Therefore, currently researchers are concentrating on syn-
thesizing nanostructured carbonated apatite with specific
structure and good bioactive property similar to those of
bone apatite.

The organics in bone contain both proteins and polysac-
charides, in which the former being the focus of most
studies to explore the theory of bone mineralization.'
Most researches on bone biomimetic mineralization were
focused on collagen,®?' gelatin®*? and peptides.”*
Wang?' demonstrated that collagen played an active role
in the oriented HA formation in bone. Recently, it was
reported that organic matrix such as polysaccharide played
a key role in providing a favorable environment for
the growth of oriented apatite.'” A rational biomimetic
design demonstrated that an acidic polysaccharide was
very important in regulating the morphology, size and
crystallinity of minerals, through the functional groups of
polysaccharide chelating Ca®*.>> However, only protein
(e.g., collagen and gelatin) or polysaccharide can hardly
compare to the complex surrounding of biomineralization.
Meanwhile, the modulation role of gelatin and polysaccha-
ride on composition and morphology of calcium phosphate
crystals is still unclear, especially the mechanism of how to
co-control the oriented nano-assembled structure of apatite
crystals.

Hererin, in the study, we will first focus on the apatite
crystallization using agar-gelatin hybrid hydrogel to under-
stand the cooperative effects of gelatin and polysaccha-
ride on the formation of apatite. The hydrogel network
is an excellent system to study the crystallization because
(a) gelatin could be incorporated into the hydrogel and
remain stable during the experiment, (b) the local con-
centration for crystallization is readily achievable and (c)
the deposits are easily harvested from the medium with-
out agar contamination.”®® In our work, apatite crystals
modulated in the presence of agar-gelatin hybrid hydrogel
will be prepared, and the effects of obtained apatite on
the viability and osteogenic differentiation of MC3T3-E1
cells will also be assessed through CCK-8 and alkaline
phosphate activity assay.

MATERIALS AND METHODS

Materials

Ca(NO,), - 4H,0 (AR), Na,HPO, - 12H,0 (AR), NaOH
(AR) and CH,CH;OH (AR) were provided by Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Agar pow-
der ((C,,H,50,),) was purchased from Biodee Biotechnol-
ogy Co., Ltd. (Tokyo, Japan), and Gelatin (from porcine
skin, G1890-100G) was purchased from Sigma-aldrich
(St. Louis, USA). All other chemicals were of analytical
grade and used as received. All aqueous solutions were
prepared with de-ionized water (D.I. water).
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Preparation of Hydrogels

Pure agar hydrogel was synthesized according to the
following method: 2% (w/v) of agar was dissolved in
Ca(NO;), solution at 100 °C with continuous stirring. The
boiled solution was immediately defoamed ultrasonically,
and pH value was adjusted to 10 by adding NaOH solu-
tion. Then the mixture was kept stirring vigorously for
2 h. Afterwards the homogeneous solution was immedi-
ately transferred into a refrigerator at 5 °C for 3 h to get
an agar hydrogel.

Agar-gelatin hybrid hydrogel was fabricated as follows:
firstly, the boiled agar solution containing Ca(NO;), was
prepared according to the above-mentioned method and
cooled to 50 °C. Then 1% (w/v) gelatin was added into
the mixture at 50 °C with continuous stirring, and the pH
was also adjusted to 10. After that, the mixture was kept
stirring vigorously for 2 h to allow Ca*" ions to thoroughly
bind with the carboxyl groups on gelatin. Finally, the agar-
gelatin hybrid hydrogel was formed by rapid cooling to 5 °C.

Synthesis of Carbonated Apatite in Hydrogels
Apatite crystals were synthesized in agar hydrogel with
or without gelatin under physiological or higher tempera-
ture environment. Phosphate solution was added on the top
of the hydrogel containing calcium ions according to the
resulting Ca/P ratio of 1.67. Crystal growth in hydrogel
occurred when kept at 37 °C and 65 °C, and the pH value
was maintained at 10 throughout the process. This hydro-
gel system, known as a single diffusion system, continu-
ously operated for 3 days, and a layer of white periodically
arranged growth areas (called Liesegang bands)® was seen
at the interface of PO3~ solution and Ca>* hydrogel. After
mineralization, the supernatant solution was removed, and
the mineralized hydrogels were immersed in D.I. water
for 48 h to remove residual ions. Prior to SEM observa-
tion, the samples were carefully removed from the inter-
face and washed with D.I. water 3 times without shaking.
For other characterizations, the isolated samples containing
Liesegang segments were heated to 50 °C with D.I. water.
Further, the products were cleaned by washing with warm
water and ethanol, respectively, and then centrifuged sev-
eral times until the impurities were completely removed.
Then the obtained products were dried at 60 °C.

Direct synthesis of apatite in gelatin solution and by wet
chemical method in the absence of agar and gelatin were
also compared as control groups. The specific synthetic
conditions for each sample are listed in Table I.

Measurements

The crystalline phase of prepared powders were identi-
fied and analyzed by X-ray diffraction (XRD, Shimadzu,
Japan) using a Cu target as radiation source (A =
1.540598 A) at 40 kV. The diffraction angles (26) were
set between 20° and 60°, incremented with a step size of
4 °/min.
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Table I. Synthesizing conditions for preparing the carbonated apatite in all cases.

Sample name Agar (W/v%) Gelatin (W/v%) Time hours Temperature (°C) Synthetic method
Agar37 2 0 72 37 Mineralization
Agaré5 2 0 72 65 Mineralization
Agar-gelatin37 2 1 72 37 Mineralization
Agar-gelatinl65 2 1 72 65 Mineralization
Gelatin37 0 1 72 37 Agitation
Gelatin65 0 1 72 65 Agitation
Pure HA 0 0 72 65 Agitation

Unmineralized and mineralized hydrogels were freeze-
dried in a lyophilizer at —40 °C for 48 h. Then the feeze-
dried hydrogels were ground into powder, mixed with
KBr, and compressed into KBr pellets. Fourier transform
infrared spectra (FTIR) were then obtained with Nico-
let Magna IR 750 spectrometer recorded from 4000 to
400 cm~!.

X-ray photoelectron spectroscopy (XPS, AXIS Ultra,
Kratos Analytical Ltd.) was employed to identify the
chemical constituent and elemental state of the prepared
apatite. The binding energies were calibrated by the Cls
hydrocarbon peak at about 285 eV. The quantitative anal-
ysis and the curve fitting were conducted by the CasaXPS
software package.

Thermogravimetric analysis (TG, Q600-SDT, USA) was
carried out to determine the actual yield of organic matrix
on the surface of apatite, and approximately 5 mg of the
powder was heated from 25 °C to 1000 °C with a heating
rate of 10 °C/min. All samples were carried out under a
nitrogen atmosphere with an empty Al,O; crucible as a
reference.

The freeze-dried hydrogel specimen before and after
mineralization were cut using a razor and coated with
gold for surface morphology observation with a field-
emission scanning electron microscope (ESEM, AMRAY
1-1910FE). However, for the obtained apatite from gelatin
solution and wet chemical method, the suspension of the
powder was deposited on Si wafers. The SEM facility was
also equipped with an EDX energy-dispersive spectrome-
ter for microchemical analysis.

Microstructural morphology was also carried out using
Tecnai F20 transmission electron microscope (TEM) with
an accelerating voltage of 200 kV. Samples for TEM imag-
ing were prepared by dropping the powder suspension (the
suspension was diluted in ethanol, and dispersed ultrason-
ically) onto carbon-coated copper grid. Selected area elec-
tron diffraction (SAED) was also recorded.

Cell Culture

Mouse pre-osteoblast cells (MC3T3-El, American Type
Culture Collection, USA) were cultured in a-Modified
Eagle’s Medium (eMEM, Gibco, CA) containing 10%
fetal bovine serum (FBS, Gibco), 100 pg/mL streptomycin
(Amresco, Cleveland, USA) and 100 wg/mL penicillin
(Amresco) at 37 °C in a humidified atmosphere of 5%
(v/v) CO, incubator (MCO-18AIC, Japan).

1974

Cell Viability Assay

Viability of MC3T3-E1 cells was assessed using the cell
counting kit-8 assay (CCK-8, Dojindo). After cell count-
ing, MC3T3-E1 cells were seeded in 96-well culture
plates (Costar, USA) at a density of 5 x 10 cells/well.
After seeding 24 h, cells were exposed to the 200 uL
medium containing different apatite with the concentra-
tion of 20 wg/mL or 200 uL pure medium (control) or
200 wL medium containing 10% dimethyl sulfoxide (pos-
itive group). After incubating for 1, 3, 5 days, 10 uL of
CCK-8 was added into each well for 4-hour incubation.
Then 80 uL of supernatant from each well was transferred
to new 96-well cell culture dishes. The absorbance value
(OD value) was measured at 450 nm with a microplate
reader (Model 680, Bio-Rad, Hercules, CA).

Alkaline Phosphate Activity Assay

Alkaline phosphatase (ALP) activity of MC3T3-E1 cells
was evaluated by an assay reagent kit (Nanjing Jiancheng
Bioengineering Institute, China). At the end of the incuba-
tion, cells were exposed to different apatite media with the
concentration of 20 ug/mL for 7 days. Cellular alkaline
phosphatase activity was determined in terms of the initial
rates of hydrolysis of p-nitrophenyl phosphate (Amresco)
to p-nitrophenol. Briefly, the supernatant was removed and
100 uL of lysis solution (1% TritonX-100) was added
into each well and incubated for 1 h. Afterwards, 30 L
of MC3T3-El cell lysates at each well was transferred
to new 96-well cell culture dishes, and cultivated with
50 L of carbonated buffer solution (pH = 10) and 50 uL
of substrate solution (4-amino-antipyrine) at 37 °C for
15 min. Then 150 uL of potassium ferricyanide (chro-
mogenic agent) was added into the above solution and
the production of p-nitrophenol was determined by the
absorbance at 405 nm in a microplate reader. For nor-
malization, the total protein concentration was measured
by a Bicinchoninic Acid (BCA) protein assay kit (Beijing
Biosea Biotechnology, China). Thus, alkaline phosphatase
activity was normalized and expressed as the total protein
content (U/gprot).

Statistical Analysis

All data were expressed as mean =+ standard deviations
derived from experiments carried out in triplicate. Statisti-
cal analysis was performed with Origin software. Student’s
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t-test was used to determine the significant differences
among the groups, and p-values less than 0.05 were con-
sidered statistically significant.

RESULTS AND DISCUSSION

Figure 1 illustrates the mineralization of agar-based hydro-
gel scaffolds. Calcification started immediately on the
interface between hydrogel and solution as soon as the
phosphate solution was loaded on the hydrogel. As shown
in Figure 1(a), due to Ca’>' ions binding with the car-
boxyl groups on agar-gelatin hybrid hydrogel, calcium
phosphate crystals precipitated in hydrogel matrix by the
single-directional diffusion of PO;~ ions. At the third day,
apatite aggregates formed inside the hydrogel with periodi-
cally arranged growth areas (Fig. 1(b)), so-called Liesegang
bands.? Figure 1(c) shows the porous structure of the agar-
gelatin hybrid hydrogel, with pore size ranging from 100
to 300 um in diameter and a porosity of 92% calculated by
the liquid displacement method after being freeze-dried.

Chemical Composition of Carbonated Apatite
X-ray Diffraction Analysis

Figure 2 shows the XRD patterns of all synthesized
apatites. The diffraction peaks of the products prepared
by agar-gelatin hydrogel and by only gelatin are agreed
with those of pure HA at 26 values of 25.9°, 31.8°, 46.7°,
49.5° and 53.1° corresponding to (002), (211), (222), (213)
and (004) planes, respectively, confirming that the obtained
products are predominantly HA (JCPDS #09-0432). How-
ever, these peaks of apatite in agar hydrogel are widened,
indicating that the crystallinity is weak due to the lack of
active sites for calcification. It is obvious that the relative

(@)
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| Hydrogel

Figure 1. (a) Schematic drawing for the mineralization of
hydrogel. (b) The digital photo and (c) SEM micrograph of 3D
porous hydrogel scaffold fabricated by freeze drying.
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Figure 2. XRD spectra of as-prepared apatite under different
conditions.

intensity of diffraction peaks, particularly the peaks cor-
responding to (211), (112) and (300) planes are increased
when gelatin is added into pure agar hydrogel, implying
that the crystallinity of apatite is enhanced, and the XRD
spectra of the apatite are very similar to that of bone
apatite.'® 3" Nevertheless, the XRD peaks of as-prepared
HA in gelatin solution is similar to that of pure HA, imply-
ing that gelatin could guide the HA growth with more
perfect crystal structure through the interaction between
COO~ of gelatin and Ca?* of apatite.’!

Fourier Transform Infrared Spectroscopy Analysis
The FTIR spectra of all mineralized hydrogels are
shown in Figure 3. The absorption peak located at
1041 cm~'originates from the triple v; asymmetrical P-O
stretching from apatite, and the peaks at 602 and 562 cm™!
could be attributed to the triple v, vibration of PO}~.32
The broad peak at 3441 cm™! is associated with OH™.%
The peaks at 1650, 1555 and 1254 cm™! are assigned to the
C=O0 stretching from amide I, N—H deformation from
amide IT and C—N from amide III, respectively.** In addi-
tion, the weak peak at 3280 cm™! belongs to the absorption
of amide A, and the peak at 2932 cm™! is attributed to
the asymmetric vibration of ~CH,-.>* On the other hand,
the band of CO3~ originating from atmosphere is observed
at 1384 cm™!, indicating that carbonate has been incorpo-
rated into the lattice of apatite and formed B-type carbon-
ate apatite with similarity to the bone apatite.>3¢
Additionally, it is noteworthy that FT-IR spectra exhibit
a slight shift of C=0 band from 1653 cm™! to 1640
cm~! (Fig. 3(b)) when gelatin is added into agar hydrogel,
implying that chemical interactions have occurred between
Ca?* of apatite and COO~ groups of gelatin. However, the
interaction between —NH, of gelatin and PO;~ of apatite
is hardly detected because it is too weak.’’ It is evident
from the above results that the presence of intermolecular
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Figure 3. (a) FTIR spectra of mineralized hydrogels under dif-

ferent conditions; (b) a shift of C—0 band in FT-IR enlarged
patterns.

interactions between inorganic/organic phases is helpful to
control the nucleation and the orderly growth of inorganic
crystals.

X-Ray Photoelectron Spectroscopy

The XPS wide scan in Figure 4(a) shows the peaks of
Ca, P, O and small amount of C elements in all sam-
ples. The N presence in apatite synthesized in agar-
gelatin hydrogel shows that there is some residual gelatin
on the surface of apatite crystal. Typically, the high-
resolution spectrum of Cls in pure HA and Agar37
groups (Figs. 4(b)—(c)) are deconvoluted into three differ-
ent curves. The binding energies centered at about 284.8,
286.4 and 289.0 eV are assigned to the carbon skele-
ton (—C—C—/—C—H—), hydroxyl group (—C—OH)
and carbonyl group (—C=0),*® respectively, whereas the
broad peak of —C—N— at about 285 eV is recorded
on both Agar-gelatin37 and Gelatin37 samples, indicating
the presence of gelatin on the surface of apatite. Addi-
tionally, after adding gelatin into agar, the intensity of the
carbon skeleton (—C—C—/—C—H—) decreases dramat-
ically, and the peaks of the carbonyl group (—C=0) and

1976

—C—N— bond are increased, as shown in Figure 4(f),
which is attributed to the abundant peptide bonding
(—NH—C=O0) in gelatin, suggesting that the increase of
polar functional groups (such as carboxyl, carbonyl and
amino) from gelatin could create more reactive sites and
defects for the nucleation and growth of nanostructured
apatite.>

TG Analysis

The TG curves of all obtained apatite are shown in
Figure 5. Thermal decomposition residue of organic matrix
absorbed on apatite surface can be identified by an exother-
mal reaction and its corresponding weight loss. It shows
that the as-prepared apatite has a multistep thermolysis.
The initial weight loss of these samples around 100 °C
may be ascribed to the evaporation of absorbed water.
Pure HA suffers a very slow weight loss process from
room temperature to 1000 °C. On the contrary, there are
a sharp weight loss between 200 °C and 650 °C for the
apatite synthesized from agar-based hydrogel and gelatin
solution, which is attributed to the decomposition of the
absorbed organic matrix. Due to the high thermal stabil-
ity of HA,* the incinerated residue of the prepared pow-
der is mainly HA. Therefore, the composition of these
samples could be induced through TG analysis, that is,
Gelatin37 contains about 7.4 wt% organics, Agar37 con-
tains about 8.3 wt% organics and Agar-gelatin37 contains
about 9.7 wt% organics.

Morphology Analysis by SEM and TEM

The unmineralized hydrogels show interconnected pore
structures with sizes of 150-500 um for agar hydrogel and
100-300 wm for agar-gelatin hybrid hydrogel (Figs. 6(a)
and (d)). The macropores in agar-based hydrogel could
provide a favorable 3D environment to promote the inter-
nal mineralization, while the interconnected pores serve
for the delivery of ions.?® After mineralization for 3 days,
the interior structure of the hydrogel is not so porous
because the pore wall is covered by inorganic deposits.
Energy-Dispersive X-ray (EDX) spectroscopy further con-
firms the presence of Ca and P elements assigning to
apatite in the inorganic phase, which is in accordance with
FTIR and XRD results. From SEM images, it is clear that
the morphologies of apatite formed in different hydrogels
are very different, as shown in Figure 6. The flake apatite
crystals are appeared in agar hydrogel, while the apatite on
agar-gelatin hydrogel has a needle-like morphology. Also,
temperature influences the formation and morphology of
apatite apparently. We can find that flower-like apatite
spherulites have formed on agar hydrogel at physiological
temperature (37 °C), and these spheroids are the aggre-
gation of numerous dense and flake-shaped nano-crystals
(Fig. 6(b)). Nevertheless, at 65 °C, we could see that the
oriented flake-shaped apatite crystals grow perpendicular
to the surface of agar hydrogel. Maybe it is because dif-
ferent reaction temperature would provide different Gibbs

J. Biomed. Nanotechnol. 9, 1972-1983, 2013
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Figure 4. Surface atomic composition of as-prepared apatite under different conditions: XPS wide spectrum of all samples (a);
high-resolution spectrum of carbon peaks (C1s) for pure HA (b), Agar37 (c), Agar-gelatin37 (d) and Gelatin37 (e); and the contents
of relative functional groups (f).

energy, thus leading to different final hierarchical nano-
structure of apatite crystals.*’ In addition, many crystal
bundles made up of numerous rod-like crystals could be
observed on agar-gelatin hydrogel at 37 °C (Fig. 6(e)).
While needle-like apatite crystals for Agar-gelatin65 are
uniformly distributed on agar-gelatin hydrogel (Fig. 6(f)).
Furthermore, EDX data (Fig. 6(B)) showed that the Ca/P
ratio of the inorganic synthesized in agar hydrogel is 1.36,
close to octacalcium phosphate (OCP).* Whereas Ca/P

J. Biomed. Nanotechnol. 9, 1972-1983, 2013

ratio of crystals prepared in agar-gelatin hybrid hydrogel
is slightly lower than 1.67 of stoichiometric HA, but very
close to that of bone apatite, which are thought to be highly
bioactive.*

As we known, gelatin undergoes a thermal degradation
and its single helix chain will break into pieces under a
temperature above 60 °C.* To understand how the gelatin
and its degradation product influence the morphology of
apatite crystals, we directly synthesized apatite crystals in
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gelatin solution and their morphology was also investi-
gated. It is found that the obtained HA by wet chemical
method shows irregular morphology (Fig. 6(i)), and the
apatite crystals prepared in gelatin at 37 °C are uniform
rod-like (Fig. 6(g)). But if the temperature is raised to
65 °C, we could see that the apatite crystals demonstrate
well-proportioned needle-like morphology with smaller
size, as shown in Figure 6(h), suggesting that gelatin
degradation could lead to smaller size of apatite crystals.

To verify the results obtained from SEM, TEM equipped
with SAED is employed to make clear the microstruc-
ture of the apatite. As shown in Figure 7, the morpholo-
gies of Agar37 and Agar65 are flake-shaped and have a
larger surface area (Figs. 7(a) and (d)), illustrating that
the apatite crystals grow in all directions without a nucle-
ation location of Ca’*. Rod-like crystals are shown in
Gelatin37, while needle-like apatite crystals with smaller
size appear in random orientation in Gelatin65, further
testifying the influence of gelatin degradation product on
the size of apatite. The morphology of Agar-gelatin37 is
distinctly different from other apatite crystals, showing
that the bundle structures are made of many small rods
aligned parallel to each other (Fig. 7(c)), which is similar
to structure of bone apatite.>* This illustrates that car-
bonated apatite might self-assemble to bone-like apatite
modulated by agar-gelatin hybrid hydrogel under physio-
logical temperature. However, Agar-gelatin65 also displays
needle-like apatite similar to Gelatin65 (Figs. 7(e) and (f))
due to the degradation of gelatin. Moreover, SAED pat-
terns in Figure 7 insets exhibit strong concentric rings
appointed to the (002), (211) and (300) planes of apatite.
The lattice fringes of (100) plane with the lattice spac-
ing of about 0.831 nm for bone-like Agar-gelatin65 apatite
are shown in HRTEM images (Fig. 7(i)), indicating that
crystals grows along the c-axis direction of apatite.*® The
carboxylic groups of gelatin at pH > 7 are mostly ionic,
thus offer binding sites for Ca’>* and make the c-axis of
HA crystal grow along the chain of gelatin.*
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Proposed Self-Assembly Formation of Different
Arranged Apatite Polycrystals in Hydrogels

Based on the obtained results, herein, the possible self-
assemble mechanism of nanostructured carbonated apatite
formation in hydrogels is shown in Scheme 1.

(1) In pure agar hydrogel, Ca** can’t be chelated on agar
surface due to lack of carboxyl groups for calcification.
As verified from SEM and TEM observation, the crystals
grown along the a, b and c-axis in the pores of hydrogel
become flake-like.

(2) For gelatin solution, the -COOH groups existing on
the surface of gelatin are in the form of —COO~ when
the pH of solution is higher than isoelectric point (IEP) of
gelatin.*’ These -COO~ as the active groups promote the
binding of positive Ca?* ions to gelatin surface, thus trig-
gering the nucleation of apatite crystals. Under 37 °C, the
forming needle-like apatite crystals grow along the gelatin
chains and lead to rod-like crystals. However, subjected
to a temperature of 65 °C for 3 days, gelatin undergoes
thermal degradation and its single helix chain breaks into
pieces.* The pieces chains with -COO~ could also chelate
Ca’*, and the smaller crystals with needle-like morphol-
ogy grow on the surface of thermal degradation products.
Those needle-like crystals could not self-assemble with
continuous stirring.

(3) While in agar-gelatin hybrid hydrogel, the negatively
charged functional groups on a portion of gelatin would
react with the agar 3D network to form certain “bound
side chains” by hydrogen bonding and electrostatic attrac-
tion, which is similar to the structure of proteoglycan
complex.*® Additionally, agar hydrogel can act as a deliv-
ery system for Ca** and PO}~ ions to control the reaction
rate, and the interaction between gelatin fibers is enhanced
by agar polysaccharide. The shift of FT-IR in Figure 3
indicates that gelatin act as a template during the forma-
tion of apatite. After that Ca®* are attracted by -COO~
in gelatin through electrostatic interactions or by C—=0
and —OH in gelatin via polar interaction,* then in situ
reacted with the subsequently diffused HPO?~ ions from
supernatant to produce rod-like nanostructured apatite. At
physiological temperature, these rode-like apatite crystals
can self-assemble into nano-rod bundles through hydro-
gen bonding and electrostatic interaction between apatite
and the gelatin macromolecule, such as electrostatic inter-
action between COO~ and Ca®* and between -NH, and
PO3~ of apatite.®® So the bundle hierarchically crystals
could be prepared in agar-gelatin hydrogel through the
self-assembly of nanostructured apatite. The self-assembly
procedure is similar to that of biomineralization in natrual
bone,? as shown in Scheme 1. However, at 65 °C, the
bonding between agar network and gelatin chains is weak-
ened, and gelatin is broken down. Only needle-like crys-
tals appear on the surface of the thermally degraded
hydrogel. Overall, adding gelatin and changing tempera-
ture in the synthesis process could lead to the production
of apatite with different Ca/P ratios, as well as distinct
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Figure 6. (A) SEM images of the agar-based hydrogels and as-prepared apatite under different conditions: (a) agar hydrogel;
(b) Agar37; (c) Agar65; (d) agar-gelatin hybrid hydrogel; (e) Agar-gelatin37; (f) Agar-gelatin65; (g) Gelatin37; (h) Gelatin65 and
(i) pure HA. The insets (b) and (e) show the high resolution SEM images of the corresponding apatite crystals. B is corresponding
Energy Dispersive X-ray (EDX) spectroscopy.
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Figure 7. TEM and HRTEM micrographs of all as-prepared carbonated apatite in different conditions. The insets show the
selected area electron diffraction (SAED) patterns of the corresponding apatite crystals.

morphologies. Nevertheless, the biological properties of
apatites largely depend on its Ca/P ratio and morphology.

The Biocompatibility of Carbonated Apatite

In Vitro Cytotoxicity Evaluation

The in vitro cytotoxicity of the as-prepared carbonated
apatite was investigated using CCK-8 assay on MC3T3-El
cell line. As shown in Figure 8, the cell proliferation
increases with time goes on. At the first day, the viability
of cells displays little statistical difference for each group.
However, after incubating for 3 and 5 days, the cells show
different proliferation rate. Especially, Agar37 and Agar65
groups show lower absorbance than control because the
imperfect structure of OCP makes these crystals too
chemically active.’! Pure HA group featured irregular
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morphology displays little bioactivity, good agreement
with the results previously reported.’> Nevertheless, higher
cell viability has been obtained for the MC3T3 cells cul-
tured with Agar-gelatin65 than others at 3 and 5 days. As
mentioned above, the bone-like HA are thought to pos-
sess higher bioactivity, and it is also reported that calcium-
deficient apatite is always of biological importance.>
Meanwhile the residual gelatin on the obtained apatite
could also promote the cell viability.

Alkaline Phosphatase Activity

Cell differentiation was investigated in terms of alka-
line phosphatase activity of MC3T3 cells co-cultured
with apatite for 7 days. Since alkaline phosphate at
7 days is expressed positively for the differentiation of

J. Biomed. Nanotechnol. 9, 1972-1983, 2013
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MC3T3 cells, the assay is able to show early osteoblastic
phenotypic expression.> It can be seen from Figure 9 that
flake-like OCP crystals for Agar37 and Agar65 show lower
ALP, because it is a possible precursor phase of apatite
and performs worse osteogenic activity than carbonated
apatite. Similarly, the best ALP expression is also detected
in the Agar-gelatin37 group than other apatite groups,

J. Biomed. Nanotechnol. 9, 1972-1983, 2013
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Schematic drawing of the formation and self-assembling mechanism of the carbonated apatite in agar-based

indicating that the bone-like apatite could further enhance
the mineralization and cell activation of the MC3T3
cells. The structure of agar and gelatin is similar to that
of glycosaminoglycans (components of the extracellular
matrix), and it has been reported that gelatin/HA compos-
ite can promote the expression of extracellular matrix pro-
teins, and stimulate the differentiation of osteoprogenitor
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Figure 8. The cell proliferation rates of MC3T3-E1 cells cul-
tured in media for 1 day, 3 days and 5 days, with differ-
ent nanostructured apatite by CCK-8 analysis. * represents
p <0.05 compared with the control group, and # represents
p < 0.05 compared with Agar-gelatin65 group.
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Figure 9. The ALP activity of MC3T3-E1 cells after cultivating
with different nanostructured apatite for 7 days. = represents
p < 0.05 compared with the control, and # represents p < 0.05
compared with pure HA group.

cells, and ultimately facilitate bone formation.®> As a
consequence, the obtained carbonated apatite with bone-
like morphology prepared by agar-gelatin co-hydrogel
under physiological temperature presents excellent bio-
compatibility and outstanding in vitro bone bioactivity.

CONCLUSIONS

In summary, we report a facile biomimetic synthesis of car-
bonated apatite with bone-like morphology under physio-
logical conditions using agar-gelatin hybrid hydogel. The
rod-like carbonated apatite assembled by ordered needle-
shaped nano-crystals are formed, and aligned apaite assem-
bly tightly bundled with rod-like nanostructured apatite in
a hierarchical structure. The agar-gelaitn hybrid hydrogel
not only could mediate the deposition of the mineral phase
inside the 3D network, but also modulate the self-assembly
of apatite through the surface functional groups (carboxyl

1982

and amino moieties of gelatin, and Ca>* and PO;~ groups
of apatite). The in vitro biocompatibility tests reveal that
the bone-like apatite prepared by agar-gelatin hydrogel is
more favourable for the proliferation and differentiation of
MC3T3-E1 compared to traditional method. Therefore, our
in vitro study provides some insights into the possible roles
of gelatin and polysaccharides involved in bone biominer-
alization, and the obtained apatite has great potential to be
used in bone tissue engineering.
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