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ABSTRACT: Calcium carbonate and calcium phosphate are
the main components of biominerals. Among all of the forms
of biominerals, amorphous calcium carbonate (ACC) and
amorphous calcium phosphate (ACP) are the most important
forms because they play a pivotal role in the process of
biomineralization and are the precursors to the crystalline
polymorphs. In this work, we first synthesized ACC in vitro
using adenosine 5′-triphosphate disodium salt (ATP) as the
stabilizer and investigated the transformation of the ACC
under microwave hydrothermal conditions, and ACC/ACP
composite nanospheres and carbonated hydroxyapatite (CHA)
nanospheres were successfully prepared. In this novel strategy, ATP has two main functions: it serves as the stabilizer for ACC
and the phosphorus source for ACP and CHA. Most importantly, the morphology and the size of the ACC precursor can be
well-preserved after microwave heating, so it provides a new method for the preparation of calcium phosphate nanostructured
materials using phosphorus-containing biomolecule-stabilized ACC as the precursor. Furthermore, the as-prepared ACC/ACP
composite nanospheres have excellent biocompatibility and high protein adsorption capacity, indicating that they are promising
for applications in biomedical fields such as drug delivery and protein adsorption.
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1. INTRODUCTION

Calcium carbonate and calcium phosphate, as the most
significant biominerals naturally existing in biological sys-
tems,1−4 have aroused enormous interest because they are
widely used as a model system for studying biomimetic
processes.5−9 Organisms have the ability to use biomineraliza-
tion to form composite materials such as skeletal, pearl, bone,
and tooth, which are composed of calcium carbonate or calcium
phosphate embedded in an organic matrix.10−13 The process of
biomineralization has inspired researchers to synthesize
biogenic calcium carbonate and calcium phosphate in vitro
using a biomimetic method. As ideal biomaterials because of
their excellent biocompatibility, calcium carbonate and calcium
phosphate have been investigated for applications in biomedical
fields such as drug and gene delivery,14−20 tissue engineering
and bone repair,21,22 and others.23−26 In addition, calcium
carbonate and calcium phosphate nanostructured materials are
promising carriers for protein adsorption and release, which
exhibit pH-responsive protein-release behavior;27,28 thus, they
have promising applications in various biomedical fields.
Among all of the forms of calcium carbonate and calcium

phosphate, amorphous calcium carbonate (ACC) and
amorphous calcium phosphate (ACP) are the most important
phases because they play a pivotal role in the process of
biomineralization for other phases and are the precursor to the
crystalline polymorphs.29−31 ACC has several potential bio-
logical functions, such as serving as a temporary storage deposit

when needed because of its high solubility relative to the
crystalline phases. Moreover, the bioavailability of ACC,
commonly used medicinally as a calcium supplement or as an
antacid, is roughly 40% more bioavailable than crystalline
calcium carbonate, which is only around 20−30%.32 However,
compared with well-crystallized calcium phosphate, ACP is
more bioactive, has better biodegradability, and can promote
osteoblast adhesion and osteoconductivity.33,34

Despite the advantages of ACC and ACP, it is difficult to
produce pure ACC and ACP without any stabilizer in vitro
because of their low stability and high solubility and because
they will crystallize rapidly to form one of the more stable
polymorphs in aqueous solution.35,36 However, ACC and ACP,
stabilized by specific biological macromolecules,37−40 have been
found to exist widely in living organisms such as in ascidian
skeleton, plant cystoliths, spicules from sponge, and mollusk
shells.41,42 Inspired by biomineralization, many researchers have
been devoted to the design and synthesis of stabilized ACC and
ACP using some additives such as biomolecules and organic
molecules under mild conditions in vitro.43−48 In addition,
inorganic ions such as magnesium, phosphate, and silica also
are capable of stabilizing ACC and ACP for a certain amount of
time.49−53 In spite of the progress that has been made, the

Received: December 31, 2013
Accepted: February 25, 2014
Published: February 25, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 4310 dx.doi.org/10.1021/am4060645 | ACS Appl. Mater. Interfaces 2014, 6, 4310−4320

www.acsami.org


synthesis of stable ACC or ACP at a relatively high temperature
still remains a challenge.
Since the first reports of microwave-assisted organic synthesis

in 1986,54,55 the application of microwave heating in synthetic
chemistry and materials preparation has been a fast growing
area of research. Microwave heating has many advantages
compared with conventional heating methods, such as rapid
volumetric heating, high reaction rate, time savings, lower
energy consumption, and high efficiency.56,57 Among these, the
time savings and lower energy consumption of the microwave-
assisted method are the most significant.
To understand the transformation process of ACC under

microwave hydrothermal conditions, we synthesized ACC in
vitro at room temperature using adenosine 5′-triphosphate
disodium salt (ATP) as the stabilizer. ATP, as the most
common energy carrier of the cell in biological systems, plays
an important role in various life activities. Previous works
indicate that ATP can strongly inhibit the formation of calcium
carbonate crystals and induce deposition of amorphous calcium
carbonate.58 Moreover, ATP can be used as a stabilizer for ACP
to inhibit the crystallization process in aqueous solution by
poisoning heterogeneous nucleation sites and binding to an
embryonic crystal nucleus to prevent its growth to a critical
nucleus size.53,59,60 Therefore, we used ATP biomolecules as a
stabilizer to synthesize ACC in vitro at room temperature
(Scheme 1). Then, we investigated the transformation process
of the ACC under microwave hydrothermal conditions and
successfully prepared ACC/ACP composite nanospheres and
carbonated hydroxyapatite (CHA) nanospheres. In this

strategy, ATP is used as the stabilizer for ACC and the
phosphorus source for the formation of ACP and CHA.
Moreover, the morphology and size of the ACC precursor can
be well-preserved after microwave treatment, which provides a
new method for the preparation of ACC/ACP composite
nanostructured materials using ACC as the precursor, which is
stabilized by phosphorus-containing biomolecules.

2. EXPERIMENTAL SECTION
2.1. Preparation of Stable ACC/ACP Composite Nano-

spheres. In a typical experiment for the synthesis of ACC/ACP
composite nanospheres, 0.925 g of CaCl2 was dissolved in 250 mL of
deionized water to form solution A, and 1.060 g of Na2CO3 was
dissolved in 100 mL of deionized water to form solution B. After 0.110
g of ATP was added into 30 mL of solution A and the pH value was
adjusted to 9 using 1 M NaOH, 10 mL of solution B was added
dropwise to solution A under magnetic stirring, and the pH value was
maintained at 9. The final concentrations of the resulting suspension
were CaCl2, 25 mM; Na2CO3, 25 mM; and ATP, 5 mM. The resulting
suspension was stirred at room temperature for 1 h, loaded into a 60
mL autoclave, sealed, microwave-heated in a microwave oven (MDS-6,
Sineo, China) to 110 °C, maintained at this temperature for 10 min,
and then cooled naturally to room temperature. The product was
separated by centrifugation, washed with deionized water and ethanol
several times, and dried at 60 °C for 24 h. Other samples were
prepared by similar procedures but with varying experimental
parameters (see Table 1 for details of the preparation conditions).
All of the chemicals used in the sample preparation were analytical
grade and were purchased and used as received without further
purification.

Scheme 1. Schematic Illustration of the Transformation Process of ATP-Stabilized ACC Precursor under Microwave
Hydrothermal Treatment
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2.2. Characterization. X-ray powder diffraction (XRD) patterns
were recorded by using a X-ray diffractometer (Rigaku D/max 2550 V,
Cu Kα, λ = 1.54178 Å). Fourier-transform infrared (FTIR) spectra
were taken on a FTIR spectrometer (FTIR-7600, Lambda Scientific,
Australia). Scanning electron microscopy (SEM) images were
recorded with a field-emission scanning electron microscope (Hitachi
S-4800, Japan). Transmission electron microscopy (TEM) images
were recorded with a transmission electron microscope (Hitachi H-
800, Japan). The Brunauer−Emmett−Teller (BET) specific surface
area and pore-size distribution were measured with a specific surface
area and pore-size analyzer (V-sorb 2800P, Gold APP Instruments,
China). The thermogravimetric (TG) and differential scanning
calorimetry (DSC) curves were measured on a STA 409/PC
simultaneous thermal analyzer (Netzsch, Germany) with a heating
rate of 10 °C min−1 in flowing air. The ATP and hemoglobin (Hb)
concentrations were analyzed using a UV−vis spectrophotometer
(UV-2300, Techcomp) at wavelengths of 258 and 405 nm,
respectively. Ca and P elemental contents were measured using an
inductively coupled plasma (ICP) optical emission spectrometer (JY
2000-2, Horiba, France). The zeta potentials were measured with a
zeta-potential analyzer (ZetaPlus, Brookhaven Instruments Corpo-
ration).
2.3. Determination of ATP Content and Ca/P Molar Ratio.

Ten milligrams of powdered sample was immersed in a 0.1 M HCl
solution (5 mL) and shaken at a constant rate for 4 h at 37 °C to
dissolve the sample completely. The clear solution was measured by
ICP to determine the Ca/P molar ratio and by UV−vis absorption to
determine the ATP content.
2.4. ACC/ACP Composite Nanospheres Dissolution Experi-

ment. The powder of the ACC/ACP composite nanospheres (30 mg)
was immersed in 30 mL of phosphate-buffered saline (PBS) solution
with different pH values (pH 7.4, 6.0, or 5.0) at 37 °C with constant
shaking (120 rpm). The supernatant solution (1 mL) was withdrawn
for ICP analysis and UV−vis absorption analysis to measure the
concentration of Ca2+ ions and ATP at given time intervals and was
replaced with the fresh PBS with the same volume and the same pH
value (37 °C, pH 7.4, 6.0, or 5.0). Then, the product was separated by
centrifugation after soaking in the PBS solution for 12 days and dried
at 60 °C for 24 h for XRD analysis.
2.5. Transformation of ACC/ACP Composite Nanospheres in

PBS Solution. The powdered sample (18 mg) was immersed in 9 mL
of PBS solution (pH 7.4) for different times at 37 °C under constant
shaking (120 rpm), separated by centrifugation, washed with deionized
water and ethanol once, and dried at 60 °C for 24 h for XRD and
FTIR analysis.
2.6. In Vitro Cytotoxicity Tests. Human gastric carcinoma cells

(MGC-803) were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin−streptomycin at 37
°C for 48 h. Then, the cells were seeded in 96-well flat-bottom
microassay plates at a concentration of 1 × 104 cells per milliliter and
cultured for 24 h. The sterilized powder of ACC/ACP composite
nanospheres was added into the wells at concentrations ranging from
0.1−100 μg mL−1 and cocultured with the cells for 48 h. The sample-
free tissue culture plate was used as a control. Cell viability was
quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The data represents the mean value of three
parallel measurements.
2.7. In Vitro Protein Adsorption. Hemoglobin (Hb, molecular

weight ∼64 500 Da) was chosen as a model protein for the
investigation. The protein adsorption experiments at different protein
concentrations were performed as follows. Powdered ACC/ACP
composite nanospheres (5 mg each) were immersed in aqueous
solutions that contained various concentrations of the protein (2 mL,
0−3.0 mg mL−1). After ultrasonic treatment for 15 min, each solution
was shaken at a constant rate for 4 h at 37 °C. Then, the solution was
centrifuged, and the amount of protein in the supernatant was
measured by UV−vis absorption at a wavelength of 405 nm.
2.8. In Vitro Protein Release. For the in vitro protein release

from the ACC/ACP protein-adsorption system, the powdered ACC/
ACP composite nanospheres (100 mg) were immersed in an aqueous

solution of Hb (3 mg mL−1, 6 mL). After ultrasonic treatment for 15
min, the solution was continuously shaken in a sealed vessel at 37 °C
for 4 h followed by centrifugation and freeze-drying to obtain the
protein-adsorbed ACC/ACP composite nanospheres. The in vitro
protein-release experiments at different pH values were performed as
follows. The powdered ACC/ACP composite nanosphere protein-
adsorption system (20 mg) was immersed in PBS solution (30 mL) at
different pH values (pH 7.4, 6.0, or 5.0) at 37 °C with constant
shaking (120 rpm). The protein-release solution (1 mL) was
withdrawn for UV−vis absorption analysis at given time intervals
and replaced with the same volume and the same pH value of fresh
PBS (37 °C).

3. RESULTS AND DISCUSSION
3.1. Synthesis of ACC Nanospheres Precursor. To

study the transformation process of ACC under a microwave
hydrothermal conditions, we first synthesized ACC in vitro at
room temperature using ATP as the stabilizer. The XRD
pattern in Figure 1a shows no obvious diffraction peaks,

indicating that the sample prepared with ATP at room
temperature was an amorphous phase. The morphology
(Figure 1b) of the sample consisted of ACC nanospheres
with diameters of about 50 nm.

3.2. Transformation of ACC Nanospheres under
Microwave Irradiation. Figure 2 shows the phase trans-
formation of the ACC amorphous nanospheres as the precursor
after the microwave hydrothermal treatment at different
temperatures for different times. When the microwave
hydrothermal temperature was low and the time was short
(110 °C for 10 min), the product still consisted of an
amorphous phase (Figure 2a). The ATP absorbance (Figure 3)
after the microwave hydrothermal treatment of the ACC
precursor decreased compared with that of the untreated

Figure 1. XRD pattern (a) and SEM micrograph (b) of ACC
nanospheres stabilized by ATP.
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sample, and there was no obvious change in the Ca/P molar
ratio before and after microwave hydrothermal treatment
(Table 1), indicating that some ATP molecules were
hydrolyzed to form ACP, so the composition of this sample
is ACC and ACP composite materials (ACC/ACP). It is worth
noting that the remnant ATP molecules can stabilize ACC and
ACP even at a relatively high temperature. By further
prolonging the microwave hydrothermal time or increasing
the temperature, the ATP absorbance of the products gradually
decreased, indicating that more ATP molecules were hydro-
lyzed, and the product gradually crystallized and contained a
small amount of vaterite (Figure 2c) because there were not
enough ATP molecules to stabilize the ACC/ACP composite

materials. The higher the microwave hydrothermal temper-
ature, the more ATP molecules hydrolyze and the more
crystallization of the product occurs. When the temperature
was elevated to 180 °C for 10 min, the product was completely
crystallized to form carbonated hydroxyapatite (CHA) nano-
spheres (Figure 2f).
To further investigate the composition change of the samples

that were prepared using ACC as the precursor by the
microwave hydrothermal method, the FTIR spectra of the
samples were measured. The FTIR spectra in Figure 4 indicate

that the samples obtained by microwave hydrothermal
treatment exhibited split peaks of the ν3 absorption band at
1485 and 1425 cm−1 as well as a strong ν2 (out-plane bending
of CO3

2−) absorption band at 874 cm−1; these peaks are the
characteristic absorption bands of CO3

2−.61,62 Moreover, with
prolonged microwave hydrothermal time or the temperature,
the broad PO4

3− absorption band located at 1107 cm−1

gradually red-shifted. When the microwave hydrothermal
temperature was 180 °C, the absorption peak at 565 cm−1,
referring to the ν4 bending mode of the O−P−O bond, split
into two peaks at 605 and 572 cm−1, and the absorption peak at
962 cm−1 is ascribed to the ν1 stretching mode of the P−O
bond of the phosphate group; these bands are the characteristic
absorption bands of hydroxyapatite,63 so the FTIR result is
consisted with the XRD analysis.
The morphologies of the samples obtained by the microwave

hydrothermal treatment of the ACC precursor at different
temperatures for different times were observed by SEM (Figure
5) and TEM (Figure 6). The experiments showed that no
obvious change was observed in the morphology and the size of
the samples after the microwave hydrothermal treatment at

Figure 2. XRD patterns of the products obtained by microwave
hydrothermal treatment of the ATP-stabilized ACC nanospheres at
different temperatures for different times: (a) 110 °C, 10 min; (b) 110
°C, 30 min; (c) 110 °C, 60 min; (d) 130 °C, 10 min; (e) 150 °C, 10
min; and (f) 180 °C, 10 min.

Figure 3. UV−vis absorption spectra after the samples were
completely dissolved in 0.1 M HCl. The samples were prepared
before and after microwave hydrothermal treatment at different
temperatures for different times.

Table 1. Experimental Conditions for the Preparation of Typical Samples and Their Ca/P Molar Ratio and ATP Content

sample no. temperature (°C) time (min) content of ATP (wt %) Ca/P molar ratio

ACC precursor 49.565 1.708
a 110 10 25.084 1.647
b 110 30 20.123 1.612
c 110 60 17.699 1.816
d 130 10 17.883 1.699
e 150 10 14.848 2.145
f 180 10 10.490 1.930

Figure 4. FTIR spectra of the samples obtained by microwave
hydrothermal treatment of the ATP-stabilized ACC precursor at
different temperatures for different times: (a) 110 °C, 10 min; (b) 110
°C, 30 min; (c) 110 °C, 60 min; (d) 130 °C, 10 min; (e) 150 °C, 10
min; and (f) 180 °C, 10 min.
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different temperatures for different times. The size distribution
of the ACC/ACP nanospheres prepared by the microwave
hydrothermal treatment of the ATP-stabilized ACC precursor
at 110 °C for 10 min was measured by dynamic light scattering
(DLS), and the result is shown in Figure 7. From Figure 7, it
can be seen that the ACC/ACP nanospheres had a narrow size
distribution, with an average diameter of 227 nm. The selected-
area electron diffraction (SAED) pattern of the samples treated
at 110 °C exhibited no obvious distinct diffraction spots,
indicating that they were amorphous. However, when the
microwave hydrothermal temperature was increased to 180 °C,
the sample was composed of porous CHA nanospheres with
diameters of about 50 nm, these CHA nanospheres were
formed by self-assembly of CHA nanopaticles, and the electron
diffraction rings indicate that the sample was polycrystalline.
These results are consistent with the XRD analysis, but they are
different from our previous work on the synthesis of
hydroxyapatite nanowires using ATP as a phosphorus source
at a relatively high microwave hydrothermal temperature.64

Therefore, using ACC as the precursor, which was stabilized by
phosphorus-containing biomolecules, can allow for the syn-
thesis of calcium carbonate/calcium phosphate composite
nanostructured materials, and the morphology and size of the

ACC precursor can be well-preserved after the microwave
hydrothermal treatment.
The thermal stability of the samples prepared by microwave

hydrothermal treatment of the ATP-stabilized ACC precursor
at different temperatures for different times was analyzed by
TG (Figure 8) and DSC (Figure 9). The TG curves of the
samples can be divided into three stages. The weight loss below
200 °C is assigned to the absorbed water and the structural
water, which widely exists in an amorphous phase. The
decomposition temperature of ATP molecules is above 200 °C,
so the weight loss between 200 and 450 °C is attributed to the
decomposition of ATP molecules. When the temperature is
higher than 450 °C, the weight loss is mainly assigned to the
decomposition of calcium carbonate, and the complete
decomposition of calcium carbonate is below 800 °C. The
DSC curve of the sample prepared at 110 °C for 10 min
showed a sharp exothermic peak at 705 °C, which is due to the
crystallization process of the amorphous phase. By increasing
the microwave hydrothermal time or temperature, this
exothermic peak gradually weakened, indicating that the
proportion of the amorphous phase in the sample gradually
decreased. For the sample prepared at 180 °C for 10 min, the

Figure 5. SEM micrographs of the products obtained by the microwave hydrothermal treatment of the ATP-stabilized ACC precursor at different
temperatures for different times: (a) 110 °C, 10 min; (b) 110 °C, 30 min; (c) 110 °C, 60 min; (d) 130 °C, 10 min; (e) 150 °C, 10 min; and (f) 180
°C, 10 min.
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exothermic peak disappeared because there was no amorphous
phase in this sample.
We measured the specific surface area of the ACC/ACP

composite nanospheres prepared at 110 °C for 10 min using a
N2 adsorption−desorption isotherm (Figure 10). The BET
specific surface area (SBET) and the corresponding Barett−
Joyner−Halenda (BJH) desorption cumulative pore volume
(VP) of the ACC/ACP composite nanospheres was 141.3 m2

g−1 and 1.5 cm3 g−1, respectively. The relatively large SBET and
VP values are favorable for the application of these nanospheres
in protein adsorption because they provide ideal adsorption
sites and physical space for protein molecules. Moreover, the
BJH desorption pore-size distribution curve (Figure 10b)
shows two main pore sizes of 5.4 and 66 nm, and the average
pore size was 32.5 nm. The small pore-size distribution peak is
caused by the carbon dioxide bubbles formed during the

transformation process of part of ACC to ACP, whereas the
large pore-size distribution peak is formed by the aggregation of
ACC/ACP nanospheres.

3.3. Transformation of ACC/ACP Composite Nano-
spheres in PBS Solution. To investigate the stability of the
ACC/ACP composite nanospheres, the sample prepared by the
microwave hydrothermal treatment of ATP-stabilized ACC
nanospheres at 110 °C for 10 min was soaked in PBS solutions
with different pH values. The Ca2+ ion dissolution rate, which
represents the degradation of the sample, has an obvious pH-
dependent behavior: the lower the pH value, the higher the
cumulative dissolution percentage. At pH 7.4, the cumulative
percentage of the dissolved Ca2+ ions reaches a balance at about
10% (Figure 11a), indicating that the as-prepared ACC/ACP

Figure 6. TEM micrographs of the products obtained by the microwave hydrothermal treatment of the ATP-stabilized ACC precursor at different
temperatures for different times: (a) 110 °C, 10 min; (b) 110 °C, 60 min; (c) 150 °C, 10 min; and (d) 180 °C, 10 min.

Figure 7. Size distribution of ACC/ACP composite nanospheres
synthesized by the microwave hydrothermal treatment of the ATP-
stabilized ACC precursor at 110 °C for 10 min measured by dynamic
light scattering in water. Figure 8. TG curves of the samples prepared by the microwave

hydrothermal treatment of the ATP-stabilized ACC precursor at
different temperatures for different times.
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Figure 9. DSC curves of the samples prepared by the microwave
hydrothermal method at different temperatures for different times
using ATP-stabilized ACC nanospheres as the precursor.

Figure 10. N2 adsorption−desorption isotherm (a) and BJH
desorption pore-size distribution cure (b) of the ACC/ACP composite
nanospheres prepared by the microwave hydrothermal treatment of
ATP-stabilized ACC nanospheres at 110 °C for 10 min.

Figure 11. Cumulative dissolution percentage of ACC/ACP
composite nanospheres after soaking in PBS solutions with different
pH values for different times: (a) Ca2+ ions and (b) ATP molecules.
(c) XRD patterns and (d) FTIR spectra of ACC/ACP composite
nanospheres after soaking in PBS solution (pH 7.4) for different times.
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composite nanospheres have a certain stability at this pH value,
whereas at the pH 6.0 and 5.0, the cumulative percentage of the
dissolved Ca2+ ions increased with the soaking time. However,
the cumulative percentage of the dissolved ATP molecules
(Figure 11b) has an opposite trend compared with the
cumulative percentage of the dissolved Ca2+ ions at different
pH values: the higher the pH value, the higher the dissolution
percentage of ATP. This phenomenon can be explained by the
fact that the pH value can affect the charge of ATP molecules,
changing the electrostatic interaction between ATP molecules
and ACC/ACP composite nanospheres. Moreover, the
cumulative percentage of the dissolved ATP molecules can
reach a balance within about 100 h at different pH values. After
soaking in PBS solution (pH 7.4) for 12 days, the XRD pattern
(Figure 11c) and the FTIR spectrum (Figure 11d) indicate that
ACC/ACP composite nanospheres partly transformed to CHA.
To further study the transformation process of ACC/ACP

composite nanospheres in the PBS solution, we performed
XRD and FTIR measurements of the samples after soaking in
PBS solution (pH 7.4) for different times, as shown in Figure
11c,d. The XRD pattern (Figure 11c) shows that small
diffraction peaks of CHA appeared in the XRD pattern of the
sample after soaking in PBS solution (pH 7.4) for 5 days,
indicating that a small amount of CHA formed on the surface
of ACC/ACP composite nanospheres by the reaction of
dissolving Ca2+ ions with CO3

2− and PO4
3− ions (from the PBS

solution). The Ksp of calcium phosphate (2.07 × 10−29) is much
lower than that of calcium carbonate (2.8 × 10−9), so the
formation of calcium phosphate is reasonable. With increasing
soaking time, the intensities of diffraction peaks of CHA
gradually increased, indicating the formation of more CHA. On
one hand, the formation of CHA needed to consume a certain
amount of Ca2+ ions; on the other hand, the formation of a new
CAP layer on the surface of ACC/ACP composite nanospheres
inhibited the further dissolution of Ca2+ and CO3

2− ions.
The FTIR spectra (Figure 11d) show that the PO4

3−

absorption band located at around 1086 cm−1 split into two
peaks at 1088 and 1039 cm−1 after soaking in the PBS solution
for 7 days, indicating that part of ACC transformed to calcium
phosphate. With increasing soaking time, the PO4

3− absorption
band located at 563 cm−1 further split into two peaks at 604
and 563 cm−1, indicating that more ACC transformed to
calcium phosphate. The content of ATP in the ACC/ACP
nanocomposite sample was lower than that of the ACC
precursor (Table 1), so there was not enough ATP to inhibit
the formation of calcium phosphate after soaking in the PBS
solution, and the stable ACC/ACP composite nanospheres
could maintain the amorphous phase in the PBS solution for
only 5 days. These results indicate that ATP biomolecules can
be used as an excellent stabilizer for amorphous biomaterials
and can inhibit the transformation from the amorphous phase
to the crystalline phase, which is important for the investigation
of the biomineralization process.
3.4. Protein Adsorption and in Vitro Protein Release.

Calcium carbonate and calcium phosphate are ideal bio-
materials because of their excellent biocompatibility, and they
have been investigated for use in pH-responsive drug release for
cancer treatment. Herein, we investigated the protein-
adsorption and -release performance of the as-prepared
ACC/ACP composite nanospheres using hemoglobin (Hb)
as a model protein. Cytotoxicity tests of the ACC/ACP
composite nanospheres were performed using human gastric
carcinoma cells (MGC-803), which showed no appreciable

toxicity when the cells were cocultured with ACC/ACP
composite nanospheres at concentrations in the range 0.1−
100 μg mL−1 (Figure 12a), so ACC/ACP composite
nanospheres are promising for applications in the biomedical
field. The high biocompatibility can be explained by the
chemical nature of the as-prepared ACC/ACP composite
nanospheres.
The adsorption of Hb in the ACC/ACP composite

nanospheres was investigated at different initial concentrations
of Hb. As shown in Figure 12b, the amount of adsorbed Hb on
the ACC/ACP composite nanospheres increased with the
increasing initial concentration of Hb in the range 0−3.0 mg
mL−1 and reached 913 mg g−1 at a Hb concentration of 3.0 mg
mL−1, which is much higher than that of the pure calcium
phosphate protein-adsorption system.28,65 Moreover, the Hb
adsorption capacity of the ACC/ACP composite nanospheres
has a good linear relationship with the Hb initial concentration
(Figure 12c). The ACC/ACP composite nanospheres still did
not reach saturated adsorption at a high Hb concentration (3.0
mg mL−1), indicating that they have a high protein-adsorption
capacity. It should be noted that the Hb adsorption percentage
decreased sharply with increasing the initial Hb concentration
in the low range and decreased slowly in the high initial Hb
concentration range (Figure 12d).
In addition, the Hb release performance of the ACC/ACP

composite nanosphere protein-adsorption system was inves-
tigated. It was found that the released amount of Hb from the
ACC/ACP composite nanosphere protein-adsorbption system
in PBS solution was dependent on the pH, and the cumulative
amount of released Hb decreased with decreasing pH (Figure
13). This result may be explained by the electrostatic
interaction between Hb molecules and the ACC/ACP
composite nanospheres. In general, the isoelectric point (pI)
of Hb is within the range 6.8−7.0.66 When the pH value of the
PBS solution is below the pI value of Hb, the Hb molecules will
become positively charged, whereas when the pH value is
higher than the pI value, the Hb molecules will become
negatively charged. As shown in Figure 14, the zeta potential of
ACC/ACP composite nanospheres was negative in PBS
solutions with different pH values of 7.4, 6.0, and 5.0, indicating
that the ACC/ACP composite nanospheres were negatively
charged in PBS solutions with different pH values of 7.4, 6.0,
and 5.0. For Hb molecules, the zeta potential was negative at
pH 7.4; however, it became positive at pH 6.0 and 5.0, implying
that Hb molecules were negatively charged in PBS solution at
pH 7.4 and positively charged at pH 6.0 and 5.0. Thus, when
the pH of the PBS solution was 7.4, both the Hb molecules and
the ACC/ACP composite nanospheres were negatively charged
and the electrostatic repulsion effect accelerated the Hb release
from the ACC/ACP composite nanosphere protein-adsorption
system. When the pH was 6.0 and 5.0, the Hb molecules
became positively charged and the electrostatic attraction effect
restrained the release of Hb: the lower the pH value, the
stronger the electrostatic interaction and the slower the release
of Hb. This result is consistent with our previous report on Hb
adsorption onto hydroxyapatite hollow microspheres.28,65

However, according to the results shown in Figure 11a, the
ACC/ACP composite nanospheres are partly dissolved in PBS
solutions at low pH values, leading to the acceleration of Hb
release from the ACC/ACP composite nanospheres. The
ACC/ACP composite nanospheres had a high-protein-
adsorption capacity that still did not reach saturated adsorption
at a Hb concentration of 3.0 mg mL−1 (Figure 12). Although
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the dissolution of a small amount of ACC/ACP composite
nanospheres had some effect on the Hb release performance,
the difference in the Hb release performance in PBS solutions
with different pH values was mainly caused by the electrostatic
interaction between Hb molecules and the ACC/ACP
composite nanospheres.

4. CONCLUSIONS
We have successfully prepared ACC/ACP composite nano-
spheres with uniform size by using ACC that was stabilized by
ATP as the precursor, and we investigated the transformation
process of ACC under microwave hydrothermal conditions. In
this strategy, ATP was used as both the stabilizer of ACC and
the phosphorus source for ACP. Moreover, the carbon dioxide
discharge during the decomposition of the ACC precursor can
be used as a very good pore-forming agent to synthesize a
porous material. Most interesting is that the morphology and
size of the ACC precursor remained after microwave treatment,
which provides a new method for the preparation of ACC/ACP
composite nanomaterials using ACC stabilized by a phospho-
rus-containing biomolecule as the precursor. Furthermore, the
stable ACC/ACP composite nanospheres can maintain the
amorphous phase after soaking in PBS solution for 5 days
because the ATP molecule dissolved from the sample and
prevented the crystallization; this result indicated that ATP can
prevent the transformation of a biomineral from an amorphous
phase to a crystal phase, which is important for investigating a
biomineralization process. Importantly, the good biocompati-
bility and high protein-adsorption capacity of the ACC/ACP
composite nanospheres showed that they are promising for

Figure 12. (a) Cytotoxicity tests of human gastric carcinoma cells
(MGC-803). (b) Hb adsorption capacities at different initial
concentrations of Hb, (c) Hb adsorption capacity as a liner function
of Hb initial concentration, and (d) Hb adsorption percentage as a
function of Hb initial concentration. The ACC/ACP composite
nanospheres used in these experiments were prepared by the
microwave hydrothermal treatment of ATP-stabilized ACC nano-
spheres at 110 °C for 10 min.

Figure 13. Hb release curve of the ACC/ACP composite nanosphere
protein-adsorption system in PBS solutions with different pH values.

Figure 14. Zeta potentials of ACC/ACP composite nanospheres and
Hb in PBS solution at different pH values.
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applications in biomedical fields such as drug delivery and
protein adsorption.
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