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The main aim of this study was to prepare nanosized hydroxycarbonate apatite (HCA) as a drug carrier
to improve the dissolution rate and increase the bioavailability of poorly soluble drugs, intended to be ad-
ministered orally. In the present study, uniform mesoporous HCA nanoparticles were synthesized using
CaCO3 as a sacrificial template by the hydrothermal method in the presence of cetyltrimethylammonium
bromide (CTAB) as a surfactant. The prepared HCA was used as a drug carrier to investigate the drug uptake
and release properties employing carvedilol (CAR) as a model drug. The structure and morphology of
mesoporous HCA, and the successful storage/release of CAR were systematically studied by N2 adsorption,
scanning electron microscopy (SEM), powder X-Ray diffraction (XRD), differential scanning calorimetry
(DSC), thermogravimetric (TG) analysis, Fourier transform infrared (FT-IR) spectroscopy, and UV–VIS spec-
trophotometry. In vitro drug dissolution tests showed that mesoporous HCA produced burst release of
CAR in comparison with micronized CAR in simulated gastric fluid and intestinal fluid. Stability test result
indicated that amorphous state of CAR loaded in HCA nanoparticles had a good physical stability after
room storage for 6 months. Hence, mesoporous HCA nanoparticles are excellent drug carriers for the
oral delivery of poorly soluble drugs.
.
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1. Introduction

The oral delivery is generally regarded as the most acceptable and
convenient route [1]. However, about 40% of new chemical entities are
insoluble or poorly soluble in water,which may result in incomplete
absorption in the gastrointestinal tract[2]. In the Bio-pharmaceutic
Classification System (BCS), low solubility and high permeability are
the characteristics of BCS Class II poorly water-soluble drugs [3]. The
poorly soluble drugs must be dissolved before transmembrane trans-
port. Hence, improving the solubility and dissolution rate is the key
to increasing the bioavailability of poorly soluble drugs [4,5]. General
methods to improve the solubility and bioavailability of poorly soluble
drugs include the use of solid dispersions [6,7], inclusion complexes
[8], nanocrystalline [9,10] and liposomes [11]. Recently, mesoporous
biomaterials with relatively large surface areas and pore volumes
have been widely applied as delivery systems due to their non-toxic
and biodegradable properties [12–15].

Apatite is a weak alkaline calcium phosphate-based inorganic
compoundwhich has been used as one of themost important artificial
bone substitute materials over the past few decades [16]. Most of the
synthetic apatite nanoparticles are stoichiometric with a chemical
composition of Ca10(PO4)6(OH)2. By contrast, the inorganic composi-
tion of natural bones is mainly HCA. Hence, synthetic HCA exhibits
better biocompatibility and bioactivity than HA [17]. Mesoporous
HCA offers several attractive features, such as chemical inertness,
high biocompatibility, uniform pore size, and a relatively large surface
area, which make it as an excellent candidate for loading poorly
soluble drugs. Poorly soluble drugs loaded in mesoporous HCA have a
dramatically decreased particle size, increased surface areas and im-
proved wettability. Moreover, poorly soluble drugs in their amorphous
state tend to have a higher solubility and dissolution rate, which
could markedly improve bioavailability [6, 18]. In view of the above
factors, mesoporous HCA has great potential as a drug carrier for oral
administration of poorly soluble drugs. However, to our knowledge,
the application of mesoporous HCA as a drug delivery system for
loading poorly soluble drugs to improve their bioavailability has not
yet been documented.

In the present work we develop a simple and new preparation
method to produce mesoporous HCA using nanometer-sized calcium
carbonate as a sacrificial template by the hydrothermal method in
the presence of CTAB as a surfactant. In other words, mesoporous
HCA was formed directly from CaCO3 in a phosphate buffer solution
via an anion-exchange process [19,20]. The effects of mesoporous
HCA on the uptake and release of CAR (Fig. 1) were systematically
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Fig. 1. Molecule structure of CAR.
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characterized by N2 adsorption, SEM, XRD, DSC, TG, FT-IR, and UV–VIS
spectrophotometry.

2. Materials and methods

2.1. Materials

Cetyltrimethylammonium bromide (CTAB), disodium hydrogen
phosphate (Na2HPO4·12H2O), hydrochloric acid, potassiumdihydrogen
phosphate and anhydrous ethanol were purchased from Aladdin
(Shanghai, China). All chemicals were analytical grade and used as
purchased without further purification. Nanosized calcium carbonate
was donated by Jiangxi Huaming Nanometer Calcium Carbonate Co.
Ltd. Micronized raw CAR was donated by Shenyang Funing Pharma-
ceutical Company (Shenyang, China) with a purityN99%. Deionized
water was prepared by ion exchange.

2.2. Preparation of mesoporous HCA using CaCO3 as a template

Mesoporous HCA nanoparticles were prepared by an anion-
exchange process using calcium carbonate as the sacrificial template
and CTAB as a surfactant by the hydrothermal method. In a typical
process, 1 g CaCO3 was dispersed in 100 ml mixed solution of an-
hydrous ethanol and water (volume ratio 1:1) by ultrasound.
In addition, the CaCO3 suspensions were further homogenized
using an ATS AH100D homogenizer (ATS Engineer Inc, China) at
600 bar for 20 cycles to reduce the aggregation of nanoparticles.
Then, 0.3 g or 1 g CTAB and 3.581 g Na2HPO4·12H2O were added
to the solution under continuous magnetic stirring at 50 °C.
The mixed solution was stirred for 1 h before being transferred
to a Teflon-lined autoclave for 3 h at 80 °C or 130 °C. The solid pre-
cipitates were filtered, washed repeatedly with deionized water and
anhydrous ethanol, dried in air at 60 °C for 12 h, and then calcined
at 550 °C for 4 h. For simplicity, the HCA nanoparticles synthesized
in the present work are referred to as HCA-x-y, e.g., HCA-1 g-80
represents HCA synthesized using 1 g CTAB and a hydrothermal
temperature of 80 °C. The parameters of the synthesis experiments
are summarized in Table 1.

2.3. CAR-loading procedure

CAR was selected as a model drug because it was practically in-
soluble in intestinal fluid and water. Mesoporous HCA synthesized
using 1 g CTAB at 80 °C had the biggest specific surface area and
Table 1
Synthetic parameters and nitrogen adsorption parameters of HCA samples and CaCO3.

Sample The mass
of CTAB(g)

Hydrothermal
temperature (°C)

Surface area
(m2/g)

Pore volume
(cm3/g)

HCA-0.2 g-80 0.2 80 102.2 0.136
HCA-1 g-80 1 80 121.9 0.175
HCA-0.2 g-130 0.2 130 98.4 0.114
HCA-1 g-130 1 130 118.8 0.135
CaCO3 – – 25.2 0.047
was selected as the drug carrier. A drug loading process, involving a
combination of adsorption equilibrium and solvent evaporation, was
employed to increase the drug loading efficiency [21]. Dichloro-
methane was selected as the loading solvent due to its lower boiling
point and its lower toxicity compared with chloroform. Typically,
CARwas adsorbed intomesoporous HCA by soaking the HCA nanopar-
ticles in a dichloromethane solution of CAR (40 mg/ml). The mass
ratio of carrier to drug in the loading solution ranged from 3:1 to
1:1. Then, the mixture was ultrasonicated for 15 min to ensure that
CAR was completely dissolved. Subsequently, the mixture was stirred
in a sealed vial for 12 h at room temperature. Finally, the mixture was
dried at 50 °C under vacuum for 12 h. The dried drug-loaded sample
was referred to as HCA-3-1 (the mass ratio of carrier to drug was
3:1), HCA-2-1 and HCA-1-1, respectively. In comparison, the physical
mixture of HCA and CAR (mass ratio was 3:1) was also prepared.

2.4. Field emission scanning electron microscopy (FE-SEM)

Themorphology of the HCA and loaded HCA sampleswas character-
ized using an SUPRA 35 field emission scanning electron microscope
(ZEISS, Germany). The samples were gold-plated prior to imaging.

2.5. Nitrogen adsorption measurements

SA3100 surface area analyzer (Beckman coulter, USA) was used
to measure the N2 adsorption/desorption isotherms of mesoporous
HCA samples at the temperature of (77 K). The surface areas of the
samples were calculated using the Brunauer–Emmett–Teller (BET)
method from the nitrogen adsorption data over the relative pressure
range from 0.05 to 0.2. The pore size distribution was estimated
from the adsorption branch of the isotherms using the conventional
Barrett–Joyner–Halenda (BJH) method. The total pore volume was
determined from the volume adsorbed at a relative pressure of 0.9814.

2.6. Physical state characterization by XRD and DSC

The physical state of CAR in mesoporous HCA was characterized
by XRD and DSC. XRD was performed on a diffractometer (PANALY
IICALB.V, PW3040/60) with Cu Kα radiation (λ=1.5405 Å, 30 kV,
30 mA). Powder samples were scanned over the 2θ angle range
from 5° to 60° with a scan rate of 6.0°/min. DSC experiments were
performed on a differential scanning calorimeter (DSC 60, Shimadzu
Co., Japan). Samples were accurately weighed in aluminum pans
and heated at 10 °C/min under a nitrogen flow.

2.7. FT-IR characterization

The FT-IR spectra were recorded on a FT-IR spectrometer (Bruker
IFS 55, Switzerland) at room temperature over the spectral region
4000–400 cm−1. All the measurements were performed in a dry
atmosphere.

2.8. TG and UV–VIS evaluation of loading efficiency

The drug-loaded HCA samples, blank HCA and pure CAR were
analyzed on a TGA-50 instrument (Shimadzu, Japan) to calculate the
drug payload efficiency. A sample of about 5 mg was heated from
50 °C to 600 °C at a heating rate of 10 °C/min under N2 purge of
20 ml/min. About 20 mg of the CAR-loaded samples was dissolved in
20 ml methanol and 80 ml hydrochloric acid (pH 1.2) to determine
the drug payload of the HCA carriers. The concentration of CAR
in the solution was monitored by UV–VIS spectrophotometry
(UV-2000, Unico, USA) at 240 nm after the samples had completely
dissolved. The experiments were carried out in triplicate. All experi-
mental data were reported as the mean±standard deviation.
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2.9. Stability test

The sample HCA-3-1 was kept in a desiccator at constant temper-
ature (25±2 °C) for a period of time and characterized by XRD to
evaluate the amorphous CAR stability.

2.10. In vitro drug dissolution tests

The in vitro dissolution of CAR was performed in simulated gastric
fluid (HCl aqueous solution, pH 1.2) and intestinal fluid (phosphate
buffer solution (PBS), pH 6.8). The simulated intestinal juice was pre-
pared using NaOH and KH2PO4. Dissolution tests were carried out
using the CHP II paddle method (100±1 rpm, 37±0.5 °C and
900 ml dissolution medium) on an RC-8D dissolution tester (Tianjin
Guoming Medical Equipment Co., Ltd., China). Samples equivalent to
Fig. 2. SEM images of CaCO3 template (A), HCA-1 g-80 (B) and (C), HCA-0.2 g-80 (D), HCA-1
10 mg CAR were added to the dissolution medium. Aliquots (5 ml)
of the release fluid were removed for analysis at predetermined inter-
vals, and replaced immediately with an equal volume of fresh dissolu-
tion medium to keep the volume constant. The collected samples
were passed through a 0.45 μm membrane filter, and then the concen-
tration of CAR was measured by UV–VIS spectrophotometry at a wave-
length of 240 nm. The experiments were carried out in triplicate. All
data were expressed as the mean±standard deviation.

3. Results

3.1. Morphology of synthetic HCA carriers

The influences of factors such as the concentration of CTAB and the
hydrothermal temperature have been characterized by SEM and N2
g-130 (E), HCA-0.2 g-130 (F), micronized raw drug (G) and formulation of HCA-3-1 (H).

image of Fig.�2


Table 2
SBET and drug loading efficiency before and after CAR uptake.

Sample Drug loading
(%, TGA)

Drug loading
(%, UV–vis)

SBET
(m2/g)

HCA-1 g-80 – – 121.9
HCA-3-1 22.5±1.9 23.6±1.2 56.04
HCA-2-1 31.9±1.4 30.9±1.7 20.55
HCA-1-1 48.7±2.1 48.2±2.3 10.77
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adsorption. The SEM images of the CaCO3 template and HCA nanopar-
ticles prepared under different conditions are shown in Fig. 2.
The CaCO3 nanoparticles had a spherical morphology with an average
diameter of about 60 nm. Surprisingly, the morphology of the HCA
prepared under different concentrations of CTAB and hydrothermal
temperatures was markedly different. The formability of the HCA pre-
pared with 1 g CTAB was better than that of HCA using 0.3 g CTAB
under 80 °C according to Fig. 2C and D. The HCA-1 g-80 sample had
the shape of a clustered sheet with a thickness of about 15–20 nm.
SEM images showed that the shape of HCA synthesized at 130 °C
using different concentrations of CTAB were still different (Fig. 2E, F).
As shown in Fig. 2G and H, the morphology of the micronized CAR
was non-uniform with a diameter ranging from 0.5 to 20 μm, while
the morphology of drug loaded HCA nanoparticles was relatively uni-
form, and no raw drug crystals were present. This result shows that
the drug was loaded in the pores or adsorbed on the surface of the car-
rier which is important for improving the dissolution rate of poorly sol-
uble drugs.

3.2. Estimation of the specific surface area

As presented in Fig. 3, the respective N2 adsorption isotherms of
HCA nanoparticles showed typical type IV curve with a distinct hys-
teresis loop, indicating the characteristics of mesoporous materials
[22,23]. The pore size of mesoporous materials is 2–50 nm. The
inset showed that there was only a declining branch above 3.5 nm
in the pore size distribution of mesoporous HCA. Although the pore
size distribution less than 3.5 nm could not be provided by the
SA3100 surface area analyzer, we concluded that the peak of pore
size distribution curve was below 3.5 nm. Usually the pore size distri-
butions of mesoporous materials prepared using CTAB as templates
are 2–5 nm [24–26], which proved the conclusion that we have
inferred. The BET specific surface area (SBET) and total pore volume
(VP) of the HCA samples and CaCO3 are summarized in Table 1. The
SBET and VP of HCAweremarkedly increased after reacting in PBS com-
pared with CaCO3 nanoparticles. The HCA-1 g-80 sample with the
highest SBET of 121.9 m2/g, and VP of 0.175 cm3/g was selected as the
drug carrier to investigate the effects on the uptake and release of
CAR. The SBET gradually decreased with the incremental drug loading
efficiency compared with blank HCA as shown in Table 2, which
indicated that CAR was successfully loaded into the mesoporous HCA
matrix.
Fig. 3. The nitrogen adsorption/desorption isotherms of prepared HCA samples and
CaCO3. The insets show the pore size distributions.
3.3. XRD and DSC characterization of CAR-loaded mesoporous HCA

The crystalline properties of CAR, mesoporous HCA, physical mix-
tures and CAR-loaded HCA samples were evaluated by XRD and DSC.
As shown in the XRD patterns (Fig. 4), pure CAR showed intense and
characteristic crystalline diffraction peaks at 2θ=5.8°, 14.9°, 17.5°,
18.4° and 24.3°. The main diffraction peaks of crystalline HCA were
clearly seen at 25.8°, 29.4° and 32.0°. However, no distinctive highly
crystalline peaks were found in the CAR-loaded HCA samples. The
magnified XRD pattern (inset) showed that with an increase in drug
loading efficiency (the ratio of carrier: drug decreased from 3:1
to 1:1), the diffraction peaks of CAR become obvious. These results
confirmed that the crystalline form of CAR was markedly restricted
by the carriers. Also, with the increasing of the proportion of carriers,
the degree of inhibition was significantly enhanced.

DSC measurements were performed in order to further verify the
physical state of CAR. As shown in Fig. 5, the melting point of crystal-
line CAR showed a single sharp peak at 117.2 °C. The physical mixture
exhibited a slightly wider melting peak than that of crude CAR at
116.0 °C, due to melting of the raw drug. The loaded samples HCA-
1-1 and HCA-2-1 exhibited a weaker and wider melting peak
than that of the physical mixture with the same ratio. In addition,
the melting point of HCA-2-1 was about 5 °C lower than that of the
raw drug, which demonstrated a change in the crystal size of the
CAR loaded in HCA. No distinct melting peak of CAR was found in
the DSC curve of HCA-3-1, which clearly indicated that CAR was in
an amorphous state. Accordingly, the DSC results in Fig. 5 confirmed
the results obtained by XRD.

3.4. TG and UV–VIS evaluation of drug loading efficiency

TG analysis is an important method for quantifying the amount
of loaded drug in inorganic carriers [27]. As presented in Fig. 6,
Fig. 4. XRD patterns of raw CAR, blank carrier, physical mixture, HCA-3-1, HCA-2-1 and
HCA-1-1.
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Fig. 5. DSC thermograms of raw CAR, blank carrier, physical mixture, HCA-3-1, HCA-2-1
and HCA-1-1.

Fig. 7. The FTIR spectra of CAR, pure HA, physical mixture and HCA-3-1.
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the percentage of drug loading was calculated from the weight loss
between 150 °C and 600 °C relative to the initial weight. According
to Fig. 6, the prepared HCA-3-1, HCA-2-1 and HCA-1-1 had a drug up-
take efficiency of up to 22.5%, 31.9% and 48.7%, respectively. The drug
loading efficiency measured by UV–VIS spectrophotometry agreed
with the values determined by TG, as shown in Table 2.

3.5. FT-IR characterization

The FT-IR spectra of template CaCO3, pure HCA, crude CAR, the
physical mixture, and the CAR-loaded HCA-3-1 sample are shown in
Fig. 7. It has been reported that different CaCO3 polymorphs can be
identified by FT-IR spectra. The absorption bands at 565 cm−1,
603 cm−1, and 1038 cm−1 corresponded to the PO4

3− group, and
the broad absorption band at around 3430 cm−1 was attributed to
the OH− group and the clear CO3

2− absorption bands (υ3) at
1468 cm−1 and 876 cm−1 indicated that the prepared apatite was
HCA. By contrast with blank HCA, raw CAR and the physical mixture,
the characteristic peaks of the loaded HCA sample showed no shift,
indicating that there was no obvious interaction between HCA and
Fig. 6. TG patterns of pure HCA, HCA-3-1, HCA-2-1, HCA-1-1 and CAR.
CAR. These results demonstrate that the absorption of CAR loaded
in HCA is physisorption.

3.6. Stability test of HCA-3-1 sample

As is well-known to all, the amorphous state of drugs will change
to the stable crystalline state under certain conditions. The disadvan-
tage of the amorphous state is its instability during storage. Therefore,
the CAR loaded sample HCA-3-1 was characterized by XRD
after storage for a period of time to evaluate the physical stability of
amorphous CAR. As presented in Fig. 8, no characteristic crystalline
peaks of CAR were found in the sample during storage for 6 months.
This result indicated that the amorphous state of CAR in HCA had a
good physical stability.

3.7. In vitro drug dissolution tests

In vitro dissolution tests were studied in simulated gastric juice
and intestinal juice to investigate the dissolution behavior of CAR
in different pH conditions. The dissolution profiles of raw CAR and
loaded CAR samples in simulated gastric fluid and intestinal fluid
are shown in Figs. 9 and 10, respectively. The improved dissolution
Fig. 8. XRD patterns of HCA-3-1 and pure CAR on different time under storage at room
temperature.
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Fig. 9. In vitro drug dissolution profiles of raw CAR, HCA-3-1, HCA-2-1 and HCA-1-1 in
simulated gastric fluid (pH 1.2). Each data point represents the mean±SD of three
determinations.
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of CAR in simulated gastric fluid was not as significant as in intestinal
fluid due to the weak alkaline nature of CAR. As presented in Fig. 9,
HCA-3-1 displayed an initial burst release of 60% of CAR during the
first 5 min in comparison with less than 10% for raw CAR over the
same period. In addition, the cumulative release rate of HCA-3-1
was over 90% within 20 min, while less than 40% of raw CAR had dis-
solved. A significant improvement in the cumulative release rate
of HCA-1-3 in comparison with micronized CAR can be found in
Fig. 10. The HCA-3-1 exhibited a fast release of 65% CAR within
20 min, however, raw CAR released more slowly and the released
quantity reached only 2%, indicating the poor dissolution rate of the
pure CAR in simulated intestinal fluid condition. It was obvious that
the loaded HCA samples produced a burst release of CAR compared
with micronized CAR in simulated gastric and intestinal fluids. In
addition, the cumulative release rate gradually increased with the re-
duction in drug loading ratio.

4. Discussion

Generally, calcium chloride and calcium nitrate tetrahydrate are
used as the calcium sources to synthesize HA nanoparticles. However,
Fig. 10. In vitro drug dissolution profiles of raw CAR, HCA-3-1, HCA-2-1 and HCA-1-1 in
simulated intestinal fluid (pH 6.8). Each data point represents the mean±SD of three
determinations.
calcium carbonate was not only employed as a source of calcium ions,
but also used as a template and a source of carbonate ions. The crystal
structure of calcium carbonate can be identified by FT-IR spectra. The
absorption bands at 877 cm−1 (υ2) and 712 cm−1 (υ4) are attributed
to calcite, while the absorption bands at 877 cm−1 (υ2), 744 cm−1

(υ4) are due to vaterite [28]. The appearance of the absorption
peaks at 877 cm−1 and 713 cm−1 clearly indicated that the CaCO3

phase used as a template was calcite (Fig. 7). Usually, ion-exchange
reaction was carried out in aqueous solution where a large solubility
difference between the salt precursor and the final product [20].
The CaCO3 nanoparticles can be transformed into HCA through ion-
exchange due to the driving force of ions replacement—the large
solubility difference betweenHA (log Ksp=−118.268) [29] and calcite
(log Ksp=−8.475) [30]. The calcium ions and carbonate ions were
released from CaCO3 nanoparticles and then reacted with phosphate
ions spontaneously in the alkaline solution ions according to the
following equation.

PO3−
4 þ OH− þ CaCO3→Ca10½ðPO4Þ;CO2−

3 ðOH−Þ�6ðOHÞ2

XRD and DSC results showed that the drug CAR was in an amor-
phous form loaded in HCA, which might mainly attribute to the inhi-
bition of the pore. This was consistent with results reported in the
literature [21,31]. Nano-sized pores limited crystal growth of amor-
phous drugs. There was not enough space for drug molecules to
form long-range order of crystalline structure. Stability tests showed
that crystalline form of CAR did not change after storage for 6 months,
which could be owing to the recrystallization–inhibition and disper-
sion effect of the mesoporous HCA. Besides, we found a surprising
phenomenon in Fig. 4. With the incremental drug rate in the carriers,
the characteristic diffraction peaks of HCA at 2θ=29.4° gradually
weakened. One possible explanation for this was that the characteris-
tic peak of CAR at 2θ=29.4° coincided with that of HCA, and thus
could inhibit the characteristic carrier peak. Furthermore, CAR was
in an amorphous state because of the disordered arrangement of
the drug molecules. On increasing the drug loaded in the HCA, the
disordered arrangement of drug molecules was increased, which
might affect the crystal lattice arrangement of HCA.

In vitro dissolution tests showed that mesoporous HCA produced
an accelerated release of CAR in comparison with micronized CAR
in simulated gastric and intestinal fluids. One major reason for the
improved dissolution velocity of CAR may attribute to the solid
state of CAR compounds converting from the crystalline state to the
amorphous form, which was known to dramatically improve the dis-
solution rate due to its higher energy state [32]. Nanotechnology has
been regarded as an effective method to increase the surface area and
reduce drug particle size. According to Noyes–Whitney equation,
the increase in surface area and reduction in drug particle size to
nanosize range were significant means to improve the dissolution
rate of poorly soluble drugs. Furthermore, other factors, such as
the better wettability of hydrophilic groups on the surface of HCA
and improved dispersibility of CAR after loading in mesoporous
HCA matrix, also contributed to the dissolution enhancement.

5. Conclusions

In present work, for the first time, clustered sheet-like HCA
nanoparticles were successfully prepared using nanosized calcium
carbonate as a sacrificial template with CTAB as a surfactant by hydro-
thermal method. The prepared HCA nanoparticles had a high SBET and
uniform particle size with a drug loading efficiency of up to 22.5%. The
successful uptake and release of CAR, which was in an amorphous
state, were characterized by N2 adsorption, SEM, XRD, DSC, FT-IR,
TG, and UV–VIS spectrophotometry. In vitro dissolution tests showed
that the mesoporous HCA produced an accelerated release of CAR in
comparison with micronized CAR in simulated gastric and intestinal
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fluids. The enhanced dissolution rate could be largely due to a combi-
nation of effects including amorphous state, a clear increase in SBET, a
dramatic reduction in particle size and better wettability. The present
research demonstrates the great potential of mesoporous HCA as a
novel drug carrier for poorly soluble drugs to improve their oral
bioavailability.
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