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ABSTRACT

The development of high drug loading and sustained release nanoparticles by

simple and economical methods is significant for the treatment of diseases.

Amorphous calcium carbonate (ACC) is an ideal drug delivery system because

of its excellent pH responsiveness, biocompatibility and biodegradability. In this

work, ACC nanoparticles were successfully precipitated in ethanol–calcium

solutions using ammonium carbonate as the internal source of CO2, which

exhibited a relatively narrow size distribution in range of 10–200 nm. The

microscopic morphology, amorphous characters, porous structure and thermal

behavior of resultants were investigated by electron microscopy, Fourier-

transform infrared spectroscopy, Brunauer–Emmett–Teller and thermogravi-

metric analysis, respectively. In vitro drug release assay showed that ACC

nanoparticles had high loading capacity of curcumin (Cur) and favorable drug

release properties. Furthermore, ACC-Cur showed excellent abilities to scav-

enge free radicals, protect Cur stability and damage A549 cells, providing a

broadened space for the applications of this material in the fields of biomedical

or food.

Introduction

In the past few decades, many therapeutic strategies

such as radiotherapy, chemotherapy and surgery

have been developed to overcome the high cancer

mortality, in which chemotherapy is currently the

most commonly used treatment [1–3]. However, the

bioavailability of most anticancer drugs is signifi-

cantly restricted owing to their poor specificity and

chemical instability [4, 5]. Accordingly, numerous
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nano-sized drug delivery systems such as liposomes,

micelles, niosomes and nanobubbles have attracted

extensive research interest, which aims to prolong

circulation time of anticancer drugs, enhance cellular

uptake and reduce toxicity on normal tissue [6–8].

Although these nanocarriers show promising effects

in tumor therapy, tedious preparation, complex

drug-loading process, unsatisfactory release proper-

ties, poor biodegradability and biocompatibility have

hindered their applications. Therefore, the develop-

ment of high drug loading, favorable sustained

release and low-toxic nanocarriers using simple and

economical methods is a challenge topic in cancer

therapy.

Compared with traditional drug delivery

nanosystems, the drug carrier based on ACC

nanoparticles has many unique properties including

excellent pH responsiveness, high loading capacity,

ideal biocompatibility and biodegradability, which is

favorable for drug delivery in vivo [9–11]. Currently,

there are several typical methods to synthesize ACC

including channeling CO2 into solution containing

calcium salts, decomposition of dimethyl carbonate

in calcium solution by adjusting pH value, as well as

rapid mixing of calcium salts and carbonate salts

stock solution at low temperatures [12–14]. Although

these methods were successfully employed to syn-

thesize ACC, the easy crystallization has hindered the

preparation of ‘‘pure’’ ACC nanoparticles in aqueous

solution, which is unfavorable for the loading of

drugs [14, 15]. Furthermore, though many organic

macromolecules and inorganic ions were introduced

to control crystallization, they also significantly

restricted the synthesis of nano-sized ACC [16, 17].

To synthesize ‘‘pure’’ ACC, a simple method for

large-scale preparation of ACC nanoparticles without

introduction of additives using ammonium carbonate

as carbon source and ethanol as solvent was intro-

duced by Chen et al. [18]. Herein, this strategy was

employed in our work for the preparation of ‘‘stable’’

ACC nanoparticles which were applied as a drug

delivery system. Before loading the drug, amorphous

and crystalline properties of calcium carbonate pre-

pared in various solvents with different ethanol/

water volume ratios were analyzed, and the optimum

conditions for preparing nano-sized ACC were

determined. Meanwhile, multiple techniques were

applied to characterize the resultants for evaluating

whether this material could be used as a potential

drug carrier. Cur has attracted an extensive attention

for its applications in cancer therapy and free radicals

scavenging [19]. Therefore, it was used as a model

drug to study the loading capacity and release

properties of ACC nanoparticles in this work. The

Cur-loaded ACC (ACC-Cur) showed excellent abili-

ties to scavenge free radicals, protect Cur stability

and damage cancer cells, indicating that ACC

nanoparticles have promising application in drug

delivery.

Experiment

Materials

Calcium chloride, ammonium carbonate, curcumin

(Cur, 99%), 1, 1-diphenyl-2-picrylhydrazyl radical

(DPPH) and 2, 2-azinobis-(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd. Absolute

ethanol was obtained from Sinopharm Chemical

Reagent Co., Ltd. Human lung cancer cells (A549)

were provided by Shanghai Cell Bank of the Chinese

Academy of Sciences. 3-(4,5-Dimethyl-2-thiazolyl)-

2,5-diphenyl-2-H-tetrazolium bromide (MTT) was

obtained from Beijing Solarbio Science & Technology

Co., Ltd. All the other reagents were of analytical

grade purity and obtained from commercially

available.

Preparation of ACC and Cur-loaded ACC

The synthesis of ACC was performed according to

the previous method with some modifications [18].

Briefly, calcium chloride–ethanol mixed solution

(10 mM) was prepared in a 100-mL glass beaker and

covered by Parafilm with several pores. This beaker

was then placed into a bigger glass beaker (500 mL)

along with 2 g of ammonium carbonate (Fig. 1a). The

suspensions were centrifuged after stirring at 30 �C
for 4 h, and the washed solids were freeze-dried

prior to analysis. ACC-Cur was prepared using the

same method except that Cur (0.5 mg mL-1) and

calcium salts were dissolved in absolute ethanol at

the same time. The drug-loading content and

encapsulation efficiency of Cur were calculated

according to the following two equations [16].

Drug loading content ¼ m1 �m2

m3
� 100% ð1Þ
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Encapsulation efficiency ¼ m1 �m2

m1
� 100% ð2Þ

where m1 is the total weight of added-Cur, m2 is the

weight of non-encapsulated Cur, and m3 is the weight

of ACC-Cur.

Characterization

X-ray powder diffraction (XRD) patterns were

recorded using X-ray diffractometer (Rigaku D/max

2500 V, Cu Ka radiation, k = 1.54178 Å). The ion

concentrations in solution were measured using a

multi-parameter analysis instrument (DZS-708L,

INESA). Fourier-transform infrared (FT-IR) spectra

were taken on a Fourier-transform IR Spectrometer

(FTIR-7600, Lambda Scientific, Australia). The con-

centrations of free Cur were measured by a UV–Vis

spectrophotometer (UV-1800, Shimadzu Corpora-

tion) in the wavelength range of 300–500 nm. The

morphology of ACC was examined by scanning

electron microscopy (SEM; Hitachi S-4800, Japan) and

transmission electron microscopy (TEM; Hitachi

H-800, Japan). The contents of Ca, C and O were

recorded by energy-dispersive spectrometer (EDS).

Dynamic light scattering (DLS) was applied to mea-

sure the diameter of ACC (Malvern, UK). The specific

surface area and pore size distribution were mea-

sured by the Brunauer–Emmett–Teller (BET; V-Sorb

2800P, Gold APP China) method of N2 adsorption–

desorption at - 196 �C. Thermogravimetric analysis

was obtained using a Netzsch TGA-209 under a

stream of air at a heating rate of 20 �C min-1.

In vitro drug release assay

The release of Cur was carried out in PBS buffer (pH

5.4 and 7.4) [20]. Briefly, a dialysis bag (34 kDa)

containing 10 mg of ACC-Cur and 10 mL of PBS was

immersed in 100 mL of PBS and shaken in a water

bath at 37 �C. At predetermined intervals, 3 mL of

solution was withdrawn from release medium and

replaced by 3 mL of fresh PBS. The concentrations of

released Cur were determined by UV–Vis spec-

trophotometer (424 nm).

Determination of antioxidant activity
in vitro

The determinations of DPPH and ABTS�? radical

scavenging capacity of Cur and ACC-Cur were

derived from published protocols [20–22]. Due to

solubility differences between Cur and ACC-Cur, the

antioxidant capacity of Cur released from ACC-Cur

was investigated.

DPPH radical scavenging activity assay

In this assay, 2 mL of various concentrations (0, 2, 4,

6, 8, 10 and 12 lg mL-1) of Cur, ACC-Cur and

released Cur were added to 2 mL of DPPH (0.1 mM)

ethanol solution. After 30 min of incubation in the

dark, the absorbance of mixture was measured at

517 nm. The radical scavenging activity was calcu-

lated according to the following equation.

Radical scavenging activity ¼ A0 � A1

A0
� 100% ð3Þ

where A0 is the absorbance of control group and A1 is

the absorbance of mixtures.

ABTS�? radical scavenging activity assay

The ABTS�? radical cation was generated by mixing

10 mL of ABTS (7 mM) with 10 mL of aqueous

potassium persulfate solution (4.9 mM) and then

stood the mixture in dark for 12–16 h. Subsequently,

the resulting ABTS�? solution was diluted with

absolute ethanol to achieve an absorbance of

0.70 ± 0.02 (734 nm). 1 mL of various concentrations

(0, 2, 4, 6, 8, 10 and 12 lg mL-1) of Cur, ACC-Cur and

released Cur were mixed with 4 mL of ABTS�?

Figure 1 a Schematic diagrams: precipitation of ACC

nanoparticles in absolute ethanol, b the nucleation process of

calcium carbonate.
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solution, and the absorbance of mixture was read

(734 nm) after 30 min of incubation in the dark. The

free radical scavenging activity was calculated

according to Eq. (3).

Cur protection

To elucidate the effect of ACC-encapsulating Cur on

its stability, the DPPH free radical scavenging

capacity of Cur and ACC-Cur (12 lg mL-1) after

thermal treatment (60 �C, 30 min), fluorescent lamp

irradiation (FL, 15 W, 1 h), daylight irradiation (1 h)

and UV radiation (15 W, 1 h) was assessed [21, 23].

The determination of scavenging capacity of treated

ACC-Cur was derived using released Cur.

In vitro cytotoxicity assay

To evaluate toxicity of resultants, the inhibition effi-

ciency of A549 was measured by MTT assay. Cells in

medium (DMEM containing 10% FBS) were seeded

into 96-well plates and cultured (37 �C) under 5% (v/

v) CO2 atmosphere. After a 24-h incubation period,

different concentrations (1, 2, 4, 8, 16 and

32 lg mL-1) of sample solution were added into

wells and co-cultured with cells for 24 h. Subse-

quently, each well was treated with MTT for 4 h and

the absorbance of formazan crystals dissolved in

DMSO was measured by Microplate Reader

(490 nm). The cell viability was calculated according

to the following equation [10].

Cell viability ¼ ODtreated

ODcontrol

� 100% ð4Þ

where ODtreated was obtained from samples-treated

cells, and ODcontrol was obtained from control groups.

Statistical analysis

All data were performed in triplicate and presented

as averages and standard deviations. One-way anal-

ysis of variance (ANOVA) was used for statistical

analysis.

Results and discussion

Preparation of ACC nanoparticles

In order to study the amorphous and crystalline

characteristics of calcium carbonate prepared in

various ethanol/water mixtures, the resultants were

characterized by XRD. As shown in Fig. 2a, the blend

phase of vaterite and calcite was formed in two sol-

vents with ethanol/water ratios of 1/1 and 1/3 (v/v),

while increasing the volume ratio of ethanol to water

was favorable for the formation of metastable phase.

As expected, the two broad peaks at about 30� and

45� were characteristics of ACC particles synthesized

in absolute ethanol. Obviously, the crystallization of

ACC was related to the presence of water, which was

in accordance with the previous reports [24, 25].

Owing to crystallization kinetics and thermodynam-

ics of calcium carbonate, ACC only exhibits in the

initially sedimentary stage and then transforms to a

blend of different dehydrated phases before eventu-

ally being converted to stable calcite phase (Fig. 1b)

[26]. Accordingly, to prepare ‘‘pure’’ ACC for drug

transportation, the vapor diffusion method using

ethanol as solvent was employed to synthesize this

metastable phase.

The optimum calcium concentration for the

preparation of ACC was analyzed by XRD. As shown

in Fig. 2b, ACC precipitated in low-concentration

calcium chloride solutions (10 and 12 mM) was

stable, whereas an increased calcium concentration

(14 and 16 mM) induced crystallization of resultants.

Additionally, in 10 mM calcium chloride solution,

the particle size of ACC with positive zeta potential

was gradually increased (100–500 nm) with pro-

longed reaction time, which is listed in Table 1. It was

observed that ACC particles exhibit a relatively nar-

row size distribution located at approximately

100 nm when the reaction time was 4 h (Fig. 3). As

we know, due to sustained decomposition of

ammonium carbonate for produce of CO2 and NH3

gas, the formation of ACC could be considered as a

continuous process [18]. Figure 4 shows the tendency

of pH and pCa change within the first 1 h, which was

measured by multi-parameter analyzer (DZS). With

the continuous dissolution of NH3, the initial solution

pH value was about 6.8 before eventually being about

8.4. Meanwhile, Ca2? in solution decreased continu-

ously and almost was consumed eventually. The

experimental results indicated that ACC nanoparti-

cles were successfully precipitated in 10 mM calcium

salts–ethanol solution when reaction time was 4 h,

which were then used for subsequent analysis.
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Characterizations of ACC nanoparticles

Morphology

The SEM and TEM images of ACC, displayed in

Fig. 5a, b, clearly show that this material was con-

structed from aggregation of nanoparticles. Obvi-

ously, ACC has a particle size of less than 100 nm,

which was smaller than the size measured by DLS

(Fig. 3). This was attributed to the fact that numerous

ACC nanoaggregates were measured in aqueous

solution by DLS, but the micrographs of ACC were

observed in dried state [27]. The selected area elec-

tron diffraction (SAED) pattern exhibited no obvious

distinct diffraction spots, indicating that these

nanoparticles were amorphous. Furthermore, energy-

Figure 2 XRD patterns of ACC nanoparticles synthesized in: a water, ethanol, mixture of water and ethanol with volume ratio of 3/1, 1/1

and 1/3, b calcium salts solution with different concentrations: 10, 12, 14 and 16 mM.

Table 1 Particle size of ACC prepared at different reaction times

Sample Reaction time (h) Concentration of calcium chloride (mM) Size (nm) Zeta potential (mV)

ACC-1 4 10 106.2 151.7

ACC-2 8 10 171 159.5

ACC-3 12 10 213.3 168.2

ACC-4 24 10 355 156.7

ACC-5 36 10 447 198.1

Figure 3 Particle size

distribution of ACC

nanoparticles measured by

DLS.
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dispersive spectrometer (EDS, Fig. 5c) analysis

showed that the resultants were indeed consisted by

calcium carbonate, demonstrating that the presence

of Ca, C and O in the form of ACC aggregates.

FT-IR

To further study the characteristics of amorphous

phase, the FT-IR spectrum of ACC is displayed in

Fig. 6. It showed the splitting peaks attributed to

asymmetric stretch (m3) of C–O were observed at 1494

and 1419 cm-1, which was typical characteristic of

ACC. Moreover, spilt peaks located at 867 and

1075 cm-1 could be attributed to out-plane bending

(m2) of CO3
2- and symmetric stretch (m1) of C–O,

respectively [13, 18]. Another characteristic IR band

of ACC was without distinctive m4 band, which was

consistent with the previous reports [28, 29]. In

addition, the peaks at around 1634 and 3435 cm-1

were due to the bending and stretch vibrations of

water, respectively.

N2 adsorption–desorption isotherm

As shown in Fig. 7, Brunauer–Emmett–Teller (BET)

analysis of ACC after predrying treatment at 100 �C
for two hours was carried out by N2 adsorption–

desorption. The BET surface area and pore volume

were approximately 173 m2 g-1 and 0.59 cm3 g-1,

respectively. Moreover, the pore size distribution

(PSD) calculated using density function theory was

relatively narrow, with an average pore size around

13.9 nm. According to the previous studies, the cap-

illary force and surface free energy caused by nano-

porous structure could result in a high drug loading,

Figure 4 Tendency of pH and pCa change within the first one

hour.

Figure 5 a SEM, b TEM and

c EDS micrographs of ACC

nanoparticles precipitated in

10 mM calcium salts ethanol

solution when reaction time

was 4 h.
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which provided an opportunity to apply ACC as a

potential carrier [12, 30].

TG

The thermal behavior of ACC and crystalline calcium

carbonate was analyzed by TG (Fig. 8). Single-step

decomposition with mass loss value of 41% was

observed for crystalline calcium carbonate at tem-

peratures higher than 650 �C, corresponding to the

decomposition of calcium carbonate [31]. Three

apparent weight loss processes were found in TG

curves of ACC: The first could be assigned to phy-

sisorbed water release (from beginning to 230 �C); the
second was attributed to the loss of structural water

(230–350 �C); and the third could be explained by

decomposition of calcium carbonate (above 350 �C)
[32, 33]. Accordingly, it could be estimated that the

amount of water involved in ACC nanoparticles was

about 18% and the weight loss ratio of calcium car-

bonate to water was around 1.89. Thus, it was indi-

cated that ethanol could effectively retarded the

dynamics of phase transformations of ACC, which

provides a broadened space for drug loading and

release.

Cur loading and release properties of ACC
nanoparticles

Due to the capillary force caused by nanoporous

structure, ACC nanoparticles could provide high

loading capacity of drugs regardless of their

hydrophilicity [12, 30, 34]. In this study, the solubility

of Cur in ethanol enables it to be encapsulated readily

in ACC particles. As expected, the loading capacity

and entrapment efficiency of Cur were found to be

19.2 ± 1.48 wt% and 45.32 ± 2.31 wt%, respectively.

Besides drug loading, the release behavior is another

significant factor for evaluating a drug carrier. It is

well known that the extracellular pH in tumor is

about 4–6 and extracellular pH of normal tissue and

blood is approximately 7.4 [35]. Therefore, the drug

release profiles of ACC-Cur were investigated in PBS

buffer (pH 5.4 and 7.4). As shown in Fig. 9, around

65.83% of Cur was released out within 11 h at acidic

pH (5.4), while only around 51.28% of Cur was

released from ACC-Cur within the same time at

neutral pH (7.4). As we know, these results could be

attributed to the acid sensitivity of calcium carbonate

Figure 6 FT-IR spectrum of ACC nanoparticles.

Figure 7 N2 adsorption–desorption isotherm and pore size

distribution (inset) of ACC nanoparticles. Figure 8 TG curves of ACC and crystalline calcium carbonate.
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[36]. Furthermore, Cur release behavior is indirectly

affected due to crystallization of ACC [37]. Therefore,

ACC nanoparticles were effective to control the

release of Cur, thereby increasing Cur availability

and prolonging circulation time.

Antioxidant analysis

To evaluate the bioactivity, DPPH and ABTS�? radi-

cals were employed to test the antioxidant capacity of

Cur, ACC-Cur and released Cur. It was clear that the

antioxidant effectiveness for all samples was

enhanced in a concentration-dependent manner

(Fig. 10). In 12 lg mL-1 samples solution, DPPH

scavenging capacities of free Cur and released Cur

were about 48.12% and 41.01%, respectively, while

the scavenging capacity was 33.12% for ACC-Cur,

revealing a lower antioxidant activity. A similar

phenomenon was seen on the determination of

ABTS�? radical scavenging activity. Obviously, the

weak scavenging capacity of ACC-Cur was attributed

to the envelopment of Cur. As expected, the Cur

released from ACC-Cur has the same antioxidant

effectiveness as free Cur, which was consistent with

the previous study [21]. Therefore, it was helpful to

prolong antioxidation time of Cur by sustained

release ACC nanoparticles, which provides a broad-

ened space for applications in food field.

Cur protection

It has been reported that there are a various factors

such as temperature, light, pH and UV radiation to

affect the chemical stability of Cur [38]. Accordingly,

the ACC-loading strategy for preventing the decom-

position of Cur has a profound significance in the

drug delivery. For free Cur, the DPPH radical scav-

enging capacity (Fig. 11) reduced from 48.12% to

28.27, 32.84, 25.13 and 29.47% when the samples

suffered from 60 �C treatment for 30 min, fluorescent

lamp irradiation for 1 h, daylight irradiation for 1 h

and UV radiation for 1 h, respectively. The drastically

reduced antioxidant activity of treated-Cur was con-

sistent with the previous studies [20, 23]. By contrast,

Fig. 11 shows that the DPPH radical scavenging

capacity of encapsulated Cur reduced from 46.33% to

41.61, 43.28, 36.02 and 39.46% when the samples

suffered from the same treatment, respectively. The

results indicated that Cur could be effectively pro-

tected by nano-sized ACC, which was significant to

broaden Cur applications in cancer treatment.

Cytotoxicity tests

To further evaluate whether the as-prepared ACC

can be used as a potential drug carrier, A549 cells

were selected to determine the toxicity of these

nanoparticles. As shown in Fig. 12, there was an

inconspicuous change in cell viability (over 80%) for

samples containing ACC particles, which indicated

that a harmfulness drug carrier was successfully

synthesized. By contrast, the viability of cells co-cul-

tured with ACC-Cur was decreased in a concentra-

tion-dependent manner. The cells remained only 45%

viable when the concentration of ACC-Cur was 32 lg
mL-1. This phenomenon was also reported in the

previous works [9, 16]. The results suggested that

ACC nanoparticles have pleasurable biocompatibil-

ity, and as-prepared ACC-Cur was significant for the

damaging of cancer cells.

Conclusion

In summary, the ‘‘pure’’ ACC nanoparticles that

applied as a drug carrier for curcumin (Cur) delivery

were successfully precipitated in absolute ethanol by

a simple vapor diffusion method. The as-obtained

material exhibited a relatively narrow size distribu-

tion located at approximately 100 nm when the

reaction time was 4 h. The BET surface area, pore

volume and pore size of water-containing resultants

were approximately 173 m2 g-1, 0.59 cm3 g-1 and
Figure 9 Drug release profiles of Cur-loaded ACC in PBS buffer

(pH 5.4 and 7.4).
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13.9 nm, respectively, indicating that the nano-sized

ACC has high surface free energy to promote the

loading of small molecules. Meanwhile, in vitro

release manifested that ACC could effectively control

the release of Cur (over 40 h) in PBS buffer (pH 5.4

and 7.4). When the concentration of Cur was 12 lg
mL-1, for pure Cur and released Cur, the radicals

scavenging capacity was over 40%. The ACC

nanoparticles also showed a significant ability to

protect Cur in different treatments. Moreover, nano-

sized ACC has pleasurable biocompatibility, and the

as-prepared ACC-Cur was significant for the dam-

aging of A549 cells. Therefore, the stable and pure

ACC could provide an ideal carrier for drug delivery.
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