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Abstract: Biomedical applications of nontoxic amorphous
calcium carbonate (ACC) nanoparticles have mainly been
restricted because of their aqueous instability. To improve their
stability in physiological environments while retaining their
pH-responsiveness, a novel nanoreactor of ACC–doxorubicin
(DOX)@silica was developed for drug delivery for use in
cancer therapy. As a result of its rationally engineered
structure, this nanoreactor maintains a low drug leakage in
physiological and lysosomal/endosomal environments, and
responds specifically to pH 6.5 to release the drug. This unique
ACC–DOX@silica nanoreactor releases DOX precisely in the
weakly acidic microenvironment of cancer cells and results in
efficient cell death, thus showing its great potential as
a desirable chemotherapeutic nanosystem for cancer therapy.

Calcium carbonate (CaCO3), as a naturally nontoxic bio-
mineral, shows great potential for biomedical applications,
with intrinsic advantages of degradability at certain pH val-
ues, biocompatibility, simple chemical composition, as well as
low cost and ease of large-scale production. To date, crystal-
lized CaCO3 has been widely used as a successful carrier for
the delivery of drugs, genes, and proteins.[1] However, the
main problem of its micrometer size limits its application in
nanomedicine. In contrast to the crystallized form, amor-
phous calcium carbonate (ACC) can be readily obtained on
a nanoscale.[2] We have utilized monodispersed ACC nano-
particles as templates to prepare a preloaded drug-delivery
carrier and theranostic system for biomedical application.[3]

However, the high aqueous instability of ACC,[4] including its
ease of dissolution and phase transition, has limited the
development of pH-responsive nanomedicine directly based
on ACC nanoparticles.

To overcome this challenge, the concept of a nanoreactor
was introduced for the design of a pH-responsive drug-
delivery nanosystem. According to the typical core–shell
structure of a nanoreactor,[5] this system should thus consist of
an ACC–drug core and a permeable shell. The permeable
shell should protect the ACC–drug core from unexpected
drug leakage. In addition, this shell should specifically allow
an acidic stimulus to initiate the interior reactions for drug
release. To meet these demands, we herein describe the
fabrication of an amorphous calcium carbonate/doxorubi-
cin@silica (ACC–DOX@silica) nanoreactor. In this design,
the acidic stimulus, controlled by the silica shell, could trigger
the inner reactions in the ACC–DOX core. After dissociating
from the core, the protonated DOX molecule would adhere
to the negatively charged silica shell through a pH-dependent
electrostatic attraction instead of being released directly, thus
allowing a sustained cancer treatment.

As shown in Figure 1, the ACC–DOX@silica nanoreactor
was obtained in two steps, including the self-assembly of
a preloaded ACC–DOX core and surface coating with a silica
shell. In the first step, uniform and monodispersed ACC–
DOX nanoparticles (purple, left inset image in Figure 1A)
with a diameter of around 130 nm (Figure 1B) were prepared
in one step by a vapor-diffusion process. These nanoparticles
contain a DOX weight percentage of up to 5.9%. UV/Vis
spectroscopy was utilized to investigate the interaction
between the DOX and Ca2+ (see Figure S1 in the Supporting
Information). The addition of DOX to the solution of CaCl2

in ethanol resulted in the UV/Vis spectra showing the same
characteristic band as that of pure DOX. During the vapor
diffusion process, ammonia was generated from ammonium
bicarbonate, which then dissolved in the ethanol solution. The
solution became purple, and the absorption band of DOX
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red-shifted from 480 nm to 550 nm and finally to 590 nm.
Based on previous reports on the formation of complexes
between DOX and transition metals in alkaline media,[6] it
could be concluded that DOX chelated with Ca2+ during the
synthetic process, and finally was encapsulated in the nano-
particles in the form of a Ca–DOX complex (Figure 1A).
Such a complex in the ACC–DOX nanoparticles exhibited
high stability in ethanol solution without any drug leakage
(see Figure S2 in the Supporting Information). When the
ACC–DOX nanoparticles were suspended in aqueous solu-
tion (aqueous buffers of pH 7.4, 6.5, and 5.5, as well as diluted
HCl solution), the resulting orange solutions showed the
characteristic absorption band of DOX at 480 nm (see
Figures S1 and S3 in the Supporting Information), which
suggests that the DOX dissociated from the Ca–DOX
complex in the aqueous environment. The release profiles
of the pH-responsive ACC–DOX nanoparticles were inves-
tigated under various pH conditions. A burst release of DOX
was observed not only under acidic conditions of pH 6.5 and
5.5, but also at a physiological value of pH 7.4 (see Figure S2
in the Supporting Information). The release behavior could
be explained by the water-induced dissolution/phase transi-
tion and acid-induced decomposition of the ACC nano-
particles in aqueous environments.[7] The DOX dissociated
from the nanoparticles and reformed as free drug molecules
during the decomposition of the ACC nanoparticles.

In the second step, the silica shell was introduced to
prevent the water-induced dissolution of the ACC–DOX
nanoparticles, while retaining its pH-responsiveness for drug
delivery. The permeability of the silica shell was optimized
(see Figure S4 in the Supporting Information). The amor-
phous phase of the optimized ACC–DOX@silica nanoparti-
cles (Figure 1D) in aqueous suspension was characterized by
electron diffraction studies. The FTIR spectrum showed the

characteristic splitting bands of ACC at 1417 and 1474 cm�1

(see Figure S5 in the Supporting Information).[2c] The mor-
phological differences between ACC–DOX@silica nanopar-
ticles in alcoholic and aqueous suspensions (Figure 1C,D)
were monitored by chemical mapping (see Figure S6 in the
Supporting Information) of the distributions of N and Ca,
which represent DOX and ACC, respectively. The DOX
molecules were homogeneously distributed in the core of the
ACC–DOX@silica nanoparticles when suspended in ethanol.
After transferring the nanoparticles into water, the DOX and
ACC vanished from the center and a cavity was formed in the
nanoparticles, thereby suggesting partial dissolution of the
ACC–DOX core in an aqueous environment. More interest-
ingly, as shown in Figure 2A, such ACC–DOX@silica nano-
particles exhibited an extremely low leakage of DOX (less
than 3%) at pH 7.4 at room temperature, thus indicating
a high stability in a physiological environment.

As a stimulus-triggered drug-delivery system, the pH-
responsive release of DOX is pivotal for the application of the
ACC–DOX@silica nanoreactor. Therefore, cumulative
release profiles were investigated at predetermined temper-
atures in a series of buffers of pH 7.4, 6.5, and 5.5, which
mimicked the microenvironments of healthy tissue, tumor
tissue, and cellular lysosomes, respectively.[8] As shown in
Figure 2A–C, the highest percentage drug release at room
temperature (25 8C) and physiological temperature (37 8C)
was observed at pH 6.5, rather than at pH 7.4 or 5.5. The
representative morphologies of the samples at 25 8C (see
Figure S7 in the Supporting Information) and 37 8C (Fig-
ure 2D–F) at various pH values precisely reflected the same
trend. When the temperature was increased to 50 8C, the
release profiles at the three pH conditions were very similar.
This distinctive pH-responsiveness could be explained by the
well-engineered design of the ACC–DOX@silica nanoreac-
tor. The core–shell structure means that two steps are
involved in the escape of DOX: 1) DOX dissociates from
the Ca–DOX complex by water-induced dissolution and an
acid-induced decomposition of the ACC–DOX core. The
intake of water and acid is mediated by the permeability of
the silica shell. 2) DOX passes through the silica shell and

Figure 1. A) Schematic representation of the ACC–DOX@silica nano-
reactor and its stability in ethanol and water. Insert images (from left
to right) are the suspensions of ACC–DOX in ethanol, ACC–DOX@sil-
ica in ethanol, and ACC–DOX@silica in water. Representative TEM
images of B) ACC–DOX nanoparticles in ethanol, C) ACC–DOX@silica
in ethanol, and D) ACC–DOX@silica in water. The scale bars are
500 nm. Insert images in (B)–(D) are the enlarged TEM images and
electron diffraction images.

Figure 2. Cumulative releases of DOX from ACC–DOX@silica suspen-
sions in various aqueous buffers at A) pH 7.4, B) pH 6.5, and
C) pH 5.5 with different temperatures of 25, 37 and 50 8C. Representa-
tive TEM images of the suspensions under 37 8C at D) pH 7.4,
E) pH 6.5, and F) pH 5.5. The scale bars are 500 nm.
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enters into the external environment. In this step, the status of
the dissociated DOX could affect its interaction with the silica
shell.

DOX, with a pKa of 8.2,[9] is positively charged at pH 7.4,
6.5, and 5.5. The ACC–DOX@silica nanoparticles were
negatively charged between pH 7.4 and pH 5.0 (see Figure S8
in the Supporting Information). This means that, under all the
pH conditions used for drug release, there are electrostatic
attractions between the positively charged DOX[10] and
negatively charged silanol groups,[11] which could hamper
the escape of DOX and lower the permeability of the silica
shell.[12] Therefore, H+ could serve two functions during the
drug release: it could facilitate the dissociation of DOX from
the ACC–DOX core to accelerate drug release or it could
enhance the electrostatic interaction between the DOX and
silica shell by increasing the degree of protonation[13] of DOX,
thereby decreasing the drug release. As a result, cumulative
drug release from the ACC–DOX@silica nanoreactor would
not simply be increased or decreased in response to changes
in the pH value from 7.4 to 5.5. At 25 8C and 37 8C, the mutual
constraint of the twofold function of the pH stimulus led to
the highest cumulative release of DOX at pH 6.5. In addition
to the pH stimulus, the permeability of a poorly condensed
silica shell could be enhanced by increasing the temper-
ature,[12] which is the reason for the temperature-responsive
release of DOX from this nanoreactor. At 50 8C, the highly
increased permeability of the silica shell dominates the drug-
release process, and thus the drug–release profile is inde-
pendent of the pH value.

The extraordinary pH-responsiveness (see Figures S9 and
S10 in the Supporting Information) of this ACC–DOX@silica
nanoreactor makes it capable of carrying out specific drug
release in the weakly acidic microenvironment of around
pH 6.5 in tumor cells. As expected, the nanoreactor showed
a low drug leakage at a physiological pH 7.4 and endosomal/
lysosomal pH 5.5, thus suggesting a great potential to reduce
the side effects of chemotherapy and to protect drugs from
inactivation by the harmful environment. In addition, the
characteristic absorption band of the DOX released under
these conditions (see Figure S11 in the Supporting Informa-
tion) shifted back to 480 nm, thus confirming that the DOX
molecule was intact after the release.

The feasibility of the pH-responsive ACC–DOX@silica
nanoparticles for delivery of an anticancer drug was evaluated
using HeLa cells. Firstly, the performance of free DOX and
ACC–DOX@silica nanoparticles was investigated in vitro. To
mimic the weakly acidic microenvironment in a tumor, ACC–
DOX@silica nanoparticles were presuspended in a cell cul-
ture medium at pH 6.5 and 37 8C for 2 h before coculturing
with cells. As shown in Figure 3A–C, after coculturing for 1 h,
most of the free DOX rapidly concentrated in the nucleus
area, which is consistent with previous reports.[14] In contrast,
when encapsulated in the ACC–DOX@silica nanoparticles,
the DOX is immobilized and cannot freely enter the nucleus
unless it is released as a free drug. In the case of ACC–
DOX@silica nanoparticles at pH 7.4, most of DOX was
retained within the nanoparticles in cytoplasm (Figure 3 D–
F). However, after the pretreatment at pH 6.5, DOX was
specifically released from the nanoreactor and found in nuclei

(Figure 3G–I). These results indicate that the ACC–DOX@-
silica nanoparticles are capable of specifically responding to
the pathological microenvironment in a pH-responsive
manner for drug release.

To compare the cancer-cell killing effects, free DOX and
ACC–DOX@silica were investigated in terms of cell viability
over 5 days. Without the DOX drug, the ACC@silica carrier
exhibited very low cytotoxicity, even after 5 days (Figure 4A).
In the case of free DOX, fast intercalation into the DNA base
pairs in nuclei[15] led to rapid cell-killing effects (Figure 4B).
In contrast, the pH-responsiveness of the ACC–DOX@silica
nanoparticles after uptake by cells determines the sustained
killing effects in the intracellular physiological environment.
As observed from the CLSM images of HeLa cells cultured
from 1 h to 3 days (Figure 4D and see Figure S12 in the
Supporting Information), the amount of DOX released from
the ACC–DOX@silica nanoparticles slightly increased in the
nuclei. On the other hand, deformed nuclei induced by the
cytotoxicity of the released DOX emerged after an incubation
for 6 h. Since the cytotoxicity of the DOX accumulated as the
amount released increased, significant cell death was
observed on the third day. Consequently, the cell viability
after treatment with these nanoparticles showed a typical
time-dependent cell death (Figure 4C). Furthermore, an
analogous therapeutic effect of the ability of ACC–DOX@-
silica nanoparticles to release DOX on the fifth day con-
firmed the adequate cell-killing capability of this nanoreactor.

Figure 3. Confocal laser scanning microscopy (CLSM) images of HeLa
cells cocultured with native DOX (A–C), ACC–DOX@silica nanoparti-
cles at pH 7.4 (D–F), and ACC–DOX@silica nanoparticles at pH 6.5
(G–I) after 1 h. For the samples at pH 6.5, ACC–DOX@silica nano-
particles were presuspended with cell culture media at pH 6.5 and
37 8C for 2 h before coculturing with cells. The images in the left
column are the nuclei stained with Hoechst 33258 (blue), the images
in middle column are with DOX (red), and the images in right column
are merged images from the left and middle columns. The scale bars
are 50 mm.
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In conclusion, an ACC–DOX@silica nanoreactor with
precise pH-responsiveness for drug release has been devel-
oped. As a consequence of the rationally engineered struc-
ture, this nanoreactor could selectively release the drug at
pH 6.5. This feature of the nanoreactor facilitates the specific
drug release in the weakly acidic microenvironment of
a tumor, thereby leading to an efficient tumor-cell killing
effect in a sustained manner. Thus, the nanoreactor has
a great potential for cancer therapy.
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