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Hollow silica nanospheres coated with biocompatible and pH-sensitive
inorganic insoluble calcium salts including calcium carbonate and
hydroxyapatite have been successfully prepared. The results indicate
that the nanospheres can efficiently load doxorubicin and release it in
a pH-responsive and sustained manner, and improve the treatment
efficacy significantly.

At present, the treatment efficacy of chemotherapeutic drugs is
far from satisfactory because of poor specificity and serious
side effects.” Therefore, drug delivery systems (DDSs) have
attracted tremendous attention on account of significant
improvement in efficacy and diminishment of side effects.**
Recently, hollow silica nanospheres (HSNSs) have been considered
as an important drug delivery platform.® To employ HSNSs as
drug carrier, it is critical to release the drug in a controlled manner
to targeted sites.” Unfortunately, owing to poor sensitivity
to physiological environmental changes and sudden release
behavior, pristine HSNSs may not be directly applied as carriers
for the controlled release of anticancer drugs.® It is well known
that tumor tissues have a lower local pH (ca. 5-6) than normal
tissues (ca. 7.4),” which can be exploited as the drug-release
trigger for pH-sensitive carriers. Theoretically, the release of
the drugs loaded in HSNSs can be triggered by this pH
difference to avoid uncontrolled release.'®'' Therefore, the
pristine HSNSs have generally been coated by pH-sensitive polymers
to improve the pH-dependent release performance.”>™* However,
the complicated preparation of the pH-sensitive polymers and the
potential cytotoxicity of the degradation products have significantly
limited the practical applications.
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Compared with polymer coatings, inorganic coatings show
significant advantages, e.g. facile synthesis, better biocompatibility,
and good degradability. Because of the good biocompatibility and
pH-sensitivity of calcium carbonate (CaCO;)">'® and hydroxyapatite
(HAP)," their potential application as coatings of HSNSs to achieve
the sustained controlled release of anticancer drugs attracts our
interest.

Herein, HSNSs coated with CaCO; (SiO,-CaCO;) and HAP
(SiO,-HAP) were prepared and used as anticancer drug carriers,
in which pH-sensitive CaCO; and HAP could control the drug
release. The results revealed that SiO,-CaCO; and SiO,-HAP
could efficiently load doxorubicin (DOX). In addition, the drug-
loaded carriers could be specifically internalized by cancer cells
and release DOX in a sustained controlled manner in response
to the weak acidic microenvironment of cancer cells. These
attributes resulted in the significant enhancement of the
anticancer effect of DOX. The results presented here suggest
that HSNSs coated with pH-sensitive inorganic materials might
be used as DDSs to treat human cancers efficiently.

In the current study, using freshly prepared polystyrene
nanospheres (PSNSs) with average diameter of 377 nm as hard
template (Fig. S1a, ESIt), PS/SiO,-NH, nanospheres were prepared
through the hydrolysis of tetraethylorthosilicate (TEOS). Then,
SiO,-NH, hollow nanospheres were prepared through elimination
of the PS cores. Subsequently, SiO,~COOH hollow nanospheres
were obtained by acetic anhydride treatment. Afterwards,
Si0,-CaCO; and SiO,-HAP hybrid hollow nanospheres were
synthesized by means of the absorption of Ca®>" onto the surface
of the SiO,~COOH hollow nanospheres and the subsequent addi-
tion of Na,CO; and (NH,),HPO, (Scheme 1). Then, DOX was loaded
onto the nanospheres (SiO,-CaCO3/DOX and SiO,~HAP/DOX).
Si0,-CaCO;/DOX and SiO,~HAP/DOX were delivered to cancer cells
and specifically internalized by cancer cells through passive targeted
delivery of Si0,~-CaCO;/DOX and SiO,~HAP/DOX utilizing the
enhanced permeability and retention (EPR) effect. Finally, the
CaCO; and HAP layer of SiO,-CaCO3/DOX and SiO,-HAP/DOX,
respectively, was decomposed within the acidic microenvironment
of the cancer cell to release the DOX to treat the cancer.

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Mechanism for the preparation of SiO,-CaCOs and SiO,-HAP
hybrid hollow nanospheres and the application in drug loading, delivery,
sustained release and cancer treatment of SiO,—CaCO3z/DOX, and SiO,—
HAP/DOX.
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The morphology and size of the products were determined
by field emission scanning electron microscopy (FE-SEM). In
Fig. S1b (ESIf), PS/SiO, is seen as well-dispersed spheres with
average diameter 385 nm, slightly larger than PSNSs. This can
be attributed to the deposition of SiO, onto the PSNS surface.
After elimination of the PS cores, the morphology of the sample
is preserved, also showing ideal spheres, with average diameter
of 355 nm (Fig. Sic, ESI{) indicating slight shrinkage during
toluene treatment. After treated with acetic anhydride, the SiO,
surface was coated with ~-COOH groups. In Fig. S1d (ESIt),
SiO,-COOH is seen as well-dispersed spheres with average
diameter of 351 nm.

Using SiO,-COOH hollow nanospheres as hard template,
Si0,-CaCO; and SiO,-HAP were prepared. From the results,
Si0,-CaCOj; are well-dispersed hollow nanospheres with aver-
age diameter of 358 nm (Fig. 1a). The broken spheres show the
hollow feature. From Fig. 1d, SiO,~HAPs are also well-dispersed
hollow nanospheres with average diameter 364 nm, slightly
larger than SiO,-CaCO;. From FE-SEM observations, SiO,-CaCO;
and SiO,-HAP are composed of nanoclusters with average sizes of
26 nm (Fig. 1b and c) and 31 nm (Fig. 1e and f).

From high-resolution transmission electron microscopy
(HR-TEM) observation, the shell thickness of SiO,-COOH is
about 14.68 nm (Fig. 2a and b). In comparison, the shell
thickness of SiO,-CaCOj; increases to 20.28 nm, of which the
thickness of the CaCOj; coating layer is calculated to be 5.60 nm
(Fig. 2c and d). The shell thickness of SiO,~HAP is about
24.68 nm, of which the thickness of the HAP coating layer
is about 10.00 nm (Fig. 2e and f).

The presence of CaCO; and HAP layers in SiO,-CaCO; and
SiO,-HAP was confirmed by X-ray diffraction (XRD) analysis.
From Fig. 3a, compared with SiO,~COOH, the XRD pattern of
Si0,-CaCO; exhibits weak diffraction peaks of (104), (110), and
(113) planes of calcite.'® The weakness of the diffraction peaks
can be attributed to the poor crystallinity. When SiO, is removed
through NaOH treatment, the XRD pattern shows the clear
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Fig. 1 FE-SEM images of (a—c) SiO,-CaCO3 and (d-f) SiO,—HAP hollow
nanospheres. Insets: Size distribution analysis results.

-

Fig. 2 HR-TEM images of (a and b) SiO,—COOH, (c and d) SiO,-CaCO3
and (e and f) SiO,—HAP hollow nanospheres.

diffraction peaks of the calcite. The XRD pattern of SiO,-HAP
also exhibits a similar phenomenon (Fig. 3b). Additionally, the
selected area electron diffraction (SAED) patterns and energy
dispersive X-ray (EDX) spectra also indicate the presence of CaCO;
and HAP (Fig. S2. ESIf). These results confirm the successful
deposition of CaCO; or HAP layers onto the surface of SiO,~COOH.
Based on the molecular structure, the amino group in DOX assigns
it a net positive charge." From the literature, high drug-loading
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Fig. 3 XRD patterns of (a) SiO,, SiO,—CaCOs, and NaOH treated SiO,—
CaCOs3z hollow nanospheres and (b) SiO,, SiO,—HAP and NaOH treated
SiO,—HAP hollow nanospheres.

capacity and loading efficiency can be achieved through the charge
interactions of the carriers with the drugs.?**" Moreover, an ideal
drug carrier should be negatively charged or uncharged in the
physiological environment to reduce toxicity and prolong blood
circulation time.”*** From ¢&-potential data (Fig. 4a), SiO,-NH,
carries positive charge under physiological conditions, unfavorable
to the loading of the positive DOX. However, &-potential changes to
negative after the surface modification of SiO,-NH,. Furthermore,
through the surface coating of SiO,~COOH with CaCO; and HAP,
&-potential changes to yet more negative. This result suggests that
Si0,-CaCO; and SiO,-HAP, with negative &-potentials, might
possess better DOX loading capacity and efficiency than
SiO,-NH, and SiO,-COOH. The drug loading evaluation
showed that Si0,-CaCO; and SiO,-HAP could efficiently load
DOX (Fig. 4b and c¢) and the DOX degrees of entrapment
of Si0,-NH,, Si0,-COOH, Si0,~CaCO;, and SiO,-HAP are
15.73%, 36.91%, 90.34%, and 94.12%, respectively. The DOX
loading efficiencies (wt%) of SiO,-NH,, SiO,~COOH, SiO,-CaCO;,
and SiO,-HAP are 1.57%, 3.69%, 9.03%, and 9.41%, respectively
(Fig. S4, ESIT). This confirms the better DOX loading performance
of Si0,-CaCO; and SiO,~HAP.

Generally, the acidic microenvironment of tumor tissues can
be used as drug-release stimulus for pH-sensitive DDSs. There-
fore, the in vitro release performances of SiO,-CaCO3;/DOX and
SiO,-HAP/DOX were evaluated in buffers with different pH
simulating tumor and normal tissues. From Fig. 4d and e, the
release performances of SiO,-CaCO;/DOX and SiO,-HAP/DOX
under acidic conditions are much better than those under normal
physiological conditions. On the one hand, this can be ascribed to
the gradual decomposition of CaCO; and HAP under acidic
conditions, which is confirmed by the obvious morphological
changes of SiO,-CaCO; and SiO,-HAP in acidic release buffers
(Fig. S5 and S6, ESIT). In addition, the better solubility of DOX in
acidic solution also contributes to the pH-triggered drug release of
DOX. This suggests that SiO,—CaCO; and SiO,-HAP might be
used as pH-sensitive carriers to release drugs in response to the
acidic microenvironment of tumors. Additionally, DOX release
occurs in an obviously sustained manner over a period of 5 days
for Si0,-CaCO;/DOX and 8 days for SiO,~HAP/DOX. These
systems can exert their anticancer activity for much longer
duration than the pure counterpart and reduce the adminis-
tration frequency.

For a chemotherapeutic drug, the specificity can be defined
as the ICs, ratio between normal and cancer cells.'® A higher
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Fig. 4 (a) ¢-Potentials of the SiO,—NH;, SiO,—COOH, SiO,-CaCOs3, and
SiO,—HAP hollow nanospheres. (b) Light and (c) fluorescence micrographs
of Si0,-CaCOz/DOX. The red autofluorescence of DOX is used to
monitor its loading into SiO,—CaCOs. In vitro pH-responsive release
profiles of (d) SiO,-CaCO3/DOX and (e) SiO,—HAP/DOX under different
pH values. Each data point represents the mean = S.D., n = 6.

ratio represents better specificity. From the results shown
in Fig. 5a, after treatment for 3 days, the IC5, values of DOX,
Si0,-CaCO;/DOX, and SiO,-HAP/DOX for V79-4 normal cells
are 0.2127, 0.5671, and 0.4736 pg mL~', respectively. This
indicates an obvious reduction of the undesirable side effects
of DOX on normal cells. The IC5, values of DOX, SiO,-CaCOj3/
DOX, and SiO,-HAP/DOX for Hep G2 cancer cells are 0.1542,
0.1128, and 0.1215 pg mL™ ", respectively (Fig. 5b). This reveals
the efficient augmentation of the anticancer effect of DOX after
being loaded onto SiO,-CaCO; and SiO,-HAP. Based on these
data, the specificities of the free DOX, SiO,-CaCO;/DOX, and
SiO,-HAP/DOX are calculated as 1.3794, 5.0275, and 3.8979,
respectively. It is notable that the specificity of DOX is significantly
improved by 3.64-fold and 2.83-fold through loading onto
Si0,-CaCO; and SiO,~HAP. This indicates that SiO,-CaCO; and
SiO,-HAP can significantly enhance the specificity and treatment

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Cytotoxic effects of free DOX, SiO,—-CaCO3z/DOX, and SiO,—-HAP/
DOX on (a) V79-4 and (b) Hep G2 cells after 3 days of treatment. Each data
point represents the mean + S.D., n = 6. (c) Light and (d) fluorescence
micrographs of V79-4 normal cells and (e and f) Hep G2 cancer cells after
treatment with SiO,—CaCOz/DOX for 48 h. Insets: Magnified images.

efficacy of DOX. From the microscopy images of the normal cells
and cancer cells after treatment with SiO,-CaCO;/DOX for 48 h
(Fig. 5¢ and e), the cell density of the cancer cells is significantly
lower than that of the normal cells, confirming the specific and
significant inhibition of the cancer cells. Furthermore, after treat-
ment with Si0,-CaCO/DOX for 48 h, just a few of the normal cells
emit the weak red fluorescence of DOX (Fig. 5d). However, all the
cancer cells emit strong red fluorescence after treatment with
Si0,-CaCO;/DOX (Fig. 5f). More importantly, the presence of
aggregates of Si0,-CaCO;/DOX in the cancer cells is clearly seen
(insets of Fig. 5e and f). This indicates that SiO,~CaCO;/DOX can
be specifically internalized by cancer cells rather than by normal
cells, which might be attributed to the passive targeted delivery of
Si0,-CaCO;/DOX utilizing the EPR effect. It is this passive targeted
delivery of SiO,~CaCO;/DOX and SiO,~HAP/DOX that results in the
significant enhancement of the anticancer effect of DOX.
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In summary, HSNSs coated with biocompatible and pH-sensitive
CaCO; and HAP were prepared successfully through a facile
method. The characteristics of the SiO,-CaCO; and SiO,-HAP,
including the pH-sensitivity of CaCO; and HAP and the much
more negative charge, endow them with effective loading capacity,
pH-responsiveness and sustained release of anticancer drugs to
specifically treat human cancers. Based on these findings, HSNSs
modified by pH-sensitive inorganic coatings might be used as the
DDS to treat human cancers efficiently.
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