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T
he delivery of drugs is an important
area for human health. Drug delivery
systems (DDSs) enable drugs and

medical therapies to be much safer, more
convenient, and more efficient.1 A number
of DDSs have emerged including polymeric
nanoparticles2 and nanocapsules,3 liposo-
mes,4 micelles,5 gold nanoparticles,6 cera-
mic NPs, magnetic NPs, dendrimers, etc.7

Several characteristics are desirable for ma-
terials used in drug delivery, such as a long
shelf life, facile commercial synthetic scale
up, and clearance from the body.8 In recent
years, inorganic nano/micromaterials have
attracted much attention as drug carriers
due to their excellent biocompatibility, bio-
activity, low susceptibility to immune re-
sponse, and resistance to lipases and bile
salts.9 Because silicon is a common trace
element in humans and biocompatible with
organisms, the design and synthesis of me-
soporous silica nanoparticles, which exhibit
large surface areas, well-defined surface
properties, and high drug loading capacity,
have become a hot research topic.6,10�13

A desirable design would involve carrier
self-destruction, through which the carrier
could be hierarchically degraded into harm-
less and clearable products.14,15 It is well
known that the degradation of pure silica is
quite slow due to its stable network struc-
ture. As a result, the poor degradability of
silica limits its biomedical applications due
to the potential of inert nanoparticles bio-
accumulating in the body.16,17 Silica nano-
particles have been found to accumulate in
the liver, bladder, kidneys, spleen, and lungs,
whichmay cause severe problems andwould
do harm to living organs.18�22 For instance,
silica nanoparticles may induce severe liver
damage inmice and inflammatory responses
in vitro.23,24 Therefore, the degradation of
mesoporous silica nanoparticles (MSNs) is
of great significance for their applications
in biomedical fields. Yamashita et al. discov-
ered that silica nanoparticles with a size of
about 70 nm could be resorbed by placental
trophoblasts, fetal liver, and fetal brain and
restricted growth in pregnant mice, even
causingcomplicationsathighconcentrations.25
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ABSTRACT Potential bioaccumulation is one of the biggest limitations for silica nanodrug delivery

systems in cancer therapy. In this study, a mesoporous silica nanoparticles/hydroxyapatite (MSNs/HAP)

hybrid drug carrier, which enhanced the biodegradability of silica, was developed by a one-step method.

The morphology and structure of the nanoparticles were characterized by TEM, DLS, FT-IR, XRD, N2
adsorption�desorption isotherms, and XPS, and the drug loading and release behaviors were tested. TEM

and ICP-OES results indicate that the degradability of the nanoparticles has been significantly improved by

Ca2þ escape from the skeleton in an acid environment. The MSNs/HAP sample exhibits a higher drug

loading content of about 5 times that of MSNs. The biological experiment results show that the MSNs/HAP

not only exhibits good biocompatibility and antitumor effect but also greatly reduces the side effects of

free DOX. The as-synthesized hybrid nanoparticles may act as a promising drug delivery system due to their good biocompatibility, high drug loading

efficiency, pH sensitivity, and excellent biodegradability.
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On the other hand, biodegradable drug carriers can
facilitate the surgical removal of carriers and reduce
the damage caused by carrier accumulation. Hence it is
of great significance and highly desirable to fabricate
degradable silica drug carriers. During the past decade,
various methods have been proposed to improve
the degradability of silica nanoparticles. For instance,
Pohaku Mitchell et al. doped iron(III) into hollow
silica nanoshells during sol�gel synthesis, and the as-
obtained material can be degraded by removal of iron
even after calcination; yet whether the nanoparticles
can be used as a drug carrier with high loading
efficiency and controllable release behavior or are toxic
to cells and animals remains to be investigated.26 Li
et al. reported that the addition of calcium ions into
silica spheres improved the degradation and bioactiv-
ity of silica spheres, but the basal morphology of the
nanoparticles was not significantly changed even after
the degradation for 3 days.27 Therefore, it still remains
a challenge to develop silica-based drug delivery
systems with low toxicity, good biocompatibility, and
excellent degradability.
Insufficient intracellular drug release from nanopar-

ticles always limits the amount of anticancer drugs that
actually reach cancer cells, which not only hampers the
efficacy of cancer chemotherapy but also induces toxic
side effects in the body. To conquer the challenges,
stimuli-responsive valves or gatekeepers for the con-
trolled release of drug molecules from mesoporous
silica nanoparticles have been developed.28,29 To date,
various physical/chemical stimuli have been used as
triggers for uncapping the pore blockers and releasing
encapsulated guest molecules and thus achieved
highly efficient delivery of drug into tumors with
minimal patient side effects.30�32

In this paper, a novel degradable and pH-responsive
mesoporous silica nanoparticles/hydroxyapatite (MSNs/
HAP) hybrid drug carrier has been fabricated by homo-
geneously incorporating calcium salt into silica nano-
particles. The incorporation of HAP not only enhances
the degradability but also improves the drug loading
amount, drug release efficiency, and pH sensitivity of
the particles. The cytotoxicity, drug release behavior,
and antitumor effect of the hybrid materials were also
investigated in vitro and in vivo and indicate that the
as-synthesized MSNs/HAP hybrid material can be used
as an attractive and promising drug delivery system for
therapeutic applications.

RESULTS AND DISCUSSION

Synthesis and Characterizations of MSNs and MSNs/HAP. In
order to achieve an optimal controllable delivery sys-
tem that can exhibit less cyctotoxicity, higher loading
capacity, better pH responsiveness, and biodegrad-
able properties, the MSNs/HAP hybrid material was
synthesized. Figure S1 in the Supporting Information
shows the thermogravimetric (TG) curves of MSNs and

MSNs/HAP samples, which indicates that the decom-
position of cetyltrimethylammonium bromide (CTAB)
is virtually complete at∼500 �C, yetmost was removed
at 300 �C. To ensure the complete removal of the
surfactant while the samples are well maintained, we
choose the sintering condition of 400 �C for 2 h. The
as-obtained nanoparticles were also characterized by
transmission electronmicroscopy (TEM), dynamic light
scattering (DLS), Fourier transform infrared spectros-
copy (FT-IR), and X-ray diffraction spectra (XRD) to
determine the structure, morphology, and particle size,
as shown in Figure 1. One can see that theMSNs exhibit
ordered mesostructures and spherical morphology
(Figure 1a,b), while the MSNs/HAP is composed of
novel hybrid spherical nanoparticles with unique ske-
letal structure of continuous walls and obvious holes
(Figure 1c,d). The small-angle XRD patterns (Figure S2
in the Supporting Information) of theMSMs andMSNs/
HAP ensure the existence of a high degree of well-
ordered mesoporous structure,33,34 which is in agree-
ment with the TEM analysis. From the DLS analysis,
it can be seen that the MSNs and MSNs/HAP samples
are uniform in a narrow size distributionwith diameters
of 80�90 nm (Figure 1e,f), which agrees well with the
TEM observations.

Figure 1g and h present the XRD patterns of MSNs
and MSNs/HAP. The amorphous hump of MSNs in the
region between about 15� and 40� is bated by some
sharp peaks after incorporation of calcium salt during
the synthesis process. The generated sharp peaks can
be well assigned to the hexagonal hydroxyapatite
(JCPDS 09-0432), which indicates that the hydro-
xyapatite has been successfully embedded into the
skeleton ofMSNs. Figure 1i and j show the FT-IR spectra
of MSNs and MSNs/HAP. For MSNs (Figure 1i), the
bands centered at 2600�3700 and 1636 cm�1 are
respectively due to O�H stretching and adsorbed
water. The strong absorption peaks in the framework
region at about 1088, 805, and 466 cm�1 are generally
attributed to stretching vibrations of Si�O�Si, bend-
ing vibrations of O�Si�O, and rocking vibrations of
Si�O�Si, respectively. The FT-IR spectrum of MSNs/
HAP is similar to that of the MSN sample (Figure 1j).
The characteristic asymmetric stretching vibrations
of PO4

3� groups overlap with the stretching vibration
band of Si�O�Si at about 1084 cm�1.35,36 Moreover,
it is notable that the peaks at 569, 607, and 670 cm�1

can be attributed to a Si�O�Ca asymmetric bending
mode.37 Furthermore, the existence of Si�O�Ca was
also demonstrated by the analysis of X-ray photo-
electron spectroscopy (XPS) spectra, as shown in
Figure S3 in the Supporting Information. The result
indicates that the addition of calcium salt into the
reaction system causes the introduction of Ca2þ ions
into the silica network and damages some silicon
oxygen bonds with the production of Si�O�Ca�
O�Si-type groups.
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To further study the structure of the MSNs/HAP
comprehensively, the element signals in the particle
surface andensembledistributionof silicon, phosphorus,
calcium, and oxygen were investigated by Tecnai G2
F20 U-TWIN and XPS measurement. Figure 2a and b
confirm that MSNs/HAP contained silicon (Si), oxygen
(O), calcium (Ca), and phosphorus (P) elements, and the
four elements are uniformly distributed in the nano-
particles. The texture parameters of the samples were
tested by the low-temperature nitrogen adsorption�
desorption method. The specific surface area and the
pore size distribution are determined by the BETmethod
and BJH model, respectively. As shown in Table 1,
the MSN sample exhibits a high specific surface area
(∼1500 m2

3 g
�1) and a mesoporous structure of ∼2 nm

(Figure 2c). However, the BET surface area of MSNs/HAP
decreases to 543m2

3 g
�1, and theMSNs/HAP samplehas

a complicated porous structure changing from about
2 nm to 16 nm (Figure 2d). The large size of the pores
makes it suitable for high drug loading efficiency, which
is important for drug carriers.

Nanoparticle Degradation. MSNs have been consid-
ered to be a promising drug carrier because of their
mesoporous structure and good biocompatibility.
However, the poor biodegradability of MSNs greatly
limits their in vivo biomedical applications. In various
previous studies, it is reported that the MSNs can

accumulate in the liver, bladder, spleen, kidneys, and
lungs,18�21,38 whichmay induce damage of the organs.
Therefore, great efforts have been devoted to improve
the biodegradability of MSNs. Pohaku Mitchell re-
ported an interesting route to facilitate the biodegrad-
ability of silica nanoparticles by doping ferric irons into
the silica structure.25 The silica can degrade on removal
of iron(III) within several days at 80 �C. The degradation
process takes a long time and a relatively high tem-
perature (much higher than physiological tempera-
ture), which may seriously limit the biological applica-
tions of the iron(III)-doped silica materials. Therefore,
it is highly desirable to design biodegradable MSNs,
which can be degraded at physiological temperature
for a relatively short period of time. In the present
study, the biodegradability of the as-synthesized
MSNs and MSNs/HAP materials was investigated at
different pH values. In vitro degradation is determined
by suspending the material in acidic buffer solution,
which to some extent imitates the acidic environment
at the tumor area. The nanoparticles collapsed and
dispersed into smaller or soluble fragments due to the
defects in the structure caused by the removal of Ca2þ

ions from the site. The morphology of nanoparticles
after degradation was observed by TEM, and the
release of Ca2þ ions was monitored as the degradation
time increased, as shown in Figure 3. The observation

Figure 1. Physicochemical characterizations of MSNs and MSNs/HAP samples: TEM images of (a, b) MSNs and (c, d) MSNs/
HAP; size distribution of (e)MSNs and (f) MSNs/HAP; XRDpatterns of (g)MSNs and (h)MSNs/HAP; FT-IR spectra of (i) MSNs and
(j) MSNs/HAP.

A
RTIC

LE



HAO ET AL . VOL. 9 ’ NO. 10 ’ 9614–9625 ’ 2015

www.acsnano.org

9617

of TEM reveals that the MSNs/HAP nanoparticles be-
come scattered debris after 4 h at pH 5 in acid buffer
solution, as shown in Figure 3b,c. When the time is
extended to 12 h, the nanoparticles are broken into
many fragments with a size of about 20 nm (Figure 3d,
e). The significant difference of the Ca2þ ions' release in
pH = 7.4 and pH = 5.0 exhibits obvious pH sensitivity
of the MSNs/HAP. The Ca2þ ions in MSNs/HAP are
almost completely removed in acid buffer solution
(pH 5) after 8 h (Figure 3f). However, the Ca2þ ions
cannot be released from MSNs, and the morphology
of MSNs exhibits no change after treatment at pH 5 for
12 h (Figure S4 in the Supporting Information). The
improved degradability of the nanoparticles might
be attributed to the degradability of hydroxyapatite
embedded in the particles and the removal of Ca2þ

ions from the structure of Si�O�Ca. As we know, good
degradability is very important for drug carriers be-
cause the biodegradable drug carriers can reduce
the damage caused by carrier accumulation. In this
case, the HAP component in MSNs/HAP can be easily
dissolved in acid buffer solution, which can be
confirmed by the TEM and the release of Ca2þ ions.

Then, the complete removal of HAP induces the col-
lapse of the silica network, resulting in the degradation
of MSNs/HAP nanoparticles. As the lysosomal pH value
differs among different cancer cells, the degradation
properties of the MSNs/HAP sample were also investi-
gated in acid buffer solution at different pH values
(6.0 and 4.5) for 12 h. It can be found from the TEM
images that the MSNs/HAP nanospheres are broken
and degraded into smaller aggregated nanoparticles
when treated at pH 6.0. On further decreasing the
pH value to 4.5, the MSNs/HAP sample is completely
destroyed and almost degraded into tiny nanofrag-
ments (Figure S5 in the Supporting Information). The
results indicate that the as-synthesized MSNs/HAP
sample can be easily degraded in acidic buffer solution
at physiological temperature and may be potentially
applied as pH-responsive drug carriers in the bio-
medical field.

In vivo, extensive studies revealed that the injected
MSNs accumulated mainly in the tumor and mono-
nuclear phagocyte system (MPS)-related organs such
as the liver and spleen, and the MSNs accumulated
in the organs are noticeably cleared from the body
within a period of 1 week and completely cleared in
4weeks.15,39�41 In this study, the in vivo biodistribution
and degradation properties of MSNs and MSNs/HAP
particles were also investigated in an animal setting.
We tested the accumulated concentration of Si ele-
ment by ICP-OES at two time points (24 and 48 h)
postinjection of MSNs and MSNs/HAP to explore
how the nanoparticles behave in animals. It can be
found that both the injected MSNs and MSNs/HAP

Figure 2. (a) Element distribution, (b) XPS analysis of MSNs/HAP and N2 adsorption�desorption isotherms, and pore size
distributions (the insets) of (c) MSNs and (d) MSNs/HAP.

TABLE 1. BET Surface Area, Pore Diameter, and Drug

Loading Efficiency of MSNs and MSNs/HAP Samples

nanoparticles

BET surface area

(m2/g)

pore diameter

(nm)

drug loading efficiency

(%)

MSNs 1546.13 1.96 13.98
MSNs/HAP 542.66 1.94 and 15.82 33.06

A
RTIC

LE



HAO ET AL . VOL. 9 ’ NO. 10 ’ 9614–9625 ’ 2015

www.acsnano.org

9618

accumulated mainly in the mononuclear phagocytic
system-related organs such as the liver and spleen
(Figure 4), which agrees well with the previous
reports.15,39 However, an increase of accumulated con-
centration of Si element in the kidney was observed in
the MSNs/HAP group in comparison with the MSN
group. It has been indicated that the inorganic nano-
particles with diameters of <5.5 nmwere easy to excrete

via renal clearance.14 After the degradation of MSNs/
HAP, more small fragments accumulated in the kidney,
then were excreted via renal clearance. Furthermore,
we qualitatively tested the excreted small fragments in
urine by fluorescence labeling of MSNs/HAP (Figure S6
in the Supporting Information). Enhanced fluores-
cence was observed in the MSNs/HAP group, which
was attributed to the generation of small fluorescent
fragments from MSNs/HAP.

Doxorubicin (DOX) Loading and Release Study. Due to the
uniform spherical morphology, mesoporous structure,
high surface area, and excellent biodegradability,
the as-obtained MSNs/HAP hybrid material may be
potentially applied as a promising drug carrier in
the biomedical field. The drug loading efficiency of
the potential drug carriers is shown in Table 1. It can be
seen that the MSN sample exhibits low DOX adsorp-
tion, while more DOX, approximately 2.4 times, is
loaded into the MSNs/HAP sample. The mass percen-
tage and absolute mass of cumulative released DOX
from the nanocarriers are shown in Figure 5a,b. An
initial burst in the first 12 h appears, and then the drug
released from MSNs stays almost constant during
the next 6 days. However, for the MSNs/HAP, different
DOX release kinetics can be observed, showing a two-
step release pattern with an initial burst release and
a relatively slow sustained release over 6 days. After
7 days, the cumulative release rate reached 31.69%
and 58.06% for MSNs and MSNs/HAP, respectively.
Compared to their release rate of 38.79% and 81.48%
at pH 5.0, pH-sensitive release capabilities of drug for
MSNs/HAP exhibit a remarkable increase. The acceler-
ated release of loaded drug is attributed to the degra-
dation ofMSNs/HAP into smaller size nanoparticles.We
calculated the released DOX amount per 10mg carrier,

Figure 3. TEM imagesof theMSNs/HAP sample after degradation in acid buffer solution (pH5.0) for (a) 0 h, (b, c) 4 h, (d, e) 12 h;
(f) the release of Ca2þ at pH = 7.4 and 5.0.

Figure 4. ICP-OES analysis of Si amounts in the organs of
mice collected at 24 and 48 h after injection of (a) MSNs and
MSNs/HAP.
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as shown in Figure 5b. A tremendous difference of
drug-loaded amount between theMSNs and theMSNs/
HAP was observed. The final released DOX fromMSNs/
HAP is about 8 times that of MSNs. It could be seen
that theMSNs/HAP exhibits an excellent pH-responsive
release property, which can be assigned to the break-
down of the nanoparticles in an acid environment.
A schematic representation of the rational design em-
ployed to obtain MSNs/HAP composites, subsequent
degradation, and the drug storage/release process is
shown in Scheme 1.

Biocompatibility and Anticancer Effect of the Nanoparticles.
To evaluate the potential of MSNs/HAP as an effective
drug carrier for cancer therapy, the in vitro cytotoxicity
of MSNs, MSNs/HAP, DOX@MSNs, and DOX@MSNs/
HAP was investigated. The impact of nanoparticles
on red blood cells (RBCs) was evaluated by a hemolysis
assay.42�44 The quantitation of hemoglobin in the super-
natant of a nanoparticle RBC mixture was performed
by recording the absorbance. As shown in Figure S7 in
the Supporting Information, the extent of hemolysis is
dose-dependent for MSNs; especially the concentra-
tions of 400 and 800 μg/mL result in severe hemolysis.
In contrast, the MSNs/HAP group exhibits almost no
hemolysis at all the tested concentrations. Obviously,
the MSNs/HAP sample has better hemocompatibility
than MSNs. Moreover, in vitro cytotoxicity of the nano-
particles on MCF-7 cells was also investigated by the
MTT assay. MCF-7 cells were incubated with MSNs,

MSNs/HAP, DOX@MSNs, and DOX@MSNs/HAP, and
the concentration of DOX was used as an equivalent
concentration in all the biology experiments. It could be
seen from Figure 6a that MSNs/HAP has better biocom-
patibility comparedwithMSNs. Moreover, DOX@MSNs/
HAP exhibits a good anticancer effect on MCF-7s cells,
even comparable to that of free DOX (Figure 6b).

To verify pH responsive release behavior of DOX@
MSNs/HAP in cells, the intracellular DOX distribution
was analyzed by using DOX autofluorescence after
incubation for 4 h. Lysotracker Green, a specific probe
for acidic compartments, was used to confirm the
lysosome colocation of DOX@MSNs/HAP. In the group
of cells treated with DOX@MSNs and DOX@MSNs/HAP,
most DOX gathered in the lysosomes, of which the
fluorescence overlapped with that of the Lysotracker,
and some DOX dispersed in the cytoplasm, surround-
ing the lysosomes, as shown in Figure 6c.

The effect of DOX delivery to the tumor by nano-
particles was further determined in vivo. To this end,
we implanted first human breast cancer cells MCF-7 in
the left armpit skin of nudemice. After tumor establish-
ment, the mice were then given continuous therapy
by tail vein injection twice every weekwith phosphate-
buffered saline (PBS, control group), free DOX, DOX@
MSNs, or DOX@MSNs/HAP at equivalent DOX doses
of 0.3 mg/kg. To assess the antitumor effect and
the toxic effects in mice, the change of tumor volume
and relative body weight are recorded in Figure 7. The
results indicate that the sustained administration with
different DOX formulations is capable of slowing tumor
growth compared to control treated mice, and the
treatment with DOX@MSNs and DOX@MSNs/HAP has
more effect on suppressing the tumor development
than free DOX (Figure 7a,b). Notably, the inhibition
effect of DOX@MSNs/HAP (54.8%) on the tumor is the
best for all the agents, which is superior to DOX@MSNs
(38.8%). On the other hand, no significant change
was observed after treatment with the nanoparticles

Figure 5. (a) Mass percentage and (b) absolute mass of
cumulative released DOX fromDOX@MSNs andDOX@MSNs/
HAP in buffer solutions (pH = 7.4 and 5.0) at 37 �C.

Scheme 1. Schematic illustration of the synthesis, drug
loading and controlled release, and degradation process
of MSNs/HAP composites.
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of DOX@MSNs and DOX@MSNs/HAP in terms of
mouse body weights (Figure 7c). However, the group
treated with free DOX showed a fast loss of body
weight, which is mainly caused by the side effects of
the drug.

Biochemical Assay of Serum and Histological Analysis.
Blood biochemical tests can monitor the response to
exogenous toxic exposure and are widely used in dis-
ease diagnoses of the liver, kidney, etc.45 The changes in
biochemical parameters of the DOX, DOX@MSNs, and
DOX@MSNs/HAP groups are presented in Table 2. The
blood biochemical tests of total bilirubin levels (TBIL),
alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and AST/ALT are widely utilized to evaluate
liver function. When the liver is in dysfunction, the levels
of the aforementioned enzymes rise. For theDOXgroup,

the AST level (p < 0.05) and AST/ALT level (p < 0.05)
increase significantly compared with the control group.
The elevated levels indicate that thehepatic dysfunction
might be induced by DOX. However, there is no sig-
nificant change of above parameters in the DOX@MSNs
and DOX@MSNs/HAP groups (p > 0.05). Correspond-
ingly, the blood uric acid (UA), creatinine (Cr), blood
urea nitrogen (BUN), and total protein (T-prot) are
good indicators of renal function. If renal function is
deteriorated, the UA, BUN, and T-prot levels rise. For
the DOX group, the BUN/Cr increases significantly in
contrast with the control group (p < 0.01). However,
the levels of these parameters in the DOX@MSNs and
DOX@MSNs/HAP groups are similar to those of the
control group (p > 0.05). These results show that the
treatments of DOX@MSNs and DOX@MSNs/HAP have

Figure 6. (a, b) Biocompatibility and (c) cellular uptake and intracellular drug release of the samples.

Figure 7. (a, b) Tumor growth inhibition effect and (c) body weight change upon treatment with DOX, DOX@MSNs, and
DOX@MSNs/HAP.
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no negative effects on the mouse liver and kidney, but
the injection of free DOX might cause liver and kidney
injury.

Figure 8 shows the histopathological findings of the
heart, liver, and kidney. For heart tissue, the DOX group
resulted inmore severe injury, such as ischemic lesions,
necrosis, or dissolution of myocardial cells, while the
DOX@MSNs group shows slight myocardial interstitial
edema and congestion of the myocardial matrix. In
contrast, the DOX@MSNs/HAP group exhibits no sig-
nificant lesions in the heart. Since the release of DOX
from the DOX-loaded MSNs/HAP is more controllable
than DOX-loaded MSNs, there is no acute release
to cause clear myocardial interstitial edema. However,
the release of DOX from the DOX-loaded MSNs is un-
controllable, which caused the acute release of DOX in
the heart, inducing myocardial interstitial edema. For

the liver, necrosis of hepatocytes and bile duct injury
are observed in the DOX group, and the DOX@MSNs
and the DOX@MSNs/HAP groups reveal no significant
lesions. For the effect on the kidney, necrosis of renal
tubular epithelial cells in the DOX group can be
observed. The clinical renal lesions of the DOX@MSNs
group exhibit mild edema, and there are no significant
lesions in the DOX@MSNs/HAP group. It can be seen
from the above results that theDOX@MSNs/HAPgroup
shows few histopathological abnormalities, lesions,
and degenerations of the major organs (including
heart, liver, and kidney), which indicates little cell and
tissue damage is induced by DOX@MSNs/HAP. In con-
trast, there are different degrees of damage for the
heart, liver, and kidney of the mice treated with free
DOX and DOX@MSNs. The results demonstrate that
the MSNs/HAP drug delivery system has advantages of

TABLE 2. Changes of Biochemical Parameters in the Serum of Mice (n = 3, mean ( SD)

groups TBIL (umol/L) ALT (U/L) AST (U/L) AST/ALT UA (umol/L) BUN (mmol/L) Cr (umol/L) BUN/Cr(103) T-prot (g/L)

control 0.26 ( 0.15 40.76 ( 5.98 225.34 ( 25.42 5.42 ( 0.32 381.46 ( 39.64 8.38 ( 0.53 17.66 ( 5.57 0.52 ( 0.19 55.86 ( 3.52
DOX 0.28 ( 0.05 35.18 ( 4.09a 296.87 ( 43.44a 8.41 ( 0.80b 339.10 ( 67.61 7.94 ( 0.67 8.40 ( 0.81a 0.95 ( 0.13b 54.93 ( 3.89
DOX@MSN 0.18 ( 0.10 43.08 ( 5.59 238.48 ( 32.42 5.54 ( 0.36 335.35 ( 44.57 7.44 ( 1.14 15.18 ( 4.05 0.54 ( 0.25 54.23 ( 3.11
DOX@MSNs/HAP 0.35 ( 0.21 43.40 ( 6.93 232.40 ( 22.20 5.47 ( 1.38 316.20 ( 51.76 6.49 ( 0.33 9.70 ( 5.37 0.80 ( 0.48 55.10 ( 57.67

a p < 0.05 vs the control group. b p < 0.01 vs the control group.

Figure 8. Histological evaluation from the major damaged organs of mice treated with saline (control group), DOX,
DOX@MSNs, and DOX@MSNs/HAP.
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improved antitumor efficacy and reduced side effects
and, thus, may be used as an attractive and promising
drug carrier for therapeutic applications.

CONCLUSIONS

In conclusion, we successfully demonstrate a de-
gradable drug carrier fabricated by homogeneously
incorporating hydroxyapatite into a silica lattice, which
not only has improved drug loading amount and drug
release efficiency but also exhibits pH-responsive drug

release from the hybrid nanoparticles. In particular, the
breakdown of MSNs/HAP nanospheres could improve
the penetration ability and release efficiency of the
loaded drug into tumor tissues. The antitumor result of
DOX@MSNs and DOX@MSNs/HAP in vitro and in vivo

indicates that DOX@MSNs/HAP might be more effec-
tive in cancer treatment. The biochemical and histo-
pathological tests also reveal that the alternative of the
MSNs/HAP drug carrier may be safer and has attractive
in vivo application prospects.

EXPERIMENTAL SECTION
Materials. Cetyltrimethylammonium bromide (CTAB), tetra-

ethyoxysilane (TEOS), and 3-(4,5)-dimethylthiahiazo(-2-yl)-3,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Calcium chloride anhydrous
(CaCl2) and disodium hydrogen phosphate dodecahydrate
(Na2HPO4 3 12H2O) were obtained from Shanghai Chemical
Reagents Company (Shanghai, China). Five- to six-week-old
athymic BALB/c nude female mice of 16 ( 1 g weight were
purchased fromBeijingVitalriver Experimental Animal Technology
Co. Ltd. TBIL, ALT, and AST were purchased from Beijing Capital
Medical University Clinical Science Center. UA, BUN, and Cr assay
kits were purchased from Randox Laboratories Ltd. UK.

Synthesis of MSNs and Degradable MSNs/HAP. MSNs were synthe-
sized according to our previous literature report.46 In a typical
synthesis, 7 mL of a 0.2 M NaOH aqueous solution was added
into 96 mL of water under stirring, followed by the addition
of 200 mg of CTAB. The pH value of the solution was 11. The
solution was heated to 70 �C with vigorous stirring and kept for
30min. Then 1mL of TEOS was added dropwise under vigorous
stirring. The gradual change of solution from clear to opaque
indicated a hydrolysis process. The reaction was kept at 70 �C
for 4 h. The product was collected by centrifugation and
washed twice with H2O and methanol, respectively. In order
to remove the CTAB, the collected particles were suspended in
the mixing solution with 50 mL of methanol and 2.0 mL of 12 M
hydrochloride acid. The solution was refluxed for 10 h, and
the product was collected by centrifugation and washed with
methanol (denoted as MSNs).

For the synthesis of mesoporous silica nanoparticles/
hydroxyapatite hybrid material (denoted as MSNs/HAP), CaCl2
and Na2HPO4 3 12H2O were used as a source of Ca2þ and PO4

3�

ions, respectively. In a typical procedure, 7 mL of a 0.2 M NaOH
aqueous solution was added into 96 mL of water under stirring,
followed by the addition of 200 mg of CTAB (pH 11). Then,
0.3214 g of Na2HPO4 3 12H2O was introduced to the above
solution. After the mixture solution was stirred for 30 min at
70 �C, 0.9 mL of TEOS was added dropwise under vigorous
stirring. Subsequently, 2 mL of solution containing 0.1494 g of
CaCl2 was added to the solution immediately, in which the
molar ratio of Ca to Si was 1:3. Then the solution turned turbid,
and the reaction was kept at 70 �C for 4 h. The product was
collected by centrifugation and washed twice with H2O and
methanol, respectively. Finally, the freeze-dried sample was
calcined at 400 �C for 2 h to remove the CTAB and obtain the
final MSNs/HAP sample.

Characterizations. The morphology of the samples was ob-
served using a Tecnai G2 20 S-TWIN TEM (Philips, FEI Company)
operating at a 200 kVacceleration voltage. Thermostability of the
samples was tested under a nitrogen atmosphere by a thermo-
gravimetric analyzer (TGA). The size distribution of the samples
was obtained by DLS (ZetaSizer Nano ZS, Malvern Instruments
Ltd., Worcestershire, UK). FT-IR spectra were recorded with
a Spectrum One FT-IR spectrometer (PerkinElmer Instruments
Co. Ltd., USA). The phase structure was characterized by XRD
spectra (Bruker D8 Focus, Germany). N2 adsorption�desorption
isotherms were carried out on a Micromeritics ASAP2020 (MþC)

analyzer (Micromeritics Instrument Corporation, USA) at 77.3 K
under continuous adsorption conditions. Element distribu-
tion and surface element analysis were determined by using a
Tecnai G2 F20 U-TWIN (FEI, USA) and an XPS (ESCALAB250Xi),
respectively.

In Vitro Nanoparticle Degradation Process. In vitro degradation
behaviors of MSNs and MSNs/HAP were studied by immersing
corresponding powders in different buffer solutions (pH = 7.4,
6.0, 5.0, and 4.5) at the concentration of 2 mg/mL at 37 �C.
The change of morphology was observed by TEM. The released
calcium was determined using the supernatant by centrifuga-
tion at certain time points by an Optima 5300DV inductively
coupled plasma-optical emission spectrometer (ICP-OES,
PerkinElmer, USA).

Animals and Treatment. The athymic BALB/c nude female
mice weremaintained under specific pathogen-free conditions.
Sterilized pellet diet for mice and distilled water were available
ad libitum. Mice were acclimated to the environment for 1 week
before treatment, and the animal experiment was performed
with the local approved protocols of the Administration Office
Committee of Laboratory Animals.

Urinary Excretion and in Vivo Biodistribution, Degradation. For the
urinary excretion investigation, nude mice were randomly
divided into three groups (n = 5) and injected with fluorescein
isothiocyanate-labeledMSNs/HAP andMSNs (20mg/kg) or saline
(control) through the tail vein. Special single-mouse metabolic
cages were used. The urine was collected into separate collection
tubes at different timepoints (12, 24, and 48 h) after injection. The
urine samples were then analyzed by a fluorescence spectro-
meter. For in vivo biodistribution studies, the tumor-bearing
mouse model was first established: an MCF-7 cell suspension
(0.2 mL, 1� 107 cells mL�1/mouse) was injected subcutaneously
into the mice. When the tumor grew to about 100 cm3, the
nanoparticles (20mg/kg) were administered by tail vein injection.
The mice were killed after injection for 24 and 48 h, and heart,
liver, spleen, lung, kidneys, and tumor were collected. The tissues
were weighed, digested, and then analyzed for silicon content
using ICP-OES.

Drug Loading and Release Behaviors. To load DOX intoMSNs and
MSNs/HAP, 100 mg of nanoparticles was dispersed into 1.7 mL
of DOX solution (3 mg/mL), and the mixed solutions were kept
at 4 �C for 24 h to reach maximum DOX loading. Then the
dispersion was centrifuged to separate the drug-loaded nano-
particles, which were washed with distilled water three times.
Drug loading efficiency was calculated according to the follow-
ing equation:

Drug loading efficiency (%) ¼ 100�WDOX=WNPs-DOX

whereWDOX is the weight of DOX loaded into the nanoparticles
and WNPs‑DOX is the weight of MSNs-DOX and MSNs/HAP-DOX.

To measure the drug release behavior, drug-loaded NPs
were redispersed in 3 mL of PBS (pH = 7.4) or acetic acid buffer
solution (pH = 5.0) and transferred to a dialysis bag (molecular
weight cut-off 7000 Da). Then the bag was subsequently placed
in a 50 mL centrifuge tube containing 27 mL of corresponding
buffer solution. A 15 mL amount of solution was sampled from
the tube every half an hour during the first 3 h and then sampled
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every day. The volume of the release system in the tube was
kept constant by adding an equal volume of fresh buffer
solution. The releasedDOXdose of the sampleswas determined
by a UV�vis/near-infrared spectrophotometer (Lambda 950,
PerkinElmer Instruments Co. Ltd., USA) with the detection
wavelength of 485 nm. All release samples were averaged with
three measurements.46

Cytotoxicity Assay. MTT was used to investigate the cyto-
toxicity of the nanoparticles on human breast cancer cells
(MCF-7).47 Cells were maintained in DMEM complete medium
(GIBCO) supplemented with 10% (v/v) FBS, cultured in a humi-
dified atmosphere containing 5% CO2 at 37 �C. For the MTT
assay, cells were seeded into 96-well plates with a density of
5000 per well and incubated for 24 h to allow cell attachment.
Then free DOX, DOX@MSNs, and DOX@MSNs/HAP were added
respectively at a certain amount of DOX concentration ranging
from 0.08 to 20 μg/mL. After 48 h, the culture media were
replaced by fresh media containing MTT (0.5 mg/mL), and the
cells were incubated for an additional 4 h. Upon removing
MTT solution, the purple formazan crystals were dissolved with
100 μL of dimethyl sulfoxide (DMSO) and the absorbance was
recorded at 570 nm with a microplate reader (TECAN Znfinite
M200, Austria). Untreated cells in the medium were used as
a control. Corresponding groups without cells were used as
blanks. All experiments were carried out with four replicates.

Intracellular Drug Release Assay. MCF-7 cells were incubated
with free DOX, DOX@MSNs, andDOX@MSNs/HAP for 2 h in Petri
dishes, then washed with PBS three times, and subsequently
labeled with the fluoroprobe Lysoracker Green in the culture
medium at 37 �C for 30 min. After labeling, cells were washed
with PBSbuffer to remove the residual DOXor nanoparticles. The
intracellular localizations of free DOX and released DOX from
drug-loaded nanocarriers were directly visualized via a confocal
laser scanning microscope (Carl Zeiss, Germany). Lysotracker
Green was excited at 488 nm, and its emission was recorded
at 535 nm. DOX was excited at 488 nm, and its emission was
recorded at 560�600 nm. All experiments were carried out
under light-sealed conditions to avoid photobleaching.46

Hemolysis Assay. Blood compatibility was evaluated with a
hemolysis assay. Fresh rat blood was extracted from the hepatic
vein and stabilized with heparin. A 2 mL sample of whole blood
was added to 4 mL of Dulbecco's phosphate-buffered saline
(D-PBS) and then centrifuged at 10016g for 5 min to isolate red
blood cells. The RBCswere further washed five times with 10mL
of D-PBS and finally diluted to 20mL of D-PBS. A 0.2 mL amount
of diluted RBC suspension was exposed to 0.8 mL of the nano-
particle suspension in D-PBS at a concentrations of 2.5, 12.5,
62.5, 125, 250, or 500 μg/mL to make the final nanoparticle
concentration 2, 10, 50, 100, 200, or 400 μg/mL (test group),
distilled water (positive group), and D-PBS (negative group).
Every group was represented for four tubes. After incubation at
room temperature for 4 h and centrifugation for 5min, 100 μL of
the supernatant of all samples was transferred to a 96-well plate
and the absorbance was measured by a microplate reader at
577 nm with 655 nm as a reference. The hemolytic degree was
expressed by the hemolytic ratio using the following formula:

Hemolysis ratio ¼ (ODtest � ODnegative control)=

(ODpositive control �ODnegative control)� 100%

Evaluation of in Vivo Antitumor Activity. The tumor-bearing
mouse model was established as above. The tumor-bearing
mice were randomly divided into four groups: (a) saline; (b)
free DOX; (c) DOX@MSNs; (d) DOX@MSNs/HAP. Drugs were
administered by intravenous injection at 3-day intervals, and
the doses of DOX@MSNs and DOX@MSNs/HAP were calculated
based on DOX equivalence of 2.5 mg/kg. The tumor size
(L, length; W, width) and body weight were measured twice a
week. Tumor volume (TV) was calculated as follows: TV = 1/2LW

2.
Relative weight (RW) was calculated according to the formula
RW = Wi/Wo, where Wo is the mean weight at the beginning
of treatment andWi is the mean weight at any subsequent time
point.48

Biochemical Assay of Serum. At the end of the period, all mice
were anaesthetized with ether and then sacrificed. Blood
samples were obtained from ophthalmic veins and collected

into a clotted vial. After being centrifuged, the serum was used
for biochemical analysis. The study was conducted at the
Laboratory Animals Center of Chinese PLA General Hospital
(301 Hospital, Beijing), under a protocol approved by the ethics
committee of the hospital. TBIL, ALT, and AST in serum were
measured to evaluate liver function. UA, Cr, BUN, and T-prot in
serum were measured to evaluate nephrotoxicity by an auto-
matic biochemical analyzer (7600-110, Hitachi, Tokyo).

Histological Analysis. After blood collection, the heart, liver,
and kidneys were removed. A part of the tissues were fixed
in 10% formalin solution for histopathological studies. Fixed
organs were embedded in paraffin blocks, cut into 5 μm
thick slices, and then placed on glass slides. Haematoxylin and
eosin-stained histological sections were observed with light
microscopy (BX53, Olympus, Japan).
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