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ABSTRACT: Uniform and well-dispersed walnut kernel-like mesoporous silica
nanoparticles (MSNs) with diameters about 100 nm have been synthesized by a
templating sol−gel route. After an annealing process, the as-obtained sample
(DLMSNs) inherits the well-defined morphology and good dispersion of MSNs,
and exhibits bright white-blue luminescence, higher specific surface area and pore
volume, and better biocompatibility. The drug loading and release profiles show
that DLMSNs have high drug loading capacity, and exhibit an initial burst release
followed by a slow sustained release process. Interestingly, the luminescence
intensity of the DLMSNs-DOX system increases gradually with the increase of
cumulative released DOX, which can be verified by the confocal laser scanning
images. The drug carrier DLMSNs can potentially be applied as a luminescent
probe for monitoring the drug release process. Moreover, the DLMSNs-DOX
system exhibits potent anticancer effect against three kinds of cancer cells (HeLa,
MCF-7, and A549 cells).
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■ INTRODUCTION

In the past few years, novel drug delivery systems (DDS) have
gained much attention because of their greater efficacy and
safety, enhanced bioavailability, controllable release profile, and
predictable therapeutic response.1−7 An ideal drug carrier
generally possesses some properties, such as appropriate
particle size distribution, good biocompatibility, targeting
ability, and controlled drug release manner.8,9 Moreover, an
efficient drug delivery system should exhibit rational toxicity
and keep the optimum drug concentration in the tissues, which
can realize efficient therapy while reducing toxicity.6,10 The
system toxicity has been considered the major adverse side
effects of the traditional chemotherapy drugs, which could not
distinguish healthy and diseased cells.11 Therefore, high-fidelity
drug carriers are desired for the applications of anticancer drugs
in cancer therapy.12,13

Currently, various types of inorganic and organic nanoma-
terials have been employed for drug carriers. Among them,
mesoporous silica nanoparticles have been developed as robust
inorganic scaffolds for the delivery of drugs because of their
distinctive characteristics, such as high drug loading capacity,
favorable biocompatibility, and a relative ease for surface

functionalization.1,14−20 Although the preparation of MSNs
with diverse morphologies has been extensively investigated,
the synthesis of monodisperse MSNs with smaller particle size
remains a challenge. In particular, the synthesis of MSNs
smaller than 200 nm attracts significant interest, which may
potentially applied in fields of DDS, cell imaging, and disease
diagnosis. Furthermore, it was also reported that the
luminescent mesoporous materials had potential applications
in drug delivery and disease therapy.6,21,22 These DDS not only
possess high capacity for the drugs storage and release, but also
exhibit luminescence, which renders it capable of monitoring
and evaluating the efficiency and behavior of drug release.6,8,16

Recently, Zhang et al. reported a facile large-scale synthesis of
uniform and well-dispersed MSNs with small particle size
(about 100 nm) and tunable pore structure via a templating
sol−gel technique.23 The above MSNs may be considered as a
promising candidate for drug carriers. However, the conven-
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tional MSNs exhibit no photoluminescence, which may limit
their applications in biomedical fields.
Generally, the luminescent MSNs are obtained by the

integration of MSNs with luminescent materials, which would
confer the resultant nanocomposite abilities of bioimaging and
drug delivery. However, the conventional luminescent materials
including semiconductor nanoparticles and organic molecules,
which exhibit certain drawbacks such as toxicity, photo-
bleaching, and quenching of fluorescence, thereby limiting
their applications in biomedical fields.24,25 In recent years, Lin’s
group have successfully synthesized a series of multifunctional
DDS based on rare earth luminescent materials (such as
Fe3O4@nSiO2@mSiO2@NaYF4:Yb

3+,Er3+/Tm3+ composites,26

Gd2O3:Eu
3+@P(NIPAmco-AAm)@HMS microspheres,27 NaY-

F4:Yb
3+/Er3+@hydrogel hybrid microspheres,28 PAA@

GdVO4:Ln
3+ nanocomposites,29 BaGdF5-based upconversion

nanoparticles,30 GdOF:Ln@SiO2 capsules,31 et al.) and
investigated their cytotoxicity, controlled drug release proper-
ties as well as therapy functions.32 However, the accumulation
of rare earth nanomaterials in body may cause some adverse
bioeffects, such as splenic degeneration, calcium channels
blocking, central lobular necrosis of liver, etc.33,34 So it is highly
desirable to develop the novel luminescent MSNs systems with
low toxicity, good biocompatibility, and excellent luminescence
properties for their biomedical applications. Recently, a series of
environmentally friendly and efficient defect-related phosphors
(without transition metal or lanthanide ions as activators) have
been reported.6,8,35 These novel defect-related inorganic
materials may be applied as multifunctional drug carriers or
luminescent materials for biodetection due to their good
fluorescent properties, nontoxicity, and excellent biocompati-
bility.6,8,35 Therefore, in combining the advantages of
biocompatible MSNs and defect-related materials, the design
and development of monodisperse defect-related luminescent
MSNs may be especially promising for bioapplications,
particularly in encapsulation, controlled release, labeling or
imaging. Hou et al. reported the porous silica fibers with defect-
related luminescence properties as drug carriers, but the
biological safety evaluation and therapy effect of the drug
carriers were not investigated in detail.6 Moreover, the large
particle size of the porous silica fibers may greatly limit their
practical applications.
In this work, we have synthesized monodisperse walnut

kernel-like silica nanoparticles with diameters about 100 nm,
which exhibit mesoporous structure, small particle size, uniform
morphology, good biocompatibility, and high drug loading
capacity. In particular, the drug carrier exhibits intense white-
blue defect-related luminescence, which can monitor and
evaluate the efficiency and behavior of the drug release process.
Moreover, the as-synthesized drug delivery system exhibits
potent anticancer effect against HeLa, MCF-7, and A549 cells.

■ EXPERIMENTAL SECTION
Preparation of MSNs and DLMSNs. Monodisperse mesoporous

silica nanoparticles (MSNs) and defect-related luminescent meso-
porous silica nanoparticles (DLMSNs) were synthesized based on the
previous literature with some modifications.23 In a typical synthesis,
0.9614 g of CTATos and 0.14 mL of TEAH3 were dissolved into 50
mL of deionized water under vigorous magnetic stirring at 80 °C for 1
h to obtain transparent solution. Then, 8 mL of TEOS was quickly
introduced into the above solution. Subsequently, the as-obtained
mixture was stirred at 80 °C for another 2 h. The resulting precipitates
were washed with deionized water and ethanol, and then dried in
vacuum at 75 °C to obtain MSNs. Finally, the as-synthesized MSNs

were calcinated in air at 230 °C for 2 h to prepare the defect-related
luminescent mesoporous silica nanoparticles (DLMSNs).

Materials Characterizations. Scanning electron microscopy
(SEM) images were investigated by a field-emission scanning electron
microscopy system JSM-7600F (JEOL). Transmission electron
microscopy (TEM) images of the nanostructures were obtained by a
Tecnai G2 S-Twin transmission electron microscope (FEI). The N2
adsorption/desorption isotherms, BET surface area, and pore volume
was obtained by were obtained on a micromeritics ASAP 2010 M
instrument. Particle size was measured with Nanomeasurer 1.2
software from 50 particles in SEM pictures of DLMSNs and MSNs.
Zeta potentials were determined using Nano-ZS (Malvern Instru-
ments) in disposable cuvettes. FT-IR spectra were obtained in KBr
pellet by PerkinElmer 580B. The loading amount of DOX was
determined by thermogravimetry (TG) measurement (Pyris Diamond
PerkinElmer). The photoluminescence (PL) spectra were measured
on an F-7000 spectrophotometer (Hitachi). All measurements were
performed at room temperature.

Cell Culture. Human cervical carcinoma cells (HeLa cells), human
breast carcinoma cells (MCF-7 cells), human lung adenocarcinoma
cells (A549 cells), and human umbilical vein endothelial cells (HUVE
cells, normal cell) were cultured in Dulbecco’s modified Eagle’s
medium, and mouse liver cells (BRL3A cells, normal cell) were
cultured in high glucose Dulbecco’s modified Eagle’s medium,
containing with 10% (v/v) fetal bovine serum, 100 U/mL penicillin
and 100 μg/mL streptomycin at 37 °C with 5% CO2.

Cytotoxicity Assay. In vitro cytotoxicity of empty DLMSNs and
MSNs was measured by a standard colorimetric 3-(4, 5-dimethylth-
iazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich)
assay.36 In brief, HeLa, MCF-7, A549, HUVE, and BRL3A cells were
seeded into 96-well plates at 3 × 104/well and cultured overnight at 37
°C in 5% CO2. Thereafter, the cells were treated with DLMSNs and
MSNs (concentration from 1 to 200 μg/mL) for 12 or 24 h. At the
end of incubation, 10 μL MTT with concentration of 5 mg/mL was
added to each well for another 4 h at 37 °C. Then 100 μL DMSO was
added to each well and the plate was examined using the microplate
reader (Molecular Devices Versamax, USA) at the absorbance
wavelengh of 570 nm. All measurements were performed from three
independent experiments.

Biocompatibility. For the detailed procedures of the cellular
uptake, Annexin V-FITC/PI staining, lactate dehydrogenase (LDH)
release, swelling of lysosome, reactive oxygen species (ROS), and
hemolysis assays, see the Supporting Information.

Drug Loading and Release Profile Assay. The amount of DOX
loaded into DLMSNs was measured by fluorescence spectropho-
tometer. In a 1 mL aqueous system, 4 mg of DOX and 2 mg of
DLMSNs were mixed and shaken for 24 h at room temperature to
obtain the drug carrier system: DLMSNs-DOX. The DOX loading
efficiency (LE) on DLMSNs was evaluated by the following formula:
LE (%) = [m(total DOX) − m(DOX in supernatant)]/[m(loaded DOX) + m(carrier)] ×
100. The fluorescence of DOX for original and residual in supernatant
was both detected at excitation and emission wavelength of 488 and
592 nm, respectively.

The DOX release from DLMSNs-DOX in vitro was measured by a
semipermeable dialysis bag diffusion technique. The parallel DLMSNs-
DOX were redispersed in 1 mL of acetate buffer (pH 5.0) or 1 mL of
PBS (pH 7.4), which was transferred into semipermeable dialysis bags,
and then immersed in 10 mL of acetate or PBS buffer at 37 °C with
shaking, respectively. At tested time intervals, 10 mL of acetate or PBS
buffer were taken out and the amount of released DOX was measured
by fluorescence spectroscopy compared to the standard curve, and
then an equal volume of fresh acetate buffer or PBS was added to the
release system.

Confocal Imaging and Subcellular Localization. The
fluorescence of DLMSNs, the cellular drug release, and subcellular
localization of DLMSNs-DOX were monitored by confocal laser
microscope. The detailed procedures are demonstrated in the
Supporting Information.

Anticancer Effect Assay. In vitro cytotoxicity of free DOX and
DLMSNs-DOX was measured by MTT assay as described above.
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HeLa, MCF-7, and A549 cells were treated with various concen-
trations (from 0.04 to 5 μg/mL) of free DOX and DLMSNs-DOX for
12, 24, or 48 h. All measurements were performed from three
independent experiments.
Statistical Analysis. Data presented as mean ± standard deviation,

which were collected from three separate experiments. Two groups’
comparison was determined by two-tail Student’s t test, and the
significant difference was defined as P values <0.05 at the 95%
confidence interval.

■ RESULTS

Morphology, Structure, and Luminescence of MSNs
and DLMSNs. SEM and TEM images were used to
characterize the morphology of the as-obtained MSNs and
DLMSNs samples. The calculated size distribution histogram
confirmed the size distribution of MSNs and DLMSNs. The
low-magnification SEM image of MSNs (Figure 1A) shows that
the MSNs sample is composed of high yield monodisperse
nanospheres with diameters in the range of 96−144 nm. The
particles are nonaggregated and exhibit narrow size distribution
(Figure S1a in the Supporting Information). The high-
magnification SEM and TEM images (Figure 1B, C) clearly
reveal the walnut kernel morphology of MSNs and the
existence of uniform mesopores. After an annealing process,
the DLMSNs sample mainly consists of uniform and well-
dispersed nanospheres with diameters in the range of 79−124
nm (Figure 1D, E and Figure S1b in the Supporting
Information), which inherit the morphology of MSNs.
However, from the TEM image of DLMSNs (Figure 1F),
one can see the more evident mesoporous structure and the
increase of center-radial pore sizes, which may induces larger

surface area. The result can be confirmed by nitrogen
adsorption data (Figure 1G).
The respective N2 adsorption/desorption isotherms of MSNs

and DLMSNs are shown in Figure 1G. It is observed that the
two samples reveal typical H1-hysteresis loops and similar N2

adsorption/desorption isotherms, indicating the typical meso-
porous nature. For MSNs, the BET surface area is about 187.4
m2/g and the pore volume is about 0.50 cm3/g. After an
annealing process, the BET specific surface area and pore
volume of DLMSNs increase to 232.9 m2/g and 0.56 cm3/g,
respectively. Moreover, the narrow peak in the pore size
distribution curve increases from 3.5 to 3.7 nm (inset in Figure
1G). Under ultraviolet excitation, MSNs do not exhibit any
luminescence (Figure 1H, black line). Figure 1H shows the
excitation and emission spectra of DLMSNs (blue line). The
excitation spectrum consists of an intense broadband from 200
to 450 nm (centered at 365 nm). The emission spectrum of
DLMSNs consists of an intense broadband from 380 to 600 nm
(centered at 441 nm) under 365 nm excitation. Inset in Figure
1H shows the luminescent photograph of DLMSNs excited by
UV light in the dark (365 nm), which confirms the bright
white-blue emission of the DLMSNs sample. Zeta potential
measurements were also performed to investigate the surface
properties and stability of the nanoparticles. One can see that
the zeta potential of MSNs and DLMSNs are −26.1 ± 3.37 and
−19.6 ± 4.58 mV in water (Figure S2 in the Supporting
Information), indicating that the as-obtained nanoparticles
exhibit good stability in water.

Biocompatibility of MSNs and DLMSNs. To evaluate the
potential of the nanoparticles as an effective drug carrier, we
evaluated the cytotoxicity of MSNs and DLMSNs against

Figure 1. Characterizations of MSNs and DLMSNs. SEM and TEM images of (A−C) MSNs and (D−F) DLMSNs. (G) N2 sorption isotherms and
the corresponding BJH pore size distribution curves (inset) of MSNs and DLMSNs. (H) PL excitation and emission spectra of MSNs and DLMSNs.
Inset in H is the corresponding luminescent photograph of DLMSNs under UV excitation (365 nm) in dark.
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normal cells (BRL3A and HUVE cells), cancer cells (HeLa,
MCF-7 and A549 cells). As shown in Figure 2, those incubated
with DLMSNs, BRL3A, MCF-7, and A549 cells show relative
high cell viability (>90%) at all tested concentrations for 12 and
24 h (Figure 2F, I, J), HUVE and HeLa cells also display
relative high cell viability (>90%) at the concentrations less
than 50 μg/mL for 12 and 24 h (Figure 2G, H). However,
MSNs sample decreases the cell viability in dose and time
manners at all tested concentrations for 12 and 24 h (Figure
2A−E). For example, the viability of HUVE and A549 cells
obviously reduce to about 30% after 200 μg/mL treatment for
12 h (Figure 2B, E).

To ascertain whether DLMSNs or MSNs were uptaken by
cells, we used a flow cytometer to analyze the uptake of
nanoparticles by side scatter signals. Figure S3 in the
Supporting Information shows the uptake of DLMSNs and
MSNs into BRL3A cells after exposure for 3, 6, 9, 12, and 24 h.
The uptake amount of DLMSNs and MSNs exhibits no
significant difference at each time point. Annexin V-FITC/PI
double staining assay was also performed by flow cytometric
analysis to distinguish normal, apoptotic, or necrotic cells. As
shown in Figure S4 in the Supporting Information, one can
observe that MSNs induces significant increase in the fraction
of PI+ cells in comparison with DLMSNs. Moreover, for MSNs-

Figure 2. Evaluation of biocompatibility for DLMSNs and MSNs. The cell viability of BRL3A, HUVE, HeLa, MCF7, and A549 cells treated with
(A−E) MSNs and (F−J) DLMSNs for 12 and 24 h. Hemolysis phenomena and ratio of red cells incubated with (K) MSNs and (L) DLMSNs.

Figure 3. Characterizations and DOX-release profiles of DLMSNs-DOX system. (A) FT-IR spectra of the DLMSNs (blue line), DLMSNs-DOX
(black line), and free DOX (red line). (B) TGA curves of DLMSNs and DLMSNs-DOX under a flow of oxygen. (C) DOX-release profiles for
DLMSNs-DOX at pH 5.0 and at pH 7.4 at 37 °C. (D) PL emission intensity of DLMSNs-DOX as a function of the cumulatively released DOX.
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treated BRL3A cells, the percentage of PI+ cells approximately
increases from 22 to 34% by increasing the concentration of
MSNs. LDH release test further indicates that MSNs-treated
cells exhibit significant LDH increase compared with those of
DLMSNs-treated and the control groups (Figure S5 in the
Supporting Information), indicating that partial PI(+) cells
should be necrosis cells after treatement by MSNs. In addition,
the DLMSNs- and MSNs-treated cells were stained by
lysotracker green to examine the accumulation effect of the
nanoparticles in the lysosome. As shown in Figure S6 in the
Supporting Information, the volume of lysosome significantly
increases in the MSNs-treated cells, but lysosome in the
DLMSNs-treated cells has no significant change compared with
that of control cells. As shown in Figure S7 in the Supporting
Information, MSNs induce an approximately 1.5-fold increase
for ROS level in comparison with that of the untreated group at
24 h, whereas DLMSNs cause about 1.1-fold increase for ROS
level.
In addition, DLMSNs at the highest concentration (200 μg/

mL) appears to be hemolytic (Figure 2L); however, MSNs
show hemolysis at a concentration of 100 μg/mL (Figure 2K).
In summary, the results indicate that DLMSNs exhibit better
biocompatibility in comparison with MSNs.
DOX Loading and Release Properties. To investigate the

controlled release of DLMSNs, we chose DOX as an anticancer
drug model to evaluate the loading and release profiles of
DLMSNs. The FT-IR spectra of DLMSNs, DLMSNs-DOX,
and commercial DOX are shown in Figure 3A. For DLMSNs,
the FT-IR spectrum shows characteristic SiO2 functional groups
of Si−O−Si (νs: 1098 cm−1, νas: 814 cm−1), Si−OH (νs: 965
cm−1), and Si−O (δ: 469 cm−1).6 The obvious absorption
bands at 1640 and 3436 cm−1 are attributed to the O−H
vibration and −OH group from H2O, indicating that a large
amount of −OH groups and H2O are present in DLMSNs,
which are important for binding hydrophilic DOX drug
molecules. For DLMSNs-DOX, the FT-IR spectrum includes
all the absorption bands of bare DLMSNs and DOX, and no
new absorption band can be detected, indicating that the DOX
has been successfully absorbed on DLMSNs. The loading
capacity of DOX into the DLMSNs is about 1400 mg/g at a
similar DOX concentration, which means that the loading
efficiency is 58.33%. The quantitative amount of DOX
adsorbed into DLMSNs was also monitored by thermogravi-
metric (TG) analysis (Figure 3B). One can see that the
respective DOX loading degree of DLMSNs is determined to
be 55.26 wt %, which agrees well with the calculated value.
In vitro release profiles of DOX from DLMSNs were

examined in PBS buffer at pH 7.4 and pH 5.0. From Figure 3C,
one can observe that the DLMSNs-DOX system shows an
initial burst release within 12 h, followed by a slow sustained
release of DOX molecules. The drug release process for the
DLMSNs-DOX system can sustain for more than 300 h. The
initial release may be assigned to the weak adsorption of the
DOX on the outer surface of DLMSNs, and the slow sustained
release of DOX can be assigned to the strong interaction
between DLMSNs and DOX.6,8,16 Moreover, the drug release
rate of DLMSNs at pH 5.0 is faster than that of at pH 7.4,
which indicates that DLMSNs can improve the drug release
efficiency in acidic medium.
The emission intensity of DLMSNs-DOX system as a

function of the cumulative amount of released DOX is shown
in Figure 3D. One can observe that the emission intensity of
DLMSNs-DOX increases with prolonged release time, which

means that the emission intensity increases with the cumulative
release of DOX.

Imaging of DLMSNs-DOX. The fluorescence of empty
DLMSNs, free DOX, and DOX-DLMSNs in HeLa cells was
tested by confocal laser scanning microscopy under the
excitation wavelength of 405 nm for DLMSNs and 488 nm
for DOX. As shown in Figure 4, when HeLa cells were

incubated by empty DLMSNs, only the fluorescence of
DLMSNs appeared. When HeLa cells were incubated with
free DOX, only the fluorescence of DOX could be detected.
When HeLa cells were incubated with DLMSNs-DOX, the
fluorescence of both DLMSNs and DOX was observed. In
addition, we also investigated the changes of luminescence
intensity of released DOX in cells at the condition that 5 ug/
mL DOX loaded DLMSNs for 1, 3, 6, 9, 12, and 24 h. As
shown in Figure 5, the fluorescence intensity of DOX increases
gradually with the increase of release time, which agrees well
with in vitro drug release data in Figure 3D. Moreover, it
should be pointed out that the fluorescence intensity of
DLMSNs also increases with the increase in release time.
To investigate the intracellular localization of DOX released

from the DLMSNs-DOX, we labeled HeLa cells with a
specialized dye for lysosome labeling (LysoTracker Green
DND-26). One can see that free DOX was mostly localized in
the cytoplasm after 9 h incubation. By contrast, the DLMSNs-
DOX was primarily distributed in lysosome (Figure 6).

Anticancer Effect. To evaluate the anticancer effect of
DLMSNs-DOX, we investigated in vitro cytotoxicity of free
DOX and DLMSNs-DOX against HeLa, MCF-7, and A549
cells. Three kinds of cells were incubated with free DOX and
DLMSNs-DOX, and the concentration of DOX was used as
equivalent concentration in all biological experiments. It could
be seen from Figure 7 that DLMSNs-DOX exhibited a potent
anticancer effect against three kinds of cancer cells in a dose-
dependent manner for 12, 24, and 48 h, with results
comparable to free DOX.

Figure 4. Confocal images of intracellular internalization of empty
DLMSNs, free DOX, and DLMSNs-DOX (5 mg/mL) for 9 h at 37
°C. Scale bar is 20 μm.
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■ DISCUSSION
An ideal DDS generally possesses some properties, including
good biocompatibility, appropriate particle size and narrow size
distribution, targeting ability, and sustained and controlled drug
release manner.8,9 As an important class of biomaterials, MSNs
have been studied as drug carriers because of their tunable
particle size, high loading capacity, and good biocompatibil-
ity.6,25 To date, there have been few reports on the facile
synthesis of the hierarchical MSNs with smaller particle size
and their applications in the biomedical field. Recently, Zhang
et al. have successfully synthesized monodisperse MSNs with
tunable pore structure and smaller particle size by a templating
sol−gel route.23 In this paper, in accordance with established
techniques, we have (with some modifications) successfully
synthesized the high yield monodisperse walnut kernel-like
MSNs with diameters of about 100 nm (Figure 1). However,
the biocompatibility test reveals that the as-obtained MSNs
exhibits cytotoxicity to some extent and a relatively poor
biocompatibility (Figure 2), which may seriously undermine
their biomedical application. After an annealing process, the as-
synthesized DLMSNs sample, which inherits the well-defined
morphology and good dispersion of MSNs, exhibits lower
cytotoxicity and better biocompatibility (Figure 1 and 2). In
addition, the BET specific surface area and pore volume and
size increase during the annealing process (Figure 1G), which is
advantageous and favorable for the high drug loading capacity
of drug carriers. Furthermore, during the annealing process,

some carbon defects were introduced into the MSNs host,
resulting in a bright white-blue emission in the rage of 380−600
nm (centered at 441 nm) (Figure 1H). In the synthesis process,
TEOS was hydrolyzed to form −Si−O−Si− networks and
CH3−CH2−O−Si− groups. Most organic compounds were
removed by washing with H2O and ethanol, and the residual
organic additives and ethyl groups still existed in SiO2
networks. When heated, the residual organic components
may decompose and the cleavage occurred in the C−O bonds
to create carbon substitutional defects in the networks (−Si−
O−C−O−Si−), which was assumed to be the luminescent
species in the silica lattice.37 Under the UV excitation, the as-
formed −Si−O−C−O−Si− cleaved into −Si−O−C• and
•O−Si−, which included an electron localized in 2p orbital of
the C−O bonds. These defect centers would induce
luminescence via strong electron-photon coupling.37−39 Thus,
the defect-related luminescent carrier may confer a possibility
to monitor and track the carrier fate, which is of considerable
significance for systematically studying the metabolic pathways
of inorganic drug carriers.
In the drug-loaded carrier system, great emphasis has been

put on the drug release and the subsequent cytology effect. In
particular, more attention should be paid for the biocompat-
ibility of carrier itself. It is well-known that efficiency and safety
of nanoparticles is crucial for drug carriers. In terms of
cytotoxicity, many factors may affect the potential toxicity of
nanoparticles including the particle size, morphology, surface
charge, chemical compositions, aggregation tendency, and
surface functionalization. These factors would also influence
the target cellular compartments when the nanoparticles were
uptaken by cells, which may induce significant toxic effects
during the process.40,41

In our work, DLMSNs and MSNs are taken almost equally
by BRL3A cells at each time point (Figure S3 in the Supporting
Information), but the death rate of MSNs-treated BRL3A cells
is higher than that of DLMSNs-treated cells as revealed by PI
binding (Figure S4 in the Supporting Information). As we
know, necrotic cells generally undergo damage of organelle and
plasma membrane and release intracellular components such as
LDH. The concentration of released LDH from cells to
medium can be used to quantify the necrosis. It can also be
seen that the concentration of released LDH in MSN-treated
cells is much higher than those of DLMSNs-treated and control

Figure 5. Confocal images of DLMSNs-DOX (5 mg/mL DOX) in HeLa cells for 1, 3, 6, 9, 12, and 24 h at 37 °C. The DLMSNs or DOX
fluorescence is defined as blue or red, respectively. Scale bar is 20 μm.

Figure 6. Confocal images of intracellular distribution of DLMSNs-
DOX and free DOX in HeLa cells.
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groups (Figure S5 in the Supporting Information). Lysosomes
as hydrolase-rich organelles are acidic and play a crucial role in
intracellular protein recycling, which is closely related to cell
death process.42,43 Generally, the destabilization of lysosomal
proteins induces lysosomal membrane permeabilization
(LMP). In this case, the accumulation of MSNs into lysosome
may cause permeabilization of lysosomal membranes. MSNs-
induced permeabilization causes an influx of water and leads to
lysosomal swelling (Figure S6 in the Supporting Information).
The swelling lysosomes are apt to break down and cause
cytosolic acidification, followed with the degradation of
intracellular compartments and resulting in necrosis.43 It can
be concluded that the cell toxicity induced by MSNs and
DLMSNs may have no relationship with their uptake, but there
is a significant relationship with lysosome permibility.
On the other hand, oxidative stress has been considered the

common way for nanomaterial-induced toxicity.44 ROS, which
may cause lysosomal membrane permeabilization, is essential in
signal transduction for cell growth and proliferation. High level
of ROS generally induces various dysfunctions of cells including
the damage of membrane, DNA, and protein, apoptosis, or
necrosis.45 In our study, the ROS level of MSNs-treated cells
are much higher than those of DLMSNs-treated and the
control groups (Figure S7 in the Supporting Information). The
result reveals that the MSNs-induced cell death through
necrosis involving early lysosomal destabilization and intra-
cellular ROS increase, which further indicates that DLMSNs
exhibit better biocompatibility than that of MSNs and may be
more suitable for drug delivery.
As an efficient drug carrier, the high drug-loading capacity is

necessary. The loading capacity of the as-synthesized DLMSNs
is about 1400 mg/g DOX with loading efficiency of 58.33%,

which exhibits the high drug-loading capacity. The result has
also been confirmed by TG analysis (Figure 3B). From DOX
release profile in vitro, the DLMSNs-DOX system shows an
initial burst release within 12 h, followed by the slow sustained
release process (Figure 3C). During the carcinoma treatment,
the initial burst release is favorable in order to reach a sufficient
dosage of drugs, which can effectively prevent tumor growth.
On the other hand, the sustainable release is desirable to inhibit
the proliferation of the survival cancer cells.19 The overall
release process of the DLMSNs-DOX can sustain for more than
300 h. Such prolonged and gradual release behavior is
preferable for the enhanced efficiency of tumor therapy,
because continually sustained DOX release from carrier can
effectively prevent tumor growth in long-term treatment.3 The
cumulative drug release of DOX from DLMSNs carrier in PBS
(pH 7.4) exhibits slower release than in acetate buffer (pH 5.0)
(Figure 3C). This is because the protons can easily penetrate
the mesopores in acidic buffer solution to protonate the amino
group of DOX, thus accelerating the drug release.46 The pH-
sensitive release behavior is preferable for tumor therapy. In this
case, most of the anticancer drug can remain encapsulated in
DLMSNs during circulation, but the drug release can be
triggered when the DLMSNs-DOX reaches the acidic tumor
tissues. The similar pH-responsive release properties were also
reported for other nanocarriers in previous literatures.47,48

Fluorescence is one of the attractive detection methods in
proteomics, genomics, and cell biology. In particular, the
fluorescent nanoparticles has been widely utilized as biolabel-
ing, which leads to major advances in biomedical imaging.49,50

In the drug delivery field, the luminescent drug carriers can
monitor the drug release behavior.6,8,16 Because of the uniform
morphology, mesoporous structure, large surface areas, good

Figure 7. Anticancer effect of DLMSNs-DOX and free DOX. In vitro viability of HeLa, MCF-7, and A549 cells incubated with DLMSNs-DOX and
free DOX for 12, 24, and 48 h. Cell viability between two groups were analyzed with concentration of DLMSNs-DOX and free DOX under different
treatment time (*P < 0.05, **P < 0.01, ***P < 0.001).
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biocompatibility as well as excellent luminescence properties,
the as-synthesized DLMSNs may be potentially applied as a
promising detectable drug carrier in drug delivery field. The PL
emission intensity of DLMSNs-DOX system as a function of
the cumulative amount of released DOX was also investigated
(Figure 3D). With the increase in release time, the PL intensity
of DLMSNs in DLMSNs-DOX system gradually increases with
the cumulative released DOX. The reason may be that the
DOX molecules harbor the ability to quench some luminescent
centers of DLMSNs, thus decreasing the luminescence intensity
of drug carrier. By increasing the release time, the quenched
luminescent centers of DLMSNs can recover accompanied by
the release of DOX, which result in the enhancement of the PL
emission intensity. On the basis of the relationship between the
fluorescence intensity and drug release extent, the as-
synthesized drug carrier DLMSNs can be potentially applied
as a luminescent probe for tracking the drug release process.
The similar result was also verified by the confocal laser
scanning images of DLMSNs-DOX releasing in HeLa cells
(Figure 5). It can be observed that the brightness of DOX and
DLMSNs increase gradually with prolonged release time
(Figure 5).
To further evaluate the efficiency of the drug-loading system

for tumor therapy in vitro, we first investigated the intracellular
localization of DLMSNs-DOX system. After incubation with
HeLa cells for 9 h, most free DOX was localized in the
cytoplasm, whereas the DLMSNs-DOX was primarily dis-
tributed in the lysosome (Figure 6). Thus, the DOX can
efficiently release from the DLMSNs-DOX system which was
mainly distributed in lysosome due to the acidic environment of
lysosome (pH 5.0).48,51,52 The released DOX from DLMSNs-
DOX increased in the cytoplasm with elapsed time (Figure 5).
The above results suggest that the DLMSNs-DOX may induce
a continual release of DOX and ensure a sustained and
sufficient DOX dosage to continually kill tumor cells.52 In vitro
cytotoxicity of free DOX and DLMSNs-DOX against HeLa,
MCF-7,and A549 cells was also studied. The results indicated
that DLMSNs-DOX exhibited a potent anticancer effect against
three kinds of cancer cells in a dose-dependent manner for 12,
24, and 48 h (Figure 7), with results comparable to those of
free DOX.

■ CONCLUSIONS

Monodisperse DLMSNs with diameters about 100 nm have
been fabricated by a templating sol−gel route followed by an
annealing treatment. The as-obtained DLMSNs drug carrier
exhibits well-defined morphology, excellent biocompatibility,
high drug loading capacity, bright luminescence as well as high
drug loading capacity. The emission intensity and confocal laser
scanning images indicate that the PL luminescence of DLMSNs
increases gradually with the sustained release of DOX in the
DLMSNs-DOX system. The as-synthesized DLMSNs material
may be potentially applied as a luminescent carrier in detecting
the drug release behavior. Moreover, the DDS exhibits a potent
anticancer effect against three kinds of cancer cells. Because of
the uniform morphology, mesoporous structure, large surface
areas and pore volume, good biocompatibility, as well as
excellent luminescence properties, the as-synthesized DLMSNs
may well function as a promising detectable drug carrier in the
drug-delivery field.
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