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Abstract: The design of an ideal drug delivery system with
targeted recognition and zero premature release, especially
controlled and specific release that is triggered by an exclusive
endogenous stimulus, is a great challenge. A traceable and
aptamer-targeted drug nanocarrier has now been developed;
the nanocarrier was obtained by capping mesoporous silica-
coated quantum dots with a programmable DNA hybrid, and
the drug release was controlled by microRNA. Once the
nanocarriers had been delivered into HeLa cells by aptamer-
mediated recognition and endocytosis, the overexpressed
endogenous miR-21 served as an exclusive key to unlock the
nanocarriers by competitive hybridization with the DNA
hybrid, which led to a sustained lethality of the HeLa cells. If
microRNA that is exclusively expressed in specific pathological
cell was screened, a combination of chemotherapy and gene
therapy should pave the way for a targeted and personalized
treatment of human diseases.

Mesoporous silica nanoparticles (MSNPs) have been
considered as the most promising candidate for the fabrica-
tion of drug delivery systems with zero premature release,
targeted delivery, and spatio-temporal controlled release by
virtue of their controllable mesoporous structure, a high
specific surface area, and good biocompatibility.[1] More
importantly, multifunctional MSNPs with targeting and

tracking capabilities can be developed because mesoporous
silica not only provides a modifiable interface for conjugation
with recognizing biomolecules, but it also acts as a universal
scaffold for combination with magnetic or luminescent
materials.[2] To date, a large number of drug delivery systems
that are based on MSNPs have been developed by employing
nanoparticles,[3] supramolecular assemblies,[4] polymer multi-
layers,[5] DNA,[6] and proteins[7] as gatekeepers, and subse-
quently using redox chemistry,[8] changes in pH value[9] or
temperature,[10] enzymes,[11] competitive binding,[6a] or photo-
irradiation[12] as stimuli to trigger on-command drug release.
Although some capping–releasing systems are well-designed,
there is still a long way to go to practically apply them in vitro
and in vivo owing to the unobvious difference between tumor
cells and peripheral normal tissues in terms of temperature,
pH value, chemical composition, and enzyme concentra-
tion.[13] Therefore, there is an urgent need for effective drug
release systems that respond to specific endogenous stimuli,
in particular to biomolecules that are aberrantly expressed in
tumor tissues.

MicroRNAs (miRNAs) are short non-coding RNA mol-
ecules that regulate gene expression in various cellular
processes. Particularly during cancer initiation, development,
and metastasis, tumors demonstrate distinct miRNA expres-
sion profiles compared to their normal tissue counterparts,
thus providing novel biomarkers for cancer diagnosis[14] and
classification[15] as well as potential therapeutic targets. As
one of the oncogenic miRNAs, miR-21 was reported to be
overexpressed in various human cancers, and inhibition of its
expression by delivering antisense oligonucleotides (anti-
miR-21) could activate caspase-dependent apoptosis, which
would ultimately lead to the eradication of the tumor cells.[16]

Furthermore, through general molecular design, the anti-
miR-21 strand can be coupled with a DNA aptamer to form
a DNA hybrid with a specific recognition capability towards
the receptors that are overexpressed on the surfaces of the
target tumor cells and with an exclusive response to miR-21
through complementary base pairing. More excitingly,
because of the secondary structure of the aptamer, which
may be duplex, quadruplex, or hairpin stem, the designed
DNA hybrid is not only a promising target agent for dual
recognition towards biomolecules and cells, but also a desir-
able gatekeeper for controlled drug release.

Herein, we report a proof of concept for the fabrication of
a traceable and dual-targeted drug delivery system that is
based on DNA-hybrid-capped mesoporous silica-coated
quantum dots (MSQDs); drug release is controlled by
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miRNA. The DNA hybrid was synthesized by coupling anti-
miR-21 at the 3’ end of the AS1411 aptamer, which is
a guanine-rich oligonucleotide that can form a stable
G-quadruplex structure to specifically target nucleolin,
which is overexpressed on tumor cell surfaces.[10,17] Multi-
functional MSQDs were loaded with Doxorubicin (Dox) and
then capped with the DNA hybrid by forming 12 base pairs
between parts of anti-miR-21 and the anchor-DNA on the
nanoparticles to form a DNA gate to prevent leaking of Dox
(Scheme 1). By recognition of AS1411, the nanocarriers

exclusively entered the target tumor cells, whereas their
nonspecific uptake by normal cells was minimized owing to
polyethylene glycol (PEG). Subsequently, miR-21, which is
overexpressed in the cytoplasm of tumor cells, served as an
exclusive key to unlock the gate by competing against anchor-
DNA to fully hybridize with anti-miR-21, thereby triggering
on-command release of Dox from AS1411-MSQDs-Dox-
PEG. At the same time, anti-miR-21 consumed miR-21
strands by complementary base pairing, and thus acted as an
inhibitor to suppress the expression of miR-21, which led to
an enhanced efficacy of the chemotherapy. Therefore, max-
imum therapeutic efficacy and minimum side effects were
achieved by virtue of the aptamer-targeted delivery and
miRNA-targeted drug release.

Transmission electron microscopy (TEM) revealed that
all three different types of nanoparticles were of a similar and
uniform size with a mean diameter of 100 nm (Figure 1a).
However, the hydrodynamic diameter of anchor-MSQDs
significantly increased from 105� 7 nm to 136� 11 nm, which
indicates a successful conjugation of anchor-DNA (Support-
ing Information, Figure S1). Detailed characterization studies
(Figure S2 and S3) revealed that the MSQDs possessed well-
ordered porous structures with typical MCM-41 hexagonal

arrangements, high specific surface areas (787 m2 g�1), and
well-defined pore sizes (ca. 3.8 nm). Furthermore, the success
of the surface functionalization processes was confirmed by
solid-state NMR spectroscopy (Figure S4) and Fourier trans-
form infrared (FTIR) spectroscopy (Figure S5).[10, 18] Mean-
while, by monitoring the variations in the UV/Vis absorbance
spectrum, the amount of anchor-DNA that is linked to the
anchor-MSQDs could be optimized to be 11.6 nmol mg�1

(Figure S6). After Dox loading and DNA hybrid capping,
AS1411-MSQDs-Dox nanocarriers with a Dox loading
capacity of 113.2 mgg�1 and a DNA hybrid capping amount
of 4.6 nmol mg�1 were obtained (Figure S7). Finally, mPEG-
SPA (SPA = succinyl propionate), which can rapidly react
with amine residues in an aqueous solution, was conjugated
onto the nanocarriers to generate AS1411-MSQDs-Dox-PEG
nanoparticles, which exhibited an improved long-term stabil-
ity in cell culture medium (Figure S8). Moreover, amine-
MSQDs displayed strong fluorescence with a quantum yield
of 17.1% (Figure 1b,c; see also Figure S9) and remarkable
photostability owing to the protection of the silica shell; these
properties facilitate the tracking of the intracellular drug
delivery.

The mechanism of the miR-21 triggered release was first
checked by polyacrylamide gel electrophoresis. The single
emission band (lane 1; Figure 2a, b) was assigned to the
robust formation of 12 base pairs between anchor-DNA and
DNA hybrid. With the subsequent addition of equivalent
miR-21 (lane 2), a slower migration rate was observed, which
is due to the competitive formation of 22 base pairs between
miR-21 and the DNA hybrid, whereas an insufficient amount
of miR-21 led to scattering bands (lane 3). Moreover, the
addition of nontarget miRNA� only displayed a negligible
influence on the displacement binding results (lanes 4, 5).
Afterwards, the controlled release of Dox from AS1411-
MSQDs-Dox-PEG was monitored by measuring its fluores-
cence at 580 nm. A further Dox leaking of 1.3% was observed
from the nanocarriers after the addition of nontarget
miRNAs (Figure 2c; step i), which indicates that the designed

Figure 1. a) TEM images of MSQDs, anchor-MSQDs, and AS1411-
MSQDs-Dox-PEG. b) UV/Vis and fluorescence spectra of QDs and
amine-MSQDs. c) Photographs of amine-MSQDs with or without UV
excitation.

Scheme 1. Preparation and application of miRNA-responsive controlled
drug delivery nanocarriers. Stage I: functionalization of MSQDs with
amine groups; stage II: conjugation of anchor-DNA; stage III: Dox
loading, DNA hybrid capping by forming 12 base pairs with anchor-
DNA, and PEGylation; stage IV: AS1411-targeted recognition and
endocytosis; stage V: controlled release of Dox by uncapping the DNA
hybrid with miR-21 by competitive formation of 22 base pairs.
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method is highly selective. However, once the miR-21
molecules were added, rapid release of Dox (15.5% in
step ii, 22.1 % in step iii) was observed, which is due to the
dissociation of the DNA hybrid from the nanocarriers by
competitive displacement reactions. In comparison, the use of
a control structure of Hybrid’-MSQDs-Dox-PEG with
a single DNA strand as the capping domain led to a sustained
Dox release in the absence of miR-21, which confirms the
importance of the G-quadruplex structure in capping the
mesopore channels. The diameter of the G-quadruplex was
reported to be 2.4 nm,[10] which is suitable for capping the
3.8 nm wide pore. Furthermore, by adjusting the concentra-
tion of miR-21, the release rate and the amount of Dox could
be controlled (Figure 2d; see also Figure S10). Considering
the possible degradation of the DNA gate, which can be
induced by variations in the intracellular pH value and by
enzymes, the stability of the drug delivery system was
evaluated by determining the release of the drug in different
buffer and enzyme solutions (Figure S11). In the absence of
miR-21, the DNA hybrid effectively prevented the release of
Dox from the nanocarriers even in an acidic environment
(pH 5) and in enzyme solution (containing DNase Iendonu-
clease and a single-stranded DNA binding protein). Upon the
addition of miR-21, rapid drug release was observed in all
media. Therefore, after conjugation onto the nanoparticles,
the function of the DNA gate could be preserved in the
presence of endogenous enzymes or in an acidic environment
during drug delivery.[19]

To assess the target efficiency and specificity of the
AS1411-MSQDs-Dox-PEG, confocal laser scanning micros-

copy (CLSM) and flow cytometry analysis were performed by
determining the fluorescence of the loaded Dox. The
fluorescence emission was stronger for HeLa cells than for
NIH 3T3 cells because the specific interaction between
AS1411 and nucleolin, which is overexpressed on the
membrane of HeLa cells, led to an enhanced uptake of the
nanoparticles (Figure S12). Otherwise, treatment of the HeLa
cells with AS1411 molecules to inhibit the binding affinity of
nucleolin would drastically decrease the target efficiency of
the nanocarriers and thus reduce the fluorescence intensity in
the inhibition assay, corroborating that the uptake was mainly
induced by the specific interaction between AS1411 and
nucleolin. Moreover, because of the additional PEGylation,
the nonspecific adsorption of the AS1411-MSQDs-Dox-PEG
onto the NIH 3T3 cells was significantly reduced compared
with AS1411-MSQDs-Dox (Figure S12b), resulting in an
enlarged uptake distinction between the target cells and
normal cells, which is beneficial for alleviating side effects.

The traceability of the AS1411-MSQDs-Dox-PEG nano-
carriers was investigated by CLSM during intracellular
delivery and drug release. Most of the nanocarriers were
trapped inside the endosome/lysosome, while some had
successfully escaped into the cytoplasm by means of the
proton-sponge effect (Figure S13–S15).[20] Upon uncapping
by endogenous miR-21, Dox gradually diffused from the
nanocarriers into the cell nucleus, whereas the nanoparticles
were left outside because of size exclusion, as the nuclear
pores have a diameter of only 20–70 nm.[21] Consequently, the
interaction between Dox and DNA inhibits macromolecular
biosynthesis and induces cell death.[22] The therapeutic
efficacy of the nanocarriers was evaluated by MTT tests
(MTT= 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Figure S16). By virtue of the efficient capping and
specific recognition of the DNA hybrid, a low dosage of the
AS1411-MSQDs-Dox-PEG nanocarriers led to a sustained
lethality of the HeLa cells; however, damage to NIH 3T3
cells, which could be caused by weak nonspecific adsorption,
was very small, which indicates a high therapeutic efficacy and
negligible side effects. Nevertheless, although miR-21 is
overexpressed in most cancer cells,[16c] its relatively low
concentration triggers insufficient uncapping at high concen-
trations of AS1411-MSQDs-Dox-PEG, which leads to an
unsatisfactory mortality rate of the HeLa cells.

To maximize therapeutic efficacy, a greater number of
miR-21 strands are needed to uncap the AS1411-MSQDs-
Dox-PEG nanocarriers for drug release. To date, many
methods have been developed to modulate the expression
of miRNAs; these include the delivery of miRNAs or their
antisense strands, the use of ionizing radiation, and treatment
with molecular inhibitors.[23] As a proof of concept, we
modulated the expression levels of miR-21 by transfecting
synthesized miR-21 into HeLa cells. Quantitative polymerase
chain reaction (qPCR) experiments were conducted to assess
the expression levels of intracellular miR-21 after transfection
with miR-21 mimics and antisense oligonucleotides, which
contribute to up- and down-regulation, respectively (Fig-
ure 3c). The expression alteration showed an obvious impact
on drug release (Figure 3a and Figure S17), as a burst release
of Dox was observed after the first six hours owing to the

Figure 2. a) Uncapping mechanism by competitive hybridization
between miR-21 and DNA hybrid/anchor-DNA. b) Results from dis-
placement binding of miR-21 with DNA hybrid/anchor-DNA by poly-
acrylamide gel electrophoresis. miRNA’ served as the non-target
control. c) Release profiles of AS1411-MSQDs-Dox-PEG and Hybrid’-
MSQDs-Dox-PEG (single DNA strand as capping domain) after
successive addition of non-target miRNA (i), and miR-21 (ii and iii) in
phosphate-buffered saline (PBS; 10 mm, pH 5.0). d) Release profiles of
AS1411-MSQDs-Dox-PEG with addition of different concentrations of
miR-21 in PBS. The ratios of the amounts of added miR-21 to DNA
hybrid were 0, 1, 2, 3, respectively.
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accelerated uncapping after miR-21 transfection. A mass of
apoptotic bodies (marked in the confocal images; Figure 3a
and Figure S18) appeared after 24 hours, which indicated that
most of the cells were induced to apoptosis, suggesting an
intensified cytotoxicity compared with the control group.
MTT results further confirmed that the therapeutic efficacy
dramatically improved with an increase in the amount of
intracellular miR-21 (Figure 3b). However, unexpected high
cell viability was observed after introducing too much of miR-
21 into the HeLa cells (Group 5), which might be attributed to
the fact that an increase in the amount of intracellular free
miR-21 strands enhanced the resistance of the cells to Dox by
blocking the expression of critical apoptosis-related genes in
the HeLa cells.[16b,24] Therefore, the release of Dox from
AS1411-MSQDs-Dox-PEG nanocarriers can be controlled
on command by adjusting the expression of miR-21. In return,
the consumption of miR-21 by hybridizing with the DNA
hybrid objectively results in down-regulation of miR-21 and
thus activates the caspase-dependent apoptotic cell death
pathway, exerting a positive effect on the cancer therapy.

In summary, a DNA hybrid that consists of an aptamer
and an antisense oligonucleotide of miR-21 was synthesized
as a gatekeeper to cap nanocarriers. Because of the over-
expression of nucleolin and miR-21 in cancer cells, aptamer-
targeted delivery and miRNA-controlled release were ach-
ieved simultaneously, which resulted in maximum therapeutic
efficacy and minimal side effects. More importantly, consid-
ering the complexity of the regulation network, which is
composed of miRNAs and their multiple gene targets, this

miRNA-responsive drug delivery model paves the way for
combining chemotherapy and gene therapy to obtain an
optimized therapeutic efficacy in cancer treatment. Further-
more, with the development of cell-SELEX (SELEX = sys-
tematic evolution of ligands by exponential enrichment) and
miRNA expression profile technology,[25] more specific
aptamers and exclusive miRNAs in pathological cells can be
screened and applied to this versatile method to fabricate
targeted and personalized drug delivery systems for the
clinical treatment of human diseases.
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