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M
esoporous SiO2 (MP-SiO2) is a use-
fulmaterial due to its porous struc-
ture that allows the encapsulation

of substrates and to the ability to modify its
surface.1 These properties of MP-SiO2 were
implemented to develop new catalysts,2�4

drug delivery systems5�7 and imaging mate-
rials.8�10 The chemical modification of MP-
SiO2 enabled the design of stimuli-responsive
MP-SiO2 nanoparticles. Specifically, the cap-
ping of the pores that include entrapped
substrates with stimuli-sensitive units en-
ables the gating of the pores by the signal-
triggered “unlocking” of the pores, and the
controlled release of the entrapped sub-
strate. Different external stimuli were applied
to “unlock” the pores, including photonic
signals,11�13 redox signals,14�16 pH,17�19 and

enzymes.20�23 Furhtermore, supramolecular
constructs, acting as molecular machines
(valves), were assembled as capping units of
theMP-SiO2 pores, thus allowing themechan-
ical release of the entrapped material.24,25

Nucleic acids have been implemented as
stimuli-responsive capping units of the
pores associated with MP-SiO2 nanoparti-
cles (NPs).26�28 Duplex DNA structures that
included in one of the strands the adenosine
50-triphosphate (ATP)-aptamer sequence
were used to block the pores of MP-SiO2.
The formation of the ATP-aptamer complex
released one of the strands, thus leading
to the opening of the pores and the release
of the entrapped substrate.29 Similarly, pH-
sensitive nucleic-acid-functionalized MP-
SiO2 nanoparticles (NPs) were prepared.30
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ABSTRACT DNA-gated mesoporous SiO2 nanoparticles, MP-SiO2 NPs, loaded

with rhodamine B, RhB, act as “smart” materials that reveal complementary

“sense” and “release” functionalities. The unlocking of the DNA pore-capping units

is achieved by the biocatalytic cleavage of the DNA, and the unlocking process is

amplified by the regeneration of the analyte-trigger. The RhB-loaded MP-SiO2 NPs

are capped with nucleic acid hairpin structures that lock the RhB in the pores. Opening of the hairpin structures by a nucleic acid analyte trigger or by the

formation of an aptamer�substrate (ATP) complex leads to the formation of duplex structures being cleaved by exonuclease III, Exo III, or the nicking

enzyme, Nb. BbvCI. This results in the regeneration of the target analytes, the autonomous unlocking of the pores, and the release of RhB. The systems

reveal selectivity, and one-, two-, three-base mutations in the target DNA, or substitution of ATP with other triphosphate nucleotides, prohibit the

unlocking of the pores. In analogy to the biocatalytic release of the model fluorophore substrates, the anticancer drug camptothecin, CPT, was entrapped in

the pores and locked by the 1 or 11 hairpin structures. The drug was released from the pores in the presence of the nucleic acid 2 or ATP and the Exo III, as

biocatalyst. Similarly, CPT locked in the pores by the 6 or 12 hairpins were released from the pores in the presence of ATP and Nb. BbvCI, as nicking enzyme,

respectively. The effects of the CPT-loaded MP-SiO2 NPs, capped with the ATP-dependent lock 6, on the viability of MDA-231 breast cancer cells and MCF-10a

normal breast cells were examined. We find that after 48 h, 65% cell death was observed for the MDA-231 cancer cells, where only 25% cell death was

observed for the normal cells. The higher cell death of the cancer cells correlates well with the enhanced metabolic synthesis of ATP in the cancerous cells.
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While the i-motif quadruplex structure of the capping
nucleic acids, at pH = 5.2, locked the substrate in the
pores, the dissociation of the i-motif structure at pH =
7.2 unlocked the pores and allowed the release of the
substrate. In addition, thymine-Hg2þ-thymine bridged
nucleic acid duplexes were implemented to block the
pores of MP-SiO2 NPs, and the removal of the bridging
nucleic acid released the pore-entrapped substrate.31

The photonically driven opening of nucleic acid
capped MP-SiO2 NPs was also reported.32 By one
approach, the pH changes stimulated by the irradiation
of a triphenylcarbinol photoactive compound was
used to dissociate i-motif-capped MP-SiO2 NPs and
release the entrapped substrate. By a second ap-
proach, photoisomerizable trans-azobenzene units
were used to cooperatively stabilize duplex DNA struc-
tures that cap the pores of the MP-SiO2 NPs. Photo-
isomerization to the cis-azobenzene state decreased
the stability of the duplex DNA structure, resulting in
their dissociation, the pore opening and the release of
the entrapped substrate.33 Besides the opening of the
pores of the nucleic-acid-capped MP-SiO2 NPs with
chemical or photonic signals, biocatalytic transforma-
tions of the fragment of the nucleic acid capping units
were also implemented to lock and open the pores. For
example, deoxyribonuclease hydrolysis of duplex DNA
capping units was used to open the pores.34 Recently,
DNAzyme�substrate complexes were used to lock the
pores of the MP-SiO2 NPs and release the substrates
upon the addition of the DNAzyme cofactor, e.g., Mg2þ

or Zn2þ ions.35 In all of these catalytic systems, the
stimulated opening of the pores and the release of the
substrates proceeded as a passive reaction. It would be
a major advance if one could design gated systems,
where the biocatalytic process is activated by a primary
sensing or recognition event of an analyte or bio-
marker of particular interest, and where the biocat-
alytic process recycles and regenerates the analyte.
Such systems could release a substrate (drug), as a
result of detection of minute amounts of biomarkers.
In the present study, we describe the gating of the

pores of MP-SiO2 NPs with functional nucleic acids and
the unlocking of the pores by a coupled recognition/
biocatalytic effect. The recognition events of an analyte
(biomarker) transform the capping element into a new
functional element that undergoes biocatalytic scis-
sion. The scission process fragments a part of the
capping unit and releases the analyte biomarker for
the further autonomous catalytic degradation of the
capping element, thus unlocking the pores and allow-
ing the release of the pore-entrapped material. Thus,
we present here the assembly of “smart”model mate-
rials that sense biomarkers that trigger the autono-
mous biocatalytic unlocking of the pores and the
release of substrates (analogs for drugs) from the pore
containers. The biocatalytic regeneration of the bio-
markers provides an amplification mechanismwhere a

low amount of the biomarkers allows the release of
high content of the entrapped substrate (drug).

RESULTS

Aminopropylsiloxane-MP-SiO2 NPs (300 nm in dia-
meter, as shown in Figure S1 (Supporting Informa-
tion)) werepreparedaccording to the reportedmethod.30

The mesoporous materials exhibited a surface area
corresponding to 733 m2/g, an average pore diameter
of 2�3 nm and average pore volume of 0.19 cm3/g, as
shown in Figure S2 (Supporting Information).
Figure 1A depicts a coupled sensing/biocatalytic

unlocking process that implements nucleic acid func-
tionalizedMP-SiO2 NPs and exonuclease III, Exo III,

36�38

as biomarker regeneration biocatalyst. Exo III requires
for its biocatalytic activity a duplex structure, and it
hydrolytically digests the 30-end of the duplex DNA
structure. Accordingly, the 50-end of the nucleic acid (1)
was covalently linked to amine-functionalized MP-SiO2

NPs using sulfo-EMCS as covalent cross-linker. The
nucleic acid 1 includes a tailored base sequence that
generates at room temperature a hairpin structure that
includes a single-stranded loop for the recognition of a
nucleic acid biomarker. The hairpin structure reveals,
however, a low melting temperature (67.3 �C) and,
thus, exists at higher temperatures in a random coil
single-stranded configuration, and at room tempera-
ture (25 �C), it folds to the energetically stabilized
hairpin structure. Thus, the pores of the MP-SiO2 are
loaded with rhodamine B, RhB, as fluorescent dye, at
90 �C, where the nucleic acid 1 is in the random coil
configuration. The system was then allowed to cool
to 25 �C, where 1 folds into the hairpin structure.
Figure S3 (Supporting Information) depicts the images
of the MP-SiO2 before and after loading with RhB.
The MP-SiO2 NPs loaded with RhB are colored with
the dye, but the fluorescent dye is nonremovable,
implying that the dye is, indeed, trapped in the pores.
The results following the washing of the MP-SiO2 NPs
and the removal of any fluorescent dye linked to the
exterior region outside the pores are shown in Figure S4
(Supporting Information). Treatment of the 1-capped
MP-SiO2 NPs with the analyte (biomarker) nucleic acid
2 results in the opening of the hairpin to form a duplex
structure. The 30-end of the duplex structure is hydro-
lytically “digested” by Exo III, resulting in the shortage
of 1 and the release of the analyte (biomarker) strand
(2). The latter strand opens a further hairpin structure
and leads to the subsequent cleavage of the resulting
duplex through the digestion of the 30-end. That is, the
analyte (biomarker) is sensed by the hairpin structure,
and it triggers the autonomous Exo III regeneration of
the analyte and the unlocking of the pores, while
releasing RhB. Note that the analyte (biomarker)
strand, 2, is not affected by Exo III, since it includes a
single-stranded 30-ended nucleic acid tether. Figure 1B
shows the fluorescence intensities of the released RhB,
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after a fixed time interval of 60min, and in the presence
of 1 U/μL Exo III, using different concentrations of the
analyte�biomarker to trigger the opening of the pores.
As the concentration of the analyte�biomarker in-
creases, the content of the released dye within the
time interval of 60 min is higher, consistent with the
increase in primary opening of the hairpins by 2 that
triggers the regeneration of the target�biomarker and
the Exo III-stimulated opening of the pores. Similarly,

Figure 1C shows the fluorescence intensities of the
released RhB in the presence of the 1-capped MP-SiO2

NPs, and a fixed concentration of the analyte�
biomarker 2, 1 μM, upon treatment with different
concentrations of Exo III for a fixed time interval of 60
min. Evidently, as the concentration of Exo III increases,
the amount of the released RhB is higher, consistent
with the enhanced opening of the hairpin-locked MP-
SiO2 NPs by the autonomous Exo III regeneration of the

Figure 1. (A) Unlocking of hairpin-cappedmesoporous SiO2 NPs and the release of rhodamine B, RhB, using an analyte�DNA
biomarker (2) as activator for opening the hairpins and implementing Exo III as biocatalyst for the regeneration of the
DNA�biomarker. (B) Fluorescence spectra corresponding to the release of RhB upon subjecting the MP-SiO2 NPs (10 mg) to
different concentrations of the biomarker analyte in the presenceof Exo III (1 U/μL), for afixed time interval of 60min: (a) 0 nM;
(b) 50 nM; (c) 100 nM; (d) 500 nM; (e) 1 μM; (f) 2.5 μM. (C) Fluorescence spectra corresponding to the release of RhB upon
subjection of the MP-SiO2 NPs (10 mg) to different concentrations of Exo III in the presence of a constant concentration of
2 (1 μM), for a fixed time interval of 60 min: (a) 0 U/μL; (b) 0.05 U/μL; (c) 0.1 U/μL; (d) 0.5 U/μL; (e) 1 U/μL; (f) 2 U/μL. (D) Time-
dependent fluorescence changes observed upon the release of RhB from the MP-SiO2 NPs by: (a) the RhB-loaded system
without treatment with the biomarker (2) or Exo III; (b) treatment of the RhB-loaded system only with the biomarker�DNA, 2,
(1 μM)without adding Exo III; (c) treatment of the RhB-loaded systemonlywith Exo III (1 U/μL) andwithout the addition of (2); (d)
treatment of the RhB-loaded MP-SiO2 NPs with 2 (1 μM) and Exo III (1 U/μL). (E) Fluorescence spectra of the release RhB upon
treatment of the hairpin-locked, RhB-loaded MP-SiO2 NPs with: (a) no DNA�biomarker; (b�d) treatment with the one-, two-,
three-base mutants DNA biomarker 3, 4, and 5, respectively, each 1 μM; (e) treatment with 2 (1 μM). In all experiments, Exo III
(1 U/μL) was included in the systems, and the fluorescence spectra were recorded after a fixed time interval of 60 min.
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target biomarker units. Figure 1D shows the rate of
release of RhB from several control systems that include
the RhB-entrapped MP-SiO2 NPs. The entrapped RhB
leaks out from the hairpin-capped pores even in the
absence of the target analyte�biomarker, curve a.
The leakage of RhB is very similar in the presence of
only the target or the Exo III, curves b and c, respec-
tively. The rapid release of RhB proceeds only in
the presence of the analyte target (1 μM) and Exo III
(1 U/μL), curve d. After 60min the released RhB reaches
a saturation value. Using an appropriate calibration
curve, we estimated that the released amount of RhB
was ca. 8.5 μmol/g MP-SiO2 NPs. The release process of
RhB from the MP-SiO2 NPs is, also, very sensitive to the
primary sensing of the biomarker�analyte. Figure 1E
shows that one-, two-, or three-base mutations in the
target�biomarker, strands 3, 4, and 5, respectively, do
not open the hairpin-capping units and do not activate
the Exo III autonomous cleavage of the capping units.
The release of the RhB using 3, 4, or 5 as analyte�
biomarkers, and in the presence of Exo III, proceeds
inefficiently and is very similar to the background
leakage of RhB from the channels, Figure 1D,
curves a, b, and c.
A further biocatalytically stimulated opening of

hairpin�nucleic-acid-capped pores of MP-SiO2, and
the release of the entrapped substrate, is described
in Figure 2A. The MP-SiO2 NPs are functionalized with
the nucleic acid 6 by covalently binding the 50-end of
the nucleic acid to the amine-functionalized MP-SiO2

NPs, using sulfo-EMCS as cross-linker. At 90 �C, 6 exists
as a single-stranded chain, while at 25 �C, the chain
stabilizes into a hairpin structure. Thus, the pores of the
MP-SiO2 NPs are loaded with RhB at 90 �C and the
cooling of the system results in the hairpin-locked RhB
in the pores. The interaction of the hairpin-capped
pores with the analyte�biomarker 7 results in the
formation of the duplex structure 6/7 that still acts as
a structural stopper of the pores. Nonetheless, the
duplex structure 6/7 is tailored in such a way that it
includes the programmed duplex sequence for the
specific nicking of one base in the duplex.39�41 Nicking
of strand 6 leads to the separation of an unstable
duplex structure that dissociates and regenerates the
analyte�biomarker (7) for a secondary opening of a
hairpin and nicking of the resulting duplex stopper.
Note that the hairpin, generated by the folding of 6,
does not include the appropriate duplex domain for
being nicked, and this domain is formed only upon
the hybridization of the analyte�biomarker with the
single-stranded sensing loop of the hairpin. Thus,
the hybridization of the analyte�biomarker with
the hairpin capping units triggers the nicking of the
pore-gating units and the regeneration of the analyte�
biomarker for the autonomous release of the
capping units and the subsequent release of the en-
trapped substrate (RhB). The rate of release of RhB

is controlled by the concentration of the analyte�
biomarker 7 that opens the locking hairpin capping
units. Figure 2B depicts the fluorescence intensities
of the released RhB upon treatment of the 6-capped
MP-SiO2 NPs with variable concentrations of the
analyte�biomarker, for a fixed time interval of
60min and a constant amount of the Nb. BbvCI nicking
enzyme corresponding to 0.5 U/μL. As the concentra-
tion of the analyte�biomarker increases, the fluores-
cence of the released RhB is intensified, consistent with
a higher degree of opening of the hairpin capping
units that enhances the opening of the pores by
the autonomous nicking/analyte regeneration process.
Similarly, at a fixed concentration of the analyte�
biomarker, the release of RhB from the pores is con-
trolled by the concentration of the Nb. BbvCI nicking
enzyme. Figure 2C shows the fluorescence intensities
of the released RhB, upon treatment of the 6-capped
RhB-loaded MP-SiO2 NPs with a constant concentra-
tion of the analyte�biomarker, 1 μM, for a fixed time
interval of 60 min, in the presence of variable amounts
of the nicking enzyme. As the content of the enzyme
increases, the amount of released RhB is higher, con-
sistent with the enhanced opening of the pores through
the autonomous biocatalytic cleavage of the capping
units and the regeneration of the analyte�biomarker.
In the presence of 0.5 U/μL of the nicking enzyme, the
fluorescence intensity of the system reaches a saturation
value, implying that under these conditions, most of the
RhB was removed from the mesoporous matrix. Control
experiments, Figure 2D, reveal that when the 6-capped
pores are not interconnected with the nicking enzyme
or the analyte�biomarker, the leakage of RhB is
observed, curve a, and the analyte�biomarker or the
nicking enzyme alone has little effect on the release of
RhB, curves b and c, respectively. Curve d of Figure 2D
shows the time-dependent fluorescence spectra of the
solution, upon the treatment of the 6-hairpin-locked
MP-SiO2 NPs that include entrapped RhB, with the
analyte�biomarker 7, 1 μM, in the presence of the
nicking enzyme, 0.5 U/μL. The effective release of RhB
from the pores proceeds only when the 6-hairpin
blocked pores are reactedwith the analyte�biomarker
and the nicking enzyme. A time-controlled release
of RhB is observed in curve d that tends to reach a
saturation value after ca. 60 min. From the saturated
value of the fluorescence spectrum, and using an
appropriate calibration curve, we estimated that the
released amount of RhB was ca. 12.4 μmol/g MP-SiO2

NPs. Further support that the hybridization of 7 to the
hairpin-6-modified MP-SiO2 NPs leads to a duplex
structure being nicked by Nb. BbvCI, and the unlocking
of the pores through the release of the fragmented
capping units was obtained by gel electrophoresis
experiments that followed the fragmented product,
Figure S6 (Supporting Information). Also, the opening
of the 6-modified pores by the coupled opening of
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the hairpins by means of the analyte�biomarker
and the autonomous nicking of the capping units,
by means of the precise nicking recognition sites
(CCTCAGC/GGAGT2CG), reveals impressive selec-
tivity, Figure 2E. One-base, two-base, or three-base
mismatches in the analyte�biomarker, sequences 8,
9, and 10, respectively, do not open the hairpin
structure, and the autonomous biocatalytic removal
of the capping units by the nicking enzyme is

prohibited. Thus, in the presence of the mutants,
the release of RhB from the pores is very similar to the
intrinsic leakage of the dye from the 6-functionalized
pores, Figure 2D, curves a, b, and c, respectively.
In the previous systems, the opening of the nucleic-

acid-functionalized pores was triggered by nucleic
acid analyte�biomarker strands, where biocatalytic
reactions, stimulated by Exo III or the nicking enzymes,
provided means to remove the capping elements,

Figure 2. (A) Unlocking of hairpin-capped mesoporous SiO2 NPs and the release of rhodamine B, RhB, using an analyte�
DNA biomarker (7) as activator for opening the hairpins and implementing a Nb. BbvCI nicking enzyme as biocatalyst for the
regeneration of the DNA�biomarker. (B) Fluorescence spectra corresponding to the release of RhB upon subjecting theMP-SiO2

NPs (10mg) to different concentrations of the biomarker analyte in the presence of the Nb. BbvCI nicking enzyme (0.5 U/μL),
for a fixed time interval of 60 min: (a) 0 nM; (b) 50 nM; (c) 100 nM; (d) 500 nM; (e) 1 μM; (f) 2.5 μM. (C) Fluorescence spectra
corresponding to the release of RhB upon subjecting the MP-SiO2 NPs (10 mg) to different concentrations of the Nb.
BbvCI nicking enzyme in the presence of a constant concentration of 7 (1 μM), for a fixed time interval of 60 min: (a) 0 U/μL;
(b) 0.05 U/μL; (c) 0.1 U/μL; (d) 0.5 U/μL; (e) 1 U/μL; (f) 2 U/μL. (D) Time-dependent fluorescence changes observed upon the
release of RhB from the MP-SiO2 NPs by: (a) the RhB-loaded system without treatment with the biomarker 7 or nicking
enzyme; (b) treatment of the RhB-loaded system only with the biomarker�DNA, 7, (1 μM) without adding nicking enzyme; (c)
treatment of the RhB-loaded system only with nicking enzyme (0.5 U/μL) and without the addition of 7; (d) treatment of
the RhB-loaded MP-SiO2 NPs with 7 (1 μM) and nicking enzyme (0.5 U/μL). (E) Fluorescence spectra of the release RhB upon
treatment of the hairpin-locked, RhB-loaded MP-SiO2 NPs with: (a) no DNA�biomarker; (b�d) treatment with the one-, two-,
three-base mutants DNA biomarker 8, 9, and 10, respectively, each 1 μM; (e) treatment with 7 (1 μM). In all experiments, the
Nb. BbvCI nicking enzyme (0.5 U/μL) was included in the systems, and the fluorescence spectra were recorded after a fixed
time interval of 60 min.
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while regenerating the biomarker units. This con-
cept was further developed to open the pores and
release the entrapped substrate (RhB) by means of
aptamer�substrate complexes and the coupled auton-
omous biocatalytic degradation of the aptamer�
substrate complex, while regenerating the substrate�
biomarker. One configuration for the controlled
release of RhB from the MP-SiO2 NPs pores by the
coupled ATP�aptamer complex and Exo III biocatalytic
process is depicted in Figure 3A. The nucleic acid 11,
modifying the MP-SiO2 NPs, exists at 90 �C in the

random coil structure, thus allowing the loading of
the pores with RhB. The pores with the entrapped RhB
are capped by the hairpin structures that are stabilized
at 25 �C. The hairpin structures of 11 are designed to
include an aptamer sequence (green), and this is
conjugated to a single-stranded sequence (pink),
which ensures that Exo III cannot hydrolytically affect
the hairpin structures. In the presence of ATP, the
hairpin 11 opens, and the 30-end of the opened hairpin
is designed to form a duplex structure with the
50-domain of 11. That is, the generated ATP�aptamer

Figure 3. (A) Unlocking of hairpin-gated MP-SiO2 NPs and the release of RhB by the opening of the hairpin gating units
through the formation of ATP�aptamer complex,while regenerating theATP-biomarkerwith Exo III. (B) Fluorescence spectra
corresponding to the release of RhB upon treatment of the hairpin-protected, RhB-loaded, MP-SiO2 NPs with variable
concentrations of ATP in the presence of Exo III (1 U/μL), for a fixed time interval of 90min: (a) 0 μM; (b) 100 μM; (c) 500 μM; (d)
1 mM; (e) 2 mM. (C) Fluorescence spectra corresponding to the release of RhB from the RhB-loaded MP-SiO2 NPs upon
treatment with variable concentrations of Exo III, and a constant concentrations of ATP (1 mM), for a fixed time interval of
90 min: (a) 0 U/μL; (b) 0.1 U/μL; (c) 0.5 U/μL; (d) 1 U/μL. (D) Time-dependent fluorescence changes upon treatment of the
RhB-loadedMP-SiO2 NPs: (a) with no ATP and no Exo III; (b) in the presence of only ATP (1mM), without Exo III; (c) in presence
of Exo III (1 U/μL) without ATP; (d) in the presence of ATP (1 mM) and Exo III (0.5 U/μL). (E) Selectivity studies demonstrating
the specific unlocking of the pores by ATP. Fluorescence spectra corresponding to the release of RhB from the RhB-
loaded MP-SiO2 NPs: (a) in the absence of ATP; (b�d) in the presence of UTP, GTP, CTP, each 1 mM, respectively; (e) in the
presence of ATP (1 mM). All fluorescence spectra were recorded in the presence of Exo III (1 U/μL), and after a fixed time
interval of 90 min.
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complex is cooperatively stabilized by this duplex
domain. The resulting duplex provides, however, an
active site for the Exo III-stimulated hydrolytic diges-
tion of the 30-end of the duplex. This biocatalytic
process destabilizes the ATP�aptamer complex that
releases ATP for a secondary opening of a hairpin
structure, which yields the aptamer�ATP complex.
Thus, opening of the hairpin by ATP triggers the
coupled Exo III-stimulated regeneration of ATP for
the autonomous biocatalytic “digestion” of the cap-
ping units, and the release of the entrapped RhB.
Figure 3B depicts the fluorescence spectra of the
RhB released from the pores, upon treatment of the
MP-SiO2 NPs with different concentrations of ATP, for
a fixed time interval of 90 min, and using a constant
concentration of Exo III, corresponding to 1 U/μL.
Similarly, Figure 3C shows the fluorescence spectra of
RhB released from the MP-SiO2 NPs upon treatment of
the NPs with different concentrations of Exo III and a
constant concentration of ATP (1 mM), for a fixed time
interval of 90 min. The release of RhB from the porous
material is enhanced either by increasing the concen-
tration of ATP or the concentration of Exo III, consistent
with the fact that these two ingredients control the
opening of the capping units of the pores. Figure 3D
shows a set of control experiments that were per-
formed to elucidate the functions of ATP and Exo III
on the controlled release of RhB from the pores. In the
absence of ATP or Exo III, leakage of RhB from the pores
is observed, curve a. In the presence of either ATP or
Exo III, a similar leakage rate of RhB is observed, curves
b and c, respectively. The enhanced release of RhB is
detected only in the presence of ATP, 1mM, and Exo III,
1 U/μL, curve d, consistent with the suggested, me-
chanism, where the opening of the 11-functionalized
pores, to yield the respective aptamer�substrate
complex, is coupled to the autonomous cleavage of
the capping units, and the regeneration of the ATP
analyte�biomarker. Using the appropriate calibration
curve, we estimated that the released amount of RhB
was ca. 9.3 μmol/g MP-SiO2 NPs. Finally, the con-
trolled opening of the 11-functionalized MP-SiO2 NPs
is selective for ATP, and other nucleotides (UTP, GTP,
CTP) do not affect the opening of the pores, Figure 3E.
In analogy to the coupled nucleic acid/nicking en-

zyme catalysed opening of the pores, we have imple-
mented the aptamer�substrate complex/nicking enzyme
method, to drive the autonomous opening of the pores
for the controlled release of RhB, Figure 4A. The MP-
SiO2 NPsweremodifiedwith12 and loadedwith RhB at
90 �C. Upon cooling of the system to 25 �C, the single-
strand stabilizes the hairpin structures that cap the RhB
in the pores. The stem-region of the hairpin does not
include the sequence-specific domain to be nicked by
the Nb. BbvCI nicking recognition sites (CCTCAGC/
GGAGT2CG). The formation of the ATP�aptamer com-
plex rearranges the hairpin structure to a new structure

that includes the nicking domain. The fragmentation of
the stem region of the ATP�aptamer complex releases
amajor fragment of the aptamer sequence, resulting in
the release of ATP from the fragmented sequence. The
recycled ATP biomarker opens all additional hairpin
capping units, thus triggering the autonomous open-
ing of the pores and the release of RhB, by the cyclic
coupled opening of the hairpin units by ATP, formation
of the ATP-aptamer complex, the subsequent nicking
enzyme-stimulated fragmentation (GGAGT2CG) of
the aptamer sequence and the recycling of the ATP
biomarker. Figure 4B shows the fluorescence spectra of
the released RhB upon the treatment of the 12-capped
RhB-loaded MP-SiO2 NPs, and a constant concentra-
tion of the nicking enzyme, 0.5 U/μL, in the presence of
variable concentrations of ATP, for a fixed time interval
of 90 min. As the concentration of ATP increases, the
fluorescence intensities of the released RhB are inten-
sified. These results are consistent with the fact that as
the concentration of ATP is higher, the autonomous
opening of the pores through the concentration of
ATP is higher, and the coupled formation of the ATP�
aptamer complex and its fragmentation by the nicking
enzyme are enhanced. Figure 4C shows the fluores-
cence intensities of the released RhB, upon treatment
of the RhB-loaded MP-SiO2 NPs with a fixed concentra-
tion of ATP, 1 mM, and variable concentrations of the
Nb. BbvCI nicking enzyme, for a fixed time interval of
90 min. As the concentration of the nicking enzyme
increases, the release of RhB is higher, consistent with
the enhanced opening of the pores. Figure 4D shows
the time-dependent fluorescence changes upon the
release of RhB, by the coupled ATP/nicking enzyme
opening of the pores, in comparison to control sys-
tems. While the 12-modified MP-SiO2 NPs reveal an
intrinsic leakage of RhB, curve a, the leakage process in
the presence of only ATP or the nicking enzyme is only
slightly affected, curves b and c, respectively. Only the
combination of ATP, 1 mM, and the Nb. BbvCI nicking
enzyme, 0.5 U/μL, yields a substantial enhancement
in the release of RhB, curve d, consistent with the
suggested mechanism. Using the calibration curve,
we estimated that the released amount of RhB
was ca. 14.1 μmol/g MP-SiO2 NPs. Figure 4E reveals
the selective ATP-triggered release of RhB from the
12-functionalized MP-SiO2 NPs, using the respective
ATP�aptamer complex and the nicking enzyme as
biocatalyst. The release of RhB in the presence of the
nucleotides CTP, UTP and GTP is very similar to the
intrinsic leakage of RhB from the MP-SiO2 NPs that is
observed in the absence of ATP/nicking enzyme,
Figure 4D, curves a�c as compared to curve d.
The study was further extended by demonstrating

that the nucleic-acid-triggered or ATP-triggered re-
lease of the anticancer drug camptothecin, CPT, can
be stimulated by the exonuclease III or the nicking
enzyme, Nb. BbvCI, mediated unlocking of the pores.
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Furthermore, we describe the effective intracellular
release of CPT in breast cancer cells, and we compare
the effectiveness of unlocking pores and releasing CPT
in breast cancer cells and normal breast cells and the
effect on cell death in these cells. Figure 5A shows the
fluorescence intensities of the released CPT, upon the
treatment of CPT-1-lock MP-SiO2 NPs with different
concentrations of the target DNA, 2, in the presence
of Exo III for a fixed time interval of 60 min. As the
concentration of the target DNA increases, the fluores-
cence is intensified, implying that more CPT was

released from the pores. Figure 5B depicts the time-
dependent fluorescence changes upon releasing CPT
from the 1-locked MP-SiO2 NPs. The respective control
experiments are shown in Figure 5B, curves a�c.
Evidently, effective release of CPT is observed only
upon unlocking of the pores with 2 and the Exo III
degradation of the locking sites, curve d. Similar results
are observed upon releasing CPT from the 6-locked
MP-SiO2 NPs using the target DNA 7 and the nicking
enzyme Nb. BbvCI, as opening mechanism, Figures 5C
and D. In analogy, the ATP-stimulated opening and the

Figure 4. (A) Unlocking of hairpin-gated MP-SiO2 NPs and the release of RhB by the opening of the hairpin gating units
through the formation of ATP�aptamer complex, while regenerating the ATP�biomarker with a Nb. BbvCI nicking enzyme.
(B) Fluorescence spectra corresponding to the release of RhB upon treatment of the hairpin-protected, RhB-loaded, MP-SiO2

NPs with variable concentrations of ATP in the presence of the Nb. BbvCI nicking enzyme (0.5 U/μL), for a fixed time interval of
90min: (a) 0 μM; (b) 100 μM; (c) 500 μM; (d) 1 mM; (e) 2 mM. (C) Fluorescence spectra corresponding to the release of RhB from
the RhB-loaded MP-SiO2 NPs upon treatment with variable concentrations of the Nb. BbvCI nicking enzyme, and a constant
concentrations of ATP (1 mM), for a fixed time interval of 90 min; (a) 0 U/μL; (b) 0.1 U/μL; (c) 0.5 U/μL; (d) 1 U/μL. (D) Time-
dependent fluorescence changes upon treatment of the RhB-loadedMP-SiO2 NPs: (a) with no ATP and no nicking enzyme; (b) in
the presence of only ATP (1 mM), without nicking enzyme; (c) in presence of nicking enzyme (0.5 U/μL) without ATP; (d) in the
presence of ATP (1mM) and nicking enzyme (0.5 U/μL). (E) Selectivity studies demonstrating the specific unlocking of the pores
by ATP. Fluorescence spectra corresponding to the release of RhB from the RhB-loaded MP-SiO2 NPs: (a) in the absence of ATP;
(b�d) in the presence of CTP, UTP, GTP, each 1mM, respectively; (e) in the presence of ATP (1mM). Allfluorescence spectrawere
recorded in the presence of the Nb. BbvCI nicking enzyme (0.5 U/μL), and after a fixed time interval of 90 min.
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release of CTP from the pores in the presence of Exo III
or the nicking enzyme were studied. Figure 6A shows
the fluorescence spectra observed upon the treatment
of 11-capped MP-SiO2 NPs that included in-pore
trapped CPT with different concentrations of ATP and
Exo III, for a fixed time interval of 90 min. As the
concentration of ATP increases, the amount of the
released CPT is higher, consistent with the enhanced
release of CPT from the pores. Using the appropriate
calibration curve, we estimate that ca. 10.8 μmol/g
MP-SiO2 NPs of CPT are released, after a time interval
of 90 min. Figure 6B depicts the time-dependent
fluorescence changes upon releasing CPT from the
11-capped MP-SiO2 NPs. Similarly, Figures 6C and D
show the release of CPT from the 12-locked pores
of the MP-SiO2 NPs, using ATP as modifier of the
“locker-keys” through the formation of the respective
ATP�aptamer capping units, and the opening of the

pores by the nicking-enzyme degradation of the ATP�
aptamer complexes. As the concentration of the ATP
increases, the release of CPT is enhanced, consistent
with the increase in the content of the aptamer�
ATP complexes, and their digestion by the nicking
enzyme, Nb. BbvCI. The rate of release of the CPT
from the pores in the respective control experiments,
Figure 6D, curves a�c, and in the presence of the
nicking enzyme, Figure 6D, curve d, indicate that the
CPT trapped in the 12-locked pores is effectively
released only in the presence of the biomarker and
the nicking enzyme. From the respective calibration
curve, we estimated that ca. 13.4 μmol/g MP-SiO2 NPs
were released from the pores after a time interval of
ca. 90 min.
The concept to unlock and release CPT from the

pores of the MP-SiO2 NPs by transforming the “locker-
keys” with DNA or ATP biomarkers into new functional

Figure 5. (A) Fluorescence spectra corresponding to the release of CPT upon subjecting the (1)-cappedMP-SiO2 NPs (10mg) to
different concentrations of the biomarker analyte in the presence of Exo III (1 U/μL), for a fixed time interval of 60min: (a) 0 nM;
(b) 50 nM; (c) 100 nM; (d) 500 nM; (e) 1 μM; (f) 2.5 μM. (B) Time-dependent fluorescence changes observed upon the release of
CPT from the MP-SiO2 NPs by: (a) the CPT-loaded system without the biomarker 7 or Exo III; (b) treatment of the CPT-loaded
system only with the biomarker 7 (1 μM), without Exo III; (c) treatment of the CPT-loaded system only with Exo III (1 U/μL) and
without 7; (d) treatment of theCPT-loadedMP-SiO2NPswith7 (1μM)andExo III (1U/μL). (C) Fluorescence spectra corresponding
to the release of CPT upon subjecting the MP-SiO2 NPs (10 mg) to different concentrations of the biomarker analyte in the
presenceof theNb. BbvCInickingenzyme (0.5U/μL), for afixed time interval of 60min: (a) 0 nM; (b) 50nM; (c) 100nM; (d) 500nM;
(e) 1μM; (f) 2.5μM. (D) Time-dependentfluorescence changes observedupon the release of CPT fromtheMP-SiO2NPsby: (a) the
CPT-loaded systemwithout the biomarker 2 or nicking enzyme; (b) treatment of theCPT-loaded systemonlywith the biomarker
2 (1 μM), without nicking enzyme; (c) treatment of the CPT-loaded system only with nicking enzyme (0.5 U/μL) and without the
biomarker 2); (d) treatment of the CPT-loaded MP-SiO2 NPs with 2 (1 μM) and nicking enzyme (0.5 U/μL).
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units that are unlocked by biocatalytic processes (Exo
III or Nb. BbvCI) was formulated as a general approach
to control drug delivery and regulate cell death.
Specifically, the high metabolic activity in cancer
cells leads to high contents of ATP, and thus, it might
provide a chemical trigger for the selective opening of
the pores in cancer cells. The enhanced release of the
chemotherapeutic drug, CPT, in the cancer cells are
then anticipated to induce the superior death of cancer
cells as compared to normal cells.
In a set of preliminary studies, we have examined

the possible ATP-triggered release of CPT from the 11-
locked MP-SiO2 NPs and the effect that the released
CPT has on the death of the respective cells. In the
first step, we examined the possible cytotoxicity of
the MP-SiO2 NPs on cells. The exterior surface of the
DNA-locked NPs was functionalized with fluorescein
isothiocyanate (FTIC) and MDA-MB-231 (breast cancer
cells), and MCF-10a (normal breast cells) cells were
subjected to the fluorescein-labeled NPs. Rapid

endocytosis into the cells was observed, yet no cyto-
toxic effect was detected, Figure S7 (Supporting
Information). In the next step, we made use of the
report that EndoGI is present in cancer cells,42 and it
exhibits Exo III-type exonuclease activity. We loaded
the MP-SiO2 NPs with CPT and locked the drug in the
pores with the ATP-sensitive hairpin 11. MDA-MB-231
breast cancer cells and MCF-10a normal breast cells
were subjected to the CPT-loaded MP-SiO2 NPs. Figure
7 shows the fluorescence feature of the MDA-MB-231
cells, and the viability of the two types of cells after 48 h
of treatment with the MP-SiO2 NPs. Figure 7A shows
the time-dependent fluorescence features of theMDA-
MB-231 cells treatedwith the CPT-loadedNPs. The cells
reveal green fluorescence after 24 h, corresponding to
the fluorescein labels associated with the NPs, and this
fluorescence prevails even after 48 h. This implies that
the NPs are incorporated in the cells. The blue fluores-
cence, corresponding to unlocked CPT, is not observed
after 24 h, reveals weak fluorescence after 30 h, and is

Figure 6. (A) Fluorescence spectra corresponding to the release of CPT upon treatment of the 11-capped MP-SiO2 NPs
with variable concentrations of ATP, in the presence of Exo III (1 U/μL), for a fixed time interval of 90min; (a) 0 μM; (b) 100 μM;
(c) 500 μM; (d) 1 mM; (e) 2 mM. (B) Time-dependent fluorescence changes upon treatment of the CPT-loaded MP-SiO2 NPs:
(a) with no ATP and no Exo III; (b) in the presence of ATP (1mM), without Exo III; (c) in presence of Exo III (1 U/μL), without ATP;
(d) in the presence of ATP (1 mM) and Exo III (1 U/μL). (C) Fluorescence spectra corresponding to the release of CPT upon
treatment of 12-capped MP-SiO2 NPs with variable concentrations of ATP in the presence of the Nb. BbvCI nicking enzyme
(0.5 U/μL), for a fixed time interval of 90 min: (a) 0 μM; (b) 100 μM; (c) 500 μM; (d) 1 mM; (e) 2 mM. (D) Time-dependent
fluorescence changes upon treatment of the CPT-loaded MP-SiO2 NPs: (a) with no ATP and no nicking enzyme; (b) in the
presence of only ATP (1 mM) without nicking enzyme; (c) in presence of nicking enzyme (0.5 U/μL) without ATP; (d) in the
presence of ATP (1 mM) and nicking enzyme (0.5 U/μL).
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intensified after a time interval of 48 h, implying that
after this time interval CPT was released into the cells.
Panels I and II of Figure 7B summarize the effect of
the CPT-loaded NPs on the viability of the cells (Panel I,
MDA-MB-231 breast cancer cells; Panel II, MCF-10a
normal breast cells). Appropriate control systems are
provided. From the results onemay realize that ca. 65%
of the cancer cells revealed cell death after 48 h, as
compared to the CPT-nontreated control (entry a vs b),
while only 25% of noncancerous cells experienced
cell-death after this time interval (48 h). In a further
control experiment, the two cell cultures were
subjected to oligomycin, upon treatment with the
CPT-loaded MP-SiO2 NPs. Oligomycin acts as a sup-
pressor of the ATPase synthesis of ATP,43 and hence,

the ATP-stimulated release of CPT in the cancer cells
should be suppressed in the presence of oligomycin.
Indeed, Figure 7B, panel I (compare entry b to d) reveals
that in the presence of oligomycin only a 50% cell-
death was observed as compared to 65% in the
absence of the ATP synthesizing suppressor. These
results are consistent with the fact that the high
metabolic synthesis of ATP in the cancer cells leads
to enhanced opening of the MP-SiO2 NPs, and to the
effective release of CPT that affects the cell death.

CONCLUSIONS

The present study has introduced a new capping
and release mechanism of substrates entrapped in
MP-SiO2 NPs. The mechanism is based on tailored

Figure 7. Cytotoxicity of CPT-MP-SiO2 in breast cancer cells (MDA-MB-231) compared to normal breast cells (MCF-10a). (A)
Epifluorescence microscopy images of the MDA-MB-231 breast cancer cells with endocytosed fluorescein isothiocyanate
(FITC)-labeled and CPT-loaded MP-SiO2 NPs at different time intervals (edocytosis was achieved by the treatment of the cell
culture with 150 μg/mL of the silica NPs, see Experimental Section). Upper panel: green fluorescence of FITC, associated with
the endocytosed particles. Lower panel: blue fluorescence of released CPT into the cells. (B) Cell viability results at two time
intervals (24, 48 h) corresponding to MDA-MB-231 breast cancer cells (panel I) and normal MCF-10a breast epithelial cells
(pane II): (a) cells nontreated with the CPT-loadedMP-SiO2 NPs; (b) cells treated with the CPT-loadedMP-SiO2 NPs; (c) cells treated
with free CPT, 20 μg/mL; (d) cells pretreated with oligomycin, 25 μg/mL, and subsequently with the CPT-loaded MP-SiO2 NPs.
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nucleic acid caps that block the substrates in the pores
of the NPs and the unlocking of the pores by analyte
(biomarker)-induced rearrangements of the nucleic
acid caps that undergo catalytic fragmentation in the
presence of Exo III or a nicking enzyme. These coupled
sensing/catalytic fragmentation processes lead to the
regeneration of the analytes (biomarkers). The capping
nucleic acid units recognize genes or molecular bio-
markers through the formation of complementary
duplex structures or aptamer�substrate complexes.
The systems present sense-and-release nanostructures
and a means to amplify the sensing process that
releases the entrapped substrate by the regeneration
of the analyte (biomarker). The biocatalytic process for
releasing the substrate from the MP-SiO2 NPs was then
applied to stimulate the release of the anticancer drug,
camptothecin, CPT, from the respective locked pores
using nucleic acid or ATP as triggers for unlocking
the pores in the presence of Exo III or the nicking

enzyme, Nb. BbvCI. Since the metabolic synthesis of
ATP is enhanced in cancer cells as compared to normal
cells, and realizing that the biocatalyst EndoGI, exhibit-
ing Exo III-type activities, is present in the cancer cells,
the effects of the CPT-loaded MP-SiO2 NPs locked with
the ATP-dependent hairpin 11 on the viability of MDA-
231 breast cancer cells and MCF-10a normal breast
cells was examined. We demonstrated that after a time
interval of 48 h, a 65% cell-death of the cancer cells was
observed, where only 25% cell death was encountered
with the normal cells. The higher CPT-induced death of
the cancerous cells correlated well with the enhanced
synthesis of ATP in the cancer cells. These preliminary
results highlight the development of “smart” drug-
loaded mesoporous nanoparticles that are unlocked
and release the chemotherapeutic drug into target
cancer cells by an intracellular biomarker (ATP). We
believe that the study introduces a novel paradigm for
cancer therapy.

EXPERIMENTAL SECTION
Materials. Tetraethyl orthosilicate (TEOS), (3-aminopropyl)-

triethoxysilane (APTES) and rhodamine B (RhB) were purchased
from Aldrich. N-(ε-Maleimidocaproyloxy)sulfosuccinimide ester
(Sulfo-EMCS) was purchased from Pierce Biotechnologies. Hex-
adecyltrimethylammonium bromide (CTAB) and 4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES)
were purchased from Sigma. Exonuclease III (Exo III), NEBuffer 1,
nicking enzyme Nb. BbvCI and NEBuffer 2 were purchased from
New England Biolabs. Camptothecin (CPT), oligomycin, adeno-
sine 50-triphosphate (ATP), uridine 50-triphosphate (UTP), cyti-
dine 50-triphosphate (CTP) and guanosine 50-triphosphate (GTP)
were purchased from Sigma-Aldrich. All other chemicals used
were of analytical grade and were used as received without any
further purification. Ultrapure water from a NANOpure Dia-
mond (Barnstead Int., Dubuque, IA) sourcewas used throughout
the experiments. All the DNA oligonucleotide sequences were
purchased from Integrated DNA Technologies Inc. (Coralville, IA).
The oligonucleotides were used as provided and diluted in
aqueous solution.

The recognition site of the Nb. BbvCI nicking enzyme is as
follows:

50 ...CCTCAGC...30

30 ...GGAGT2CG...30

The sequences of the oligomers are as follows:
(1) 50-SH(CH2)6 CAA GGG CAG AAG TCT TCA CTG CCC TTG
CAC ACT-30 Tm = 67.3 �C
(2) 50-AGT GTG CAA GGG CAG TGA AGA CTT GAT TGT-30

(3) 50-AGT GTG CAA GAG CAG TGA AGA CTT GAT TGT-30

(4) 50-AGT GTG CTA GAG CAG TGA AGA CTT GAT TGT-30

(5) 50-AGT GTG CTA GAG CAG TTA AGA CTT GAT TGT-30

(6) 50-SH(CH2)6 AAC GAA GCT GAG GAT GTG TTC GTT-30

Tm = 58.9 �C
(7) 50-ATC CTC AGC TTC G-30

(8) 50-ATC CTG AGC TTC G-30

(9) 50-ATC ATG AGC TTC G-30

(10) 50-ATC ATG AGC GTC G-30

(11) 50-SH(CH2)6 CCT CCG CTA CCT GGG GGA GTA TTG CGG
AGG AAG GTA-30 Tm = 69.8 �C
(12) 50-SH(CH2)6 CCT CCG CAA TAC TCC GCT GAG GCC TGG
GGG AGT ATT GCG GAG GAA GGC CTC AGC-30 Tm = 74.9 �C
Instruments. Fluorescence emission measurements were per-

formed using a Cary Eclipse Device (Varian, Inc.). Rhodamine
B (RhB) was excited at a wavelength of 554 nm. UV�vis
absorption spectra were recorded with a Shimadzu UV-2401

spectrophotometer. TEM imageswere recorded on a Tecnai F20
G2 (FEI Co.) using an accelerating voltage of 200 kV. Surface
areas were determined using a Nova 1200e Brunauer�Emmett�
Teller (BET) meter (Quantachrome Instruments) by nitrogen
adsorption/desorption at the temperature of liquid nitrogen.

Synthesis of Mesoporous Silica Nanoparticles (MP-SiO2 NPs). Amino-
functionalized MP-SiO2 NPs were prepared according to a
previously reported procedure.30 The collected SiO2 NPs were
washed with large volumes of distilled water and ethanol using
a centrifuge at 8000 rpm for 3min. To remove the CTAB, the SiO2

NPs were refluxed for 16 h in a solution composed of HCl
(37%, 1.00 mL) and ethanol (80.00 mL). The obtained NPs were
extensively washed with distilled water and ethanol. Finally, to
remove the remaining solvent from the pores, the resulting,
CTAB-free, amino-functionalized MP-SiO2 NPs were placed in
vacuum at 75 �C for 12 h.

Loading the Dye and Capping the Pores. To prepare mono-
dispersed MP-SiO2 NPs solution, 10 mg of silica NPs was placed
into 950 μL of HEPES buffer (20 mM, pH 7.0) and sonicated for
30 min. The solution was reacted with 50 μL of sulfo-EMCS
(10 mg/mL) and mixed for 30 min. To remove excess of EMCS,
the MP-SiO2 NPs were collected using a centrifuge at 8000 rpm
for 3 min and redissolved in 950 μL of HEPES buffer (20 mM,
pH 7.0). The purified SiO2 NPs were reacted with the freshly
reduced and purified thiolated oligonucleotides 1, 6, 11, and 12
(80 μL, 1 mM). The resulting solution was mixed for 2 h, and the
excess DNA was removed from the NPs solution by precipita-
tion. The quantification of excess DNA that remained was
accomplished by UV�vis spectroscopy in DNA/Exo III or DNA/
nicking enzyme system and found to be 61 or 58 nmol, which
corresponded to an amount of DNA immobilized to be 1.9 or
2.2 μmol/g SiO2 NPs, respectively.

A water bath was used (90 �C) for the loading of the dye in
the pores, in order to open the hairpin structure of the linked
DNA. The purified MP-SiO2 NPs were dissolved in 900 μL of
HEPES buffer (20mM, pH 7.0, containing 50mMNaCl). 100 μL of
RhB or CPT (10 mM) was added into the solution, and the
reaction mixture was heated to 90 or 75 �C, respectively, using a
water bath for 2 h under continuous stirring. Then, the sample
was immersed separately in water bath at 75, 50, and 25 �C for
20 min under continuous stirring during the annealing process.
Finally, the MP-SiO2 NPs were washed at least seven times
using distilled water, until a low background was achieved,
to remove the physically adsorbed dye from the surface of the
SiO2 particles. The loading amount of RhB in DNA/Exo III or
DNA/nicking enzyme systems was roughly calculated to be
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37.8 or 31.3 μmol/g SiO2 NPs, respectively. The loading amount
of CPT in DNA/Exo III or DNA/nicking enzyme systems was
calculated to be 34.5 or 28.6 μmol/g SiO2 NPs, respectively.

Release of the Dye. To monitor the release of the dye in the
two different systems, DNA/Exo III or DNA/nicking enzyme,
the above-mentioned MP-SiO2 NPs were suspended in 850 μL
of distilled water and divided into five samples, each containing
160 μL of solution. Then, 20 μL of NEBuffer 1 and 10 μL of
different concentration of Exo III, or 20 μL of NEBuffer 2 and
10 μL of different concentration of nicking enzyme were added
into the resulting solution, respectively, and shaken gently.
Finally, 10 μL of different concentrations of DNA were added
into the mixture and shaken for 1 h, and then emitted fluores-
cence spectra of the samples weremeasured after precipitation.

To test the release of the dye in the ATP-stimulated Exo III or
nicking enzyme system, the washed MP-SiO2 NPs were dis-
solved in 850 μL of distilled water and divided into five samples,
160 μL each. The SiO2 NPs were incubated with 20 μL of
NEBuffer 1 and 10 μL of different concentration of Exo III, or
20 μL of NEBuffer 2 and 10 μL of different concentration of
nicking enzyme, respectively. Then, 10 μL of different concen-
trations of ATP was added, the obtained solutions were shaken
for 90 min, and the fluorescence spectra were measured after
precipitation.

Effect of CPT on the Death of MDA-MB-231 (Breast Cancer), and MCF-10a
(Normal Breast) Cells. MDA-MB-231 (breast cancer) and MCF-10a
(normal breast) cells were planted at a density of 27 000 cells per
well of 24-well tissue culture plates and left overnight. Subse-
quently, cells were preincubatedwith oligomycin (25μg/mL) for
1 h, then loaded with MP-SiO2 (150 μg/mL) twice (each loading
lasted 3 h). Between the loadings cells were washed with fresh
growth medium and then reloaded. Cells were further incu-
bated overnight. To determine cell viability, 10 μL of alamar blue
solution was added to each well of the plate, and the cells were
placed in the CO2 incubator for an additional 1 h. The fluores-
cence of alamar blue was checked in plate-reader (TECAN).
The cells were cultured in glass-bottom microscope dishes
and analyzed using an epifluorescence microscope, aided
by confocal (quality equivalent) opti-grid device (Nikon TE
2000 microscope equipped with a thermostated stage and a
Hamamatsu Orca-Era CCD camera) and driven by a Volocity 4
operating system (Improvision, Coventry, U.K.) that was used
for both image data acquisition and analysis. Uptake of the NPs
and release of CPT from the particles were measured micro-
scopically with FITC-labeled (ex: 519 nm) and CPT-loaded (ex:
423 nm) NPs.
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