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T
he fabrication of layer-by-layer micro-
capsules with encapsulated macro-
molecular loads to yield microcarriers

for controlled release attracts substantial
research efforts.1�5 One method to prepare
the substrate-loadedmicrocapsules involves
the coprecipitation ofmacromolecular loads
with inorganic CaCO3 microparticles acting
as core-templates. The coating of the micro-
meter-sized core template particles with a
shell and the subsequent dissolution of the
core templates yield the substrate-loaded
microcapsules. Different methods to assem-
ble the coating shell on the template core
were reported, and these include electro-
static layer-by-layer deposition of polyele-
ctrolytes,6�10 the use of biorecognition
complexes as interlayer linking units,11 and
the use of covalent bonds to bridge the
layers,12,13 e.g., disulfide bonds as interlayer
bridges.14 Several methods for the con-
trolled release of the loads were reported,
and these include the thermal degradation
of the microcapsules by light-induced local

heating of entrapped plasmonic nanoparti-
cles,15�19 by local heating stimulated by
alternating magnetic fields acting on en-
trapped magnetic nanoparticles,20 by me-
chanical agitation using ultrasound21�23 or
microwaves,24 and by the use of magnetic
fields to rotate the nanoparticles.25 Also,
chemical stimuli, such as pH,26 salts,27

gases,28 carbohydrates,29 or the reduction
of disulfidebridging units,30 and the applica-
tion of enzymes as catalysts for the decom-
position of biodegradable shells,31�33 were
used to separate the shells, and stimulate
the release of the cargoes from the micro-
capsules. Different applications of substrate-
loadedmicrocapsules were suggested. These
include the use of functionalized micro-
capsules as sensors,34,35 and asmicroreactors
forbiocatalytic reactions,36�38 andspecifically,
the use of substrate-loaded microcapsules
for biomedical applications, such as drug
delivery39�41 and imaging42 systems.
The base pairing of nucleotides provides a

means to constructDNA-basedmicrocapsules.
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ABSTRACT The synthesis of stimuli-responsive DNA microcapsules

acting as carriers for different payloads, and being dissociated

through the formation of aptamer�ligand complexes is described.

Specifically, stimuli-responsive anti-adenosine triphosphate (ATP)

aptamer-cross-linked DNA-stabilized microcapsules loaded with

tetramethylrhodamine-modified dextran (TMR-D), CdSe/ZnS quan-

tum dots (QDs), or microperoxidase-11 (MP-11) are presented. In the

presence of ATP as trigger, the microcapsules are dissociated through

the formation of aptamer�ATP complexes, resulting in the release of the respective loads. Selective unlocking of the capsules is demonstrated, and CTP,

GTP, or TTP do not unlock the pores. The ATP-triggered release of MP-11 from the microcapsules enables the MP-11-catalyzed oxidation of Amplex UltraRed

by H2O2 to the fluorescent product resorufin.
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Substrate-loaded microcapsules consisting of DNA
layers interlinked by hybridization bridges were
reported.43�46 The use of DNA as a stabilizing shell
for microcapsules is particularly interesting, since re-
cognition or catalytic properties of DNA can encode
stimuli-responsive functions into the DNA shell that
lead to the degradation of the capsules.47 Indeed, by
programming the base sequences of the interlinked
hybridized DNA layers, the site-specific degradation
of DNA capsules by restriction enzymes and the release
of enzyme loads were demonstrated.48 Aptamers
are sequence-specific nucleic acids that recognize
low-molecular-weight substrates, macromolecules
and even cells.49�52 It was demonstrated that by the
appropriate design of the nucleic acid sequences,
duplex DNA domains can be separated by the forma-
tion of energetically stabilized aptamer�ligand com-
plexes.53�57 Previous studies have demonstrated the
assembly of aptamer-funcitonalized polyelectrolyte-
based microcapsules for controlled release58,59 and
sensor60 applications. Specifically, the formation of
aptamer�ligand complexes provides the stimuli-
responsive mechanism for the rupture of the micro-
capsules. In the present study, we demonstrate the
novel preparation of stimuli-responsive DNA micro-
capsules consisting of oligonucleotide layers cross-
linked by an anti-ATP aptamer sequence. In the pre-
sence of adenosine triphosphate (ATP), the resulting
ATP aptamer complex fragments the DNA shell, result-
ing in the release of encapsulatedmacromolecular, bio-
molecular or nanoparticle cargoes. The ATP-responsive
capsules are of specific interest since ATP is over-
expressed in certain diseases, e.g., in cancer cells,61,62

and thus, the ATP-responsive capsules might facilitate
the release of drugs in targeted cells. Furthermore, we
demonstrate the selective ATP-driven release of semi-
conductor quantum dots or the microperoxidase-11
biocatalyst, thus providing versatile means to selec-
tively release functional payloads from the ATP-
responsive microcapsules. The key point of the study
is reflected by the introduction of a new, nonenzymatic,
mechanism for the degradation of DNA microcapsules
using aptamer�ligand complexes. This mechanism
would allow sense-and-treat therapeutic treatments.

RESULTS AND DISCUSSION

Figure 1 outlines the stepwise preparation of the
ATP aptamer-cross-linked DNA microcapsules. Tem-
plate CaCO3 particles (∼3.2 μm diameter) were loaded
with tetramethylrhodamine-modified dextran, TMR-D,
using a coprecipitation method following a reported
procedure.63 The particles were coated with a primary
layer of the positively charged polyelectrolyte, poly-
(allylamine hydrochloride) PAH (58 kDa). The nucleic
acid, hybrid 1/2 was then used as a first DNA, nega-
tively charged, coating layer on the PAH-modified
particles. Note that the hybrid 1/2 includes two units

of 1 that bind to 2. The strand 1 includes two
subdomains A and B, and the hybridization of the
two units of 1 with 2 proceeds via specific hybridiza-
tion directionality of the subdomains to 2. Also, note
that the sequence 2 includes the ATP aptamer se-
quence marked in red color. Subsequently, a hybrid
composed of 3 and 2was hybridizedwith the first DNA
coating layer to yield a second layer. Similarly, the 3/2
hybrid includes two units of 3 that are hybridized with
2 through subdomains C and D. The single-stranded 30

subdomains of 2 on the first layer are complementary
to the single-stranded free tether C and D of 3, result-
ing in the hybridization and cross-linking of the second
DNA layer on the particles. By the sequential treatment
of the microparticles with the hybrids 1/2 and 3/2,
a controlled number of DNA layers were constructed
on the CaCO3 template particles. (For the detailed
sequence composition of 1, 2, and 3, and their specific
interhybridization feature leading to the formation of
the layers, see Figure 1, bottom.) The resulting particles
were then treated with EDTA to dissolve the core
CaCO3 template by forming a water-soluble complex
with Ca2þ ions, resulting in the TMR-D-entrapped
DNA capsules. It should be noted that the primary
PAH layer is essential to form the capsules. Presumably,
the positive charge associated with PAH enables the
efficient coating of a template by the 1/2 units and the
subsequent build-up of the layers. Also, it should be
noted that the formation of the Ca2þ�EDTA complex
prevents the interaction of free Ca2þ ions with the DNA
shell and the aggregation of the microcapsules.
Figure 2 depicts the characterization of the capsules.

In Figure 2A, the scanning electron microscopy (SEM)
images of the, as prepared, CaCO3 core template
particles, panel I, the DNA-coated CaCO3 template,
panel II, and the capsules generated upon dissolution
of the CaCO3 core, panel III, are presented. While the
uncoated CaCO3 particles (∼3.2 μm diameter) exhibit
a smooth, porous surface, the DNA-coated template
particles show a rough “hairy” surface, indicating the
assembly of the DNA layers. After the dissolution of
the CaCO3 core, collapsed spheres were observed,
indicating the hollow nature of the DNA capsules and
complete removal of the core. Note that this collapse is
due to the vacuum conditions, yet in water the capsules
remain in an intact spherical shape (for other collapsed
microcapsules, see Figure S1). Figure 2B shows the
fluorescence and bright-field microscopy images of
the DNA capsules upon their preparation. The DNA-
coated core CaCO3 TMR-D-impregnated particles
show high-fluorescence intensity images, and from
overlapping bright-field images, sizes of ca. 3.2 μm
can be deducted (panel I). Treatment of the particles
with EDTA yields fluorescent capsules that can be
imaged also by bright-field microscopy (panel II). The
removal of core causes the shrinkage of capsules, and
the average diameter was reduced to about 2.5 μm.
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From the number of DNA layers and the composition
of the shell, we estimate that the thickness of the shells
is ca. 35�40 nm. The fluorescence of the resulting

capsules is, however, lower, indicating that in the
process of the core dissolution some of the TMR-D
fluorescent labels leaked out of the capsules. This is
due to the semiporosity of the capsules walls, which
imposes a molecular-weight-dependent filter for
diffusion.63 The resulting capsules were stable for at
least 3 days, and their fluorescence and features were
unchanged even upon the repeated washing of the
capsules with a buffer solution.
The schematic unlocking of the capsules and the

triggered release of the entrapped TMR-D are schema-
tically presented in Figure 3A. The addition of ATP to
the capsules is anticipated to stimulate the formation
of the energetically stabilized ATP-aptamer complexes.
As a result, the bridging units of the DNA coating
should be disrupted, resulting in the dissolution of
parts of the coating and the release of TMR-D. Figure 3B
depicts the confocal fluorescence and bright-field

Figure 1. Schematic illustration of the preparation process of DNA microcapsules by using CaCO3 as template and the
subsequent layer-by-layer DNA assembly. ATP-binding aptamer sequences labeled in red color are embedded into DNA films
as stimuli-sensitive switches.

Figure 2. (A) SEM images of uncoated CaCO3 particles (I),
DNA-coated CaCO3 particles before (II) and after (III) EDTA
treatment. Scale bar is 2 μm. (B) Confocal fluorescence and
bright-field microscopy images of DNA-coated CaCO3 parti-
cles before (I) and after (II) EDTA treatment. Scale bar is 5 μm.
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microscopy images of the microcapsules before addi-
tion of ATP, panel I, and after addition of ATP, 100 mM,
and allowing the capsules to interact with ATP for a
time interval of 15 min, panel II. Clearly, a decrease in
fluorescence intensity of the ATP-treated microcap-
sules was observed; meanwhile, the capsules under
bright-field were almost invisible. These results sug-
gest that ATP, indeed, dissolved parts of the DNA
domains of the shells, and the resulting pores allowed
the release of the TMR-D. Further support for the
effects of core dissolution and addition of ATP on the
release of TMR-D from the capsules was obtained from
flowcytometry experiments, Figure 3C. TheDNA-coated
TMR-D-impregnated CaCO3 particles show high fluores-
cence. The EDTA-treated particles reveal a substantially
lower fluorescence intensity, consistent with the partial
leakage of TMR-D during the dissolution of the core.
The ATP-treated microcapsules show a substantially
lower fluorescence intensities, confirming the ATP-
driven release of TMR-D from the DNA-functionalized
microcapsules.
The effectiveness of the release of TMR-D from the

capsules is controlled by the time-intervals and the con-
centrations of ATP towhich the capsules are subjected.
Figure 4A depicts the fluorescence spectra of the
released TMR-D upon exposing the microcapsules to
variable concentrations of ATP for a fixed time-interval
of 30min. In these experiments, samples containing an
equal number of TMR-D loaded capsules were treated
with different concentrations of ATP for a fixed time
interval of 30 min. The resulting samples were centri-
fuged to precipitate the residual capsules, and the
fluorescence of the released TMR-D in the supernatant
solutionwas assayed. As the concentration of ATP rises,

a higher content of TMR-D is released, and the released
TMR-D reaches a saturation value at ca. 50 mM of
ATP Figure 4(A), inset. From the fluorescence intensity
of the released TMR-D, and knowing the number
of microcapsules in the sample, we estimate that an
average number of ca. 2.3 � 10�16 mol of TMR-D was
released from each particle. Figure 4B depicts the rate of
release of TMR-D from the capsules exposed to different
concentrations of ATP. In these experiments, samples
containing an identical content of capsules were sub-
jected to variable concentrations of ATP, and the content
of released TMR-D, at different time-intervals of interac-
tion with ATP, was monitored by precipitation of the
capsules and monitoring the fluorescence of released
TMR-D. As the concentrationof ATP increases, the release

Figure 3. (A) Schematic representation of ATP-induced
capsules unlocking and entrapped TMR-D releasing. (B)
Confocal fluorescence and bright-field microscopy images
of DNA capsules before (I) and after (II) ATP treatment. Scale
bar is 5 μm. (C) Fluorescence intensity distributions corre-
sponding to (a) the DNA-coated CaCO3 particles; (b) the
EDTA-treated particles; (c) the ATP-treated capsules.
Fluorescence intensities for all systems were measured by
flow cytometry after a fixed time-interval of 3 h. All samples
were incubated in 10 mM HEPES buffer solution including
500mMNaCl, pH= 7.0 for afixed time-interval of 3 hprior to
the measurement.

Figure 4. (A) Fluorescence spectra of the released dye upon
the addition of various concentration of ATP into the DNA
capsules solution: (a) 0, (b) 1, (c) 2.5, (d) 5, (e) 10, (f) 25, (g) 50,
and (h) 100 mM. The release of the fluorescent dye into the
solution is monitored after a fixed time interval of 30 min.
(Inset) Calibration curve corresponding to the fluorescence
changes upon the release of TMR-dextran from the cap-
sules. (B) Fluorescence releasing profile of the DNA capsules
upon treatment with 25 mM (9), 10 mM (b), and 0 mM (2)
ATP. Lines are to guide the eye only. (C) Changes in
fluorescence spectra of released dye in capsules upon the
treatment with 25 mM of ATP (a), TTP (b), CTP (c), and GTP
(d) subtracted from the background fluorescence of un-
treated capsules.
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of TMR-D is faster, consistent with the enhanced degree
of separation of the DNA shell through the formation
of the ATP�aptamer complexes. Finally, we addressed
the selectivity toward theATP-triggered releaseof TMR-D
from the capsules. Figure 4C depicts the changes in
fluorescence spectra of the TMR-D released from ATP-
treated capsules, curve a, and capsules subjected to
other nucleoside triphosphates, guanosine triphosphate,
GTP, cytidine triphosphate, CTP, and thymidine tripho-
sphate, TTP, compared to the background intensity of
untreated capsules. Evidently, only ATP stimulates the
effective release of TMR-D, and the other triphosphates
yield only background fluorescence levels, similar to the
untreated microcapsules. The residual fluorescence ob-
servedwith theuntreatedmicrocapsulesor theGTP-, CTP-,
TTP-treated microcapsules is attributed to the physical
partial disruptionof a small fractionof the capsules upon
their centrifugation and separation. Further support for
the selective dissociation of the aptamer-cross-linked
microcapsules through the formation of the aptamer�
ATP complex was obtained by applying a nonaptameric
sequence 2a for the construction of the microcapsules,
Figure S2. Onemay realize that addition of ATP does not
unlock the microcapsules cross-linked by nonaptameric
bridges. Thus, the selectivity of theATP-triggered release
of TMR-D from the capsules is attributed to the selectivity
of the aptamer bridges toward ATP. That is, only the
formation of the ATP�aptamer complex fragments the
DNA shell of the microcapsules.
The ATP-responsive microcapsules were further

loaded with mercaptopropionic acid-functionalized
CdSe/ZnS quantum dots (QDs). Figure 5A depicts
the confocal fluorescence and bright-field microscopy

images of the CdSe/ZnS QDs-loaded capsules. In these
experiments, the QDs/CaCO3 loaded capsules were
fixed on the glass support and imaged by fluorescence
microscopy and bright-field microscopy, before and
after treatment of the capsuleswith EDTA (image I and II,
respectively). The bright-field microscopy images reveal
that the CaCO3 cores are present in the capsules prior
to the treatment with EDTA (dark dots), whereas after
treatment with EDTA, the cores are dissolved evident
by transparent core regions. The fluorescence features
of the microcapsules are, however, similar before
and after treatment with EDTA, implying that the QDs
are localized in the microcapsules. Figure 5B shows the
time-dependent fluorescence changes of the released
QDs upon the treatment of the capsules with variable
concentrations of ATP. Figure 5C shows the ATP con-
centration-dependent release of the CdSe/ZnSQDs at a
fixed time interval of 60 min. As the concentration of
ATP increases, the fluorescence of the released QDs is
intensified, consistent with the higher degree of un-
locking of the microcapsules. The release of the QDs
from the microcapsules is selective. Figure 5D depicts
the fluorescence spectra of the QDs released upon
subjecting the microcapsules to ATP, TTP, CTP and
GTP for a fixed time interval of 60 min. Evidently, only
the ATP triggers the effective release of the QDs,
consistent with the selective dissociation of the micro-
capsule shells through the formation of the ATP�
aptamer complex that removes the aptamer bridging
units. From the fluorescence intensity of the QDs ob-
served upon treatment of the capsules with ATP,
25 mM, for a time-interval of 60 min, we conclude that
ca. 358 fmol of CdSe/ZnS QDs were released.

Figure 5. (A) Confocal fluorescence and bright-field microscopy images of the CdSe/ZnS QDs-loaded particles before (I) and
after (II) EDTA treatment. Scale bar is 5 μm. (B) Fluorescence releasing profile of DNA capsules treated with 25mM (9), 10mM
(b), and 0 mM (2) ATP. (C) Calibration curve corresponding to the fluorescence changes upon release of CdSe/ZnS QDs from
the capsules. (D) Fluorescence spectra of the releasedCdSe/ZnSQDs from the capsules upon the treatmentwith 25mMofATP
(a), TTP (b), CTP (c), and GTP (d).
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It should be noted that for the different systems the
number of layers comprising the microcapsules had to
be optimized. We find that the PAH/nucleic acid shell
of the microcapusles, presumably, interacts with the
payloads incorporated in the microcapsules. These
interactions control the stabilities and permeabilities
of the microcapsules toward the release of the loads in
the absence of ATP. That is, for each of the systems, we
had to tune the number of aptamer-cross-linked DNA
layer to the extent that optimal efficiencies of the ATP-
driven release of the loads as compared to the back-
ground nontriggered release of the loads are obtained.
This is exemplified in Figure S3, demonstrating that
for the TMR-D load, an optimal release efficiency is
obtained for microcapsules consisting of six aptamer-
bridged layers. In contrast, for the CdSe/ZnSQDs as load,
an optimal release efficiency is observed with micro-
capsules composed of three aptamer-bridged layers,
Figure S4. Further support for the stepwise assembly
of the 2-cross-linked DNA layers on the PAH base layer
and the selective ATP-driven dissociation of the layer
structure was obtained by complementary quartz-
crystal-microbalance (QCM) experiments, Figure S5.
In these experiments, a Au/quartz piezoelectric crystal
(9 MHz) was functionalized with a mercaptopropionic
acid monolayer, and PAH was deposited on the mono-
layer-functionalized crystal. By a stepwise process, the
1/2 and 3/2 DNA duplexes were deposited on the base
PAH layer. Figure S5A depicts the changes in the crystal
frequency upon the build-up of the layers. While the
assembly of mercaptopropionic acid as the surface
resulted in a frequency change of Δf = �6 Hz, the

association of PAH yielded a frequency change of
Δf = �110 Hz. The first three layers of the DNA led to
an average frequency change of ca. �79 Hz that trans-
lates to a surface coverage of ca. 1.8� 10�11 mol 3 cm

�2

of 1/2 or 3/2 per layer. The selective ATP-driven dis-
sociation of the layered DNA structure is presented
in Figure S5B. Treatment of the layered 1/2, 3/2 DNA
structure (six layers) resulted in an increase in the crystal
frequency of ca. 200 Hz, consistent with the rupture of
most of DNA layers from the surface. Also, Figure S5B
confirms the selectivity of the ATP-triggered separation
of the layered structure, and CTP, TTP or GTP result in a
minute separation (<�50 Hz) of DNA from the interface.
Similarly, microperoxidase-11, MP-11, a heme-

containing peptide that mimics the catalytic functions
of cytochrome C, was incorporated as load into the
ATP-responsive microcapsules. Figure 6A shows the
photograph of theMP-11-loaded CaCO3 particles coated
with ATP-stimuli sensitive DNA coating. The red color of
the suspension (left) corresponds to the MP-11-loaded
particles. After centrifugation, the particles were precipi-
tated (right) resulting in an almost colorless solution,
implying that the MP-11 was fully integrated with the
DNA coated CaCO3 particles. After treatment of the par-
ticles with EDTA and the dissolution of the CaCO3 core,
the intact red-colored microcapsules were generated.
The ATP-triggered release of MP-11 from the microcap-
suleswas followedby probing the catalytic activity of the
released MP-11 by analyzing the H2O2-mediated MP-11
catalyzed oxidation of Amplex UltraRed to the fluores-
cent product resorufin.64 Figure 6B depicts the time-
dependent fluorescence changes observed upon the

Figure 6. (A) Photograph of the suspension of DNA-coated MP-11-encapsulated CaCO3 particles (a) and of the precipitate
after centrifugation (b). (B) Probing the ATP-simulated release of MP-11 from the capsules by following the fluorescence
changes induced by the MP-11-catalyzed oxidation of Amplex UltraRed to resorufin in the presence of H2O2. In these
experiments, the capsules were treated with a constant concentration of ATP, 25 mM, and the MP-11 load was allowed to
be released from the capsules for different time-intervals corresponding to (a) 0, (b) 5, (c) 15, (d) 30, (e) 60 min. The capsules
were precipitated after the stated time-intervals of release and the resulting MP-11-catalyzed oxidation of Amplex UltraRed
by H2O2 using fluorescence spectroscopy was applied to follow the activity (content) of MP-11. (C) Calibration curve
corresponding to thefluorescence changesof the generated resorufinupon release ofMP-11 from the capsules at afixed time
interval of 60 min.
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biocatalyzed oxidation of Amplex UltraRed by H2O2 by
the MP-11 released from the microcapsules at different
time intervals in the presence of ATP, 25mM. It should be
noted that the MP-11-loaded microcapsules did not
show any background leakage of MP-11 in the absence
of ATP. Even after a time-interval of 3 h, noMP-11 activity
in the supernatant solution toward the oxidation of
Amplex UltraRed could be detected. Using an appro-
priate calibration curve, we evaluated the concentra-
tion of the released MP-11 from the capsules, in the
presenceof addedATP, 25mM, and after a time-interval
of 60min, to be 11 μg 3mL�1. Similarly, Figure 6C shows
the time-dependent fluorescence changes of resorufin
(λ = 582 nm), generated by the MP-11-catalyzed oxida-
tion of Amplex UltraRed by H2O2, where the MP-11 is
released from the capsules in the presence of variable
concentrations of ATP for a fixed time interval of 60min.
As the concentration of ATP is higher, the content of
released MP-11 increases, resulting in the faster oxida-
tion of Amplex UltraRed by H2O2.

CONCLUSIONS

In conclusion, the present study has demonstrated
an aptamer-based paradigm to assemble functional,
stimuli-responsive, DNA-based capsules for the trig-
gered release of loads. Since the arsenal of sequence-
specific aptamers is very broad, the design of other

ligand-triggered microcapsules can be envisaged.
Furthermore, by mixing microcapsules that include
different loads, and the subsequent ligand-induced
unlocking and release of target loads, programmed
synthesis, the activation of pro-drugs, or the activation
of dictated catalytic cascades should be possible. The
ATP-triggered release of loads from the microcapsules
is of specific interest since ATP is overexpressed in
certain cells at different diseases, e.g., cancer. Thus, the
targeted release of drugs entrapped in the micro-
capsules seems feasible. Also, the preparation of the
microcapsules by the layer-by-layer deposition process
of DNA layers allows the engineering of microcapsules
with outer layers that include cell targeting aptamers
(e.g., the AS1411 aptamer for targeting cancer cells65).
The present capsules have a diameter of ca. 2.8 μm.
Although these dimensions could hinder the intracel-
lular permeability of the capsules, preliminary studies
reveal that the microcapsules bind to breast cancer
cells and even permeate into the cells, Figure S7,
Supporting Information. Nonetheless, the implemen-
tation of smaller cores for the construction of the
microcapsules, and eventually, the attachment of
targeting aptamer ligand to the outer shell of the
microcapsules could further improve the release of
payloads in the cells. These issues will be addressed in
a follow-up study.

METHODS

Reagents and Materials. Sodium chloride, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid sodium salt (HEPES base),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES acid),
magnesium chloride, poly(allylamine hydrochloride) (PAH,
58 kDa MW), ethylenediaminetetraacetic acid disodium salt
dihydrate (EDTA), mercaptopropionic acid (MPA), adenosine
triphosphate (ATP), guanosine triphosphate (GTP), cytidine tri-
phosphate (CTP), thymidine triphosphate (TTP), hydrogen per-
oxide (H2O2) and microperoxidase-11 (MP-11) were purchased
from Sigma�Aldrich. Tetramethylrhodamine-dextran (TMR-D,
70 kDa MW) and Amplex UltraRed Reagent were purchased
from Life Technologies Corporation. Maple Red-Orange CdSe/
ZnS Quantum dots in toluene were purchased from Evident
Technologies. All oligonucleotides were synthesized, standard
desalting purified, and freeze-dried by Integrated DNA Technol-
ogies, Inc. Ultrapurewater fromaNANOpureDiamond (Barnstead
Int., Dubuque, IA) source was used in all experiments.

Preparation of TMR-D-Loaded CaCO3 Microparticles. CaCO3 particles
were prepared by a precipitation reaction between equal
amounts of CaCl2 and Na2CO3 under magnetic stirring at
room temperature, as reported by Volodkin.66 CaCO3 particles
loaded with tetramethylrhodamine-modified dextran, TMR-D,
were obtained through coprecipitation by mixing of CaCl2
(300 μL, 0.33 M) and Na2CO3 (300 μL, 0.33 M) solution, in the
presence of TMR-D; the ratio of TMR-D and deionized water
was adjusted accordingly to obtain a total volume of 1020 μL
and 0.2 mg 3mL�1 of TMR-D as final concentration. After mag-
netic stirring for 110 s, the suspension was left for 70 s at room
temperature to settle down. The particles were centrifuged at
900 rpm for 20 s, followed by the removal of the supernatant
solution, and the subsequent resuspension of the particles in
water. This washing procedure was repeated for three times,
to remove byproducts resulting from the precipitation reaction.
Both CdSe/ZnS QDs-loaded and microperoxidase-11-loaded

capsules were prepared by the same method, using coprecipi-
tation procedure. The final concentration of MPA-capped CdSe/
ZnS QDs and MP-11 was 0.8 μM and 2 mg 3mL�1, respectively.

Synthesis of Layer-by-Layer (LbL) DNA Assembled Capsules. CaCO3

microparticles were suspended in 1 mg 3mL�1 PAH solution (in
10mMHEPES, pH 7, containing 500mMNaCl and 50mMMgCl2)
under continuously shaking. After an adsorption time-interval
of 20 min, the particles were washed twice with 10 mM HEPES
buffer (pH 7, containing 500mMNaCl) followed by centrifuging
at 900 rpm for 20 s. The obtained PAH-modified CaCO3 micro-
particles were coated by sequential incubation of the particles
in DNA hybrid 1/2 and 3/2 solutions for 30min [15 μM in 10mM
HEPES, pH 7, containing 500 mM NaCl and 50 mM MgCl2, the
ratio of 1 to 2 and 3 to 2 is 2 to 1]. After each adsorption step,
one washing step was performed to remove nonadsorbed
nucleic acids. Six layers of nucleic acids were deposited in total.
(Only three layers of nucleic acids were deposited in the
preparation of the QDs-loaded CaCO3 particles, since six layers
of DNA shells were found to be too dense to release QDs.) After
the LbL assembly of the DNA shells, the template cores were
dissolved by adding 0.5 M EDTA (pH 6) to yield a solution with
the final concentration of 0.1 M EDTA for 1 h under gentle
rotation. After the suspension became clear, the supernatant
EDTA solution was removed through slow centrifugation to
avoid aggregation of the DNA capsules. The capsules were
washed three times with 10 mM HEPES buffer (pH 7, containing
500 mM NaCl) by centrifuging at 500 rpm for 20 min.

Characterization of Microparticles. Confocal fluorescence and
bright-field microscopy images of CaCO3 particles and DNA
capsules were monitored by using a FV-1000 confocal micro-
scope (Olympus, Japan) equipped with an IX81 inverted micro-
scope. A 60 � /1.3 oil immersion objective was used. SEM
images were recorded with a Magellan XHR 400L SEM operated
at an acceleration voltage of 3 kV. The formation of capsules
was also observed by iCyt Eclipse Analyzer Flow Cytometer

A
RTIC

LE



LIAO ET AL. VOL. 9 ’ NO. 9 ’ 9078–9086 ’ 2015

www.acsnano.org

9085

according to the fluorescence intensity changes of the resulting
capsules. All the experiments were performed in 10 mM HEPES
buffer solution (pH 7) containing 500 mM NaCl.

ATP-Induced Capsules Unlocking and the Release of the Entrapped
Loads. Experiments were performed using a capsules solution,
concentration of 130 capsules/μL. The capsules solution, 38 μL,
was treated with 2 μL of ATP (in 10 mM HEPES, pH 7, 500 mM
NaCl). After incubation, sample solutions were centrifuged at
500 rpm for 20 min to precipitate the residual capsules, and
the fluorescence of the released TMR-D or CdSe/ZnS QDs in the
supernatant solution was measured by Cary Eclipse Fluores-
cence Spectrophotometer (Varian, Inc.). The catalytic activity of
the released MP-11 was assayed by incubating 20 μL of super-
natant solution with 100 μL of HEPES buffer solution, 10 mM,
pH 7, containing 500 mM NaCl, in the presence of 100 μM
Amplex UltraRed and 0.1 mM H2O2.

The contents of the released loads TMR-D, CdSe/ZnS QDs
andMP-11 upon the ATP-driven unlocking of themicrocapsules
were evaluated by deriving appropriate calibration curves,
Figure S6, Supporting Information, and evaluating the fluores-
cence/absorbance features of the released loads on the respec-
tive calibration curves.
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