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ABSTRACT DNA/nanoparticle hybrid systems combine the
unique electronic and optical properties of nanomaterials with the
recognition and catalytic properties of nucleic acids. These materials
hold great promise for the development of new sensing platforms,
the programmed organization of nanoparticles, the switchable
control of plasmonic phenomena in the nanostructures, and the
controlled delivery of drugs. In this Perspective, we summarize
recent advances in the application of DNA/nanoparticle (NP) hybrids
in these different disciplines. Nucleic acid—semiconductor quantum
dot hybrids are implemented to develop multiplexed sensing
platforms for targeted DNA. The chemiluminescence resonance
energy transfer mechanism is introduced as a new transduction
signal, and the amplified detection of DNA targets through the
biocatalytic regeneration of analytes is demonstrated. DNA ma-
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chines consisting of catenanes or tweezers, and modified with fluorophore/Au NP pairs are used as functional devices for the switchable “mechanical”

control of the fluorescence properties of the fluorophore. Also, nucleic acid nanostructures act as stimuli-responsive caps for trapping drugs in the pores of

mesoporous Si0, nanoparticles. In the presence of appropriate biomarker triggers, the pores are unlocked, leading to the controlled release of anticancer

drugs. Selective cancer-cell death is demonstrated with the stimuli-responsive Si0, nanoparticles.
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he base sequences of DNA encode

substantial structural and functional

information into the biopolymer. Be-
sides the duplex formation of nucleic acids,
which dictates strand displacement and strand
migration processes within the DNA du-
plexes,'? the self-assembly of supramolecular
nanostructures, such as G-quadruplexes,®*
i-motif,> or metal-ion-bridged duplex nucleic
acids structures,®’ is controlled by the base
sequences comprising the biopolymers.
Functional information encoded in DNA
includes the sequence-specific binding of
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proteins, sequence-controlled reactivity toward
enzymes (nicking enzymes, endonucleases),
specific recognition of low-molecular-weight
substrates or macromolecules (by aptamers) 2°
and sequence-controlled catalytic proper-
ties (DNAzymes).'®"" The rich structural and
functional properties of nucleic acids pro-
vide the basis for the rapidly developing
area of DNA nanotechnology.'*'? Different
research directions in the area of DNA nano-
technology may be identified, and these
include the use of the recognition and
catalytic properties of nucleic acids for
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sensing;'*"> the self-assembly of

one-, two-, and three-dimensional
DNA nanostructures;'®'” the use of
DNA for the bottom-up construction
of nanodevices;'® the development
of DNA machines;'® and the appli-
cation of nucleic acids as functional
materials for biocomputing.?®?’
Different applications of DNA-based
nanotechnological systems included
the development of sensitive sen-
sing platforms?? (clinical diagnos-
tics, analysis of pathogen-causing
diseases, biomarkers, detection of
genetic disorders, environmental
control, homeland security, and for-
ensic applications), the develop-
ment of intracellular autonomous
sense-and-treat systems,”® and the
use of DNA matrices as drug carrier
and release systems.>* In this Per-
spective, we highlight one facet of
our research efforts in the area
of DNA nanotechnology, namely,
the organization of tailored DNA—
nanoparticle hybrids as functional
systems for ultrasensitive sensing,
for controlling plasmonic proper-
ties, and for the controlled delivery
and release of drugs.
Semiconductor quantum dots
(QDs) exhibit unique photophysical
properties, such as high lumines-
cence quantum yields, size-controlled
luminescence properties, narrow
luminescence bands and large
Stokes shifts, and stability toward
photobleaching.*>?®  Substantial
research efforts were directed to-
ward the application of surface-
modified QDs for optical and
photoelectrochemical sensing and bio-
sensing.?’?® We have recently imple-
mented semiconductor QDs mod-
ified with the hemin/G-quadruplex
horseradish-peroxidase-mimicking
DNAzyme as a versatile sensing ma-
terial, using chemiluminescence re-
sonance energy transfer (CRET) as a
readout signal. The hemin/G-quad-
ruplex horseradish-peroxidase-
mimicking DNAzyme has been used
as a colorimetric,®® chemilumine-
scent,*® and electrocatalytic®' label
for different DNA- or aptamer-based
sensing platforms. We found that
the hemin/G-quadruplex-catalyzed
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oxidation of luminol by H,0, yields
chemiluminescence (A = 430 nm),
exhibiting a luminescence spec-
trum that overlaps the absorbance
bands of different sized CdSe/ZnS
QDs.>? Accordingly, the chemilumi-
nescence process provides an en-
ergy source for the excitation of the
QDs, thus triggering their excitation
without an external light source.
Accordingly, the CRET-based analysis
of DNA, using hemin/G-quadruplex—
QDs conjugates, was demonstrated.
Semiconductor QDs (Aer = 620 NmM)
were modified by a hairpin probe, 1,
that included the target recognition
sequence and the G-quadruplex
DNAzyme sequence that was caged
in a catalytically inactive configura-
tion in the stem region of the hair-
pin, Figure 1A. In the presence of
the target DNA, 2, and hemin the
hairpin structure was opened, thus
releasing the G-quadruplex sequence
that self-assembled into the hemin/
G-quadruplex DNAzyme structure.
The DNAzyme catalyzed the oxida-
tion of luminol by H,0,-generating
chemiluminescence, and the result-
ing CRET process triggered the lu-
minescence of the QDs, Figure 1B.
As the CRET process is controlled by
the amount of opened hairpins and
active DNAzyme, the resulting CRET
signal relates to the concentration
of the target DNA, and it provides a
quantitative readout signal for ana-
lyzing the target DNA, Figure 1B,
inset. With the use of three different
sized QDs, the multiplexed analysis
of three different DNA targets was
demonstrated, Figure 1C. Three dif-
ferent sized QDs (Aem, = 620 nm,
Aem = 560 nm, and Aem, = 490 nm)
were functionalized with three dif-
ferent hairpins, 1, 3, and 4. Each
of the hairpins included a specific
recognition sequence for the tar-
gets 2, 5, and 6, respectively, and
the stem region of all hairpins in-
cluded the G-quadruplex sequence
in a catalytically inactive, caged, con-
figuration. In the presence of the
respective targets (2, 5, 6), and any
mixture of the targets, their multi-
plexed analysis was demonstrated,
Figures 1D and E. That is, the
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target(s) selectively opened the
hairpin probes associated with the
respective QDs, leading to the acti-
vation of the luminescence with
the respective QDs. This CRET-
based analytical platform enabled
the analysis of DNA with a detection
limitof 1 x 1078 M, and the method
was extended to develop aptamer-
substrate sensing platforms, and
sensors for the detection of hazar-
dous metal ions (Hg*™).33

In this Perspective, we
highlight one facet of
our research efforts in
the area of DNA
nanotechnology,
namely, the
organization of tailored
DNA —nanoparticle
hybrids as functional
systems for
ultrasensitive sensing,
for controlling
plasmonic properties,
and for the controlled
delivery and release of

drugs.

The amplified detection of DNA
is, however, a major challenge in
bioanalysis. Toward this goal, one
may use QDs not only as optical
labels, but also as nanoscale carriers
of probes. Indeed, amplified multi-
plexed detection of DNA was
demonstrated with different sized
QDs, utilizing the specific interactions
between Exonuclease Il (Exo Ill) and
duplex DNA structures,®* Figure 2A.
The Exo lll catalyzes the sequential
hydrolytic cleavage of the 3’-end of
the strand associated with a duplex
DNA. The analytical platform made
use of Exo lll-catalyzed digestion of
a DNA recognition complex as a
means to regenerate the analyte,
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Figure 1. (A) Application of hairpin-functionalized CdSe/ZnS quantum dots (QDs) and the chemiluminescence resonance
energy transfer (CRET) mechanism for analyzing target DNA. Opening of the hairpin structure upon the binding of the target
leads to the self-assembly of the hemin/G-quadruplex that stimulates the CRET process. (B) Luminescence spectra generated
by the hemin/G-quadruplex-stimulated CRET process upon analyzing different concentrations of the target DNA. Inset:
Calibration curve corresponding to the CRET-stimulated luminescence intensities of the QDs in the presence of variable
concentrations of the target DNA. (C) Multiplexed analysis of three different target DNAs by three different sized CdSe/ZnS
QDs modified with three hairpins that include specific recognition sites for the targets, and the G-quadruplex sequence in a
caged inactive configuration. (D) Luminescence spectra corresponding to the mixture of the three-sized CdSe/ZnS QDs: (1) in
the absence of any target; (2) in the presence of target 5; (3) in the presence of target 2; (4) in the presence of target 6; (5) in the
presence of a mixture of the three targets (2, 5, 6). (E) Multiplexed analysis of two target mixtures by the three, different sized,
hairpin-functionalized QDs: (1) a mixture of targets 2 and 6; (2) a mixture of targets 5 and 6; (3) a mixture of targets 2 and 5.
Reprinted from ref 32. Copyright 2011 American Chemical Society.

thereby providing an amplification
path. Accordingly, two different sized
CdSe/ZnS QDs, emitting at Aery, = 540
and 620 nm, were modified with
probe nucleic acids 7 and 8 that
included recognition sequences
for the analytes 9 and 10, respec-
tively. Each of the recognition se-
quences was modified at its 3’-end
with the black-hole quenchers
(BHQ-1 or BHQ-2), leading to the
quenching of the luminescence of
any of the two-sized QDs. In the
presence of the targets 9 or 10 (or
a mixture of them) and Exo lll as an
auxiliary biocatalyst, the formation
of the recognition complexes 7/9
or 8/10 was followed by the Exo
lll-catalyzed cleavage of the probe
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strands 7 and/or 8, leading to
the separation of the BHQ units.
The catalytic digestion of the probe
strand(s) led to the regeneration of
the targets for their continuous
hybridization with the probes and
the subsequent cleavage of the
probe units associated with the
QDs. The separation of the BHQ
units triggered the luminescence
of the respective QDs, thus allowing
the multiplexed analysis of the tar-
gets 9 and 10, Figure 2B. The regen-
eration of the target-analytes
enabled the analysis of the targets
with a detection limit correspond-
ingto 1 x 107'2 M. The concept of
using Exo Il as a biocatalyst for the
regeneration of the target-analyte
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was furtherimplemented to devel-
op amplified aptasensors (e.g.,
the detection of the vesicular
epithelial growth factor, VEGF,
being a biomarker for Alzheimer's
disease®).

The recently discovered nucleic-
acid-stabilized metal nanoclusters
(NCs) provide an additional approach
to develop multiplexed DNA sen-
sors and aptasensors.3® It was found
that specific nucleic acid sequences
stabilize metal NCs that exhibit lu-
minescence properties (e.g., Ag NCs).
The luminescence features of these
NCs are controlled by the sizes of
the metal aggregates and by the
sequences of the stabilizing cap-
ping oligonucleotides. The sensing
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Figure 2. (A) Multiplexed amplified analysis of two target DNAs using two different sized semiconductor quantum dots (QDs)
and the Exo lll-catalyzed regeneration of the DNA targets as amplification routes. (B) Time-dependent luminescence spectra
of the system consisting of the two sized QDs upon analyzing: (1) target 9; (Il) target 10; (lll) the mixture of targets 9 and 10.
Reprinted from ref 34. Copyright 2011 American Chemical Society.

platform®” made use of the fact that
single-stranded nucleic acids ad-
sorb onto graphene oxide (GO)
while duplex structures of DNA des-
orb from the GO matrices. Accord-
ingly, the red-emitting Ag NCs, Aem
= 616 nm, were stabilized with the
nucleic acid 11, consisting of the
sequence stabilizing the NCs and
the sequence recognizing the im-
munodeficiency virus gene, HIV. Si-
milarly, the near-infrared-emitting
Ag NCs, Aem = 775 nm, were stabi-
lized with the nucleic acid 12, com-
prising the specific sequence sta-
bilizing the NCs and elongated by
the sequence recognizing the he-
patitis B, HBV gene. The Ag NCs-
functionalized probes 11 and/or
12 were adsorbed onto GO, leading
to the quenching of the lumines-
cence of the respective Ag NCs,
Figure 3A. Subjecting the 11- and/
or 12-functionalized GO to the HIV
gene (13) or the HBV gene (14)
resulted in the desorption of the
respective recognition duplexes
11/13 and/or 12/14, and the recov-
ery of the luminescence properties
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of the respective Ag NCs. The lumi-
nescence intensities of the red-
emitting Ag NCs, upon analyzing
different concentrations of the HIV
gene (13), and the luminescence
intensities of the near-infrared-
emitting Ag NCs, upon analyzing
different concentrations of the
HBV gene (14), and the respective
calibration curves are shown in
Figures 3B and C. The multiplexed
analysis of the two genes is exem-
plified in Figure 3D.

Another rapidly developing area
in DNA nanotechnology involves
the construction of DNA machines.'®
A molecular DNA machine has sev-
eral basic properties: (i) the molec-
ular device performs “mechanical”
functions such as translocation or
rotation; (ii) the mechanical process
requires a fuel-input; (iii) the me-
chanical operation is accompanied
by an energy consumption reaction
that yields waste products; and (iv)
for the reversible and cyclic opera-
tion of a DNA device, the introduc-
tion of “antifuel” triggers motion
that opposes the fueled mechanical
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transitions. Recently, different DNA
machines, such as tweezers, walk-
ers, gears, cranes, interlocked cate-
nanes, and more, were designed.
Different fuels and antifuels were
implemented to activate the de-
vices, and these included nucleic
acid strands and antistrands,*® pH
(H/OH™),* metal-ions and binding
ligands (Hg**/cysteine),* and light.*'
Different applications of DNA ma-
chines were suggested, including
the transport of cargoes by nano-
robots,*? the programmed assem-
bly of nanoparticles,*® and the
monitoring of intracellular proce-
sses.***> The dynamic and reversi-
ble control of the distances separat-
ing functional units associated with
DNA machines suggests, however,
that spatially controlled physical
phenomena, such as plasmonic effects,
could be switched by DNA devices.

While metallic nanoparticles usually
act as quenchers of fluorophores,
at certain distances separating the
fluorophore and nanoparticle, sur-
face-enhanced fluorescence (SEF) is
observed. The distance region at
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Figure 3. (A) Implementation of two different luminescent nucleic acid-stabilized Ag nanoclusters associated with graphene
oxide (GO) for the multiplexed optical analysis of the HIV and HBV genes. (B) Luminescence spectra corresponding to the
desorbed red-emitting Ag nanocluster duplexes, upon analyzing different concentrations of the HIV gene. Inset: The resulting
calibration curve. (C) Luminescence spectra corresponding to the desorbed near-infrared-emitting Ag nanocluster duplexes,
upon analyzing different concentrations of the HBV gene. Inset: The resulting calibration curve. (D) Luminescence spectra
generated by the graphene oxide functionalized with the red-emitting and near-infrared-emitting Ag nanocluster (NC)
probes, 11 and 12:(I) in the absence of the targets; (ll) in the presence of the HIV gene; (lll) in the presence of the HBV gene; (IV)
in the presence of the HIV and the HBV genes. The concentrations of the target genes corresponded to 100 nM, and the
luminescence spectra were recorded after a fixed time interval of 80 min of desorption of the Ag nanoclusters from the
graphene oxide matrix. Reprinted from ref 37. Copyright 2013 American Chemical Society.

which SEF occurs is controlled by
several parameters, including the
size of the NPs, the quantum yield
of the fluorophores, the refractive
index of the medium, the prolate
aspect ratio, and the distance separ-
ating the fluorophore/metal nano-
particle. Theoretical modeling of
the fluorescence quantum yields
as a function of fluorophore—
nanoparticle separation distances
is feasible,® and correlation between
theory and experimental results is
possible. For example, switchable
fluorescence/plasmonic NPs inter-
actions were observed by tethering
a fluorophore and a plasmonic Au
NP to different positions of DNA
tweezers devices, and by controll-
ing the distances separating the
fluorophore/Au NP by means of
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the mechanical operation of the
tweezers.*” For example, the twee-
zers T, and T, depicted in Figures 4A
and B were examined as molecular
devices for the plasmonic control of
the fluorescence properties of a
fluorophore. The tweezers T, shown
in Figure 4A consists of two arms, 15
and 16, bridged by the nucleic acid
17. The arm 15 was modified at its
3’-end with a fluorophore, while the
5’-end of arm 16 was functionalized
with a 10-nm Au NP. The tweezers in
state | were closed by a fuel strand
18 to yield the closed tweezers state
I, while the tweezers were reo-
pened by the elimination of the
bridging unit 18 using an antifuel
strand 19. Figure 4A, panel |, depicts
the fluorescence changes of the
system upon the cyclic closure and
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opening of the tweezers by the fuel
and antifuel strands, respectively.
While the closed tweezers, state |l
reveals quenching of the fluorescence,
the formation of state | leads to
a higher degree of fluorescence.
Figure 4A, panel Il, depicts the theore-
tically calculated distance-depen-
dent fluorescence quantum yields
of the specific fluorophore (Cy3) in
the presence of the 10-nm Au NP.
The estimated distances separating
the fluorophore/Au NP in the open
and closed states of the tweezers
are provided in Figure 4A. One may
realize that the close distance separ-
ating the fluorophore/Au NP in state Il
1—2 nm, leads to efficient quenching
of the fluorescence, as predicted the-
oretically, whereas the spatial separa-
tion between the fluorophore/Au NP
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Figure 4. Mechanical switchable control of the fluorescence properties of a fluorophore, Cy3, using different DNA tweezers
devices that include structurally dictated configurations of a 10-nm nanoparticle (NP) and the fluorophore, Cy3. The distance
between the fluorophore and the Au NPs in the different tweezers is controlled upon the reversible fueled and antifueled
closure and opening of the tweezers. (A) Tweezers T, consisting of the fluorophore and Au NP positioned at the ends of the
arms 15 and 16. (1) cyclic fluorescence changes of the system upon subjecting the tweezers to the fuel (closure) and antifuel
(opening) processes. The results demonstrate that the closure of the tweezers leads to fluorescence quenching of the
fluorophore. (ll) Theoretical modeling of the fluorescence quantum yields of the Cy3 fluorophore as a function of the
separating distance. (B) Tweezers T, consisting of the fluorophore positioned in the middle of the arm 20 and the Au NP at the
end of the arm 16. (I) Cyclic fluorescence changes of the system upon subjecting the tweezers to the fuel (closure) and antifuel
(opening) processes. The results demonstrate that the closure of the tweezers leads to surface-enhanced fluorescence of the
fluorophore. (Il) Theoretical modeling of the fluorescence quantum yield of Cy3 as a function of the separating distance of the
units in tweezers T,. Reprinted from ref 47. Copyright 2013 American Chemical Society.

in the open configuration, state |,
10—18 nm, has little effect on the
fluorescence quantum yield of the
Cy3 fluorophore. In turn, in tweezers
T, Figure 4B, the fluorophore (Cy3)
is positioned in the middle of arm
20, while the Au NP is tethered to
the 5-end of arm 16 and its position
is unchanged. Closure and opening
of the tweezers T, by means of the
fuel and antifuel strands result in
the fluorescence changes shown in
Figure 4B, panel I. In contrast to
tweezers T,, the closure of tweezers
T, to state Il leads to an enhanced
fluorescence quantum yield, as com-
pared to the tweezers in the open
configuration, state |. Figure 4B, panel
I, shows the theoretically predicted
distance-dependent fluorescence
quantum yields for the tweezers con-
taining the fluorophore Cy3 in an
internal modified nucleic acid. The
estimated separation distances of
the fluorophore/Au NP in the closed
and open T, tweezers states are
3.8—4.0 nm for the closed tweezers,
state Il, and 9—14 nm for the open
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tweezers T, in state |. The experi-
mental results follow the theoretical
predictions, and at a separation dis-
tance of ca. 3.5 nm, 20% fluores-
cence enhancement is expected,
while at separation distances of
9—14 nm, the fluorescence quan-
tum should not be affected.

Another rapidly
developing area in
DNA nanotechnology
involves the
construction of DNA

machines.

The switchable control of the
fluorescence properties of fluoro-
phore/Au NPs nanostructures by
means of DNA machines was fur-
ther demonstrated using the three-
ring DNA catenane as the pro-
gramming machine,*® Figure 5A.
The three-ring catenane system,
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consisting of rings a, §, and y, was
functionalized with a fluorophore
(Cy3) on ring a and with a 10-nm
Au NP on ring y to yield the linear
structure L. While the ring y forms a
stable duplex by the hybridization
of domain | of ring y with ring j3, the
domains Il and Il associated with
ring o are sequence-equivalent
and can also hybridize with parts of
the sequence | associated with ring
y. The three-ring configuration L, is,
however, the energetically favored
nanostructure. The strand displace-
ment of ring y from ring 5 by means
of a fuel strand triggers, in principle,
two equiprobable translocations of
ring y, above or below the rims of
ring f3, to occupy the sites Il and IlI
on ring a. It was found, however,
that blocking the lower rim of ring
by a nucleic acid blocker (B,), dic-
tates, in the presence of the fuel
strand, the selective transition of
ring y across the upper rim of ring
S to bind to site Il of ring @, leading
to the three-ring configuration M,.
Similarly, blocking the upper rim of
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Figure 5. (A) Switchable fluorescence properties of the Cy3 fluorophore, stimulated by a three-ring catenane device
functionalized with a 10-nm Au nanoparticle (NP) and a fluorophore (F = Cy3), upon the cyclic and reversible transition
across the states L,, M;, and M,, using the appropriate blocker/antiblocker and fuel/antifuel stands. (B) Time-dependent
fluorescence changes upon reconfiguration of (a) structure L; to M, (implying fluorescence enhancement); (b) L, to M,
(implying fluorescence quenching). (C) Time dependent fluorescence change upon the transitions L, — M; —L; — M, —L, in
the presence of the appropriate blocker/antiblocker and fuel/antifuel. (D) Theoretical modeling of the fluorescence quantum
yield as a function of the distance separating the Au NP/fluorophore pair. Bars indicate the estimated distance separating the
fluorophore/Au NP in the different states. Reprinted with permission from ref 48. Copyright 2013 Nature Publishing Group.

ring B in configuration L; with a
blocker unit (B,), followed by the
fuel-stimulated strand displacement
of ring y, results in the selective
transition of ring y along the lower
rim of ring S to site Ill of ring a to
form configuration M,. Figure 5B,

LU ET AL.

curve a, shows the time-dependent
fluorescence changes upon the re-
configuration of structure L; to M;.
The increase in the fluorescence in-
tensities indicates surface-enhanced
fluorescence in the system. In turn,
the rearrangement of structure L,

into the structure M, is accompa-
nied by a decrease in the fluores-
cence, Figure 5B, curve b, implying
that this reconfiguration process leads
to quenching of the fluorophore by
the Au NP. By the cyclic treatment of
the system with the appropriate
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Figure 6. (A) Schematic locking of two fluorescent substrates, methylene blue, or thionine, in mesoporous SiO, nanoparticles
(NPs), by means of DNA duplex caps, and the controlled release of the fluorescent substrates by the selective unlocking of the

pores by fragmenting the DNA caps with the Mg
dependent fluorescence changes observed upon (a) the Mg "

-dependent DNAzyme or the Zn?"
-dependent DNAzyme-stimulated release of methylene blue

-dependent DNAzyme. (B) Time-

from the pores; (b) background fluorescence changes corresponding to the leakage of methylene blue from the pores. (C)

Time-dependent fluorescence changes observed upon (a) the Zn?

*-dependent DNAzyme-stimulated release of thionine from

the pores; (b) background fluorescence changes corresponding to the leakage of thionine from the capped pores. Reprinted
from ref 56. Copyright 2013 American Chemical Society.

blocker/antiblocker and fuel/antifuel
strands, the fluorescence features
of the system could be reversibly
cycled between fluorescence enhance-
ment and fluorescence quench-
ing states, using the DNA catenane
machine as a controlling scaffold,
Figure 5C. The experimental results
were further supported by theore-
tical modeling of the distance-
dependent fluorescence quantum-
yield efficiencies of the Cy3/10-nm
Au NP system, Figure 5D. The dis-
tance separating the fluorophore/
10-nm Au NP in configuration M,
is estimated to be 7.3 nm, consistent
with the observed enhanced fluo-
rescence. In turn, in structure M,,
the distance separating the fluoro-
phore/Au NP is estimated to be
2.7 nm, consistent with the ob-
served fluorescence quenching. In
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structure L;, the distance separating
the fluorophore from the Au NP is
ca. 14 nm, suggesting little effect on
the fluorescence quantum yield of
the fluorophore.

Finally, we address the imple-
mentation of hybrid DNA/mesopor-
ous SiO;, NPs as “smart” drug carriers
and controlled release systems.*®
Mesoporous materials are the sub-
ject of growing interest as carriers
and controlled release systems. The
high surface area of porous materi-
als enables both the effective load-
ing of the pores and the locking of
the substrates in the pores by sti-
muli-responsive gating caps. Differ-
ent triggers to unlock the pores
have been reported, including the
use of pH,*° light,>' redox,” and
enzymes>> as pore-opening stimuli.
Previous studies have implemented

DNA-functionalized mesoporous SiO,
NPs as stimuli-responsive matrices
for the controlled release of sub-
strates (drugs).>**® In these sys-
tems, the mesoporous NPs acted
as containers for carrying and trans-
porting the substrates, and the nu-
cleic acids as stimuli-responsive
gates that cap the pores and unlock
them in the presence of appropriate
input triggers. Figure 6A displays the
principle of gating the release of
fluorescent substrates (methylene
blue [MB™] or thionine [Th*]) by
means of metal-ion-dependent DNA-
zymes (the Mg®"-dependent DNA-
zyme or the Zn*"-dependent DNA-
zyme).”® The pores of mesoporous
SiO, NPs (diameter 50 nm) were
functionalized with the nucleic acid
sequence 21 acting as substrate
for the Mg®"-dependent DNAzyme

VOL.7 = NO.10 = 8320-8332 = 2013 A

WWW.acsnano.org

ACINAR

J/

\\/

dAILOddSddd

8327



A)

,-\Aptamer

2+
‘ I ATP Mg
ﬁlﬂ‘lj_ '1113<3M_gz+>&rA

rA

rA (21 rA x x
g o ""'1
Q OH
poxe CLLL)S
O O OH O O _~»

C) 1 OHT T
600ﬁ [t ap=—=gl
500- /

5

g 4004

§300— s c

- — s

EZOO— / éff_'g

] 2 H
o /é“% a
O_
40

Time/min

Figure 7. (A) The cooperative activation of the Mg>"

-dependent DNAzyme by the

insertion of the aptamer sequence into the loop domain of the DNAzyme
sequence, and the formation of the aptamer/adenosine triphosphate (ATP)
biomarker complex. (B) The cooperative unlocking of the pores, associated with

the mesoporous SiO, nanoparticles by means of the ATP/aptamer/Mg>"

-depen-

dent DNAzyme units, resulting in the release of the anticancer drug doxorubicin
from the pores. (C) Time-dependent release of doxorubicin from the mesoporous

SiO, nanoparticles (NPs): (a) background release in the absence of Mg2+
ATP; (b) in the presence of only ATP; (c) in the presence of Mg "
-ions. Adapted from ref 56. Copyright 2013 American

presence of ATP and Mg*"
Chemical Society.

and the Zn®"-dependent DNA-
zyme. The pores were loaded with
the fluorescent substrates, MB™ or
Th*, and locked in the pores by the
hybridization of the nucleic acid
sequences 22 or 23, corresponding
to the Mg®>"™- or Zn’"-dependent
DNAzyme sequences, with the sub-
strate sequence 21. In the presence
of Mg?" or Zn?", selective unlock-
ing of the pores and programmed
release of the fluorescent substrates
were demonstrated, Figures 6B and C.
These hybrid DNAzyme/SiO, NPs
structures provide model systems
for the ion-stimulated release of sub-
strates from the pores. By further
modification of the nucleic acid cap-
ping units, enhanced complexity of
the unlocking mechanism of the pores
was demonstrated, by designing
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ions and
-ions only; (d) in the

nucleic acid caps that unlock the
pores by cooperative DNAzyme/
aptamer-substrate (biomarker) func-
tionalities, Figure 7. This approach
made use of the facts that: (i) inser-
tion of a tandem oligonucleotide
sequence into the specific DNA-
zyme sequence perturbs the cat-
alytic functions of the metal-
dependent DNAzyme due to the flex-
ibility of the ion-binding loop, intro-
duced by the foreign sequence; and
(i) intramolecular hybridization of
the inserted foreign sequence or
the formation of an aptamer—sub-
strate complex, by the inserted se-
quence regenerates the DNAzyme
activity, due to the rigidification of
the ion-binding loop, Figure 7A. Realiz-
ing that extensive amounts of
adenosine triphosphate (ATP) are

generated in cancer cells due to
the enhanced metabolism in these
cells, we suggested that the ATP
biomarker could be implemented
as a functional component for the
cooperative, DNAzyme-stimulated
unlocking of the pores and the tar-
geted release of an anticancer drug
in cancer cells. Accordingly, the me-
soporous SiO, NPs were modified
with the Mg?"-dependent DNAzyme
substrate 21, and the pores were
loaded with doxorubicin (DOX), an
anticancer drug. The drug was locked
in the pores by the hybridization of
the nucleic acid sequence 24, which
included two subunits | and Il of
the Mg?"-dependent DNAzyme, and
an insert sequence, lll, that corre-
sponded to the ATP-aptamer se-
quence, Figure 7B. Whereas in the
presence of Mg®'-ions and the ab-
sence of ATP inefficient opening of
the pores was observed, Figure 7C,
curve ¢, effective unlocking of the
pores and the release of DOX were
observed in the presence of both
Mg?* ions and ATP, Figure 7C, curve
d. Preliminary experiments revealed
that the DOX-loaded mesoporous
SiO, underwent rapid endocytosis
into cells. It was found that the
Mg?" ion content in the cells is suf-
ficient to activate the DNAzyme-
functionalized SiO, NPs and to
unlock the pores. The excessive
content of ATP generated in the
cancer cells was found to trigger
and to unlock the DOX-loaded
SiO, NPs in cancer cells selectively,
leading to their effective death. We
find that after a time interval of 24 h,
the death of 50% of the cancer cells
was observed, while less than 10%
of the normal cells were subjected
to death. Control experiments sup-
ported the original paradigm that
intracellular ATP indeed triggers the
unlocking of the NPs and the re-
lease of the anticancer DOX drug. In
these experiments, added oligomy-
cin, which suppresses the intracel-
lular generation of ATP, inhibited
the death of the cancer cells.
Afurther approach to unlock nucleic-
acid-capped, drug-loaded, pores of
mesoporous SiO, has involved the

VOL.7 = NO.10 = 8320-8332 = 2013 muLQL//\j Jf

Www.acsnano. org

dAILOddSddd

8328



A) ¢33 * 03 %
5 5 - S
| A Recyde ™ S 9 ’

¢ B \
500 =120~ [[normal breast cells (MCF-10a)
e HO] O | S
400 ] i ] I breast cancer cells (MDA-MB-231)
. [ 4004 1 | S100 =

=2 = 1oy

ﬁ'g" o B 5
3001 33001 w 80

5 § § 2

22”” £200 ¢ £ 60

= = b, )

= = & 40 L
1001 100 1 a >

T 20
= . ; ;0 ————————————
400 500 600 700 0 20 40 60 80 100 120 140 160 0
Time/min Time/min —a_n b Lt gy 4

Figure 8. (A) Schematic unlocking of camptothecin- (CPT) loaded mesoporous SiO, nanoparticles (NPs) using adenosine
triphosphate (ATP) as a trigger-biomarker, and Exo lll as a cap-digestion biocatalyst. (B) Fluorescence spectra of CPT released
in the presence of Exo lll and variable concentrations of ATP after a fixed time interval of 60 min. ATP concentrations: (a) 0 mM;
(b) 0.1 mM; (c) 0.5 mM; (d) 1 mM; (e) 2 mM. (C) Time-dependent fluorescence changes of released CPT: (a) background release
in the absence of Exo Ill and ATP; (b) in the presence of ATP, 1 mM, and absence of Exo lll; (c) in the presence of Exo lll and the
absence of ATP; (d) in the presence of Exo lll and ATP, 1 mM. (D) Effect of CPT-loaded mesoporous SiO, NPs on the viability of
normal breast cell (MCF-10a; black) and the breast cancer cells (MDA-MB-231; gray): (a) viability of the cells treated with CPT-
unloaded SiO, NPs after 24 h; (b) viability of the cells loaded with the CPT after a time-interval of 24 h; (c) viability of the cells
treated with the CPT-unloaded SiO, NPs after a time interval of 48 h; (d) viability of the cells treated with the CPT-loaded SiO,

NPs after a time-interval of 48 h. Reprinted from ref 57. Copyright 2013 American Chemical Society.

The programmed cyclic
reconfiguration of
metallic nanoparticle
structures, and
particularly the spatial
control of distances
separating fluorophores
and plasmonic
nanoparticles by means
of DNA machines, is a
challenging new

research area.

biocatalytic degradation of the nu-
cleic acid by specific enzymes, such
as endonucleases, nicking enzymes,
or exonucleases.> This is exemplified
in Figure 8A with the ATP-triggered
unlocking of mesoporous SiO, NPs,
loaded with the anticancer drug
camptothecin (CPT), using exonu-
clease Il (Exo lll) as biocatalyst. The
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mesoporous SiO, NPs were functio-
nalized with the nucleic acid 25,
which consisted of the ATP aptamer
sequence and additional domains
that could form an internal duplex
hairpin structure. The thermal treat-
ment of the NPs retained the nu-
cleic acid 25 in the single-stranded
configuration that allowed loading
the pores with the anticancer drug
CPT. Upon cooling the system, the
nucleic acid units 25 reconfigured
into the hairpin structure that capped
and trapped CPT in the pores. The
exonuclease lll, Exo lll, is a specific
biocatalyst that sequentially digests
only duplex DNA domains from the
3’-end. Realizing these properties of
Exo Ill, the hairpin structure of 25
was designed to include a single-
strand overhang, causing the hair-
pin units to be resistant to Exo lll. In
the presence of ATP, the hairpin
structure, including the aptamer do-
main, rearranges into the aptamer—
ATP complex, leading to an
internal 3’-ended hairpin structure
25a. The Exo lIl digestion of the 3'-
end of the aptamer complex strand

VOL.7 = NO.10 = 8320-8332 = 2013 ACY\JA

results in the separation of the
aptamer—ATP complex and the
release of ATP. This process acti-
vates the further degradation of
capping hairpin units 25 by the
ATP biomarker. That is, the Exo
ll-mediated cleavage of the 25a/ATP
structure regenerates the ATP bio-
marker, thus providing an amplifi-
cation mechanism for the release of
CPT. Figure 8B depicts the fluores-
cence intensities of the released
CPT upon subjecting the CPT-
loaded mesoporous SiO, NPs to
different concentrations of ATP for
a fixed time interval of 60 min in the
presence of Exo lll. As the concen-
trations of the ATP biomarker in-
crease, the release of CPT is
enhanced, implying that ATP indeed
acts as a trigger to unlock the pores.
Figure 8C depicts the time-depen-
dent fluorescence changes as a result
of releasing CPT from the pores.
Realizing that the enzyme Endo G,
exhibiting Exo Ill type activities, is
present in cancer cells, the effects of
CPT-loaded mesoporous SiO, NPs
capped with the ATP-responsive
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hairpin 25 on MDA-MB-231 breast
cancer cells and MCF-10a nor-
mal breast cells were examined,
Figure 8D. After a time interval of
48 h, 65% cell death was observed
for the MDA-MB-231 breast cancer
cells, whereas only 25% cell death
was encountered with the normal
breast cells. Control experiments,
using oligomycin as an inhibitor
for the metabolic formation of ATP
in cancer cells, demonstrated that
the degree of cell death of the
cancer cells decreased as the con-
centration of oligomycin increased.
These results were consistent with
ATP unlocking the pores and releas-
ing the CPT anticancer drug.

This Perspective has addressed
one facet of our activities in the area
of nanobiotechnology. Specifically,
we discussed recent advances in
applying nucleic acid/nanoparticle
hybrids for sensing applications,
controlling switchable plasmonic
functions by means of DNA ma-
chines, and the implementation of
such hybrid systems for controlled
drug release. Nucleic acid—NP com-
posites combine the properties and
functions of the hybrid compo-
nents, thus providing new materials
for different applications. Nucleic
acid-functionalized QDs have en-
abled the introduction of a new
sensing paradigm involving the
CRET process. Also, amplified opti-
cal detection of DNA or aptamers
through Exo Il regeneration of the
analytes was demonstrated. The
size-controlled luminescence prop-
erties of QDs were then implemen-
ted for the multiplexed detection of
analytes. A further new sensing plat-
form has involved the integration of
luminescent DNA-stabilized Ag NCs
with GO as functional matrices for
DNA sensing. By using nucleic acid-
functionalized Ag NCs of different
luminescence properties, multiplexed
analysis of different DNA targets
was achieved. By implementing other
semiconductor QDs and by using
other luminescent metal-DNA NCs
(e.g., Au, Cu), multiplexed analysis of
enhanced complexities may be
envisaged.

LU ET AL.

The programmed cyclic reconfi-
guration of metallic nanoparticle
structures, and particularly the spa-
tial control of distances separating
fluorophores and plasmonic nano-
particles by means of DNA machines,
is a challenging new research area.
While solid theoretical modeling of
the optical properties of ordered
plasmonic nanoparticles or spatially
organized fluorophore—nanoparti-
cle assemblies is available, the cor-
relation of theory with experimental
systems remains limited. Specifi-
cally, plasmonic effects are antici-
pated to be enhanced with increas-
ing nanparticle size. However, the
synthesis of large metallic NPs that
are modified with controlled num-
bers of nucleic acids, and particu-
larly the stabilization of such
particles against aggregation, en-
counters serious difficulties and lim-
itations. Once general synthetic
methodologies to prepare stable
large plasmonic NPs with high
yields are available, important new
plasmonic phenomena in orga-
nized metallic NPs nanostructures
can be envisaged. Finally, hybrids
consisting of DNA and mesoporous
nanoparticle materials hold great
promise as drug carriers and autono-
mous sense-and-treat systems. The
design of functional stimuli-respon-
sive DNA caps for triggered unlock-
ing of pores and controlled release
of substrates (drugs) may provide
a powerful new paradigm in nano-
medicine. Specifically, precise ap-
tamer sequences for biomarkers
and catalysts (DNAzymes or enzymes)
may act cooperatively as “smart”
tools to unlock the pores and to
release drugs. While important ad-
vances in applying stimuli-respon-
sive mesoporous NPs for controlled
drug release have been demon-
strated, important challenges re-
main ahead of us. Mesoporous NP
drug-delivery systems revealing en-
hanced functional complexities
could be realized. For example, the
biomarker-triggered release of a
pro-drug and a drug activator from
two different NP containers could
be an interesting path to follow.

Furthermore, understanding the
basic mechanisms for endocytosis
of NPs into cells, modification of NPs
with cell-penetrating peptides and
controlling their delivery into cells,
as well as the use of different me-
soporous nanoparticle materials
(e.g., carbon, TiO,), are interesting

subjects for further exploration.
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