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Drug Carriers

Stimuli-responsive DNA-functionalized nano- and microcontainers
composed of mesoporous SiO, nanoparticles (MP SiO, NPs),
microcapsules, or micelles/vesicles act as carriers for the transport and
release of drugs. The information encoded in the DNA sequences
provides instructive information for the gating of drug-loaded pores of
MP SiO, NPs, for the assembly and degradation of microcapsules or
lipid—-DNA micelles/vesicles, and for the targeting of nano-/micro-
containers to cancer cells. Different triggers are applied to release the
drugs loaded in the nano-/microcontainers by unlocking the pores of
the MP SiO, NPs or by degradation of the containers. These include
the use of switchable DNA nanostructures (nucleic acid hairpins, i-
motif, G-quadruplexes) and the implementation of chemical, thermal,
or photonic stimuli. Also, catalytic processes stimulated by
DNAzymes or enzymes are used to release drugs from the nano-/

microcontainers.

1. Introduction

The base sequence of oligonucleotides (DNA) encodes
substantial structural and functional information in the
biopolymer. Besides the well-established base-pairing of A-
T and G-C bases to form duplex nucleic acids, the base-
dictated self-assembly of nucleic acids into different nano-
structures is of interest!!! (Figure 1A). DNA strands that
include self-complementarity generate hairpin structures,
cytosine (C)-rich strands assemble under appropriate pH-
conditions into i-motif structures,”’ and guanosine (G)-rich
sequences self-assemble in the presence of K* or NH," ions
into G-quadruplex nanostructures.”! Also, appropriate base-
domains, such as T-A-T or C-G-C, allow the formation of
triplex DNA structures.”! Similarly, metal ions bridge nucleo-
tide bases to form T-Hg**-T or C-Ag"-C complexes, and
different intercalators bind to duplex DNA strands.”® These
complexes cooperatively stabilize DNA duplexes or other
nucleic acid nanostructures. The different oligonucleotide
nanostructures can be separated under appropriate condi-
tions; duplex DNA undergoes strand displacement to form
energetically stabilized structures,”’ hairpin nucleic acids
open upon hybridization of nucleic acids with the loop
region of the hairpins,® i-motif structures dissociate at neutral
pH to random coils, triplex DNA assemblies are separated at
different pH values, and G-quadruplexes or metal-ion-
bridged duplexes are separated by ligand-induced elimination
of the ions stabilizing the structures.™!”! Similarly, photo-
isomerizable units exhibit switchable binding properties to
duplex DNA, resulting in switchable cooperative stabilization
of double-stranded DNA nanostructures. For example, trans-
azobenzene units intercalate into double-stranded DNA,
resulting in the stabilization of the duplex structures. Photo-
isomerization of the trans-azobenzene units into cis-azoben-
zene units that lack intercalation affinities toward duplex
DNA results in the weakening, and eventually, the separation
of the double-stranded structures."! Oligonucleotides may
also reveal specific recognition properties. Sequence-specific
nucleic acids with high-affinity binding properties to low-
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molecular-weight substrates, macromolecules (e.g., proteins),
and even to cells are available (aptamers)'? and can be
elicited by the systematic evolution of ligands by exponential
enrichment (SELEX) process.”! Also, many sequence-spe-
cific nucleic acids exhibit catalytic properties (DNAzymes),
such as metal-ion-dependent DNAzymes!"¥! or the hemin/G-
quadruplex horseradish-peroxidase mimicking DNAzyme."”!
Different enzymes react with DNA (Figure 1 B). Polymerase
replicates in the presence of the dNTPs mixture, a primer
nucleic acid hybridized with a DNA scaffold," sequence-
specific endonucleases cleave duplex DNA structures,'”
sequence-specific nicking enzymes cleave a single-strand
target site in duplex DNA structures,™® DNase digests
DNA strands, and exonucleases, such as exonuclease I11
(Exo III), hydrolytically digest the 3’-end of a duplex DNA
strand.["”)

The possibilities to trigger structural transitions of DNA
nanostructures by means of environmental stimuli or catalytic
transformations provide a rich arsenal of tools to manipulate
DNA. The reconfiguration of DNA nanostructures by
environmental stimuli,”” the recognition properties of aptam-
ers,'? the catalytic functions of DNAzymes, and the biocat-
alytic reactions on nucleic acid structures™*' have a tremen-
dous impact on the development of different topics in the
rapidly developing area of DNA nanotechnology. The devel-
opment of DNA switching systems,™ DNA-based
machines,”!! amplified DNA-sensing platforms,*>*! and the
application of DNA as a functional material for operating
logic-gate and computing circuits®*! make use of these
unique features of DNA. The present Review discusses the
use of DNA hybrid systems as stimuli-responsive carriers for
the controlled release of payloads. Specifically, stimuli-
responsive  DNA-functionalized mesoporous nanoparticles
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Figure 1. A) Self-assembly of DNA nanostructures and complexes by
environmental stimuli or co-added ligands/ions. B) Examples of bio-
catalyzed transformations occurring on DNA nanostructures.
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(NPs), DNA-based micro-/nanocapsules, and micelles and
vesicles consisting of lipid—nucleic acid conjugates are
addressed. The methods to assemble the stimuli-responsive
DNA-based containers, the mechanisms to trigger the
unlocking of these micro-/nanoreservoirs and the release of
payloads, and the future applications of these systems for
sensing and for targeted and controlled drug release in
nanomedicine are presented.

2. DNA-Capped Mesoporous Nanoparticles for Con-
trolled Release

Mesoporous particles are defined as nanoparticles that
include pores with diameter between 2 nm and 50 nm. Many
different inorganic materials such as carbon, TiO,, and SiO,,
were prepared in the form of mesoporous micro- or nano-
particles.”*?") These rigid mesoporous particles exhibit impor-
tant features, such as high surface area and loading capacity,
biocompatibility, chemical stability, and surface functional-
ities that allow chemical modification of the surface as well as
uptake of the particles into cells. Many different applications
of substrate-loaded mesoporous particles were suggested,
including sensing,™! drug delivery,”” imaging,* and cataly-
sis.P!

For the biomedical application of mesoporous NPs,
specifically mesoporous SiO, nanoparticles (MP SiO, NPs),
as drug delivery vehicles, the NPs have to fulfill several
prerequisites: 1) The pores need to be loaded with the drug
cargo (or a model analogue) and capped by functional units
that prevent or minimize uncontrolled release. 2) The pore-
capping units should be unlocked by external or environ-
mental triggers, allowing the controlled release of the load.
3) Surface modifiers on the NPs should allow the targeting of
the NPs to specific cells and facilitate cellular endocytosis.
The unlocking of the pores by specific intracellular biomark-
ers or chemical agents is advantageous for targeted controlled
release. Indeed, substantial research efforts have been
directed to develop stimuli-responsive capped MP SiO, NPs.
These include the unlocking of the caps by pH-triggers,*!
chemical stimuli®™®! such as glucose, the implementation of
redox-active caps®**! such as disulfide or quinone caps, the
use of photonic signals,l the application of thermal®” or
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magnetic fields,”™ and the use of enzymes as catalysts for the
degradation of the caps.’”) The release of different drugs such
as insulin™” or chemotherapeutic drugs*!! was demonstrated.
Several excellent Review articles have discussed recent
advances in the application of stimuli-controlled mesoporous
NPs for controlled drug delivery.

Nucleic-acid-functionalized mesoporous NPs exhibit
attractive features for triggered drug delivery: 1) Bulky
DNA nanostructures generated by bridged duplexes, poly-
merized DNA chains (by the hybridization chain reaction,
HCR, or polymerase-induced replication), the assembly of
two- or three-dimensional DNA structures, or the formation
of aptamer-ligand complexes provide effective nanostruc-
tures for capping the pores. 2) Different triggers including
strand displacement,”! pH,"! ligands,"” or thermal stimuli™!
could reconfigure the capping units resulting in the unlocking
of the pores and the release of entrapped substrates.
3) Enzymatic or DNAzyme-catalyzed cleavage of DNA
caps might provide means to unlock the caps and release
the pore-entrapped loads. 4) Sequence-specific aptamers that
specifically bind to cells (e.g., cancer cells), or receptor-
biomarkers associated with cells, are known. The modifica-
tion of mesoporous NPs with such aptamers may target the
drug-loaded NPs to specific cells, and facilitate their cellular
endocytosis and targeted release of the drug. The present
section will address the use of DNA-modified mesoporous
NPs as functional stimuli-responsive hybrids for controlled
drug release.

Bulky stimuli-responsive DNA nanostructures have been
widely implemented to cap substrates in the pores of
mesoporous NPs and to release the pore-entrapped materials
in the presence of appropriate unlocking triggers. For
example, duplex DNA structures have been applied as
pore-capping units, and their separation by different triggers
was reported.™ Figure 2 A outlines the unlocking of duplex-
capped MP SiO, NPs, loaded with rhodamine B (RhB) as
a model drug, using temperature or enzymatic digestion of the
caps as unlocking triggers. Azide-functionalized MP SiO, NPs
were loaded with RhB, and the pores were capped by reacting
the NPs with the self-complementary duplex of the alkyne-
modified nucleic acid 1/1 using click chemistry. The thermal
dissociation of the duplex-DNA capping units or the enzy-
matic digestion of the units in the presence of DNase I
unlocked the pores, thus triggering the release of the
fluorescent load as shown in Figure 2B and C, respectively.
Similarly, the anticancer drugs camptothecin (CPT) and
floxuridine (FUDR) were loaded into the MP SiO, NPs and
capped with the duplex DNAs. In vitro experiments (human
liver cancer cells; HepG2) showed that effective uptake of the
CPT-loaded MP SiO, NPs by the cancer cells occurred. For
this purpose, the fluorescent CPT drug (1=423 nm) was
loaded in the pores, and the surface of the NPs was modified
with fluorescein isothiocyanate as fluorescent label, 1=
519 nm. The fluorescence of the drug and label enabled to
follow the endocytosis and drug release events. It was found
that the DNA-capped CPT-loaded MP SiO, NPs were
effectively internalized in the cancer cells, and the endonu-
cleases present in the cells triggered the unlocking and release
of the drug, resulting in the effective killing of the cells
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Figure 2. A) RhB-loaded duplex-DNA-capped MP SiO, NPs as stimuli-
responsive load/release material. The unlocking of the pores occurs by
thermal dissociation of the capping units or hydrolytic digestion of the
caps by DNase I. B) Time-dependent thermally stimulated release of
the RhB load. C) Time-dependent release of the RhB load in the
presence of variable concentrations of DNase |: a) Without enzyme;
b) 10 Uml™; ¢) 20 Uml™'; D) HepG2 cancer-cell viability in the pres-
ence of CPT-loaded MP SiO, NPs, capped with the duplex DNA being
unlocked by intracellular enzymes. The cells are treated with variable
concentrations of the CPT drug, and compared to different control
systems. Adapted with permission from Ref. [44]. Copyright 2011
Wiley-VCH.

(Figure 2D). In a related study, other enzymes, such as
Exo III or the nicking enzyme Nb.BbvClI, were used to unlock
substrate-loaded MP SiO, NPs capped with duplex DNA
units.™ These systems represent potential sense-and-treat
nanoparticle devices, because with the appropriate design of
the hairpins, a defective disease-causing gene might trigger
the release of a drug (e.g., an anticancer chemotherapeutic
drug).

The unlocking of MP SiO, NPs by the reconfiguration of
DNA caps through the formation of an aptamer-ligand
complex and the subsequent biocatalytic exonuclease-stimu-
lated digestion of the resulting aptamer complex, was
implemented for the controlled release of the anticancer
drug CPT into breast cancer cells™! (Figure 3 A). The system
made use of the fact that ATP is overproduced in cancer cells
and that the exonuclease-type nicking enzyme EndoGI is
present in cancer cells.*®! Accordingly, the MP SiO, NPs were
functionalized with the DNA hairpin structure 6 that includes
the anti-ATP aptamer sequence, domain I, in the hairpin
structure. The thermal dissociation of the hairpin structure to
arandom coil enabled the loading of the pores with CPT. The
locking of the anticancer drug CPT was achieved by cooling
the system and capping the pores with the bulky hairpin units.
In the presence of ATP, the hairpin-capping unit reconfigured
into the ATP-aptamer complex structure that included an
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Figure 3. A) Probing the viability of MDA-MB-231 breast cancer cells,
and of the MCF-10a normal breast cells, subjected to CPT-loaded MP
SiO, NPs capped with hairpin DNA nanostructures. The hairpins
contain the ATP aptamer sequence in the domain I. In the presence of
ATP, which is overexpressed in cancer cells, and EndoGl, which is an
exonuclease-type enzyme present in cancer cells, the hairpin caps
reconfigure into the aptamer—ATP complex units that are digested by
EndoGl, resulting in the release of CPT. B) Cell viability of the MDA-
MB-231 breast cancer cells, and C) cell viability of MCF-10a normal
breast cells after of 24 h (gray) and 48 h (black), corresponding to:

a) Untreated cells; b) CPT-loaded MP SiO, NPs; c) free CPT-treated
cells; d) oligomycin-treated cells (for inhibition of ATP production), in
the presence of CPT-loaded MP SiO, NPs. Adapted with permission
from Ref. [45]. Copyright 2013 American Chemical Society.

a b c d
MDA-MB-231

active 3’-ended duplex domain recognized by the EndoGI
enzyme. The cleavage of the duplex domain separated the
ATP-ligand complex, regenerated the ATP biomarker for
further reconfiguring of the hairpin units, and resulted in the
release of the anticancer drug CPT. The CPT-loaded MP SiO,
NPs were introduced into MDA-MB-231 breast cancer cells,
and into MCF-10a normal breast cells. The effects of the CPT-
loaded NPs on the two types of cells are displayed in
Figure 3B and C, respectively. Whereas the viability of the
breast cancer cells decreased by 65 % upon treatment of the
cells with the drug-loaded MP SiO, NPs for a time interval of
48 h, the viability of the normal cells decreased only by 20 %
upon treatment with the drug-loaded MP SiO, NPs under
similar conditions. These results are consistent with the
overproduction of ATP in cancer cells, which leads to an
enhanced release of the drug in cancerous cells. The function
of ATP in unlocking the pores was further supported by
treatment of the cells that contained the CPT-loaded MP SiO,
NPs with oligomycin, a suppressor of ATP generation in
cells.”) Under these conditions the cell viability decreased to
only 50%, consistent with the lower ATP-driven release of
the drug. Also, it was found that the CPT-loaded MP SiO, NPs
revealed a superior effect on cancer cell death, as compared
to cells treated with free CPT, presumably due to effective
endocytosis of the MP SiO, NPs into the cancer cells.
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|
path chTT/GSH

Figure 4. Synthesis of calcein-loaded MP SiO, NPs capped with sur-
face-modified 9-acridinamine disulfide units intercalating into the
duplex DNA structure. Unlocking of the pores and release of the loads
is stimulated by the separation of the intercalator-duplex DNA caps:
Path (a) by DNase | digestion of the duplex DNAs; path (b) by thermal
separation of the duplex DNAs; path (c) by thiol-mediated cleavage of
the disulfide bonds linking the intercalator units to the NPs. Adapted
with permission from Ref. [48]. Copyright 2013 Wiley-VCH.

A different approach to gate and unlock MP SiO, NPs by
means of duplex DNA structures has applied a molecularly
engineered 9-acridinamine intercalator as functional unit to
cap the pores and trigger their unlocking™®! (Figure 4). The 9-
acridinamine derivative was covalently attached to MP SiO,
NPs. It includes the acridine amine intercalator site that binds
to duplex DNA, and a cleavable disulfide bond. The 9-
acridinamine disulfide-modified MP SiO, NPs were loaded
with calcein and the pores were capped by duplex DNA units
through supramolecular binding of the intercalator units to
the duplex DNA. The unlocking of the pores and release of
the entrapped calcein was then stimulated by three different
triggers. By one mechanism, treatment of the system with
DNase I resulted in the digestive cleavage of the duplex,
resulting in the separation of the caps, and the release of the
calcein load [path (a)]. A different mechanism [path (b)] has
applied the thermal dissociation of the duplex-capping units
and the release of the load. A third, chemically stimulated
unlocking of the pores has involved the reaction of the
intercalator/duplex DNA-capped MP SiO, NPs with dithio-
threitol (DTT) or the biologically active glutathione (GSH).
The thiols trigger the reductive cleavage of the disulfide
bridges leading to the separation of the intercalator/DNA
duplex caps, and the release of calcein [path (c)]. Other
methods to cap MP SiO, NPs by nucleic acids have involved
the electrostatic adsorption of single-stranded DNA on
positively-charged amine-functionalized NPs, and the
removal of the blocking DNA locks by the formation of
energetically stabilized duplexes.[*)

DNA-capped MP SiO, Fe;O,@Au NPs were loaded with
the anticancer drug doxorubicin (DOX) and used as stimuli-
responsive nanomaterial affecting the viability and growth of
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Figure 5. A) Synthesis and application of Fe;O,@Au core-shell nano-
particles coated with a mesoporous SiO, layer, loaded with DOX, and
capped with a thiol-modified duplex DNA, for the magnetic targeting
and thermal treatment of the cancer cells or Hela tumors in mice. The
Fe;O, magnetic NPs provide a means to direct and localize the drug
carrying NPs by an external magnetic field. The Au coating of the NPs
provides a plasmonic layer for the thermal dissociation of the duplex-
DNA capping units, and for the release of the drug. B) Viability of
Hela cells after 24 h, and examined upon: a) Cells with no additive;

b) the cells treated only with laser irradiation (10 min exposed to laser
irradiation 1 =808 nm, power 3 Wcm™2); c) in the presence of the
DOX-loaded NPs with no irradiation or external magnetic field; d) in
the presence of unloaded NPs under irradiation; €) in the presence of
DOX-loaded NPs upon irradiation; f) in the presence of unloaded NPs
and under irradiation and external magnetic field; g) in the presence of
the DOX-loaded NPs under irradiation, and external magnetic field;

h) in the presence of free DOX (18.2 um). C) Monitoring the time-
dependent Hela tumor growth in mice: a) In the presence of unloaded
NPs and under external magnetic field; b) tumor treated with PBS
buffer; c) tumor treated with PBS buffer and laser irradiation (30 min,
2. =808 nm, power 3 Wem ?); d) in the presence of DOX-loaded NPs
under external magnetic field; e) in the presence of free DOX; f) in the
presence of DOX-loaded NPs under irradiation; g) in the presence of
unloaded NPs under irradiation and external magnetic field; h) in the
presence of DOX-loaded NPs under irradiation and external magnetic
field (one DOX dose); i) in the presence of DOX-loaded NPs under
irradiation and external magnetic field (two DOX doses, the arrow
indicates the time for injection of the second dose). Adapted with
permission from Ref. [50]. Copyright 2014 American Chemical Society.

cancer cells®” (Figure 5). Au NPs were deposited on octahe-
dral Fe;O, magnetic NPs, and the core-shell Fe;O,@Au NPs
were coated with a SiO, layer that was further modified with
an aminopropyltriethoxysilane layer (Figure 5 A). The result-
ing nanoparticles were further functionalized with a malei-
mide layer. DOX was loaded in the pores of the mesoporous
SiO, layer, and the drug was trapped in the pores by the
covalent linkage of a thiolated nucleic acid duplex structure to
the maleimide functionalities. The resulting drug-loaded NPs
were incorporated into HelLa cancer cells, and the modified
NPs acted as thermosensitive carriers for the release of the
drug. Irradiation of the HeLa cells, which included the NPs,
with a laser (1 =808 nm) resulted in the localized heating of
the NPs, leading to the dissociation of the duplex-DNA
capping units, thus unlocking the pores and releasing the drug.
Magnetic localization of the functionalized NPs and the light-
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induced thermal release of the drug led to a residual cell
viability of ca. 34 % after two hours of magnetic attraction of
the NPs, followed by ten minutes of laser irradiation, whereas
control experiments showed substantially higher cell viabil-
ities (Figure 5B). Similarly, nude mice infected by HeLa
tumors were subjected to intravenous (IV) injection of the
DOX-loaded functionalized NPs. Thermoresponsive drug-
loaded NPs were attracted to the tumor site by an external
magnet (for 30 min), followed by the irradiation of the tumor
(=808 nm, laser power 3 Wcm ™2, for 30 min). The effect of
the thermal release of the drug on the growth of the tumor
was then physically monitored. It has been demonstrated that
the growth of the tumors was significantly inhibited by the
magnetic-field/thermally activated drug-loaded NPs, as com-
pared to control systems that did not release the drug
(Figure 5C). It was also demonstrated that the dose of the
IV-injected functionalized NPs, affected the extent of inhib-
ition of the tumor growth.

The formation of stimuli-responsive supramolecular base-
specific DNA nanostructures provides a versatile means to
cap and release the loads entrapped in MP SiO, NPs.
Cytosine-rich single-stranded nucleic acid self-assembles at
acidic pH into the i-motif structure. Accordingly, MP SiO,
NPs were functionalized with the C-rich nucleic acid 7, and
the pores were loaded with RhB at neutral pH. Subjecting the
loaded NPs to pH 5.0 assembled the bulky i-motif structures
that capped the poresP!! (Figure 6 A). Treatment of the NPs at
pH 8.0 separated the i-motif caps into random coil strands
leading to the release of RhB from the pores (Figure 6 B). By
cyclic changing of the pH between the values pH 8.0 and
pH 5.0, the ON/OFF switching of the release of RhB from the
pores was demonstrated (Figure 6B, inset). In a related
study,” MP SiO, NPs were functionalized with the nucleic
acid 8. Au NPs were modified with the C-rich nucleic acid 9
that is partially complementary to 8. RhB was loaded in the 8-
functionalized MP SiO, NPs, and the hybridization of the 9-
modified Au NPs with the strand 8 yielded duplex structures
in which the Au NPs capped the pores. Under acidic
conditions, the strand 9 reconfigured to the i-motif structure,
resulting in the separation of the Au NPs caps and the release
of RhB from the pores (Figure 6C and D). By the cyclic
switching of the system between pH 5.0 and pH 8.0, the
system was switched between ON and OFF releasing states
(Figure 6D, inset). The pH-stimulated release of loads from
MP SiO, NPs is important because the pH of cancer cells is
acidic as compared to normal cells. Accordingly, the targeted
controlled release of chemotherapeutic drugs in cancer cells
may be envisaged.

G-quadruplex structures represent a further supramolec-
ular assembly of nucleic acid strands. The G-quadruplexes are
stabilized by K* ions, and K'-stabilized G-quadruplexes
provide bulky nanostructures for capping loads in MP SiO,
NPs. Figure 7 A depicts the use of G-quadruplex as a stimuli-
responsive cap for the controlled release of the RhB load.™
The MP SiO, NPs were modified with the thiolated G-rich
nucleic acid 10 and subsequently loaded with RhB. In the
presence of K* ions, the strands 10 were reconfigured into the
K"-stabilized G-quadruplex that capped the pores. In the
presence of kryptofix[2.2.2], the stabilizing K" was eliminated
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Figure 6. pH-Stimulated release of loads from pH-sensitive DNA-
capped MP SiO, NPs: A) i-motif locked, dye-loaded MP SiO, NPs
being unlocked by the separation of the i-motif caps at pH 8.0.

B) Time-dependent fluorescence changes upon the pH-stimulated
unlocking of the pores, and the release of the RhB loads: a) Pores are
capped by the i-motif units, pH 5.0; b) pores are unlocked at pH 8.0.
Inset: Switchable locking/unlocking of the pores and the controlled
release of the dye at pH 5.0 and 8.0, respectively. Adapted with
permission from Ref. [51]. Copyright 2011 Oxford University Press.

C) The use of pH-responsive duplex DNA nanostructures functional-
ized with Au NPs as capping units, for the entrapment of RhB loads in
MP SiO, NPs. The pH-stimulated unlocking of the pores and the
release of RhB is stimulated by the separation of the i-motif-function-
alized Au NPs from the capping units (pH 5.0). D) Time-dependent
release of the dye, when: a) The pores are capped by duplex DNA
nanostructures functionalized with Au NPs, pH 8.0; b) pores are
unlocked at pH 5.0. Inset: Switchable locking/unlocking of the pores.
Adapted with permission from Ref. [52]. Copyright 2011 Royal Society
of Chemistry.

from the G-quadruplex units, resulting in the release of RhB
loads (Figure 7B). By stepwise treatment of the system with
K" ions and kryptofix[2.2.2], the NPs were switched between
locked and unlocked states, respectively (Figure 7C). Many
other nucleic acid strands in the presence of appropriate
ligands form KT-stabilized G-quadruplex aptamer—ligand
complexes, e.g., the aptamer—thrombin complex. These com-
plexes have been applied as locks of MP SiO, NPs, and these
were similarly unlocked by the addition of kryptofix[2.2.2]. A
different approach to unlock the pores by means of G-
quadruplex units is exemplified in Figure 8 A. The MP SiO,
NPs were functionalized with the nucleic acid 11, loaded with
different guests, and caged in the pores by the hybrid duplexes
between 12 and 11 acting as caps. The nucleic acid 12 was
engineered to include a G-rich sequence that is caged in the
duplex structures. In the presence of K* ions, the formation of
the K*-stabilized G-quadruplex separates the duplex, leading
to the release of the loads.”™ Specifically, the chemother-
apeutic drug doxorubicin (DOX) was loaded in the 11/12
duplex-capped NPs, and subsequently released from the pores
by the K'-ion-triggered dissociation of the G-quadruplex
(Figure 8 B and C). The cytotoxicity of the DOX-loaded NPs
on normal breast epithelial cells (MCF-10a) and breast cancer
cells (MDA-MB-231) was examined using the intracellular

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

I. Willner and C. H. Lu

Z

4001 400 T
Q Q

2 T 2 T

5 3001 8 3001 T T b 2
8 a 8

& 2001 5 2001 b a

= 27 |a T

= 1001 = 100- b oa

10 20 30 40 50 60
Time/min

0 ; T y T ) 0
550 600 650 700 750 800 0
Wavelength/nm

Figure 7. A) Synthesis of RhB-loaded MP SiO, NPs capped by K'-ion-
stabilized G-quadruplex units. Unlocking of the pores and release of
RhB is achieved by kryptofix[2.2.2]-induced dissociation of the G-
quadruplexes, by elimination of the K* ions. The release of RhB is
switched ON and OFF by the cyclic treatment of the NPs with
kryptofix[2.2.2] or K*-ions, respectively. B) Fluorescence spectra of RhB
released from the MP SiO, NPs (after a fixed time of 1 h), upon
treatment with different concentrations of kryptofix[2.2.2]: a) 0 mm;

b) 0.5 mm; ¢) 1 mm; d) 5 mm; e) 10 mm; f) 50 mm. C) Switchable and
cyclic ON/OFF release of RhB from the G-quadruplex-capped pores
upon treatment with: a) kryptofix[2.2.2]; b) K*-ions. Adapted with
permission from Ref. [53]. Copyright 2014 Wiley-VCH.

K*-ion levels as unlocking triggers. It was found that although
after an incubation time of 18 h only ca. 40 % of the normal
cells were Kkilled, a 70% death of the cancer cells was
observed under similar conditions (Figure 8 D). The higher
cytotoxic effect of DOX-loaded NPs on the cancer cells was
attributed to the enhanced endocytosis of the NPs into these
cells.*!

A further supramolecular DNA nanostructure that was
used as stimuli-responsive cap for the controlled release of
chemotherapeutic drugs from MP SiO, NPs has involved
intercalator-stabilized adenosine quadruplexes.”* This has
been demonstrated with the loading of the NPs with the
indocyanine green (ICG), a near-infrared (NIR)-responsive
chromophore, and with the coralyne alkaloid, known for its
chemotherapeutic activity. The pores were capped by further
intercalation of coralyne units into adenosine quadruplex
units associated with poly(A). The localized heating of the
caps with NIR excitation of ICG or the pH-stimulated
dissociation of the A-quadruplexes released the coralyne drug
(Figure 9 A). The release rates of coralyne at different pH
values, and upon NIR heating of the NPs, are depicted in
Figure 9B and C. The potential therapeutic use of these
chemothermal NIR-responsive NPs was demonstrated by the
incorporation of the NPs into HepG2 cancer cells. It was
reported that a cell culture, irradiated for 10 min with a NIR
laser (780 nm, 2 Wcm?), showed a cell viability of only
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Figure 8. A) Synthesis of DOX-loaded MP SiO, NPs capped by duplex
nucleic structures 11/12, in which strand 12 includes a “caged” G
sequence capable of forming a G-quadruplex. In the presence of K*
ions, the strand 12 is separated by the formation of a K'-stabilized G-
quadruplex, resulting in the release of DOX. B) Fluorescence spectra of
the released DOX upon treatment of the DOX-loaded MP SiO, NPs
with variable concentrations of K" ions for a fixed time interval of 1 h:
a) 0 mm; b) 0.5 mMm; ¢) 1 mm; d) 5 mm; e) 10 mm; f) 50 mm. C) Time-
dependent fluorescence changes upon the release of DOX from the
pores: a) In the presence of K ions, 10 mm; b) in the absence of K*
ions. D) The viability of MDA-MB-231 breast cancer cells and of
normal MCF-10a breast cells after interaction with the 11/12-locked
DOX-loaded NPs for a time interval of 18 h. Adapted with permission
from Ref. [53]. Copyright 2014 Wiley-VCH.

23.8% after 48 h, whereas the nonirradiated cell culture
showed a cell viability of ca. 60 % after this time interval. The
effective chemothermal release of coralyne suggests that local
irradiation of the NIR chromophore could target the release
of coralyne at tumors.

Aptamer-modified MP SiO, NPs were applied to cap the
loads in MP SiO, NPs and to trigger the unlocking of the
pores by formation of aptamer-ligand complexes.” For
example, MP SiO, NPs have been functionalized with the
nucleic acids 13 and 14 that are partially complementary to
the ATP-aptamer sequence 15 (Figure 10A). The Ru"-tris-
bipyridine dye was loaded in the MP SiO, NPs and capped by
the 13 +14/15 duplex. In the presence of ATP as trigger, the
energetically stabilized ATP-aptamer was formed, resulting
in the unlocking of the pores and the release of the fluorescent
load. A related method has applied Au nanoparticles
modified with the anti-adenosine aptamer or the ATP
aptamer units as capping units of the pores.”" In the presence
of adenosine or ATP, the selective ATP-triggered formation
of the ATP-aptamer complex unlocked the pores, leading to
the release of the loads entrapped in the pores. For example,
Figure 10 B depicts the unlocking of the RhB-loaded MP SiO,
NPs using the formation of the adenosine—aptamer complex
as pore-opening mechanism.”* The NPs were functionalized
with the nucleic acid 16 and loaded with RhB. The pores were
then capped by hybridization with the 17-modified Au NPs to
form the 16/17 duplex capping units. The nucleic acid 17
includes the anti-adenosine aptamer sequence, and this was
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Figure 9. A) Preparation of MP SiO, NPs loaded with coralyne/indo-
cyanine green (ICG) and capped by coralyne/poly(A) capping units,
the chemothermal release of the coralyne drug using acidic environ-
ments, and the thermal dissociation of the capping units by irradiation
of the ICG dye, which exhibits a high efficiency of NIR light-to-heat
conversion. The Scheme depicts the effect of the intracellular acidic
pH in cancer cells and of NIR laser irradiation on the release of the
coralyne drug from the NPs. B) Time-dependent absorbance changes
of released coralyne upon treatment of the coralyne/poly(A)-capped
MP SiO, NPs with various pH environments: a) pH 4.0; b) pH 5.0;

c) pH 6.0; d) pH 7.0. C) Switchable time-dependent absorbance
changes corresponding to the release of coralyne upon unlocking
coralyne/poly(A)-capped NPs in two different pH environments;

a) pH 5.0; b) pH 7.0. The gray bars correspond to the time intervals in
which the system is cooperatively thermally unlocked by the irradiation
with a NIR laser (A=780 nm, power 2 Wcm™?). Adapted with permis-
sion from Ref. [54]. Copyright 2014 Royal Society of Chemistry.

partially “caged” in the duplex structure. In the presence of
adenosine, the pores were unlocked by the dissociation of the
caged aptamer sequence through formation of the adenosine—
aptamer complex, leading to the release of RhB (Figure 10C).
Similarly, the structural reconfiguration of hairpin structures
capping the pores through the formation of an ATP-aptamer
complex was used as a functional motive to unlock the
pores.*!

An approach to target the release of anticancer drugs into
cancer cells has involved the implementation of a specific
anticancer aptamer that locks the drugs in the porous
materials, and unlocks the pores by the formation of specific
aptamer-ligand complexes.’’! MP SiO, NPs were loaded with
DOX and capped by the G-quadruplex-containing DNA 18
that forms duplex hybridization caps with the nucleic acid 19
strands associated with the NPs. The G-quadruplex domain I
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Figure 10. A) Preparation of a Ru(bpy);*"-loaded MP SiO, NPs capped
with the ATP aptamer strand 15, bridging the nucleic acid scaffolds 13
and 14. In the presence of ATP, the capping units are dissociated by
forming the ATP-aptamer complex, resulting in the release of Ru-
(bpy);*". Adapted with permission from Ref. [55]. Copyright 2012
American Chemical Society. B) Preparation of RhB-loaded MP SiO,
NPs capped by duplex DNA nanostructures, composed of 16-linked
SiO, NPs and 17-functionalized Au NPs. The strand 17 includes the
adenosine aptamer sequence. In the presence of adenosine, the
adenosine/Au NP-functionalized aptamer complex separates, resulting
in the unlocking of the pores, and the release of RhB. C) Time-
dependent fluorescence changes upon the release of RhB from the MP
SiO, NPs, in the presence of variable concentrations of adenosine:

a) 0; b) 5 mm; ) 10 mm; d) 20 mm. Adapted with permission from
Ref. [56a]. Copyright 2011 Royal Society of Chemistry.

of 18 corresponds to the aptamer sequence that binds to the
AS1411 receptor sites associated with the cancer cells,
whereas domain II is complementary to the miR-21, that is
a biomarker for the cancer cell. The aptamer site provides the
targeting element for the association and incorporation of the
NPs into the cancer cells. The secondary miR-21 displacement
of the caps proceeding in the cell unlocked the pores and led
to the release of the drug (Figure 11 A). The release of the
drug was controlled by the concentrations of the miR-21
biomarker (Figure 11B). A related system has implemented
strontium hydroxyapatite as porous material for drug delivery
and imaging of cancer cells.”® In this system, DOX was
loaded in the strontium hydroxyapatite pores, and the pores
were capped by the anti-AS1411 receptor aptamer units. The
resulting hybrid-capped material was targeted to the cancer
cells (MCF-7), and unlocking of the pores by the association
of the aptamer to the receptor sites released the drug.
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Figure 11. A) Synthesis of DOX-loaded MP SiO, NPs capped by the
AS1411 aptamer as cancer-cell targeting unit. The aptamer domain | is
extended by tethers I that exhibit complementarity to the strands 19,
associated with the NPs, and enhanced complementarity to the miR-
21 cancer cell biomarker. The Scheme illustrates the “smart” mecha-
nism for the release of DOX in cancer cells, in which the AS1411
aptamer targets the cancer cells and facilitates endocytosis of the NPs
into the cells and the intracellular unlocking of the pores and release
of the drug in the presence of miR-21. B) Time-dependent fluorescence
changes upon the in vitro release of DOX from the AS1411 aptamer-
capped MP SiO, NPs in the presence of variable ratios of miR-
21:complex 18/19: a) 0; b) 1; c) 2; d) 3. Adapted with permission from
Ref. [57]. Copyright 2014 Wiley-VCH.

Catalytic nucleic acids, DNAzymes, have been used to
lock and unlock substrate-loaded MP SiO, NPs. Figure 12 A
exemplifies the capping of substrate-loaded MP SiO, NPs
with sequence-specific metal-ion-dependent DNAzymes and
the selective release of the entrapped substrate by the
activation of the DNAzymes in the presence of the respective
ions.”” The MP SiO, NPs were modified with the ribonu-
cleobase-containing nucleic acid 20, acting as substrate for
either the Mg®"-dependent or the Zn?'-dependent DNA-
zyme. One group of NPs was loaded with methylene blue
(MB") and capped with the Mg*'-dependent DNAzyme
sequence 21. The second group of NPs was loaded with
thionine (Th") and capped with the Zn*'-dependent DNA-
zyme sequence 22. In the presence of Mg*" or Zn*' ions, the
respective DNAzyme-capped NP-loaded systems were acti-
vated, resulting in the release of MB* (Figure 12B) or Th*
(Figure 12 C). Selectivity toward unlocking of the pores by the
specific cofactor ions, which activates the DNAzyme, was
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Figure 12. A) Loading of MP SiO, NPs with MB* or Th*, and capping
of the pores with the respective metal-ion-dependent DNAzyme/
substrate sequences, in which the metal-dependent DNAzymes corre-
spond to the Mg?'- or the Zn?'-dependent DNAzymes, and the
respective substrates are covalently linked to the NPs. Unlocking of
the pores proceeds by activation of the DNAzymes by the respective
jons that result in the cleavage of the substrates, and the release of
capping units. B) Time-dependent fluorescence changes upon the
Mg**-triggered release of MB™ from the Mg**-dependent DNAzyme/
substrate-capped MP SiO, NPs: a) With Mg?", 10 mm; b) in the
absence of Mg?" ions. C) Time-dependent fluorescence changes upon
the Zn*"-triggered release of Th* from the Zn*"-dependent DNAzyme/
substrate-capped MP SiO, NPs: a) With Zn*", 5 mm; b) in the absence
of Zn*" ions. D) Results demonstrating the selective release of MB™
from the Mg”"-dependent DNAzyme/substrate-capped MP SiO, NPs
in the presence of Mg?" ions. Adapted with permission from Ref. [59].
Copyright 2013 American Chemical Society.

demonstrated. Figure 12D shows the ion selectivity of the
Mg**-dependent DNAzyme sequence for the release of MB*
in the presence of added Mg*" ions. Similarly, treatment of the
NPs mixture with Mg*>" and Zn*" ions unlocked both kinds of
NPs, resulting in the release of MB* and Th*. The DNAzyme-
stimulated unlocking of substrate-loaded MP SiO, NPs has
been extended by developing pH-programmable stimuli-
responsive NPs, being activated by different metal ions®!
(Figure 13 A). The Mg**-dependent DNA reveals high activ-
ity at pH 7.2 and is inactive at pH 5.2. In turn, the UO,*"-
dependent DNAzyme is inactive at pH 7.2, yet it reveals high
activity at pH 5.2. At pH 6.0, both of the DNAzymes exhibit
moderate activity. Accordingly, two classes of DNAzyme-
capped MP SiO, NPs were prepared. MP SiO, NPs were
functionalized with the ribonucleic acid 23 acting as substrate
for the Mg*"- or UO,*"-dependent DNAzymes. One class of
NPs (class I) was loaded with MB" and capped with the Mg*"-
dependent DNAzyme sequence 24. The second class (class II)
of MP SiO, NPs was loaded with Th* and capped with the
UO,*"-dependent DNAzyme sequence 25 (Figure 13 A). At
pH 7.2 and in the presence of Mg”" ions, the Mg*"-dependent
DNAzyme was activated and the NPs of class] were
unlocked, resulting in the release of MB* (Figure 13B). In
turn, treatment of the MP SiO, NPs of class II with UO,*" at
pH 5.2, resulted in the selective unlocking of the NPs of
class I1, and the release of Th* (Figure 13 C). Upon mixing the
two classes of NPs and subjecting it to the mixture of the
Mg*"- and UO,*"-ions the release of the MB* and Th* load
occurred. The different pH-dependence of the Mg”"- and
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Figure 13. A) pH-Programmed release of loads (MB* or Th*) from
metal-ion-dependent DNAzyme/substrate-capped MP SiO, NPs (metal
jons =Mg*" and/or UO,*"). At pH 7.2 the Mg’"-dependent DNAzyme
is triggered-on, resulting in the release of MB™, yet the UO,*"-
dependent DNAzyme is inactive. At pH 5.2 only the UO,*"-dependent
DNAzyme is active leading to the release of Th*. At pH 6.0 the Mg?"-
and UO,’"-dependent DNAzymes reveal partial activity, resulting in the
unlocking of both kinds of MP SiO, NPs. B) Time-dependent fluores-
cence changes upon the activation of the Mg?"-dependent DNAzyme/
substrate-capped NPs at pH 7.2 and the release of MB™ loads in the
presence of: a) Mg?" 20 mm; b) without added Mg?". C) Time-depen-
dent fluorescence changes upon the activation of the UO,*"-dependent
DNAzyme/substrate-capped NPs at pH 5.2, and the release of Th*
loads, in the presence of: a) UO,*", 5 um; b) without added UO,*".
D) pH-programmed logic activation of the mixture of MP SiO, NPs
loaded with MB* or Th* and capped with the Mg®*- or UO,**-
dependent DNAzyme/substrate units. Adapted with permission from
Ref. [60]. Copyright 2014 Royal Society of Chemistry.

UO,*"-dependent DNAzymes allowed the pH-programmed
release of the loads (Figure 13D); at pH 7.2 only the Mg?'-
dependent DNAzyme was activated and MB* was released,
whereas at pH 5.2, only the UO,*"-dependent DNAzyme was
activated and the release of Th* occurred. In turn, at pH 6.0,
both of the DNAzymes were activated and the release of MB*
and Th" proceeded. The programmed release of loads from
the nucleic-acid-functionalized mesoporous NPs follows the
basic concepts of logic-gate systems. Indeed, recent reports
addressed the interplay between stimuli-responsive nucleic-

www.angewandte.org

Chemie

12221


http://www.angewandte.org

Angewandte

12222

Reviews

acid-functionalized MP SiO, NPs as load carriers and as
functional components for logic gate operations.”®"

The catalytic properties of metal-ion-dependent DNA-
zymes were combined with the specific recognition functions
of aptamers, to yield stimuli-responsive capped NPs, acting as
sense-and-treat functional drug carrier.” It was reported that
the separation of two metal-dependent subunits by a tandem
nucleic acid insert, deactivates the DNAzyme catalytic
functions in the presence of the appropriate cofactor metal
ion, presumably due to the flexibility of the loop that prevents
the stabilization of the DNAzyme structure. However, the
rigidification of the flexible insert strand, e.g., by the
formation of an aptamer-ligand complex, was found to
reassemble the rigid structure of the DNAzyme loop that
allows the reactivation of the catalytic properties of the
DNAzymeP” (Figure 14A). The allosteric activation of
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Figure 14. A) Preparation of MB" or DOX-loaded MP SiO, NPs caged
by ATP-aptamer-modified Mg**-dependent DNAzyme/substrate cap-
ping units. Unlocking of the pores and the release of the loads are
triggered by the cooperative activation of the DNAzyme in the
presence of Mg”" ions and ATP. B) Fluorescence spectra correspond-
ing to the released DOX after a 1 h-treatment of the NPs with: a) No
added Mg”" ions and ATP; b) ATP, 100 um; c) Mg?", 20 mm; d) Mg®",
20 mm and ATP, 100 pm. Adapted with permission from Ref. [59].
Copyright 2013 American Chemical Society.

a DNAzyme by an aptamer-ligand complex was demon-
strated by loading the 20-modified MP SiO, NPs with a model
load substrate MB* or the anticancer drug DOX, and by
capping the pores with the Mg’"-dependent DNAzyme
sequence 26 that includes the anti-ATP aptamer as functional
insert sequence. In the presence of Mg”" ions, the release of
the loads was prohibited, due to the inactive conformation of
the DNAzyme sequence. In the presence of Mg®" ions and
ATP, the formation of the ATP-aptamer complex rigidified
the active loop structure of the Mg®"-dependent DNAzyme,
resulting in the release of the loads. Figure 14 B exemplifies
the enhanced release of DOX in the presence of the ATP and
Mg*" stimuli. The fact that ATP is overexpressed in cancer
cells, due to their enhanced metabolism, suggests that the
ATP-aptamer/DNAzyme capping units provide a “smart”
unlocking mechanism for the specific release of the drug in
cancer cells. That is, the ATP biomarker is sensed by the
carrier nanoparticles and it preferentially activates the release
of the drug in the cancer cells.

The metal-dependent DNAzymes are promising locks for
the controlled release of drugs from the NPs. Different metal
ions, e.g., Cu’*, are overexpressed in cancer cells.”! Accord-
ingly, these ions could act as biomarkers for activating
DNAzymes and releasing drug loads. Furthermore, because
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cancer cells exhibit increased acidity as compared to normal
cells,”® the pH-programming of metal-dependent DNAzymes
for unlocking the pores could provide a mechanism for
targeting the release of the drugs in cancer cells.

The optically (photonic) triggered unlocking of DNA-
capped MP SiO, NPs provides a further means to stimulate
the controlled release of loads from the NP.!*! For example,
one method has utilized the use of photoisomerizable
intercalators as a means to control the stability of duplex-
DNA capping units (Figure 15A). Trans-azobenzene units
are known to intercalate and stabilize duplex DNA structures.
Photoisomerization of the trans-azobenzene units (UV light)
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Figure 15. A) Synthesis of azobenzene photoresponsive DNA-capped
Rh6G-loaded MP SiO, NPs. Photoisomerization of the caps unlocks
the pores. B) Time-dependent release of Rh6G from the trans-azoben-
zene duplex-DNA-capped MP SiO, NPs upon: a) Photoisomerization
of the trans-azobenzene units to cis-azobenzene; b) non-irradiated MP
SiO, NPs. Adapted with permission from Ref. [64]. Copyright 2012
American Chemical Society. C) Synthesis of RhB-loaded photorespon-
sive hairpin DNA-capped MP SiO, NPs. The hairpin capping units are
cooperatively stabilized by trans-azobenzene intercalator units. Photo-
isomerization of the trans-azobenzene units to cis-azobenzene sepa-
rates the hairpin units, resulting in the unlocking of the pores and the
release of RhB. By the reversible photoisomerization of the azobenzene
units between the trans-azobenzene and cis-azobenzene, the cyclic
closure and opening of the pores proceeds. D) Time-dependent
fluorescence changes observed upon: a) Photoisomerization of the
RhB-loaded trans-azobenzene-stabilized hairpin-capped MP SiO, NPs
(UV light); b) non-irradiated NPs. E) Switchable ON/OFF release of
RhB from the hairpin-locked RhB-loaded NPs, upon the cyclic UV-light-
stimulated formation of cis-azobenzene units and visible-light-induced
formation of trans-azobenzene units, respectively. Adapted with per-
mission from Ref. [65]. Copyright 2012 Royal Society of Chemistry.
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leads to the formation of cis-azobenzene isomers that lack
binding affinity to duplex DNA. In turn, the reverse photo-
isomerization of the cis-azobenzene states to the trans-state
configuration (visible light) restores the energetically stabi-
lized duplex structures. Accordingly, the MP SiO, NPs were
functionalized with the nucleic acid strands 27, and these were
loaded with rhodamine 6G (Rh6G). Subsequently, the loaded
NPs were interacted with the trans-azobenzene-modified
nucleic acid 28 that exhibits partial base complementarities
to 27. Hybridization of 28 with the 27 units and the
cooperative stabilization of the duplex units by the trans-
azobenzene units, led to the capping of the pores. The
subsequent photoisomerization of the trans-azobenzene units
to the cis-azobenzene state, destabilized the duplex capping
units, resulting in the unlocking of the pores, and the release
of Rh6G. Figure 15B depicts the photonically triggered
release of Rh6G upon photoisomerization of the trans-
azobenzene units to the cis-azobenzene state. A related
system has applied MP SiO, NPs functionalized with a trans-
azobenzene nucleic acid 29 and tethered to Au NPs.[*! The
nucleic acid 29 includes internal self-complementarity that, in
the presence of the trans-azobenzene units, cooperatively
stabilizes a hairpin structure, in which the hairpin-function-
alized Au NPs block the pores. To load the MP SiO, NPs, and
to yield the photonically activated NPs, the NPs were heated
to separate the hairpin structure and yield the open structure
of the pores (Figure 15 C). Subsequently, the NPs were loaded
with RhB, and upon cooling the reconfiguration of the
random coil structure of 29 to the energetically stabilized
trans-azobenzene hairpin/Au NPs-locked pore structure oc-
curred. The irradiation of the NPs with UV light transformed
the trans-azobenzene stem-intercalated units into the cis-
azobenzene photoisomer states, lacking affinity for the duplex
stem domain. The removal of the stabilizing trans-azobenzene
units from the hairpin stem domain weakened the hairpin
structure, resulting in the unlocking of the pores and the
release of RhB (Figure 15D). By the cyclic photoisomeriza-
tion of the hairpin trans-azobenzene-functionalized 29/Au NP
caps between the cis-configuration (UV light) and trans-
configuration (visible light), the release of RhB from the
pores was switched between ON and OFF states, respectively
(Figure 15E).

A different approach to photonically trigger the con-
trolled release of loads entrapped in MP SiO, NPs has applied
the photoinduced heterolytic cleavage of Malachite Green
carbinol (MGCB) and the accompanying pH changes of the
aqueous medium as a means to control the pH-driven locking/
unlocking of functional DNA caps, which are associated with
the NPs®! (Figure 16 A). MP SiO, NPs were modified with
the cytosine-rich nucleic acid 30, loaded with Ru"-tris-
bipyridine, and locked by acidification of the system
(pH 5.0) through the formation of the bulky i-motif caps.
The solution included the Malachite Green photoactive
substrate, and irradiation of the system resulted in the
heterolytic cleavage of the photoactive compound to yield
OH ™. Neutralization of the system dissociated the i-motif
caps, resulting in the release of the pore-entrapped substrate
(Figure 16B).
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Figure 16. A) Photostimulated pH-induced release of Ru(bpy);*-
loaded MP SiO, NPs capped by i-motif DNA units. The pores are co-
loaded with Ru(bpy);*" and Malachite Green carbinol (MGCB) as
photosensitive compound. UV irradiation of the Malachite Green
results in its heterolytic cleavage of the photosensitizer, resulting in
the neutralization of the system, and the separation of the i-motif caps
and the release of Ru(bpy),”*. B) Time-dependent fluorescence
changes of released Ru(bpy);*" upon: a) UV irradiation of the MP SiO,
NPs loaded with Ru(bpy);**/Malachite Green and capped by the i-
motif units; b) non-irradiated NPs. Adapted with permission from

Ref. [66]. Copyright 2012 Wiley-VCH.

A different approach to photonically trigger the release of
loads from the MP SiO, NPs has involved the effect of
photogenerated reactive oxygen intermediates on the unlock-
ing of the pores® (Figure 17A). MP SiO, NPs were
functionalized with the G-rich nucleic acids 31 and folic
acid units. The pores of the NPs have been loaded with RhB
or the anticancer drug DOX, and the pores were locked by
self-assembly of the G-rich strand into G-quadruplexes.
Meso-tetra(N-methyl-4-pyridinium)porphyrin was used as
photosensitizer for the generation of reactive oxygen species
(ROS) under irradiation. The folic acid residues associated
with the NPs facilitated the targeting and permeation of the
NPs into cancer cells. The photosensitizer-stimulated ROS
degraded the G-rich strands, resulting in the unlocking of the
pores. Figure 17B depicts the release of RhB from the pores
upon irradiation of the NPs. The DOX-loaded MP SiO, NPs
were then incorporated into HepG2 cells, and the cell viability
upon irradiation of the cells in the presence of porphyrin-
modified MP SiO, NPs, and in the absence or presence of
DOX, was examined (Figure 17C). While in the absence of
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Figure 17. A) Synthesis of RhB- or DOX-loaded MP SiO, NPs capped
by G-quadruplex units and the meso-tetra(N-methyl-4-pyridinium)por-
phyrin (TMPyP*") photosensitizer. The surface of MP SiO, NPs is
modified with folic acid units acting as targeting ligands to folic acid
receptors associated with cancer cells. The unlocking mechanism
involves the photosensitizer-induced generation of 'O, that degrades
the G-quadruplex caps, leading to the release of the loads. B) Time-
dependent absorbance changes due to the release of RhB upon the
photosensitized generation of 'O, (arrows indicate the light-induced
triggering events that yield '0,). C) HepG2 cancer cell viability in the
presence of different concentrations of DOX-loaded folic-acid-function-
alized MP SiO, NPs capped with TMPyP*"-G/quadruplex units.
Adapted with permission from Ref. [67]. Copyright 2013 Wiley-VCH.

DOX, the photosensitized formation of ROS products
resulted in cell death, the photosensitized unlocking of the
DOX-loaded NPs had an impressive cooperative effect in
enhancing cell death. For example, the cells treated with
20 ugmL " of unloaded SiO, NPs showed a cell viability of ca.
52 % after 120 s of irradiation, whereas the DOX-loaded NPs
showed a cell viability of ca. 29 % under the same conditions.

A further method for the light-induced release of loads
from MP SiO, NPs involves plasmonic heating of the porous
NPs by Au nanorods (GNR), using NTR-laser irradiation."!
Au nanorods were coated with MP SiO, NPs and the
nanoparticles were modified with the nucleic acid 32, which
acted as a scaffold for hybridization with the anticancer
guanine-rich AS1411 aptamer 33 (Figure 18A). The 32-
functionalized MP SiO, NPs coating the Au nanorods were
loaded with fluoresceine (Flu) as model-load or with DOX as
anticancer drug. The pores were then capped by hybridization
with the AS1411 aptamer 33, which was extended by tethers
complementary to the nucleic acid scaffold 32 and linked to
the NPs. The irradiation of the NPs with an 808 nm NIR laser
resulted in the plasmonic heating of the NPs, the dissociation
of the AS1411 aptamer units, and the release of the loads.
Figure 18 B depicts the time-dependent release of the fluo-
rescein model-load upon irradiation of the NPs at different
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Figure 18. A) Thermally triggered unlocking of MP SiO, NPs-coated Au
nanorods, loaded with a fluorescence dye or DOX, and capped with
the AS1411 anticancer cell aptamer. The unlocking of the pores is
achieved by NIR laser irradiation of the plasmonic nanorods, which
results in localized heating of the NPs. B) Time-dependent fluores-
cence changes resulting in the release of the fluorescein load upon
irradiation of the NPs with different NIR laser powers (808 nm):

a) 1.2 Wem™?; b) 0.6 Wem ™2 C) Cell viability of MCF-7 human breast
cancer cells treated with variable doses of DOX-loaded MP SiO, NPs
coated with Au nanorods and capped by the AS1411 aptamer, and the
respective control systems. Release of DOX is triggered by irradiation
of the NP-functionalized cells with a NIR laser (808 nm) for 10 min.
Adapted with permission from Ref. [68]. Copyright 2012 Wiley-VCH.

power intensities of the laser light source. The DOX-loaded
NPs capped with the AS1411 aptamer were then incorporated
into human breast cancer cells MCF-7. The AS1411 anti-
cancer aptamer units targeted the NPs to the cancer cells and
facilitated their incorporation in the cells. Irradiation of the
NPs with an 808 nm laser resulted in the plasmonic thermal
unlocking of the pores and the release of the chemother-
apeutic drug. Impressive cytotoxicity toward the cancer cells
was observed (Figure 18 C). For example, the thermal NIR-
laser-stimulated release of DOX (laser power 1.2 Wem™
irradiation for 10 min) resulted in a cell viability of less than
10 %, whereas the cell assay heated without the DOX load, or
unheated DOX-loaded NPs, showed cell viabilities above
60 % . Other nucleic acid structures have been similarly used
to lock loads in MP SiO, NPs coating Au nanorods, and the
resulting nanocarriers were unlocked by the NIR-irradiated
heating of the assemblies.[*”]
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3. Stimuli-Responsive Microcapsules for Controlled
Release

Capsules in the nanometer or micrometer size provide an
interesting system for the incorporation of payloads.”
Different applications of substrate-loaded capsules have
been suggested, including the carrying and release of
drugs,™ as imaging™ or sensing agents,”™ and their use as
sense-and-treat systems,”¥ or as catalyst carriers.™ Various
methods to prepare micro-/nanocapsules have been sug-
gested.”"! These usually involve the use of colloidal particles
as core template for the deposition of layers or films (e.g.,
polystyrene, CaCO;, SiO,). Affinity binding interactions
between the deposited layers’”! or covalent-bond-bridging
of the deposited layers generate the shells of the capsules,™!
and the subsequent dissolution of the core template yields the
capsules. By the co-immobilization of guest molecules with
the core material, the resulting capsules are loaded with the
guest compound. The nature of the shell materials, the
number of deposited layers, and the interactions or bonds
participating in the shell formation, control the size, rigidity,
permeability, and stability of the capsules.”” For example, the
layer-by-layer deposition of polyelectrolyte layers™ e.g.,
polystyrene sulfonate/polyallylamine hydrochloride or disul-
fide-bridged multilayers®™ have been used to assemble
capsules. Different stimuli-responsive shells that enable the
degradation of the capsule shells and the release of the loads
have been reported.’®” These include the enzymatic digestion
of poly(L-lysine)/poly(L-glutamic acid),’® the biodegradation
of disulfide-bridged shells by the reduction of bonds with
thiols,’®™ and the engineering of pH-responsive shells.*! Also,
the incorporation of metal nanoparticles, e.g., Au nanorods or
magnetic nanoparticles into the capsules, enables the thermal
cleavage of capsules by NIR-laser irradiation.’® Indeed,
stimuli-responsive microcapsules have been used as carriers
for the controlled release of drugs such as insulin®” or the
anticancer drug DOX.®™ Several Review articles have
addressed the recent advances in the preparation and
applications of micro-/nanocapsules.’®!

The specific recognition properties or the electrical charge
of biomolecules make biomaterials ideal components for the
construction of microcapsules. Indeed, receptor-ligand com-
plexes®™ as well as electrostatic binding with the negatively
charged DNA polyelectrolyte have been implemented to
construct microcapsules.”!! Furthermore, the information
encoded in DNA strands might be used to design stimuli-
responsive microcapsules that act as microcarriers of loads,
being released upon the triggered dissociation of the capsules.
Indeed, different approaches to dissociate DNA-based micro-
capsules, and release the loads, have been reported in recent
years.

The synthesis of degradable all-DNA microcapsules is
exemplified in Figure 19 A" Positively charged amine-
functionalized SiO, microparticles were coated with the
poly-T;, oligonucleotide, and these base layers were hybrid-
ized with the triblock oligonucleotide A;5X;sG s that acted as
scaffold for the subsequent hybridization with the triblock
oligonucleotide T5X;5sC,s. By the subsequent alternate step-
wise interaction of the bilayer structure with the two triblock

Angew. Chem. Int. Ed. 2015, 54, 1221212235

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

GLW(/ \lzl;l::? (( \\\)
= Qi /j/

1. gempln
2. EDT

60

30 45
Time/h
Figure 19. A) Synthesis of all-DNA capsules consisting of nucleic acid
cross-linked layers. The cleavage of the cross-linking units by a nicking
enzyme dissociates the capsules. Adapted with permission from

Ref. [92]. Copyright 2009 Wiley-VCH. B) Assembly of DNA-based
capsules by the layer-by-layer deposition of polyethyleneimine/DNA
polyelectrolyte layers, followed by dissolution of the CaCO; core (with
EDTA). The capsules were loaded with FITC-labeled BSA, and the
release of the load was triggered by T7 exonuclease, pH 10.1, or NaCl
(1™ or 0.5m). C) Time-dependent release of FITC-labeled BSA from
the capsules upon treatment with: a) T7 exonuclease enzyme;

b) pH 10.7; ¢) 1™ Nacl; d) 0.5m NaCl; e) PBS buffer solution.
Adapted with permission from Ref. [93]. Copyright 2014 Royal Society
of Chemistry.

oligonucleotides A;5X;5G;5 and T;5X;5C;5, a stepwise con-
struction of DNA chains on the core microparticles was
generated. The subsequent cross-linking of the chains by the
triblock oligonucleotide X';sX';sX’'5 leads to the formation of
the layer DNA film, which is cross-linked by the hybrid
domains X/X'. The dissolution of the core SiO, microparticles
(2m HF and 8m NH,F, pH 5.0) resulted in hollow DNA
capsules. The domains X/X' were designed, however, to
include the specific sequence to be cleaved by the EcoRI
endonuclease. Accordingly, the as-prepared microcapsules
were degraded in the presence of the endonuclease. A related
study has implemented CaCO; microparticles as the core
material for the generation of the microcapsules by stepwise
coating of the cores with the negatively charged DNA
polyelectrolyte and the positively charged polyethylenimine
(PEI)."™ By subsequent rigidification of the multilayer
structure with genipin and the subsequent EDTA-stimulated
dissolution of the core particles, hollow microcapsules were
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formed and loaded with the fluorophore fluorescein isothio-
cyanate bovine serum albumin (FITC-BSA; Figure 19B). The
stabilized wall of the microcapsule could then be degraded
either by enzymatic digestion of the DNA component using
T7 exonuclease, by subjecting the capsules to pH 10.1 which
neutralizes the positive charges of the PEI units, or by
applying a high salt concentration (NaCl 1m) which weakens
the electrostatic binding interaction between the polyelectro-
lyte layers. The different triggers that degraded the micro-
capsules resulted in the release of FITC-BSA (Figure 19C).
This approach was further developed by constructing layer-
by-layer hybridized peptide nucleic acids as DNA shells of
microcapsules, and the cleavage of the shells was achieved by
applying a nuclease or protease as catalyst for degradation of
the shells.[*”

A different approach to unlock DNA-functionalized
microcapsules involved the incorporation of a sequence-
specific aptamer into the microcapsules and the opening of
the capsules by the formation of aptamer—ligand complexes!*!
(Figure 20). CaCO; microparticles were coated with the anti-

—_— Aptameri

— PDDA |

Figure 20. Trapping of aptamer loads in microcapsules assembled by
a layer-by-layer deposition process of negative and positive polyelectro-
lyte layer. The capsules are dissociated by the formation of aptamer—
ligand complexes. Adapted with permission from Ref. [95]. Copyright
2013 American Chemical Society.

sulforhodamine B aptamer, and these acted as cores for the
layer-by-layer deposition of the two polyelectrolytes poly-
(diallyldimethylammonium chloride) (PDDA) and poly(styr-
ene sulfonate) (PSS), respectively. The dissolution of the
cores by EDTA led to the formation of the aptamer-loaded
microcapsules. The intershell diffusion of sulforhodamine B
(SRB) resulted in the formation of the respective ligand-
aptamer complex that ruptured the microcapsule structure,
resulting in the release of the SRB—aptamer complex.

A different paradigm to generate all-DNA capsules has
involved the design of a photosensitive three-point star-
shaped DNA unit that self-assembled into a polyhedron
structure (fullerene-like structure), acting as light-responsive
nanocapsule™ (Figure 21 A). A DNA-scaffold L was hybrid-
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Figure 21. A) Self-assembly of an all-DNA polyhedron (fullerene-like)
nanostructure using trans-azobenzene-functionalized nucleic acid toe-
holds associated with a three-point-star Y-shaped DNA as building
unit. The photoisomerizable trans-azobenzene units cooperatively
stabilize the cross-linking of the three-point-star Y-shaped units. The
capsules are separated by photoinduced isomerization of the trans-
azobenzene units to cis-azobenzene. B) AFM images following the
capsule nanostructures at different time intervals of photoisomeriza-
tion of the trans units to cis units: Panel 1: Before UV irradiation;
panel 2: 30 s after UV irradiation; panel 3: 1 min 6 s after UV
irradiation; panel 4: 2 min 12 s after UV irradiation; panel 5: 5 min
after UV irradiation; panel 6: 9 min 58 s after UV irradiation. Bottom:
Cross section analysis of: The capsules a) before and b) after photo-
isomerization. Adapted with permission from Ref. [96]. Copyright 2010
American Chemical Society.

ized with the two trans-azobenzene-modified strands, S and
M, to yield a three-point star-shaped nanostructure that
included at each arm single-stranded toeholds associated with
the S and M strands that exhibit self-complementarity.
Annealing of the three-point-star units resulted in the trans-
azobenzene-stabilized polyhedra as a result of interhybrid-
ization of the “star” subunits. Photoinduced isomerization of
the trans-azobenzene to the cis-azobenzene isomer state,
which lacks affinity toward the duplex DNA bridges, resulted
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in the destabilization of the interstar-linking units, leading to
the separation of the nanocapsules (Figure 21 B).

A further approach to assemble photoresponsive all-DNA
nanocapsules has involved the assembly of programmed
origami DNA-based square-bipyramidal DNA nanocap-
sules” (Figure 22A). A square-bipyramid origami nano-

release
strand

release

Figure 22. A) Synthesis of photoresponsive square-bipyramidal DNA origami nanocapsules, and the
cyclic opening and closure of the bipyramidal structure by the cyclic photoisomerization of the trans-
azobenzene units to the cis-azobenzene state and back. B) AFM images of the “closed” bipyramidal
nanostructures (left) and of the photostimulated cis-azobenzene-functionalized “open” bipyramid
nanostructures (right). C) Loading of the bipyramidal capsules with Au NPs and the photostimulated
release of the Au NPs by photoisomerization of the trans-azobenzene units to the cis-azobenzene
state, and the strand displacement of the in-capsule associated Au nanoparticles. Adapted with

permission from Ref. [97]. Copyright 2014 Wiley-VCH.

structure composed of fused subunits A and B was con-
structed. One of the edges of the two square origami faces of
the units A and B was modified with the complementary
nucleic acids y and y’ that fuse units A and B together. The
other three edges of the square-origami faces of the square-
bipyramid units A and B were modified with the trans-
azobenzene-functionalized toehold nucleic acids X and X/,
respectively. Upon annealing of the nanostructure units A
and B, a closed square-bipyramid nanostructure was formed
that was stabilized by the cooperative hybridization of the
duplexes y/y’ and the trans-azobenzene-stabilized duplex
toeholds X/X" on the other three base edges. Photoisomeri-
zation of the trans-azobenzene units to cis-azobenzene (UV
irradiation) weakened the hybrids X/X', resulting in their
separation and the unlocking (opening) of the square-
bipyramid structure. The bipyramid closed and open struc-
tures were imaged by AFM (Figure 22B, panels I and II).
Furthermore, by modifying the origami base with protruding
nucleic acid Z', Au nanoparticles modified with the nucleic
acid Z were loaded on the cis-azobenzene open bipyramid
structure by hybridization with the protruding tethers to form
Z/Z' duplex bridges (Figure 22 C). Subsequently, photoiso-
merization of the cis-azobenzene units to the trans-azoben-
zene state resulted in the closure of the system into the
square-bipyramidal structure. Upon UV illumination of the
Au NP-loaded square-bipyramid structure, the system
opened due to the weakening of the three photoactive nucleic
acid edges that yield cis-azobenzene functionalities. Treat-
ment of the open bipyramid structure with the nucleic acid Z”
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displaced the Z-functionalized Au NPs through the formation
of the energetically stabilized Z'/Z" duplex, resulting in the
release of Z-functionalized Au NPs from the bipyramid
structure. AFM measurements showed that the strand-
displacement process and the release of the Au NPs from
the open square-bipyramid structure is substantially more
efficient than from the closed
Au NPs-loaded nanostructure.
Presumably, the photonic opening
of the square-bipyramid exposes
the NPs to the strand displacement
process, resulting in their efficient
release.
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% 4. Stimuli-Responsive
Micelles and Vesicles as
Functional Carriers

Lipid-modified  oligonucleo-
tides provide block copolymers
that can assemble into micellar or
vesicle structures in aqueous
medium.”™ The hydrophobic core
of micellar polymer-DNA struc-
tures may act as a reservoir for
hydrophobic  guest molecules,
whereas the hydrophilic nucleic
acid shell might provide cell-tar-
geting or stimuli-responsive units
for the release of the micellar loads. Similarly, DNA-lipid
components can be integrated into the hydrophobic walls of
vesicles.”” The interior of the vesicles can act as a reservoir of
hydrophilic loads and the DNA units incorporated in the
vesicle walls may provide either cell-targeting units or
functional units unlocking the walls. Different DNA-lipid
block polymers were synthesized and the resulting micellar
structures were characterized.'"!"!! For example, the DNA-
b-polypropylene oxide polymer 34-b-PPO was synthesized!!"!]
(Figure 23 A). The single-strand micelles exhibited a radius of
(5.6 £0.5) nm, and hybridization of the hydrophilic nucleo-
tide tethers with the complementary nucleic acid 35 had
a minute effect on the size of the resulting micelles (5.3 +
0.5) nm. In turn, treatment of the single-stranded micelles
with a long DNA template (35), consisting of constant repeat
units complementary to the nucleotide tethers associated with
the micelles resulted in rod-like micelles revealing a height of
(1.95+£0.1) nm and length of (29.1+6.5) nm (Figure 23B).
The internalization of the different polymeric particles into
cells was examined, and it was found that the particles are
nontoxic and that the rod-like particles penetrate more
efficiently into cells than the spherical micelles.'”” The
structures of DNA-Ilipid block copolymers can be controlled
by the lengths of the hydrophilic nucleotide tethers, and the
micelles could be enlarged by polymerization of the 3'-ends of
the nucleotide tethers with the terminal deoxynucleotidyl
transferase (TdT) in the presence of the dNTPs mixture and
an appropriate primer.'*
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Figure 23. A) Self-assembly of 34-b-PPO micelles, and the hybridization
complementary nucleic acid 35 with the micelles. The hybridization of
the 34-functionalized PPO micelles with DNA chains composed of
repeat units of 35 leads to rod-like micelles. B) AFM images of the
resulting rod-like micelles (a—d), cross-section analysis of the rod-like
micelles (e), and the height histogram of the micelles (f). Adapted
with permission from Ref. [101]. Copyright 2007 Wiley-VCH.

The information encoded in the nucleic acid sequence
comprising the DNA—polymer micelles was used to target the
micelle carriers into cells, thus enabling the release of drug
loads incorporated in the core of the micelles. For example,
micelles composed of the AS1411-modified pluronic acid
F127 and P-cyclodextrin-functionalized poly(ethylene
glycol)-b-polylactide were prepared, and the anticancer
drug DOX was incorporated into the hydrophobic core of
the micelles."™ The AS1411 aptamer guides the micelles to
the nucleolin receptor sites associated with cancer cells
resulting in nucleolin-mediated endocytosis of the micelles
into the MCF-7 tumor cells and the intracellular release of
DOX (Figure 24 A). The effect of the DOX-loaded aptamer-
functionalized micelles on the growth of MCF-7 tumors in
mice was examined (Figure 24B). It was found that within
27 days the tumors treated with the DOX-loaded aptamer
micelles revealed a tumor growth of ca. 50%, whereas
untreated tumors grew by ca. 660%. Also, tumors treated
with only DOX or with DOX-loaded random nucleic acid
micelles grew by ca. 240 % within this time interval. These
results show the superior activity of the DOX-loaded
AS1411-aptamer-functionalized micelles on the inhibition of
the growth of the tumors, a phenomenon that was attributed
to the effective nucleolin-mediated endocytosis of the drug-
loaded micelles into the cancer cells resulting in the efficient
targeted release of the drug.
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Figure 24. A) Incorporation of DOX-loaded pluronic acid F127/3-CD-
PELA-AS1411 aptamer micelles into MCF-7 tumor-bearing mice, and
the in vivo pH-stimulated release of DOX. B) Time-dependent tumor
size changes upon intravenous injection into the tumor-infected mice
with: a) Tumor without additive; b) tumor treated with free DOX;

c) tumor treated with DOX-loaded aptamer-mutant-modified micelles;
d) tumor treated with DOX-loaded aptamer-modified micelles. Adapted
with permission from Ref. [104]. Copyright 2015, Elsevier.

Fluorophore-labeled DNA/polymer micelles were incor-
porated into cells and suggested as nanosensors for probing
intracellular ingredients (e.g., ATP)!"! as well as functional
labels for cell imaging.!'® Functional DNA/polymer micelles
may also act as an active nanostructure for controlling cell
proliferation, and thus provide a mechanism for the inhibition
of the growth of cancer cells."" This is exemplified in
Figure 25 A with the self-assembly of DNA-lipid units,
consisting of a DNA hairpin 36 that is tethered to a hydro-
phobic chain of diacyllipid, into a micellar structure. The
hairpin units included the recognition sequence for a segment
of the c-raf-1 mRNA of A549 lung cancer cells. These micelles
were incorporated into the cell, resulting in the binding of the
mRNA to the hairpin structure, a process that resulted in the
suppression of cell growth. Figure 25B depicts the cytotox-
icity of the hairpin DNA/polymer micelles toward A549 cells,
in comparison to the effect of a random DNA/polymer
nanostructure on these cells. Evidently, the hairpin/DNA
polymer micelles lead to an impressive cell death, due to the
caging of the mRNA that prohibits gene expression.!"”

The design of DNA/polymer micelles of enhanced com-
plexity enables the loading and release of the anticancer drug
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Figure 25. A) Synthesis of hairpin DNA-functionalized diacyllipid
micelles and the intracellular degradation of the micelles by the mRNA
opening of the hairpins, and the subsequent cleavage of the resulting
duplex mRNA structures. B) Viability of A549 cells treated with differ-
ent concentrations of the mRNA responsive hairpin DNA/lipid micelles
(a, black) and control systems (b, gray). Adapted with permission
from Ref. [107]. Copyright 2013 Wiley-VCH.
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Figure 26. A) Synthesis of DOX-loaded DNA-b-PPO micelles function-
alized with folic-acid-modified nucleic acids as cancer cell targeting
units. B) Viability of human colon adenocarcinoma (Caco-2) cells upon
treatment with: a) DOX-loaded micelles functionalized with targeting
folic acid units; b) DOX-loaded micelles with free folic acid; c) DOX-
loaded micelles; d) unloaded micelles functionalized with folic acid.
Adapted with permission from Ref. [108]. Copyright 2008 Wiley-VCH.

by the micelles, and the targeting of the micelles to cancer
cells. This is exemplified in Figure 26 A with the synthesis of
the lipid—-DNA polymers composed of the hydrophilic nucleic
acid 37 tethered to poly(propylene oxide).'"™ The hybrid-
ization of the folic-acid-modified nucleic acid 38 with the
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DNA tethers associated with the micelles generate the folic-
acid-functionalized nanostructures that target the micelles to
the folic acid receptors associated with cancer cells. The
anticancer drug DOX was subsequently loaded into the core
of the micelles (Figure 26 A). The drug-loaded folic-acid-
modified micelles were then incorporated into human colon
adenocarcinoma (Caco-2) cells and the effect of the hybrid
micellar nanostructure on the viability of cancer cells was
examined and compared to several control systems (Fig-
ure 26 B). Clearly, impressive cell death was observed with the
DOX-loaded folic-acid-functionalized nanostructures, imply-
ing that the targeting and effective delivery of the drug into
the cells has a pronounced effect on the cell viability.
Light-sensitive DNA block copolymer lipid vesicles have
been synthesized and used as stimuli-responsive nanocarriers
for the controlled release of loads."” The vesicles composed
of 1,2-diphytanoyl-sn-glycero-3-phosphocholine were loaded
with calcein and the lipid-DNA 39-b-poly(propylene oxide)
(DNA-b-PPO), was incorporated into the vesicles (Fig-
ure 27 A). The nucleic acid 40 functionalized with the photo-
sensitizer BODIPY monoiodine was hybridized with the
surface-DNA tethers, to yield photosensitizer-modified vesi-
cles. Irradiation of the system at 530 nm under air resulted in
singlet oxygen and reactive oxygen species that lead to the
degradation of the vesicle walls and release of the calcein load

B
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o

—
o o

Calcein release/%

(=1
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Figure 27. A) Synthesis of calcein-loaded lipid-DNA vesicles function-
alized with the BODIPY photosensitizer. The photosensitizer-stimu-
lated generation of reactive oxygen species degrades the vesicles and
releases the loads. B) Time-dependent release of the calcein load upon
irradiation of the vesicles for: a) 104 min; b) 164 min. Adapted with
permission from Ref. [109]. Copyright 2013 Wiley-VCH. C) Structure of
cis-platin-loaded AS1411-functionalized lipid—-DNA liposomes. D) Via-
bility of MCF-7 cells, and control systems, treated with: a) cis-platin-
loaded AS1411-functionalized liposomes; b) Control system including
cis-platin but lacking the AS1411 targeting aptamer; c) Unloaded
AS1411-functionalized liposomes; d) Treatment of a non-cancerous
cell with the cis-platin-loaded AS1411-functionalized liposomes. The
cell viability of the different systems was monitored at day 2 and day 4
of treatment. Adapted with permission from Ref. [110]. Copyright 2009
Wiley-VCH.

www.angewandte.org

Chemie

12229


http://www.angewandte.org

Angewandte

12230

Reviews

(Figure 27 B). As the irradiation time is prolonged, the release
of the load is more effective. Similarly, liposomes composed
of phosphatidylcholine, cholesterol, distearoyl phosphatidyl
ethanolamine derivatized with methoxy poly(ethylene
glycol), were loaded with the anticancer drug cis-platin.'!"!
The cholesterol-functionalized AS1411 aptamer was incorpo-
rated into the liposome wall, to yield an aptamer-modified
drug-loaded liposome (Figure 27 C). The aptamer units acted
as targeting elements, which link the liposomes to cancer cells,
and facilitate their penetration into the cell and the subse-
quent release of the drug. The cis-platin-loaded aptamer-
functionalized liposomes were incorporated into MCF-7
cancer cells, and their effect on the cell viability was compared
to several control systems, including liposomes lacking the
cell-targeting aptamer units, or unloaded aptamer-modified
liposomes (Figure 27D). Impressive cell death (ca. 60%)
after four days exposure of the cancer cells to the drug-loaded
aptamer-functionalized liposomes was observed, whereas
a cell viability of ca. 100% was observed for the control
systems.[!!")

5. Summary and Outlook

Substantial recent research efforts are directed to imple-
ment nanomaterials for medical applications (nanomedi-
cine).""!! The present Review discussed different DNA-
functionalized nano-/microscale containers as stimuli-respon-
sive systems for the controlled release of loads. Specifically,
the use of MP SiO, NPs, the application of DNA-based
microcapsules, and the use of nucleic-acid-functionalized
micelles and vesicles as carriers has been addressed. The
common dominator in all of these systems is the integration of
DNA with the different carriers, yielding stimuli-responsive
hybrids for the controlled release of loads. In this context, we
highlighted that the encoded base sequences in the DNA units
provide the instructive information to trigger, by external or
environmental stimuli, the controlled release of loads from
the different containments.

Stimuli-responsive DNA-modified MP SiO, NPs were
extensively studied as carrying matrices for controlled release.
Their nanometer dimensions, high surface area, high pore-
loading capacities, low cytotoxicity, effective cell permeabil-
ity, and ease to modify the nanoparticles by cell targeting
antibodies, aptamers, or cell ligands, make SiO, NPs ideal
drug carriers. Indeed, substantial progress was demonstrated,
and many different stimuli-responsive DNA-capped MP SiO,
NPs carriers were reported. The unlocking of the pores by
external triggers and the release of the loads was demon-
strated by different mechanisms. Also, the incorporation of
anticancer-drug-loaded particles into cells, the triggered
intracellular release of the drugs, and the effect of the
released drugs on the viability of the cells were discussed.
Important challenging issues in the application of MP SiO,
NPs as drug carriers are still ahead of us: 1) The fundamental
understanding of the mechanisms involved in the permeation
of the NPs into cells is essential. Also, further methods to
improve the selectivity of cell permeation (e.g., cancer cells
vs. normal cells) and the targeting of the NPs into specific cells
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are required. 2) At present, most of the systems demonstrated
the stimuli-controlled release of fluorescent anticancer drugs
(e.g., DOX, CPT) or of fluorescent dyes as drug-release
models. This is mainly due to the ease of quantitative
monitoring the in vitro release rates of loads. The implemen-
tation of other analytical methods, e.g., HPLC, to probe the
release of nonfluorescent drugs would broaden the spectrum
of potential medical applications. 3) The systematic in vivo
therapeutic examination of the stimuli-responsive DNA/MP
SiO, NPs on living species such as mice, rats, and pigs is an
important step toward the practical and economical applica-
tion of these hybrid composites in future nanomedicine.
4) The immunogenicity of the different DNA-modified nano-
structures is a further important subject to evaluate.
DNA-based microcapsules represent an interesting class
of micro-/nanocontainers. Although substantial progress has
been accomplished in the fabrication and cleavage of non-
DNA capsules, limited advances were reported in the syn-
thesis of functional DNA-based loaded micro-/nanocapsules,
and their triggered opening to release loads. The use of
nucleic acids as negatively charged polyelectrolytes was
demonstrated and the enzymatic decomposition of these
capsules by the hydrolytic cleavage of the biopolymers was
reported. These studies did not, however, make use of the
possibilities to encode information into the DNA coating of
the microcapsules. Specifically, the introduction of recogni-
tion and catalytic functions into the DNA shells could provide
new opportunities and challenges in the area of DNA
nanotechnology. For example, all DNA shells composed of
programmed aptamer cross-linked DNA layers, or metal-ion-
dependent DNAzyme layers, may be envisaged. The triggered
separation of the capsules by means of ligand—aptamer
complexes or by the catalytic metal-ion-dependent DNA-
zyme-stimulated cleavage of the shells may be important
paths to follow. Similarly, the ion-assisted cross-linking of the
nucleic acid layers (e.g., by T-Hg**-Tor C-Ag*-C bridges) and
the subsequent elimination of the shell-stabilizing ions by
appropriate ligands (e.g., cystamine), could provide a general
route to form and dissociate the capsules. Alternatively, the
application of photoisomerizable intercalators, e.g., azoben-
zene units could allow the stabilization of cross-linked DNA
shells and the subsequent dissociation by light. Furthermore,
the stepwise assembly of the DNA shells could allow the
programmed incorporation of aptameric tethers to the outer-
shell layers, and these could target the capsules to specific
cells. Also, the progress in designing two-dimensional™'? or
three-dimensional™? origami DNA nanostructures provides
new means to assemble capsule-like nanostructures without
the need to construct a layered polymer shell on a core
particle template, followed by the dissolution of the core. By
the appropriate design of protruding nucleic acid tethers on
the origami scaffolds the incorporation of stimuli-responsive
units on the nanostructures''* and the programmed associ-
ation of loads can be achieved. For example, a capsule-like
stimuli-responsive DNA nanostructure acting as a robot
system was realized.'"™ Two clasps of origami units were
modified with protruding nucleic acids and used as functional
components to form a reservoir for binding molecular pay-
loads and lock the reservoir by complementary base pairing.
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By the appropriate design of the lock—-DNA units, acting as
specific aptamers against cellular biomarkers, the pro-
grammed unlocking of the DNA container and the release
of payloads were demonstrated.

The use of stimuli-responsive micelles and vesicles as
functional nanocarriers for the controlled release of loads is
another interesting path to follow. Although the fundamental
functions of these carriers have been demonstrated, impor-
tant future issues need to be resolved. For example, the
mechanisms associated with the incorporation of lipid-DNA
micelles/vesicles into cells, the design of DNA-based micelles/
vesicles of enhanced complexity, e.g., photoresponsive sys-
tems, and the invivo application of these systems are
challenging topics that need to be addressed.

The applications of the different stimuli-responsive con-
tainers discussed in the present Review have emphasized the
use of the carriers for controlled drug release. Although the
use of these functional DNA-hybrid systems is anticipated to
have an impact on the developing area of nanomedicine;
other applications for the programmed release of loads from
the carriers may be envisaged. These include the programmed
release of molecular or biomolecular loads from the carrier,
which could provide innovative means for programmed
synthesis, activation of enzyme cascades,"" and the use of
the systems for logic-gate operations.''”! Furthermore, other
stimuli-responsive DNA-based materials such as hydrogels
recently attract substantial research efforts.''*! The miniatur-
ization of these materials in the form of nano-/micro-hydro-
gels is anticipated to introduce new dimensions to the field of
drug release. We thus conclude that stimuli-responsive DNA-
based hybrid nanomaterials have a bright future in nano-
medicine.

Our research on stimuli-responsive nanoparticles and nano-
materials is supported by the NanoSensoMach ERC Advanced
Grant No. 267574 under the EC FP7/2007-2013 program.
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