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1. Introduction

Beyond the base-paired duplex structures of oligonucle-
otides, there is continuously growing interest in the exploita-
tion of supramolecular DNA assemblies formed by the
interaction of an auxiliary single strand, termed triplex-
forming oligonucleotide (TFO), with double-helix DNA to
form triplex assemblies through Hoogsteen interactions.[1]

Different triplex structures between homopurine–homopyr-
imidine duplexes and single-strand oligonucleotides were
identified along five decades of research,[2] as exemplified in
Figure 1. These include the parallel triplex structures formed
by C+·G-C, G·G-C, and T·A-T (structures a, b, and c,
respectively). Alternatively, antiparallel triplex structures
composed of C+·G-C, G·G-C, T·A-T, and A·A-T strands,
structures d, e, f, and g, have been demonstrated. Different
physical methods such as calorimetry, nuclear magnetic
resonance (NMR), UV/Vis spectroscopy, and X-ray fiber
diffraction methods have been applied to characterize the
kinetic properties,[3] thermodynamic stabilities,[4] and struc-
tural features[5] of the different triplex structures and their
relative motifs. Different parameters such as the number and
kind of the triplex bridges, mutations in the triplex domains,
the pH value, and the presence of ions or binders affect the
stability of the triplex assemblies. Aside from the fundamen-
tal interest in triplex DNA structures, the biological implica-
tions of these systems[6] and their potential therapeutic
applications[1b,7] are attracting broad interest. Several bio-
physical studies suggested that the formation of triplex
structures within different genes may affect gene expres-
sion,[8] and additionally, different proteins have been found to
bind to triplex DNAs.[9] Moreover, owing to the highly
specific binding of TFO strands to duplex DNA, the use of
synthetic nucleotides for the site-directed modification or
regulation of genomic DNA has been demonstrated. Indeed,

different studies have applied triplex formation to inhibit
gene expression,[10] to dictate site-specific DNA damage,[11]

and to inhibit protein binding to DNA.[12]

DNA nanotechnology[13] is a rapidly developing research
area. The information encoded in the base sequence of
nucleic acids has been widely applied to build one-dimen-
sional, two-dimensional, and three-dimensional structures,[14]

to engineer DNA switches[15] and machines,[16] to use nucleic
acid as a material for logic-gate operations[17] and the design
of computing circuits,[18] and to apply nucleic acids as func-
tional units to develop new materials such as stimuli-
responsive hydrogels.[19] Different external triggers such as
the pH value,[20] metal ions,[21] light,[22] or enzymatic activ-
ities[23] have been implemented to reconfigure nucleic acid
structures, such as i-motifs, G-quadruplexes, and ion-bridged
duplexes. Specifically, the strand-displacement principle[13e]

(Figure 2) has been widely applied to dynamically control
duplex nucleic acid systems. The thermodynamic stabilization
of duplex nucleic acids depends on different parameters,[24]

including the number of base pairs, the nature of the bases, the
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salt concentration, the shape of the resulting duplex, and
more. Accordingly, the strand-displacement mechanism pro-
vides a dynamic process for the exchange and reconfiguration
of duplex nucleic acids to produce energetically stabilized
hybrids (Figure 2). In this process, one (or more) DNA
strand(s) hybridized with a nucleic acid template, which
includes an exposed single-strand “toehold” domain, is
displaced by an auxiliary strand that is complementary to
the toehold domain and partially (or fully) complementary to
the template scaffold, which results in a higher duplex
stability. Specifically, the duplex “X” is formed between the
template 1 and the strand 2 and includes the toehold domain
a1. In the presence of an input strand 3 that includes
a complementary domain to the toehold, a1*, and a further
complementary sequence to the template, a*, the hybrid-
ization of 3 to the toehold domain generates the duplex a1/a1*.
This process is followed by a branch migration process
yielding the energetically stabilized duplex 1/3 and the free
strand 2. Different applications of DNA nanostructures
amenable to signal-triggered reconfiguration have been

suggested, including their use as sensors,[25] for controlled
drug delivery,[26] and as scaffolds for controlling the plasmonic
and chiroplasmonic properties of structurally ordered nano-
particles.[27] Furthermore, stimuli-responsive DNA-based
hydrogel matrices of controlled stiffness[19, 28] have been
suggested to act as actuators or valves.

The sequence-dictated formation of triplexes provides an
additional element to the rich toolbox of responsive units that
can control and reconfigure DNA structures. Specifically, the
pH-induced formation and separation of triplex nucleic acid
structures, for example, the C+·G-C triplex, and the strand
displacement of triplex structures provide important motifs to
control the structural and chemical functions of DNA
polymers. The present Review aims to introduce recent
advances in the integration of triplex helix structures within
the broad area of DNA nanotechnology. We address the
development of triplex-based supramolecular switching devi-
ces and DNA machines, and discuss different applications of
triplex-based systems for sensing, controlled drug delivery,
switchable catalysis, and the design of shape-memory hydro-
gels.

2. DNA Triplexes for Sensing Applications

Several sensing strategies based on the use of triplex DNA
and triplex-forming oligonucleotides have been reported in
the past ten years. These approaches utilize triplex DNA not
merely as a recognition element, but also as a functional
structure-switching unit that allows the generation of an
output signal upon target recognition. Therefore, the detected
targets that use TFOs are not limited to specific nucleic acid
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sequences, but cover a wide class of molecular targets,
including antibodies, proteins, heavy metal ions, and small
molecules, as well as pH. In this Review, we describe different
sensing platforms and discuss major triplex DNA sensing
configurations. Specifically, we address the advantages and
drawbacks associated with the different systems.

2.1. Triplex Molecular Beacons

Numerous DNA-based sensing platforms are based on the
assembly of “caged” recognition sequences of nucleic acids

that can, in the presence of an
appropriate target, reconfigure
into a structure capable of trans-
ducing the recognition event into
a physical signal.[29] The advan-
tages of such switchable sensing
mechanisms, namely their sensitiv-
ity,[30] specificity,[31] and high signal-
to-noise ratio,[32] have been exten-
sively discussed. A seminal report
on hairpin nucleic acid structures
modified with a fluorophore/
quencher pair (molecular beacons)
at their ends introduced the basic
concept for the target-induced
reconfiguration of a functional
DNA switch.[33] In these systems,
the self-complementarity of the
two ends (stem region) allows the
formation of the hairpin structure
while the loop domain (and even-
tually parts of the stem region)
provides the recognition sequence
for the target. The hairpin config-
uration of the DNA structure leads
to effective quenching of the fluo-

rophore. In the presence of an appropriate target, the hairpin
structure is opened through the formation of the recognition
domain–target complex, leading to the spatial separation of
the fluorophore/quencher pair, and the signal of the fluoro-
phore unit is switched on. Indeed, fluorophore/quencher
molecular beacons have been extensively used as optical
switches for the detection of genetic disorders[34] and patho-
gens.[35] Inspired by the molecular beacon structure, triple
helix domains were engineered into the stem region of the
molecular beacon structures (Figure 3A). In the presence of
the analyte, the triplex is reconfigured into an open config-
uration where the spatial separation between fluorophore and
quencher leads to an increased fluorescence signal. This
concept has been successfully applied to the analysis of DNA
single strands.[36] A bimolecular triple helix stem formed by
a T-A·T triplex consisting of a poly-T DNA strand and a poly-
A peptide nucleic acid (PNA) strand (stem-forming oligonu-
cleotide, sfO) was used to stabilize a molecular beacon
structure. In the presence of the target DNA sequence, the
formation of the loop domain–target DNA duplex induces the
opening of the triplex-stabilized hairpin, thus leading to an
increased fluorescence readout signal. The specificity and
sensitivity of the sensor device could be tuned by changing the
number of T-A·T bridges in the stem region (Figure 3B,
panel I), and a target containing one mismatched base was
discriminated by the triplex sensing hairpin structure (Fig-
ure 3B, panel II). Furthermore, the triplex structure of the
stem region allowed the design of super-quenched fluoro-
phore hairpin structures. In these systems, the auxiliary poly-
A stem-forming oligonucleotide strand is modified with one
or two quencher units.[37] As a result, the background
fluorescence of the hairpin structure is further suppressed,
and the output fluorescence signal (F/F0) is enhanced.

Figure 1. Different parallel and antiparallel triplex structure configurations.

Figure 2. Dynamic reconfiguration of DNA duplexes through the
strand-displacement mechanism. Adapted with permission from
Ref. [13e], Copyright 2011 Nature Publishing Group.
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2.2. Supramolecular DNA Triplex Switches for Sensing

An alternative triplex-based hairpin sensing platform
involves the modification of the auxiliary strand stabilizing
the hairpin structure with a luminescent pair (Figure 4A).[38]

The formation of the stem region via the triplex structure
separates the pyrene excimer pair, resulting in the low
luminescence of the structure X. The supramolecular
triplex-based hairpin includes the recognition
sequence in its loop while the auxiliary stem-forming
strand exhibits self-complementary ends. In the
presence of the analyte, the triplex-based hairpin is
opened owing to the formation of the energetically
stabilized analyte–loop domain complex 7, leading to
the separation and release of the auxiliary strand 8.
The auxiliary strand reconfigures to the hairpin
structure Y owing to the hybridization of the self-
complementary ends, which results in effective emis-
sion of the pyrene excimer at 485 nm. That is, as the
concentration of the analyte increases, the opening of
the triplex-based hairpin is enhanced, resulting in
a higher degree of emission for the pyrene excimer of
the system. Indeed, this sensing mechanism based on
target-induced separation of the triplex hairpin
structure has been used to analyze different targets.
For example, Figure 4B depicts the detection of
thrombin with a triplex-based hairpin where the
loop of the hairpin included the anti-thrombin
aptamer sequence. In the presence of thrombin, the
hairpin is separated, leading to the formation of the
thrombin–aptamer complex and the self-assembly of
the auxiliary strand X into a secondary hairpin Y, in

which the pyrene excimer emission is enhanced. As the
concentration of thrombin increases, the amount of separated
triplex hairpin structures also increases, leading to enhanced
emission of the pyrene excimer (Figure 4B). The sensing
platform was selective, and other proteins such as lysozyme,
cytC, BSA, or IgG were not recognized by the triplex hairpin
system. The triplex structure can be used for the detection of
thrombin at concentrations of 0.5 to 250 nm, with a response
time of several minutes.

The same sensing platform was used to detect ATP or
l -argininamide by the incorporation of the anti-ATP or anti-
l -argininamide aptamer sequences into the loop domain of
the triplex hairpin structure (Figure 4C). The inset in Fig-
ure 4C depicts the fluorescence changes upon ATP sensing
against other substances. This sensing mechanism was further
combined with a surface-enhanced Raman scattering (SERS)
transduction method,[39] and the readout signal was amplified
by using the released auxiliary strand as an initiator of the
hybridization chain reaction (HCR).[40]

These sensing platforms exhibit several advantages that
are reflected in the fact that an unlabeled recognition
sequence can be adapted for analyzing different targets with
a common luminescent auxiliary strand. That is, through the
engineering of the loop domain of the triplex hairpin with
recognition sequences for various analytes, the development
of many different sensors may be envisaged. The efficiency of
the sensing platform, however, depends on the efficiency of
the target-stimulated opening of the hairpin structure, which
might suffer from low sensitivities and the need to optimize
the stability of the target-recognition sequence.

Figure 3. A) Optical sensing of a target gene through the reconfiguration of
a fluorophore/quencher-modified triplex DNA hairpin structure. B) Specificity
and selectivity of the sensing system as a function of the number of T·A-T
bridges in the triplex hairpin stem region (panel I). Time-dependent sensing of
the fully matched/single-mismatched target by the hairpin consisting of 11 T·A-T
bridging units (panel II). Adapted with permission from Ref. [36], Copyright
2007 Wiley-VCH.

Figure 4. A) An optical aptasensor based on a triplex DNA hairpin structure as
the sensing module. B) Calibration curve for the analysis of thrombin with the
thrombin-aptamer-functionalized triplex hairpin module. The selectivity of the
sensor was demonstrated by subjecting other proteins to the sensor system.
C) Fluorescence spectra of a) the duplex hairpin structure 8, b) the triplex DNA
sensing module, and c) the triplex DNA sensing module after addition of the
analyte (ATP, 0.5 mm). Inset: Specificity analysis. Adapted with permission from
Ref. [38], Copyright 2011 American Chemical Society.
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2.3. Triplex-Forming Oligonucleotides for DNA and Aptamer
Ligand Sensing

The majority of the DNA-sensing platforms developed
thus far involve duplex formation between an oligonucleotide
probe and a target nucleic acid, and the subsequent detection
of the duplex formation with a probe that is functionalized
with optical or electrochemical labels. Nonetheless, DNA in
nature, or DNA after PCR amplification, exists as a double
helix, and the detection of sequence-specific duplex domains
within double-stranded DNA is an important analytical
challenge.[41] Specific TFO probes can be used to detect
target duplex DNA strands through the formation of Hoogs-
teen or reverse Hoogsteen interactions, forming parallel or
antiparallel triplex structures.[11,42] Figure 5A depicts the
detection of a duplex strand with a fluorophore/quencher-
modified molecular beacon that includes the TFO sequence
in its loop domain.[43] Triplex formation triggers the opening

of the hairpin, which leads to the fluorophore/quencher-
separated triplex structure and thus results in an increase in
the fluorescence of the system as the concentration of the
duplex analyte is increased (Figure 5B). This sensing strategy
was further applied to detect cancer cells.[44] Furthermore,
triplex-forming oligonucleotides were applied for the detec-
tion of non-DNA targets. For example, Figure 5C outlines the
use of a functional triplex structure composed of the
fluorophore-modified duplex 12/13 and the quencher-func-
tionalized TFO 14 as a functional assembly for the sensing of
the NF-kB p50 transcription factor (TF).[45] The fluorophore
in the triplex assembly, stabilized by Ag+ ions, is quenched by
TFO 14. In the presence of the TF, and the competitive
binding of TF with the duplex 12/13 releases the quencher-
modified strand 14. Thus, as the concentration of the tran-
scription factor increases, the resulting fluorescence gener-
ated by the sensing module intensifies (Figure 5D). The
sensing system allowed the analysis of the transcription factor

with a sensitivity corresponding to
40 pm.

In another example, the ampli-
fied fluorescence detection of
thrombin with a TFO module was
described (Figure 5E).[46] The
strands 15 and 16 include the
sequences a and b, corresponding
to the anti-thrombin aptamer sub-
units, the tethers c/d exhibiting
complementarity, and a toehold
single-strand domain. In the pres-
ence of thrombin, the aptamer/
thrombin complex stabilizes the
duplex domain c/d, and in the
presence of DNA polymerase/
dNTPs, the templated replication
of the strand proceeds. The subse-
quent thermal cycle dissociates the
thrombin ligand, and the PCR-
generated duplex is formed,
thereby initiating the PCR cycle
that forms the duplex 17/18. The
resulting duplex was designed to
associate with the fluorophore/
quencher-modified hairpin 19,
which yields the fluorescent triplex
structure 17/18/19. Accordingly,
the PCR-driven formation of the
triplex structure provides an am-
plification path, and the resulting
fluorescence of the triplex struc-
ture provides an optical readout
signal for the sensing of thrombin
(Figure 5F). This system enabled
the detection of thrombin within
a concentration range of 10@12 to
10@7 m.

The structural tunability and
versatility of triplex switches pro-
vide a versatile means for design-

Figure 5. A) Optical analysis of a duplex DNA through the duplex-induced reconfiguration of a hairpin
DNA into a triplex structure. Adapted with permission from Ref. [43b], Copyright 2001 American
Chemical Society. B) Fluorescence spectra recorded for the analysis of different concentrations of the
target duplex assembly 10/11. Adapted with permission from Ref. [43a], Copyright 2002 Mary Ann
Liebert, Inc. C) Optical analysis of the transcription factor (TF) with a Ag+-stabilized fluorophore/
quencher-modified triplex structure that is separated upon formation of the duplex/TF complex.
D) Fluorescence spectra for the sensing of variable concentrations of TF. Adapted with permission
from Ref. [45], Copyright 2014 Royal Society of Chemistry. E) Amplified sensing of thrombin with anti-
thrombin aptamer subunits engineered to form a PCR-generated duplex that opens a fluorophore/
quencher-modified hairpin to yield a fluorescent triplex structure. F) Calibration curve corresponding
to the fluorescence intensities generated by the sensing module in the presence of variable
concentrations of thrombin. Adapted with permission from Ref. [46], Copyright 2015 Nature Publish-
ing Group.
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ing supramolecular switches that are driven by the binding of
an auxiliary single strand, and thus act as DNA sensors.[47]

This is exemplified in Figure 6A with the design of a clamp-
like nanoswitch for the analysis of a DNA target sequence.

The nucleic acid scaffold 20 is functionalized with a fluoro-
phore/quencher pair at its ends, and includes the encoded
base sequence that binds the target DNA. Binding of the
target to the recognition domain associated with 20 yields
a duplex structure that reconfigures into the stabilized triplex
state. As the sensing mechanism of the target gene involves
two complementary binding events (formation of the duplex
and subsequent assembly of the triplex), the sensitivity and
specificity of the sensing event are enhanced as compared to
the single-duplex-based molecular beacon platform acting as
a linear non-switching probe. This is reflected in the fact that
it is possible to analyze shorter strands within the same
concentration range with the clamp structure than with the
linear duplex platform (Figure 6B) and in the possibility of
discriminating between a single base mismatch and the
perfect-match strand with the triplex assembly (Fig-
ure 6C).[47a] Furthermore, recent reports used the clamp-like

triplex to allosterically regulate enzymes, ribozymes, and
ligand–aptamer complexes.[48]

2.4. Triplex-Driven Electrochemical Sensors

The development of electrochemical biosensing platforms
has attracted growing interest owing to the low fabrication
costs and operational convenience of modern microelectron-
ics, and different nucleic-acid-based electrochemical sensors
for the detection of nucleic acids,[49] small molecules,[50] and
metal ions[51] have been developed over the past two decades.
The detection of duplex nucleic acids through the electro-
chemical oxidation of guanine units in triplex structures
formed between the duplex analyte and auxiliary TFOs
represents an early effort to apply triplex formation for
electrochemical DNA sensing.[52] While the approach of using
guanine bases as an internal electroactive probe is interesting,
the positive overpotentials required to oxidize the guanine
bases represent a major analytical drawback, particularly for
analyzing target analytes in real, complex biological mixtures
(saliva, blood, urine).

The electrochemical DNA sensing platform E-DNA
(Plaxco and Heeger),[49d] which uses programmed, redox-
labeled DNA structures on electrodes, provides guidelines for
the integration of TFOs as functional units for electrochem-
ical sensors. The E-DNA concept involves the assembly of
a redox-labeled oligonucleotide probe immobilized on an
electrode surface. Hybridization with the complementary
nucleic acid analyte leads to the formation of a rigid duplex
complex that moves the redox label away from the electrode
surface and suppresses the observed electrochemical signal.
Controlling the voltammetric properties of the redox label as
a result of the recognition events between the analyte and the
probe (analyte = DNA, small molecules, proteins, metal ions)
provides an electrochemical readout signal for the quantita-
tive determination of the analyte.[53] Figure 7A depicts one
configuration that applies the redox-labeled nucleic acid 21 as
a TFO strand for the electrochemical detection of the duplex
DNA analyte 22/23.[53] The flexibility of the single strand leads
to effective electrical communication between the electrode
and methylene blue (MB), resulting in an intense voltam-
metric response. In the presence of the target duplex DNA 22/
23, the formation of the triplex between the target duplex and
the redox-labeled TFO 21 leads to the rigidification of the
redox-labeled units, thus hindering the electrical contact
between the redox label and the electrode support and
suppressing the signal (lower voltammetric response). As the
concentration of the duplex analyte is increased, the voltam-
metric readout signal decreases. This sensing platform has
been used to detect HIV-1 strains[53] and to analyze sequence-
specific double strands,[54] transcription factors,[55] and adeno-
sine.[56]

A triplex-based sensing platform that includes a clamp-
like mechanism and provides a “signal on” electrochemical
readout is depicted in Figure 7B.[57] Strand 24, which was
labeled with thiolated methylene blue and included the target
recognition sequence, was immobilized as a probe on the gold
electrode. In the presence of analyte 25, the respective duplex

Figure 6. A clamp-like triplex-forming switch for the sensing of a target
analyte. A) Target-induced reconfiguration of a single-strand DNA into
a triplex structure stabilized by two binding domains. The clamp
structure leads to effective quenching of the fluorophore. B,C) Com-
parison of the sensitivity and specificity of the clamp switch sensor
versus the linear probe structures for different numbers of base pairs
in the binding domain or a single mismatch in the binding domain.
Adapted with permission from Ref. [47a], Copyright 2013 American
Chemical Society.
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