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ABSTRACT

G-quadruplexes represent a versatile sensing
platform for the construction of label-free molecular
detection assays owing to their diverse structures
that can be selectively recognized by G-quad-
ruplex-specific luminescent probes. In this Survey
and Summary, we highlight recent examples of the
application of the label-free strategy for the devel-
opment of G-quadruplex-based luminescent detec-
tion platforms with a view towards the potential
application of tetraplex structures in the design of
DNA logic gates.

INTRODUCTION

The G-quadruplex structure consists of planar stacks of
guanine tetrads stabilized by eight Hoogsteen and
Watson–Crick hydrogen bonds (N1–O6, N2–N7), with the
O6 atoms orientated centrally into the ring to form an
anionic bipyramidal cage that can coordinate to monovalent
cations such as Na+ or K+ (Figure 1). The overall
G-quadruplex structure may be formed from an intramo-
lecular (a single strand folds on itself) or intermolecular
(formed by two or more strands) arrangement of guanine-
rich oligonucleotides. The p-stacked guanine tetrads are
connected by intervening variable-length sequences that
form loops that are situated on the exterior of the core.
These may be classified as diagonal, lateral (also called
edgewise) or propeller (also called double chain reversal) (1).

In contrast to the standard B-form of double-helical
DNA, G-quadruplexes show a rich diversity in structural
topologies that can be sensitive to the number and length
of the guanine tracts, the lengths of the intervening loop
regions and the character of the metal ion in solution
(Figure 2) (2). For example, the orientation of the

strands may be either parallel or anti-parallel, or both
conformations (termed hybrid) may be present in some
G-quadruplexes, such as the (3+1) G-quadruplex motif
in human telomeric DNA (3). Furthermore, it has been
proposed that up to 26 possible topologies are available
for a three-loop G-quadruplex (4). An oligonucleotide in
solution may therefore exist as one or a mixture of several
different quadruplex forms that may possibly be in
dynamic equilibrium with each other. Consequently, the
presence and precise function of G-quadruplexes in vivo is
still an active area of debate. The fascinating variety of
folding topologies, molecular interfaces and novel inter-
action surfaces available to DNA/RNA G-quadruplexes
has been recently reviewed by Collie and Parkinson (5).
The extensive structural polymorphism of G-quad-

ruplexes has rendered them as attractive signal-transducing
elements for the development of DNA-based probes. DNA
oligonucleotides are versatile components for the construc-
tion of sensing platforms owing to their low cost, ease of
synthesis, high solubility, biocompatibility and stability in
aqueous solution and biological media (6–9). Early studies
in the field of DNA-based sensing typically used labelled
oligonucleotides that are covalently conjugated with donor/
acceptor or fluorophore/quencher pairs (10–12). However,
fluorescent labelling can be relatively expensive and time-
consuming, and the covalent attachment of the fluorophore
may influence the binding affinity or selectivity of the func-
tional oligonucleotide, thus potentially interfering with the
operation of the assay (9). The ‘label-free’ strategy has
emerged as a simple and cost-effective alternative to the
use of fluorescently labelled oligonucleotides in DNA-
based sensing, whereby luminescent probes are not cova-
lently attached to the nucleic acid backbone but instead
interact non-covalently with DNA through a number of
binding modes such as intercalation, groove binding, end
stacking or electrostatic interactions (13). In this context,
we define the term label-free to include ‘natural’
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oligonucleotides that are not modified with fluorescent
nucleobases or covalent fluorophores.
The label-free approach relies on the specific interaction

between oligonucleotides and selective DNA probes.
In recent years, immense efforts have been invested into
the development of specific probes for detecting and dis-
tinguishing G-quadruplexes from other DNA conform-
ations likely to be present in the cellular environment,
including the predominant double helix. G-quadruplex-
selective ligands tend to contain planar aromatic or het-
eroaromatic systems that can interact with the terminal
faces of the G-quadruplex through p–p stacking inter-
actions (14). Further selectivity for a particular sequence
may be achieved by targeting the more structurally het-
erogeneous groove and loop regions that are distinctive
for each G-quadruplex topology (15).
Both organic dyes and inorganic metal complexes have

found use for the development of label-free G-quadruplex-
based detection platforms. The most popular classes of
fluorescent G-quadruplex dyes include those derivatives
based on carbocyanine, porphyrin, ethidium, carbazole
and triphenylmethane, whereas phosphorescent G-quad-
ruplex-selective metal complexes based on platinum(II),
ruthenium(II) and iridium(III) centres have been
reported (16). A summary of the luminescent G-quad-
ruplex probes used for the construction of label-free

DNA assays described in this review are presented in
Table 1.

Luminescence offers a versatile combination of simpli-
city, low cost and high sensitivity that compares favour-
ably with colorimetric or electrochemical detection
methods. Furthermore, portable spectrofluorometers can
be used for the in-field monitoring of analytes, which
cannot readily be achieved for instrumental techniques
that require extensive sample preparation and expensive
instrumentation. Recent summary articles by Wang and
co-workers (41) and Uttamchandani and co-workers (42)
describe general luminescent and colorimetric G-quad-
ruplex-based approaches for the detection of analytes.
Our review highlights recent examples of the ‘label-free’
strategy for the construction of simple and cost-efficient
G-quadruplex-based detection platforms with a view
towards potential application of tetraplex structures in
the design of label-free DNA logic gates.

CASE STUDIES

Detection of DNA

DNA and RNA play pivotal roles in controlling the
function and behaviour of cells through the central
processes of transcription and translation, and mutations
or malfunction in the genetic code can represent potential
biomarkers for human disease. This has stimulated the
development of analytical tools for the specific detection
of nucleic acid sequences for potential application in
genetic profiling and disease diagnosis (43). In 1996,
Tyagi and Kramer (10) developed the ‘molecular
beacon’ strategy for the detection of specific DNA se-
quences in homogenous solution. The classical molecular
beacon is a doubly labelled hairpin oligonucleotide whose
fluorescence is internally quenched in the absence of the
target. However, binding of a complementary target
sequence ‘opens up’ the molecular beacon and separates
the fluorophore from the quenching, thereby restoring
fluorescence. Other molecular beacons based on the
covalent conjugation of oligonucleotides to a signalling
component such as organic dyes, quantum dots or gold
nanoparticles have also been reported (44–48).

The catalytic activity of DNA-cleaving enzymes has
been harnessed to amplify luminescence signals arising
from target recognition, thereby potentially enhancing
the sensitivity of the assay. For example, Plaxco and
co-workers (49) have developed a simple and rapid exo-
nuclease III (ExoIII)-aided target recycling method for
amplified DNA detection using labelled oligonucleotides
with astounding attomolar sensitivity. In the context of
label-free sensing, Qu and co-workers (17) have used
ExoIII to generate an amplified DNA detection system
based on assisted strand-cleavage cycles and ligand-
responsive quadruplex formation. A duplex DNA probe
was designed with one strand as a G-quadruplex-forming
oligomer and the other as a complementary sequence to
the target DNA (Figure 3). This duplex probe was specif-
ically designed with 30-protuding termini at both ends to
prevent ExoIII digestion in the absence of analyte. The
addition and hybridization of the target DNA with the

Figure 2. Schematic representation of G-quadruplex topologies.

Figure 1. Chemical structure of a guanine tetrad.
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Table 1. Luminescent G-quadruplex-selective probes utilized for label-free DNA-based detection platforms and logic gates

Compound Excitation
(nm)

Emission
(nm) (bound to
G-quadruplex)

Analyte(s) Reference(s)

NMM 399 614 Nucleic acids (17–19)
RNase H (20)

Cu2+ (21)
Biothiols (22,23)
Histidine (23)
UDG (18)

PPIX 410 634 Nucleic acids (24)
K+ (25)

Cu2+ (26)
CV 580 635 ATP (27)

Thrombin (28)

ExoIII (29)
K+ (30)

Methyl green 635 680 Ag+ and cysteine (31)

Malachite green 605 680 Ag+ and cysteine (31)

Zn-PPIX 420 590 ATP (32)
Telomerase activity (32)

(continued)
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duplex probe forms a blunt terminus that allows ExoIII
digestion of the complementary sequence from the
30-terminus, thereby releasing both the target DNA and
the G-quadruplex-forming oligomer. The free
G-quadruplex-forming oligomer folds into a quadruplex
structure that is detected by the anionic porphyrin N-
methyl mesoporphyrin IX (NMM) with a switch-on

fluorescence response. The released target DNA is free
to bind to another 50-protruding terminus of duplex
probe to trigger a new hydrolysis reaction, which leads
to significant amplification of the signal. This method ex-
hibited sub-picomolar sensitivity for the DNA target,
which compared favourably with other amplification
methods using labelled oligonucleotides.

Table 1. Continued

Compound Excitation
(nm)

Emission
(nm) (bound to
G-quadruplex)

Analyte(s) Reference(s)

Styryl quinolinium 579 663 Ag+ and cysteine (33)

Berberine 350 550 Nucleic acids (34)

Tetrakis(dicyclohexylguanidino)-zinc-phthalocyanine 620 705 Nucleic acids (19)
(Zn-DIGP) K+ (35)

[Ir(ppy)2(biq)]
+ 390 638 Nucleic acids (36)

Sr2+ (37)

Pb2+ (38)
[Ir(ppy)2(dpp)]

+ 320 585 HNE (39)

[Ir(phq)2(dpp)]
+ 360 583 Biothiols (40)
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Ren and co-workers (18) have developed a G-quad-
ruplex-based strand displacement assay for DNA detec-
tion using NMM as a luminescent probe. The duplex
DNA probe consists of a probe strand (P2: 50-CTCGAT
CGCACT2A2GA2T3C-3

0) partially hybridized to a G-
quadruplex-forming oligomer (P1: 50-G3T4G3A3T2C
T2A2GTGCG3T4G3-3

0) (Figure 4). In the absence of the
target, the system is only weakly fluorescent owing to the
weak interaction between the DNA probe and NMM. The
addition of the target strand (P3: 50-GA3T2CT2A2GTGC
GATCGAG-30) forms a more stable P2–P3 duplex, which
displaces P1, and the resulting G-quadruplex formed by
the free P1 is detected by NMM with a switch-on fluores-
cence response.

Wang and co-workers (19) used NMM and the cationic
tetrakis(dicyclohexylguanidino)-zinc-phthalocyanine (Zn-
DIGP) as G-quadruplex-selective probes to construct a
G-quadruplex-based DNA detection assay (Figure 5).
The authors designed a bimolecular c-myc G-quadruplex
comprised from two fragment oligomers (50-GCAGACA
CATC2AGT5GAG3TG4-3

0 and 50-AG3TG4A2T4CGATA
GC2AG2ACA2-3

0) that each contains flanking segments
complementary to the target DNA sequence, derived
from the hepatitis B viral gene (50-T2GTC2TG2CTATCG
CTG2ATGTGTCTGC-30). The addition of complementary
DNA to this solution further stabilizes the G-quadruplex
structure while introducing additional conformational con-
straints into the complex, thereby changing the local envir-
onment and fluorescence properties of the dye molecules.
Interestingly, NMM displayed enhanced fluorescence on
target binding, whereas reduced fluorescence was observed
for Zn-DIGP. Both the switch-on and switch-off modes of
detection exhibited nanomolar sensitivity for DNA and
could discriminate mismatched from perfectly matched
target DNAs. Furthermore, the authors demonstrated the
application of this assay for the detection of DNA in diluted
biological fluids such as human serum or urine.

Our group has used the G-quadruplex-selective lumi-
nescent iridium(III) complex [Ir(ppy)2(biq)]

+ (where
ppy=2-phenylpyridine and biq=2,20-biquinoline) as a
signal transducer to develop a G-quadruplex-based detec-
tion platform for gene deletion (Figure 6) (36). We
designed a split G-quadruplex comprising two short oligo-
nucleotides, P1 (50-ATGACTATCT3A2TG3TAG3-3

0) and
P2 (50-G3T2G3CGTAG2A4TGAG-30), that both contain
complementary regions recognizing the DNA sequences
flanking the deletion site of the chemokine receptor gene
CCR5 (50-CTCAT4C2ATACAT2A3GATAGTCAT-30).
The oligonucleotides also contain pendant guanine-rich
overhangs that can form a split G-quadruplex when
brought into close proximity. The CCR5 protein has
been reported to be a co-receptor for macrophage-tropic
Human immunodeficiency virus type 1 (HIV-1) strains
and can be exploited by HIV-1 to gain entry into CD4+

T cells. However, the mutant allele CCR5-�32 does not
produce a functional protein and thus confers resistance
against HIV infection. In this assay, the longer wild-type
CCR5 DNA sequence (50-CTCAT4C2ATACAGTCAGT
ATCA2T2CTG2A2GA2T3C2AGACAT2A3GATAGTCA
T-30) is able to hybridize with P1 and P2, but the large
spatial separation of the guanine-rich overhangs prevents

Figure 5. G-quadruplex-based sensing platform for single-stranded
DNA with switch-on (left) and switch-off (right) detection modes.

Figure 3. Enzyme-assisted G-quadruplex-based detection platform for
DNA.

Figure 4. Luminescent switch-on detection of DNA based on the
analyte-induced strand dissociation and subsequent G-quadruplex
formation.
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effective split G-quadruplex formation. This results in a
reduced luminescence signal of the iridium(III) complex
in response to the single and double-stranded regions of
the DNA. However, hybridization with the shorter
mutant DNA sequence brings the two G-quadruplex-
forming sequences into close proximity, promoting the
formation of the split G-quadruplex and thereby
producing a significant switch-on luminescence enhance-
ment. Importantly, the assay was able to effectively dis-
criminate between deletion mutants differing by only a
single base, and the simple design of the system poten-
tially allows specificity for a target sequence of any
length by judicious modification of the split
G-quadruplex oligonucleotides.
Similar split G-quadruplex-based strategies were subse-

quently reported by other groups for the selective detec-
tion of DNA length and sequence. Wang and co-workers
(24) used protoporphyrin IX (PPIX) and a 3:1 split
G-quadruplex as a ‘caliper’ to measure the length of
DNA. The fluorescence of PPIX was found to be grad-
ually and linearly reduced, as the DNA base length was
increased. Consequently, calibration of PPIX fluorescence
could allow the caliper to be used to measure the length of
an unknown DNA sequence. This assay may be a conveni-
ent tool in recombination studies to determine whether the
foreign DNA has been inserted into the cleavage site.
Recently, Chen and co-workers (34) used the G-quad-
ruplex-selective probe berberine for the construction of a
fluorescent assay for the DNA fragment from the trans-
gene cauliflower mosaic virus 35S promoter (50-ATTGTG
CGTCATCCCTTACGTCAGTGGAG-30).
Hybridization of the target DNA with two oligonucleo-
tides derived from the human telomeric repeat, (50-CTCC
ACTGACGTAATTAGGGTTAGGG-30) and (50-TTAG
GGTTAGGGGGATGACGCACAAT-30), leads to the
formation of a split G-quadruplex that is strongly bound
by berberine, thereby resulting in an enhanced fluores-
cence response. This assay had a detection limit of 2.0 nM.

Aptamer-based detection

Nucleic acid aptamers are available for a wide variety of
different targets such as organic dyes, nucleotides, biolo-
gical cofactors, amino acids, peptides and enzymes (50).
Some aptamers adopt a G-quadruplex structure on
binding to their cognate ligands. This conformational
transition can be effectively monitored by the use of
G-quadruplex selective luminescent molecules that are
able to transduce the analyte binding event into a lumi-
nescent response.

Our group envisaged that a switch-on aptamer-based
detection method for adenosine triphosphate (ATP)
could be developed using a duplex-to-quadruplex conver-
sion strategy (27). The ATP aptamer is known to fold into
a G-quadruplex on binding to ATP. We designed a duplex
DNA probe consisting of the ATP aptamer (50-
A2C2TG5AGTAT2GCG2AG2A2G2T-3

0) hybridized with
its complementary sequence (50-AC2T2C2TC2GCA2TAC
TC5AG2T2-3

0). In the absence of the target DNA, the
fluorescence of the G-quadruplex-selective crystal violet
(CV) is weak. However, the addition of ATP promotes
the dissociation of the duplex and subsequent formation
of the G-quadruplex motif, which is detected by CV with a
switch-on luminescence response (Figure 7A). We further
demonstrated the selectivity of the assay for ATP over
other nucleotide analogues and chemical species likely to
be present in biological samples and applied this method-
ology to the detection of ATP in HeLa cell extracts. A
similar approach was used by Willner and co-workers
(32) who used zinc protoporphyrin-IX (Zn-PPIX) in con-
junction with the free aptamer for the detection of ATP.

The Dong group has developed a switch-off detection
platform for thrombin by using the thrombin aptamer
(50-G2T2G2TGTG2T2G2-3

0) in conjunction with ethidium
bromide (EB) as a duplex probe (51). Initially, the
thrombin aptamer is hybridized with a complementary
DNA sequence to form a duplex structure, thus promoting
intercalation and fluorescence emission of EB (Figure 7B).
The addition of thrombin induces the dissociation of the
thrombin aptamer due to the formation of the
thrombin-aptamer G-quadruplex ensemble, resulting in a
reduced fluorescence signal of EB owing to its weak inter-
action with G-quadruplex. A switch-on label-free detection
platform for thrombin was devised by Jin and co-workers
(28) using a single strand-to-quadruplex approach. This
assay using CV as a G-quadruplex-selective dye achieved
a detection limit of 8 pM for the detection of thrombin with
selectivity over IgG and lysozyme.

The Yan group has recently used the pyrazine derivative
TASPI (E,E,E,E,-2,3,5,6-tetrakis[4-(trimethyl-amino)
styryl]-pyrazinyl iodide) as a luminescent probe for
the aptamer-based detection of thrombin (52). In the
absence of thrombin, the emission of TASPI is quenched
by its interaction with the aptamer owing to aggregation-
induced quenching. However, the formation of the
thrombin-aptamer G-quadruplex ensemble releases
TASPI from the DNA and fluorescence signal of the dye
is recovered (Figure 8). This method exhibited a detection
limit of 50 nM and was selective for thrombin over trypsin,
bovine serum albumin and tyrosinase.

Figure 6. Split G-quadruplex-based luminescent switch-on detection
strategy for the detection of gene deletion. [Reproduced from (36) by
permission of The Royal Society of Chemistry].
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Recently, our research group has fabricated a switch-on
aptamer-based detection method for human neutrophil
elastase (HNE) using a duplex-to-quadruplex conversion
strategy. A G-quadruplex-selective iridium(III) complex
[Ir(ppy)2(dpp)]

+ (where ppy=2-phenylpyridine and
dpp=2,9-diphenyl-1,10-phenanthroline) was used as the
signal transducer of the assay (Figure 9) (39). In this assay,
the HNE aptamer (50-TAGCGATACTGCGTG3T2G4C
G2TAG3C2AGCAGTCTCGT-30) is initially hybridized
with a partially complementary strand (50-G2C3TAC3G
C4A2C3AC-30), and the weak binding of the iridium(III)
complex to the DNA duplex results in a weak lumines-
cence signal. However, the addition of HNE induces the
dissociation of the duplex structure and promotes the for-
mation of the HNE protein-aptamer G-quadruplex
ensemble. The strong interaction of the iridium(III)
complex with the G-quadruplex motif results in a signifi-
cant luminescence enhancement. This assay could detect
as low as 0.04 nM of HNE with a linear dynamic range of
in the range of 0.04–6 nM.

Detection of metal ions

Metal ions are prevalent in biological systems and are cen-
trally involved in essential life processes, such as energy
metabolism and storage, signal transduction and nucleic
acids processing. In recent years, oligonucleotides have
been found represent a versatile sensing platform for the
sensing of various metal ions (54). Besides K+ and Na+

ions, divalent metal cations such as Ca2+ (55), Sr2+ (56)
or Pb2+ (57) ions have also been reported to stabilize the
G-quadruplex. Furthermore, Ono and co-workers (58,59)
have pioneered the application of the thymine–Hg2+–
thymine and cytosine–Ag+–cytosine interactions to
develop fluorescent molecular beacons for detection of
these cations. We highlight recent examples of label-free
strategies that have been used to harness the metal
ion-binding properties of nucleic acids for the construction
of G-quadruplex-based luminescent detection platforms.

Our group has developed a label-free G-quad-
ruplex-based assay for Ag+ ions based on the Ag+-
induced quadruplex-to-duplex transition of a specially
designed guanine and cytosine-rich oligonucleotide
(Figure 10) (53). Instead of using a G-quadruplex-selective
ligand, we chose to use a platinum(II) metallointercalator

to achieve a switch-on luminescence in response to Ag+

ions. In the absence of Ag+, the weak interaction between
the platinum(II) complex and the G-quadruplex motif
resulted in a low luminescence background. The addition
of Ag+ ions converts the G-quadruplex into a duplex con-
formation via the formation of cytosine–Ag+–cytosine
mismatched base pairing, resulting in the intercalation of
the platinum(II) metallointercalator and thus recovering
its luminescence signal.
Kong and co-workers (30) have used CV to study the

effect of K+ ions on the topology of the human telomeric

Figure 8. Switch-on detection of thrombin using TASPI.

Figure 7. G-quadruplex-based aptamer-based detection assay for
(A) ATP and (B) thrombin.

Figure 9. G-quadruplex-based aptamer-based detection assay for HNE
using a luminescent iridium(III) complex [Ir(ppy)2(dpp)]

+. [Reproduced
from (39) by permission of The Royal Society of Chemistry].

Figure 10. G-quadruplex-to-duplex transition for the detection of Ag+

ions using a platinum(II) metallointercalator.
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G-quadruplex sequence [50-(G3T2A)3G3-3
0]. The addition

of K+ ions was found to induce the formation of the
G-quadruplex motif, thereby resulting in a switch-on
fluorescence response (Figure 11A). Interestingly, the use
of other G-quadruplex-forming sequences in conjunction
with CV generated switch-on detection modes for the K+

ion (60). Wang, Dong and co-workers (25) have developed
a variation of this strategy using ion-responsive oligo-
nucleotide PS2.M (50-GTG3TAG3CG3T2G2-3

0) and the
PPIX as a parallel G-quadruplex fluorescent probe. In
the presence of Na+ ions, PS2.M exists in an anti-parallel
quadruplex topology that interacts weakly with PPIX
(Figure 11B). Upon the addition of K+, the anti-parallel
G-quadruplex converts into a parallel conformation and
interacts strongly with PPIX to create a significant lumi-
nescence enhancement (Figure 11B). A similar strategy
was reported by Wang and co-workers (35) using the
c-myc G-quadruplex sequence (50-TGAG3TG4AG3TG4A2-
30) and Zn-DIGP. This assay exhibited a 3500-fold
selectivity for K+ ions over Na+ ions.
Besides potassium, Pb2+- (38,61,62) or Sr2+- (37,63)

mediated G-quadruplex structures have also been used
for the label-free luminescent detection of these metal
ions. Our group has used the G-quadruplex-forming
sequence T2 (50-G4T2G4T2G4T2G4-3

0) and a phosphores-
cent iridium(III) complex [Ir(ppy)2(biq)]

+ to construct a
DNA-based detection platform for Sr2+ (37). In the
absence of Sr2+ ions, the oligonucleotide T2 exists in a
random coil conformation that interacts only weakly
with the iridium(III) complex, resulting in a low lumines-
cent signal. However, the addition of Sr2+ions induces the
formation of the G-quadruplex motif, thereby enhancing
the luminescence of the iridium(III) complex (Figure 12).
Qu and co-workers (63) have reported a similar strategy
using single-walled carbon nanotubes (SWNTs) and the
luminescent dye thiazole orange (TO) to develop a
G-quadruplex-based for Sr2+ ion detection. In the
absence of analyte, the human telomeric DNA sequence
(HTS: 50-AG3T2AG3T2AG3T2AG3-3

0) is strongly
adsorbed onto the SWNT surface, and the fluorescence
of TO is low. The addition of Sr2+ ions triggers the dis-
sociation of HTS from the SWNTs, and the resulting
G-quadruplex structure is strongly bound by TO with a
switch-on fluorescence response. Both assays were able to
selectively detect nanomolar Sr2+ ions. Recently, our
research group have reported a similar strategy for
sub-nanomolar Pb2+ detection by using the oligonucleo-
tide PS2.M and a luminescent iridium(III) complex
[Ir(ppy)2(biq)]

+ (38). On binding to Pb2+ ions, the single-
stranded PS2.M is induced into a G-quadruplex conform-
ation, which greatly enhances the luminescence emission
of the iridium(III) complex. Furthermore, the application
of the assay for the detection of nanomolar Pb2+ ions in
spiked river water samples was demonstrated.
In 2010, Wang, Wang and co-workers (21) fabricated a

switch-off fluorescent assay for the detection of Cu2+ ions
using the G-quadruplex probe NMM as a signal trans-
ducer (Figure 13). In the absence of Cu2+ ions, the
G-quadruplex formed from 24GT (50-G3T4G3T4G3T4G3-
30) is strongly bound by NMM with a strong fluorescence
response. However, the fluorescence of the system was

gradually quenched by the continuous addition of Cu2+

ions. The assay could detect as low as 83 nM of Cu2+with
linear detection range from 0.083 to 10mM. Later on, the
same group reported a similar strategy for the switch-off
detection of Cu2+ ions using the PS5.M oligonucleotide
(50-GTG3TCAT2GTG3TG3TGTG2-3

0) and the
G-quadruplex probe PPIX (26).

Detection of biothiols

Cysteine (Cys), homocysteine (Hcy) and glutathione
(GSH) are biological thiols (biothiols) that play important
roles in maintaining cellular functions. GSH is the most
abundant thiol in animal cells and is responsible for
regulating redox homeostasis within the cell, whereas the
cysteine/cystine redox ratio largely determines the redox
state of human plasma. Aberrations in the levels of
biothiols have been implicated in the development of
various diseases such as psoriasis, cardiovascular disease
and cancers (64).

Ren, Qu and co-workers (22) designed a label-free
detection fluorescent assay for the detection of nanomolar
biothiols in aqueous solution and human plasma using a
silver metallization-engineered conformational switch
(Figure 14). In the absence of biothiols, silver
metallization effectively prevents the oligonucleotide
[50-G3(T4G3)3-3

0] from forming a G-quadruplex structure,
resulting in the weak fluorescence of NMM. However,
biothiols are able to sequester silver via the strong Ag+–
S interaction and release the DNA from the silver surface.
The free oligonucleotide is able to fold into a
G-quadruplex and interact strongly with NMM, thus
producing a significant luminescence enhancement. The
principle of DNA/biothiol competition for Ag+ ions was
also used by the group of Qiu and Chen (33) and by the
group of Kong (31) for the dual detection of Ag+ and
cysteine using the G-quadruplex-selective probes styryl
quinolinium and triphenylmethane dye (methyl green or
malachite green), respectively. Qiu, Chen and co-workers
further demonstrated the application of this assay for the
detection of cysteine in human urine.

Liu, Wang and co-workers (23) designed a label-free,
G-quadruplex-based approach for the simultaneous
detection of histidine and cysteine by using the fluores-
cence quencher Cu2+ (Figure 15). In the presence of
G-quadruplex formed from 24GT (50-G3T4G3T4

G3T4G3-3
0), the fluorescence intensity of NMM was dra-

matically enhanced. However, addition of Cu2+effectively
quenched the fluorescence of the NMM/G-quadruplex
ensemble owing to the chelation of Cu2+ ions by NMM
as well as the Cu2+-induced unfolding of the G–quad-
ruplex motif. The fluorescence of the system could be re-
covered by the addition of histidine or cysteine owing to
the strong binding affinity of Cu2+ to the imidazole group
of histidine or the thiol group of cysteine. In this strategy,
a high selectivity is conferred by the use of the cysteine-
masking agent N-ethylmaleimide (NEM), which helps to
discriminate histidine from cysteine. This assay could
detect as low as 3 nM of histidine and 5 nM of cysteine
in aqueous solution.

4352 Nucleic Acids Research, 2013, Vol. 41, No. 8



Recently, our group used a G-quadruplex-selective lu-
minescent iridium(III) complex and mercury(II) ions for
the selective detection of biothiols in aqueous solution
(Figure 16) (40). The iridium(III) complex
[Ir(phq)2(dpp)]

+ (where phq=2-phenylquinoline and
dpp=2,9-diphenyl-1,10-phenanthroline) is highly
emissive in the presence of the PS2.M G-quadruplex.
The addition of Hg2+, a well-known fluorescence
quencher, results in significant quenching of the lumines-
cence signal of the metal complex, presumably due to
various electron-transfer mechanisms. However, biothiols
can effectively sequester Hg2+ions by the formation of the
strong Hg(II)–S bond, resulting in the restoration of lumi-
nescence signal of the complex–G-quadruplex ensemble.
Significantly, the assay exhibited a tunable range for the
detection of biothiols, which could be controlled by
varying the concentration of Hg2+ ions.

Detection of enzyme activity

In label-free G-quadruplex-based enzyme assays, the
design of the oligonucleotide substrate is highly flexible
and depends primarily on the activity of the targeted
enzyme. Ren and co-workers (20) have designed a
DNA–RNA hybrid duplex motif for the label-free detec-
tion of RNase H activity. RNase H is a ribonuclease that
specifically degrades the RNA strand of an RNA–DNA
duplex (66). Importantly, the RNase H activity of HIV-1
reverse transcriptase is required for retroviral DNA syn-
thesis, and thus wide efforts have been invested into the
discovery of inhibitors against this activity (67). The
DNA–RNA hybrid consists of a short G-rich oligonucleo-
tide hybridized to a complementary RNA sequence, and
the G-quadruplex-specific fluorescent dye NMM is added
to the sample mixture as a signal transducing unit
(Figure 17). In the absence of RNase H, the fluorescence

Figure 11. G-quadruplex-based switch-on detection assays for K+ ions
using G-quadruplex-selective luminescent probes.

Figure 13. Schematic representation of the G-quadruplex-selective
probe for the switch-off detection of Cu2+ ions.

Figure 12. Schematic representation of the G-quadruplex-selective
probe for the detection of Sr2+ ions. [Reproduced from (37) by permis-
sion of The Royal Society of Chemistry].

Figure 15. Schematic illustration of the G-quadruplex-based assay for
the detection of histidine/cysteine.

Figure 14. Schematic illustration of the G-quadruplex-based assay for
the detection of biothiols based on the selective complexation between
silver ion and biothiols.
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signal of NMM is low owing to the weak interaction of the
dye with the intact hybrid duplex. The addition of RNase
H results in the digestion of the RNA strand, and subse-
quently releasing the guanine-rich DNA oligonucleotide
that could fold into an intramolecular G-quadruplex.
The NMM dye thus interacts strongly with the nascent
G-quadruplex, producing a significant ‘switch-on’ lumi-
nescence response. The authors further demonstrated the
potential application of this assay for screening RNase H
inhibitors.
Our research group has reported a G-quadruplex-

based strategy for the detection of 30 ! 50 exonucleases
(29), which are enzymes that play important roles in
a variety of key cellular and physiological processes
such as DNA proofreading (68). In this study, we
designed an unlabelled DNA hairpin sequence
[50-AG3(T2AG3)3CAGA2G2AT2A(C3TA2)3C3T-3

0] con-
sisting of a 22-bp G-quadruplex-forming sequence at the
50-terminus, a 11-bp loop region, and a 22-bp complemen-
tary C-rich sequence at the 30-terminus. Initially, the oligo-
nucleotide is hybridized in a stem-loop arrangement, and
the fluorescence of the G-quadruplex-selective dye CV is
weak (Figure 18). The prokaryotic 30 ! 50 ExoIII is able
to digest DNA specifically from the 30-terminus in the
duplex stem region but is halted at the loop region, as it
is unable to accept single-stranded DNA as substrate. The
free G-quadruplex sequence at the 50-terminus is released
and folds into G-quadruplex sequence, which is detected
by CV with a strong fluorescence enhancement. The assay

was readily amenable to a high-throughput format, and
the exonucleolytic activity of the enzyme could be moni-
tored in real-time. Furthermore, the system was selective
for ExoIII over other nucleases such as the 50 ! 30 exo-
nuclease T7, the single-strand-specific 30 ! 50 exonuclease
I and the non-specific DNase I.

Some enzymes are able to recognize mismatched or
modified DNA bases and excise them from DNA for sub-
sequent DNA repair processes. Ren and co-workers (18)
have devised a duplex-to-G-quadruplex strategy for the
label-free detection of uracil DNA-glycosylase (UDG) ac-
tivity. A G-quadruplex-forming DNA sequence is initially
hybridized with a uracil-containing oligonucleotide to
form a duplex structure (Figure 19). In the absence of
the target enzyme, the fluorescence of the quad-
ruplex-specific dye NMM is weak. The addition of UDG
results in the selective cleavage of uracil bases, resulting in
the release of the G-quadruplex-forming sequence. The
nascent G-quadruplex structure is strongly bound by
NMM, leading to a switch-on fluorescence response.

Figure 16. Schematic illustration of the label-free G-quadruplex-based assay for the detection of Cys using [Ir(phq)2(dpp)]
+ as signal transducing

element. [Reproduced from (40) by permission of The Royal Society of Chemistry].

Figure 18. Schematic representation of the label-free luminescent detec-
tion assay for 30 ! 50 exonuclease activity.

Figure 17. Schematic diagram of the label-free luminescent detection
assay for RNase H activity using a duplex-to-quadruplex approach.
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Enzymes with elongation activities are able to initiate
the extension of a DNA or RNA strand by the stepwise
incorporation of nucleotides to the substrate. The
real-time polymerase chain reaction is one basic method
for monitoring polymerase activity. Intricate label-free
assays have also been devised to selectively detect
various enzymes with elongation activities. For example,
Willner and co-workers (32) have designed a label-free
luminescent assay for monitoring the activity of telomer-
ase. The authors used a synthetic oligomer containing the
telomeric TTAGGG sequence as a primer for
telomerization (Figure 20). This DNA is incubated with
cell extracts containing telomerase and dNTPs. The
telomerization of the template sequence by telomerase
produces a longer DNA strand-containing tandem TTA
GGG repeats. This longer sequence is able to fold into a
G-quadruplex and is recognized by the G-quad-
ruplex-selective dye Zn-PPIX with a switch-on lumines-
cence response. However, cell extracts lacking telomerase
activity would not be able to promote elongation of the
short primer sequence, and therefore the resulting fluores-
cence emission of the system would be low.

LABEL-FREE TETRAPLEX DNA-BASED
LOGIC GATES

Molecular computation, a term that includes a number of
distinct ‘bottom-up’ approaches towards the design of
chemical and/or biological computers, has risen as a
fascinating potential alternative to silicon-based

computing. This has stimulated the development of mo-
lecular logic gates, such as ‘OR’, ‘AND’ and ‘NOT’, that
parallel the Boolean functions that are fundamental basis
for modern digital information integration. As the seminal
work of Adleman (69), who pioneered the idea of using
DNA to solve the famous ‘traveling salesman’ problem in
the mid-1990s, the design and construction of DNA
systems that can perform Boolean logic operations in
response to chemical and/or physical inputs has attracted
immense interest (65,70). In recent decades, a variety of
DNA structures and functional oligonucleotides have
been incorporated into the design of basic Boolean logic
devices. In particular, both G-quadruplex and i-motif
tetraplexes have received tremendous attention owing to
their rich polymorphic nature and adaptive responses
towards various stimuli (71). The i-motif is a four-
stranded DNA structure formed from cytosine-rich oligo-
nucleotides under acidic condition and characterized by
intercalative C–C+ hemiprotonated base pairing (72,73).
Kong and co-workers (31) have presented label-free

variation of the IMPLICATION Ag+/cysteine logic gate
using a G-quadruplex-selective fluorescent tripheny-
lmethane dye (Figure 21). This logic device is ‘turned
on’ with a strong fluorescence signal in the absence of
any inputs (i1=0, i2=0). The addition of Ag+ (i1=1,
i2=0) disrupts the G-quadruplex structure and weakens
the binding of the fluorescent dye, thereby producing an
‘off’ output. The subsequent addition of cysteine (i1=1,
i2=1) sequesters Ag+ions and restores the fluorescence of
the assay.
In 2010, Ren and co-workers (74) devised a logic

platform capable of multiple logic operations using the
conjugated polymer PFP (poly [(9,9-bis(60-N,N,N-
trimethylammonium)hexyl)fluorenylene phenylene dibro-
mide] and human telomeric DNA [(AG3(T2AG3)3/
(C3TA2)3C3T)]. In this system, the cationic conjugated
polymer acts as a donor, and the intercalating dye
Genefinder functions as an acceptor (Figure 22). At
neutral pH, the probe exists in the duplex form and
allows intercalation by the organic dye, whereas the posi-
tively charged conjugated polymer associates closely with
the negatively charged duplex DNA through electrostatic
interactions. This brings PFP and the intercalating dye
into close proximity, and the resulting Fluorescence
resonance energy transfer (FRET) interaction amplifies
the fluorescence of the intercalating dye while quenching
the emission from PFP. At low pH, the cytosine-rich
strand dissociates from the DNA duplex to form a
stable i-motif. This prevents intercalation by the organic
dye and reduces the FRET response. Taking advantage of
the distinct fluorescence properties of the PFP/Genefinder/
DNA system at different pH, the authors demonstrated
that INH/NINH logic gates could be implemented by
using duplex DNA and H+ ions as inputs (pH 4.0).
Similarly, a XNOR logic gate could also be constructed
using hydrogen chloride and sodium hydroxide as inputs.
Finally, the authors demonstrated the construction of
a NOR logic gate with the physiologically useful
parameters of temperature and pH as inputs. A similar
logic system was devised by Huang, Huang and
co-workers using the conjugated polymer PFEP

Figure 20. Schematic diagram for the label-free luminescent detection
of telomerase activity.

Figure 19. Schematic diagram of the luminescent label-free detection
assay for UDG activity using a duplex-to-quadruplex transition.
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poly{[9,9-bis(60-(N,N,N-diethylmethylammonium)hexyl)-
2,7-fluorenylene ethynylene]-alt-co-[2,5-bis(30-(N,N,N-
diethylmethylammonium)-10-oxapropyl)-1,4-phenylene]
tetraiodide} and two intercalating dyes (TO and EB) (75).
Our group has developed a label-free ‘‘OR’’ logic gate

for H+ and K+ ions (76). The system comprises a
cytosine-rich oligonucleotide [50-(AC3T)4-3

0] and a
guanine-rich oligonucleotide [50-A(G3T2A)3G3CAGA2

G2ATA2-3
0] in conjunction with the triphenylmethane

dye CV, which selectively interacts with tetraplex DNA
over duplex or single-stranded DNA. In the absence of
H+ and K+ ions (i1=0, i2=0), the guanine- and
cytosine-rich oligonucleotides exist as random coil struc-
tures that interact weakly with CV, resulting in an ‘off’
state (Figure 23). In the presence K+ and/or H+ ions, the
guanine-rich and cytosine-rich DNA can be induced into a
G-quadruplex or i-motif structure, respectively. Owing to
the strong binding of CV to either tetraplex structure, the

fluorescence of the system is turned to an ‘on’ state in the
presence of either input.

In 2011, Wang, Dong and co-workers (77) constructed a
versatile logic device with NOT, NOR and AND func-
tions using DNA/Ag fluorescent nanoclusters with K+

and H+ as inputs (Figure 24). The authors designed an
oligonucleotide HP26 (50-GGGTTAGGGTCCCCCCAC
CCTTACCC-30) that acts as a stabilizer for the synthesis
of fluorescent Ag nanoclusters. In the absence of input,
HP26 adopts a hairpin conformation that facilitates
the templated synthesis of yellow (�em=570 nm) and
red (�em=646nm) fluorescent emitters. However, the
addition of K+ or H+ ions induces the formation of
G-quadruplex or i-motif structures, respectively.
This alters the degree of encapsulation of the Ag

Figure 24. Schematic representation of the structural interconversion
of the guanine- and cytosine-rich hairpin sequence (HP26) into
G-quadruplex or i-motif structure induced by K+ or H+ ions, respect-
ively. The DNA acts as a stabilizer for the templated synthesis of Ag
nanoclusters.

Figure 23. Schematic representation of the structural interconversion
of the guanine- and cytosine-rich sequences into G-quadruplex or
i-motif structures induced H+ or K+ ions, respectively.

Figure 21. Illustration of a label-free IMPLICATION logic gate using
Ag+ and cysteine as inputs and a fluorescent triphenylmethane dye. The
fluorescence output of the triphenylmethane dye is dependent on the
integrity of the G-quadruplex structure.

Figure 22. Schematic representation of label-free logic gate system
based on the conformational switch of telomeric DNA and the
FRET signal from a conjugated polymer to the DNA-binding dye.
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nanoclusters and thereby changes the fluorescent
properties of the system. Furthermore, the system was
able to perform multiple logic operations via multichannel
fluorescence output, and different logic gates could be
constructed by simply altering the specific sequence of
the DNA stabilizer.

CONCLUSION

The versatility of the G-quadruplex motif has vastly
expanded the number of potential applications of
G-quadruplexes in fields as diverse as therapeutic and
diagnostic tools (78,79) and anti-cancer drug screening
platforms (80–82). Compared with organic chemosensors
or protein antibodies, DNA oligonucleotides offer the
distinct advantages of low cost, high thermostability and
solubility, ease of production and modification and a rich
structural polymorphism that can be sensitive to the
presence of particular analytes. In particular, we have
focused on the ‘label-free’ strategy that uses
G-quadruplex DNA in conjunction with G-quadruplex-
selective probes for sensing. The label-free approach has
recently gained popularity owing to its simplicity and
economy, as it does not require costly and time-consuming
labelling and immobilization steps (83,84).

In this Survey and Summary, we have described a large
variety of G-quadruplex DNA designs and G-quad-
ruplex-selective probes that have been used for the con-
struction of luminescent sensing platforms for DNA,
metal ions, enzyme detection and biothiols. Furthermore,
we have discussed the use of the G-quadruplex and the
related i-motif tetraplex structure for the design of lumi-
nescent DNA logic gates. The unique structural features
exhibited by the diverse array of G-quadruplex topologies
offers the potential for highly specific interactions between
the luminophore and the functional oligonucleotide that
may avoid non-specific interference from single- or
double-stranded nucleic acid species likely to be present
in the biological environment. However, such a system
may still be potentially affected by the large amounts of
telomeric DNA present in eukaryotic biological samples,
which could sequester the luminescent probe and interfere
with the signal of the assay. Nevertheless, several of
the label-free G-quadruplex-based luminescent assays
described in this review have been successfully applied
for analyte detection in biological media such as cell
extracts and urine.

Towards the future, the selectivity of the label-free
DNA-based detection platforms again appears to be a
key issue that could be addressed and improved. In
many cases, the selectivity of the label-free assay may be
limited by the relatively modest selectivity of the
G-quadruplex ligand for the G-quadruplex motif over
other conformations such as duplex or single-stranded
DNA, thereby somewhat negating the potent advantages
of sensitivity and selectivity offered by nucleic acid
aptamers or other functional oligonucleotides. Another
drawback of the label-free approach is the lack of true
multiplex capability that is possible with labelled oligo-
nucleotides, though some progress has been made to

mimic this using the multichannel fluorescence properties
of silver nanoclusters as reported by Wang, Dong and
co-workers (77) for the construction of a label-free logic
device.
An ideal label-free DNA-based sensing system should

contain a luminescent reporter molecule that displays a
selective ‘switch-on’ emission response on binding to
G-quadruplex DNA, which is in turn formed from the
highly specific interaction between a precursor oligo-
nucleotide with its cognate analyte. As many of the lumi-
nescent G-quadruplex probes used for label-free sensing
described in this Survey and Summary have only been
recently discovered or only recently been applied for
G-quadruplex detection, we envision that more avid and
selective G-quadruplex-binding ligands will continue to be
developed in the future. Based on the multitude of
examples of label-free luminescent G-quadruplex-based
detection assays and logic gates reported recently, we an-
ticipate that this field would continue to thrive and mature
in the years to come.
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