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Abstract: G-quadruplexes are made up of guanine-rich RNA and DNA sequences capable of
forming noncanonical nucleic acid secondary structures. The base-specific sterical configuration
of G-quadruplexes allows the stacked G-tetrads to bind certain planar molecules like hemin (iron
(III)-protoporphyrin IX) to regulate enzymatic-like functions such as peroxidase-mimicking activity,
hence the use of the term DNAzyme/RNAzyme. This ability has been widely touted as a suitable
substitute to conventional enzymatic reporter systems in diagnostics. This review will provide a brief
overview of the G-quadruplex architecture as well as the many forms of reporter systems ranging
from absorbance to luminescence readouts in various platforms. Furthermore, some challenges and
improvements that have been introduced to improve the application of G-quadruplex in diagnostics
will be highlighted. As the field of diagnostics has evolved to apply different detection systems, the
need for alternative reporter systems such as G-quadruplexes is also paramount.

Keywords: G-quadruplex; DNAzyme; colorimetric; fluorescence; luminescence; diagnostics

1. Introduction

Just over 60 years ago, Watson and Crick published their seminal paper on the DNA structure [1].
In it, they emphasized two principle features of the DNA molecule that are the complementary nature
of the base sequences on the two antiparallel oriented strands and the double-helical nature of the
polymer. This has helped shaped the way we perceive DNA structure today and allow researchers
to design complex nanostructures according to this rule. DNA is a promising engineering material,
not just for its outstanding data storage capacity, but for its flexibility, design and efficient chemical
synthesis. A deeper understanding of DNA has allowed DNA to expand its presumed main role in
genetic-information storage to a more versatile function due to the robustness of the structures it may
form. Apart from the Watson-Crick double helix structure, DNA can also adopt alternative structures
ranging from disordered single strands to higher-order structures such as G-quadruplex (see Figure 1)
as a consequence of dynamic molecular events.

A DNA G-quadruplex (G4) structure can arise from specific G-rich sequence(s) forming G-tracts.
Guanine bases associate with guanines from neighboring G-tracts through Hoogsteen hydrogen
bonding to form a square planar called guanine tetrad (G-tetrad) or guanine quartet (G-quartet).
The G-tetrad would then stack with one another within the G-tetrad core resulting in a G4 structure.
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Figure 1. Comparison of (a) DNA double helix (PDB: 1BNA) and (b) DNA G-quadruplex stabilized 
by K+ (PDB: 244D). 

Hoogsteen hydrogen bonding, a non-canonical/non-Watson-Crick base configuration allows for 
the formation of unusual base pairs in certain sequence contexts. G4 arrangements are found to be 
immensely polymorphic allowing it to represent a huge family of stable structures with a typical 
overall fold. The rich structural polymorphism motif of the G4 as well as its unique geometry are 
thought to allow for specific recognition and detection of metal ions, DNA, small molecules, protein 
and enzyme activity through a number of binding modes in a manner analogous to that of double-
helical DNA intercalators [2]. The introduction of G4 structure together with its unique ability to bind 
with various ligands such as hemin (see Figure 2) have contributed to the identification of new 
functions of DNA in biology. 
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Figure 1. Comparison of (a) DNA double helix (PDB: 1BNA) and (b) DNA G-quadruplex stabilized by
K+ (PDB: 244D).

Hoogsteen hydrogen bonding, a non-canonical/non-Watson-Crick base configuration allows for
the formation of unusual base pairs in certain sequence contexts. G4 arrangements are found to be
immensely polymorphic allowing it to represent a huge family of stable structures with a typical overall
fold. The rich structural polymorphism motif of the G4 as well as its unique geometry are thought to
allow for specific recognition and detection of metal ions, DNA, small molecules, protein and enzyme
activity through a number of binding modes in a manner analogous to that of double-helical DNA
intercalators [2]. The introduction of G4 structure together with its unique ability to bind with various
ligands such as hemin (see Figure 2) have contributed to the identification of new functions of DNA
in biology.
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Figure 2. (a) Chemical structure of hemin (b) G-quadruplex-hemin complex. 
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target detection assays. The assays, specifically targeting DNA, ATP, enzymes and metal ions, are 
discussed with a focus towards various distinct types of principles and mechanisms that have been 
performed and reported over the past few years. The claim that G4-based sensors compare favorably 
with other available detection strategies are discussed as well. It is therefore conceivable that the 
impact G4 could have on biomedical diagnostic applications will increase with new improvements 
of the specific G4 design and implementation. 
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The ability of guanines to self-associate to form four-stranded helical structures, known as G-
quadruplex was first demonstrated in 1962 [3]. Even so, the fact that G-rich DNA solutions are able 
to form gelatinous aggregates was first noted in 1910. However, their exact nature was not noticed 
until these gels were observed to form stacked planes of guanine tetramers in a cyclic arrangement. 
Since then, G4 have been extensively studied and were reported to be predominant in functional 
regions of the human genome and transcriptome. This also includes replication initiation sites, 
human telomeres, oncogene promoter regions and untranslated regions [4]. The formation of G4 at 
the telomeres in the macronuclei of the ciliate Stylonyvhia lemnae was first visualized using a G4 
selective antibody in a biological context [5]. It was suggested based on the telomeric sequence that 
two overhangs have the propensity to associate end-to-end through the formation of four-stranded 
conformations of two fold-back hairpins which involves a quadruplex stem. It is further stabilized by 
stacked layers of G-quartets that are hydrogen-bonded in a cyclic manner [5]. 

The complementary C-rich strand can adopt another non-canonical structure termed as i-motif. 
It is based on Hoogsteen C-C+ base-pairs, which was initially deemed to form only under non-
physiological acidic conditions [6]. However, recently, Zeerati and co-workers discovered that i-motif 
structures are also able to form in the nuclei of human cells. This is mainly found in regulatory regions 
of the human genome, which includes the promoter and telomeric regions. In genomic DNA, i-motifs 
and its complementary G-rich sequences that can adopt G4 structures often coexist. ELISA results 
shown by this same group proved that iMab recognizes a wide range of i-motif DNA structures with 
high affinity but it does not bind to G4 structures, suggesting that G4 and i-motif can be well 
discriminated biochemically [7]. 

Figure 2. (a) Chemical structure of hemin (b) G-quadruplex-hemin complex.

Motivated by this fact, the study on DNA G4 has gained attention from different research groups
to apply for the design of selective probes in diagnostic assays. This review provides an account of the
structural information of G4 besides highlighting its diversity as a reporter in disease-related target
detection assays. The assays, specifically targeting DNA, ATP, enzymes and metal ions, are discussed
with a focus towards various distinct types of principles and mechanisms that have been performed
and reported over the past few years. The claim that G4-based sensors compare favorably with other
available detection strategies are discussed as well. It is therefore conceivable that the impact G4 could
have on biomedical diagnostic applications will increase with new improvements of the specific G4
design and implementation.

2. The Basic Structure of G-Quadruplex

The ability of guanines to self-associate to form four-stranded helical structures, known as
G-quadruplex was first demonstrated in 1962 [3]. Even so, the fact that G-rich DNA solutions are able
to form gelatinous aggregates was first noted in 1910. However, their exact nature was not noticed until
these gels were observed to form stacked planes of guanine tetramers in a cyclic arrangement. Since
then, G4 have been extensively studied and were reported to be predominant in functional regions of
the human genome and transcriptome. This also includes replication initiation sites, human telomeres,
oncogene promoter regions and untranslated regions [4]. The formation of G4 at the telomeres in the
macronuclei of the ciliate Stylonyvhia lemnae was first visualized using a G4 selective antibody in a
biological context [5]. It was suggested based on the telomeric sequence that two overhangs have
the propensity to associate end-to-end through the formation of four-stranded conformations of two
fold-back hairpins which involves a quadruplex stem. It is further stabilized by stacked layers of
G-quartets that are hydrogen-bonded in a cyclic manner [5].

The complementary C-rich strand can adopt another non-canonical structure termed as i-motif.
It is based on Hoogsteen C-C+ base-pairs, which was initially deemed to form only under
non-physiological acidic conditions [6]. However, recently, Zeerati and co-workers discovered that
i-motif structures are also able to form in the nuclei of human cells. This is mainly found in regulatory
regions of the human genome, which includes the promoter and telomeric regions. In genomic DNA,
i-motifs and its complementary G-rich sequences that can adopt G4 structures often coexist. ELISA
results shown by this same group proved that iMab recognizes a wide range of i-motif DNA structures
with high affinity but it does not bind to G4 structures, suggesting that G4 and i-motif can be well
discriminated biochemically [7].
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G4 could be formed from one, two, or four G-rich strands. Although the formation of G4 requires
G-rich sequences, not all G-rich sequence can form G4 structures. G4s are composed of at least four G
residues as the fundamental building blocks, forming ring-like aromatic planar G-tetrad structures.
These structures are connected via Hoogsteen hydrogen bonds, involving the N1, N7, 06 and N2 sites
(see Figure 3a) of the guanines [4]. Two or more G-quartets are able to stack on top of one another,
resulting in the formation of four-stranded helical structures [8] (see Figure 3b). Loop sequences link
the Gs and determine the type of G4 structure to be formed.
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Figure 3. (a) Chemical structure of a G-quartet. Four guanines are bonded by Hoogsteen hydrogen
bond (dashes) and the monovalent cation K+ acts to stabilize the structure. (b) An intramolecular
G-quadruplex structure consisting of three G-tetrads and a G-quadruplex motif sequence with four
G-tracts of three guanines separated by loops.

Originally, it was assumed that G4s occur only in the form of right-handed helices. However,
it was recently discovered that certain G4s such as the therapeutically active G-rich oligonucleotide
AGRO100 (also known as AS1411) adopts a left-handed helical conformation [9]. Thus, aside from
the Z-form of double-stranded DNA (dsDNA), G4s can also adopt the unusual left-handed helix.
This property is critical if more specific ligands are to be designed that can distinguish between the
helical conformations.

Various rules governing G4 folding have been established with the ongoing advancement in the
structural studies of G4 [10–14]. The folding of G4 can occur through the folding of a single strand
(intramolecular) or the association of two (bimolecular) or four (tetramolecular) separate strands
(intermolecular) [12]. Intramolecular interactions in single-stranded DNA connects three loop regions
linking four G-tracts of at least two consecutive Gs together [13].

Different sequences will evidently adopt alternative topologies, but in some cases various
conformations may also be derived from one particular sequence [14]. Depending on the environmental
conditions, the conformations can interchange or are found to co-exist in different states in parallel.
Thus, it is not uncommon for quadruplex structures obtained by crystallography to disagree with those
obtained in solution [15]. Each of the four G-tracts can run in similar (parallel) or different (anti-parallel)
direction with respect to each other [4,16]. Anti-parallel conformation may be classified into two types
as the guanines involved have alternating syn- and anti-glycosyl conformation along each strand [17].
In addition, G4 have also been observed to adopt mixed orientations consisting of parallel-antiparallel
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strands to form a stable structure [18]. This hybrid orientation of G4 contains both consecutive
guanines in the same (syn-syn or anti-anti) and different (syn-anti or anti-syn) conformations [17].
The four G-tracts are comprised of the same guanine rich oligonucleotides connected by loops of
variable nucleotide lengths and sequences [16]. Figure 4 highlights some of the basic types of G4
conformations: parallel, antiparallel and hybrid (see Figure 4).
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The folding of G4 occurs rapidly and the obtained structures are complex, exhibiting great
conformational diversity [14]. This structural polymorphism is mainly due to the properties of the
loop, which includes strand polarity, variations in strand stoichiometry and the sites on the loop
that are connected to the G strands [4,19]. The structure of G4 may also depend on the length and
composition of DNA or RNA, the positions of the loops, the orientation of the chain and the nature
of the cations involved [16]. G-quartet regions, groove dimensions, central channel of the G4 as well
as the negative electrostatic potential of the anionic backbone are factors that influences the binding
selectivity of the target molecules [4].

Other than the sequence requirements, the integration of cations with the G4 is also vital in
determining the polymorphism and stability of the G4. The ligands act to coordinate with four
electronegative O6 atoms from a G-tetrad and another four of the adjacent stacked G-tetrad. In the
presence of different cations, the G-rich sequence may adopt different structures [8,14]. This occurs
as such ions contribute to variation in the interaction with the grooves and loops [20]. The quartet
arrangement generates a central channel that allows the cations to settle which influences the interaction
of the G4 to the cations. Depending on the type of cations and the specific structure of the G4, the
positions of the cations can be located along or between the quartet plane [20]. Important features
of the cations and their structural influence are their radius and valency. Cations supporting the G4
structure are usually metal ions with the notable exception of the monovalent ammonium ion [21]

Generally, G4 formation and stabilization require monovalent cations, in particular, Na+ and
more commonly, K+. K+ is claimed to be more biologically relevant compared to that of Na+ due
to its higher intracellular concentration. The nature of the ions affects their exact location between
tetrads. K+ are observed to be ad libitum equidistant between each tetrad whereas Na+ are located
within a range of geometries of a G4 [14]. Na+ ions are slightly displaced from the G-quartet due to the
electrostatic repulsion between adjacent Na+, resulting in a slightly altered coordination geometry (see
Figure 5) [22]. Not only K+ has a better coordination with 06 guanines, this cation also possesses lower
dehydration energy. In Na+-containing solutions devoid of K+, G4 formation can also occur but at a
much slower rate [23]. Therefore, K+ in general is preferred over Na+ in G4 formation. Another study
conducted also showed in the presence of KCl, the activity doubled that of NaCl [24].
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It has also been reported that other monovalent and divalent ions can in fact affect the stability
and structure of G4 [20]. It was suggested that the stability of G4 structures is influenced by ions in
the order of K+ > Ca2+ > Na+ > Mg2+ > Li+ and K+ > Rb+ > Cs+ [25]. It was also demonstrated that
interaction of G4 with type Ia and IIaa cations with respect to the stabilization of G4, follows the order
of Sr2+ > Ba2+ > Ca2+ > Mg2+ and K+ > Rb+ > Na+ > Li+ = Cs+ [26]. In another study, silver ions (Ag+)
was shown to also coordinate with guanine bases [27] and disrupt the structure of G4 significantly [28].
This happens as Ag+ chelates guanines at the binding sites, N7 and C6O [27], which are involved in G4
formation. This results in the inhibition of the catalytic activity exhibited by G4-hemin DNAzyme [28].
A further study has shown that no high order structural change was observe upon Ag+ addition,
suggesting the destruction of G4 structure [29].

Disruption of G4 structures have also been observed with some divalent cations. Divalent cations
such as Mn2+, Co2+ or Ni2+ may disrupt the structure of G4 even in the presence of K+. Divalent cations
are capable of destabilizing G4 when the G4 and monovalent cation concentrations are sufficiently
low [30,31]. However, the effect of trivalent metal ions on G4 structures has not been well studied
yet. Nevertheless, the trivalent ions were observed to destabilize G4 structures, as they were found
to be remarkably reduced in the presence of metal chelators [32]. It was also found that the stacking
of the quartets is better promoted in the presence of trivalent lanthanide metal ions such as La3+,
Eu3+, Tb3+, Dy3+ and Tm3+ [33]. This information is critical in the design of stable G4 structures for
various applications.

The effect of a number of G4-binding ligands on G4 structure and stability have been widely
studied. Telomestatin, a natural product isolated from Streptomyces anulatus 3533-SV4 has been shown
to be a very potent telomerase inhibitor. This is suggested by the similarity of the structure between
telomestatin (see Figure 6a) and G-tetrad. The ability of telomestatin to either trap out pre-formed G4
structures or facilitate the formation of G4 (see Figure 6b) can result in the sequestering of the telomeric
sequence (single-stranded d[T2AG3]4 sequencecrucial for telomerase activity). Higher concentrations
of telomestatin has been found to cause a significant increment of intramolecular basket-type
G4, suggesting that the telomestatin stabilizes or induces the intramolecular G4 formation [34].
Interestingly, telomestatin can replace the need for monovalent cations, specifically K+ or Na+ to
stabilize intramolecular G4 structure, which is a unique trait among G4-interactive compounds.
In contrast, a porphyrin compound, 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)porphine (TMPyP4, see
Figure 7a) has been shown to preferentially facilitate the formation of intermolecular G4 structure (see
Figure 7b). TMPyP4 is responsible to suppress the proliferation of alternative lengthening of telomeres
in (ALT)-positive cells and inducing anaphase bridges in sea urchin embryos. However, telomestatin
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does not possess this effect suggesting the selectivity of telomestatin for intramolecular G4 structures
and TMPyP4 for intermolecular G4 structures [35]. TMPyP4, mainly known as DNA G4 stabilizer,
was also reported to be able to unfold an extremely stable all purine RNA G4 (M3Q) and regulate the
activity of a reporter gene through the disruption of G4 [36].
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Pyridostatin (see Figure 8a) is a small molecule that is known to particularly stabilize G4
DNA complexes, triggers neurotoxicity and induce DNA double-strand breaks (DSBs) in cultured
neurons [37]. Also, zinc aminophthalocyanine (ZnAPC) (see Figure 8b) has been demonstrated to
bind to a G4-forming oligonucleotide derived from 5′-untranslated region of NRAS mRNA, causing a
selective cleavage of the target RNA G4 upon photo-irradiation [38].
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Pressure is a key thermodynamic factor that can induce structural changes in biomolecules due
to a volumetric decrease [39]. Depending on the specific sequence, G4 structures have been found to
exhibit exceptionally high thermodynamic stability [40]. This superior property has been exploited
in applications such as isothermal amplification in order to disrupt the duplex structure for primer
binding [41]. However, non-canonical DNA structures are more sensitive to the effects of pressure
compared to duplexes which have higher stability under pressure [39]. G4 exhibits positive and large
∆Vtr values, suggesting that thermal stability would decrease with increasing pressure resulting in the
unfolding of G4. A study conducted using UV melting under high pressure was able to monitor the
unfolding process of human telomeric oligonucleotides. It was suggested that the ∆Tm/∆P is less than
−10 × 10−2 K·MPa−1. Hydration of biomolecules is largely affected by pressure, unlike folding of a
nucleic acid duplex which takes up water molecules during the folding process. Osmotic pressure
analysis showed that water molecules are released during the folding of G4 [39]. Therefore, there
is a potential to develop nano-materials triggered by pressure effects, considering the difference in
sensitivity of each DNA structure to pressure.

Previously available assay allows the identification of G4 formation with hyperchromism at
260 nm and hypochromism at 295 nm but it is not able to identify all three (parallel, antiparallel and
hybrid) G4 types [42]. A recent study investigated the relationship between thermal denaturation
profiles and G4 structure based on UV absorbance [17]. The melting profiles of three types of G4
structures (parallel, antiparallel and hybrid) at 243, 260, 275 and 295 nm suggest that the G4 topology
affect the denaturation profile of G4 (see Table 1). The work also developed an inexpensive assay that
not only distinguishes G4 and DNA duplexes or triplexes, but also between parallel conformation of G4
with the other two structures (antiparallel and hybrid). This was achieved due to the hypochromism
exhibited by parallel G4 structures in contrast to the antiparallel and hybrid structures which shows
hyperchromism at 275 nm [17]. These recent findings on thermal denaturation profiles of G4 could
potentially boost further development of G4 in sensing systems and provide new insights for the
establishment of novel sensing strategies.

Table 1. Thermal denaturation profile of different conformations of G4.

Conformation
λ (nm)

243 260 275 295

Parallel + − − −
Antiparallel + −/+ + −

Hybrid + + + −
(+) Hyperchromism and (−) hypochromism observed upon denaturing/heating the structure.
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3. G-Quadruplex-Based Detection System

3.1. DNAzyme-Based Colorimetric G-Quadruplex/Hemin System

3.1.1. Conventional DNAzyme-Based G-Quadruplex/Hemin System

Horseradish peroxidase (HRP) can be used in an enzyme-conjugated assay as a label mainly to
detect proteins in immunoassays and can also be adopted for DNA detection too. As modifications can
be expensive and cumbersome, the availability of a peroxidase-mimicking DNAzyme formed by the
binding of a G4 with hemin is an interesting alternative [43–45]. The peroxidase mimicking catalytic
activity of G4 DNAzyme catalyzes the oxidation of 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS2−) to produce a colorimetric change from a colorless solution to a visible blue-green product (see
Figure 9). DNAzyme systems involving other substrates like luminol, 3,3′,5,5′-tetramethylbenzidine
sulfate (TMB), 4-chloro-1-naphthol (4-CN) or scopoletin (Sc), in the presence of hydrogen peroxide
(H2O2) can also be used to produce colorimetric, electrochemical and fluorescence readouts [46–51].
However, colorimetric G4-hemin DNAzyme-based biosensors are utilized in diagnostics for its
simplicity, fast analysis, low cost and most notably, the ability to detect target molecules visually.
The ABTS2− substrate supplemented with H2O2 DNAzyme can be designed to generate the
colorimetric change as the outcome of the detection of a particular target.
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Single nucleotide polymorphisms (SNPs) is a condition that may lead to the development of
numerous human diseases which includes complications such as Alzheimer’s, sickle cell anemia, cystic
fibrosis and certain cancers [52]. A series of sensors utilizing protein enzymes have been established
for the detection of SNPs. Restriction enzymes can also be employed to detect SNPs, but are limited to
the recognition sequence of the enzyme recognition domain. Ligase was also reported to be capable
of detecting SNPs in random DNA sequences [53,54], but this type of assay is relatively expensive
and vulnerable to the surrounding conditions [55]. In view of the limitations of existing methods, a
turn-off colorimetric sensor was developed utilizing the aforementioned DNAzyme system for the
recognition of SNPs based on G4-hemin DNAzyme and Y-shaped DNA duplex. In this assay (see
Figure 10), Oligo 1 (G-rich sequence) and Oligo 2 were designed to be partially complementary to each
other. Oligo 1, Oligo 2 and target DNA will hybridize with each other to form a Y-shaped DNA duplex
(3-way junction) in the presence of target DNA. This will render the DNAzyme sequence unavailable
for catalytic reaction, thus inactivating the DNAzyme. Therefore the resulting outcome is a decrease of
the absorbance readout of the oxidation product of ABTS2− [56].
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An abnormal concentration of sodium (Na+) will affect both cellular and electrical functions
in biological systems. Hence, it is associated with many diseases such as heart failure and kidney
diseases. Quantitative detection of Na+ is required for the diagnosis of such diseases. However, a large
amount of K+ can interfere with Na+ sensing in physiological systems making the development of
Na+ detection systems a huge challenge. As G4s have a higher sensitivity towards K+ compared to
Na+, this makes G4 based sensor development for Na+ even more challenging. A study reported the
development of a Na+ ion sensor guided by the fact that there are specific G4s possessing different
conformations depending on the presence of either K+ or Na+ [57]. In this study, a known G4 named
p25 was utilized due to its ability to exhibit an antiparallel conformation with Na+ but a hybrid
conformation upon the presence of K+. With increasing Na+ concentration, even in the presence of K+,
the p25 G4 undergoes a specific conformational transition. Due to the difference in binding affinity
of G4 various conformation towards hemin (discrepancy in catalytic activity), and by applying the
ABTS-H2O2 system, a colorimetric probe for Na+ was successfully established [58].

Further research on G4-hemin DNAzyme reported that terbium/G4-hemin DNAzyme is
able to exhibit a significantly higher catalytic activity in comparison with K+-induced G4-hemin
DNAzyme [51]. The quantitative data obtained from this study showed that the activity factor
of Tb3+-induced G4-hemin DNAzyme and K+-induced G4-hemin DNAzyme were 11.55 and 2.02
respectively [51], clearly indicating that the former has a higher peroxidase activity than the latter.
This would allow for a wider application of the sensing platform as it was previously thought to be
restricted to only K+ and Na+ as the inducer of G4 structure formation.

It was mentioned earlier that G4-hemin DNAzyme would be significantly inhibited in the presence
of silver ions [28]. However, the addition of hydrogen sulfide (H2S) is able to remove the coordinated
Ag+ through competitive binding owing to its strong affinity to Ag+ [59]. This would then remove
the inhibitory effect by Ag+, thus by reforming the G4 as well as its peroxidase-like activity. CD
spectra analysis of Tb-induced G4-hemin DNAzyme showed a structural change to the original state
upon addition of H2S in the presence of Ag+ ions. The ability of Tb3+-induced G4-hemin DNAzyme
to exhibit a higher catalytic activity compared to K+-induced G4-hemin DNAzyme, a colorimetric
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detection system for H2S was developed [29]. This is important as H2S is found to take part in various
physiological processes and its abnormal level has been associated with symptoms of various diseases
such as Down syndrome, Alzheimer disease and diabetes. In this setup, Tb/G4-hemin DNAzyme
was first prepared before introducing Ag+ to suppress the peroxidase-like activity. The addition of
Ag+ causes the green color of the solution to change to colorless and the absorbance of ABTS-H2O2 to
decrease, reflecting the loss in catalytic activity. A green color was found to reappear upon the addition
of H2S indicating the reformation of the G4 structure and the recovery of the peroxidase-like activity.
With the enhancement of H2S concentration, the absorbance of ABTS-H2O2 increases gradually which
forms the basis of the system. The selectivity of this detection system was examined by introducing
various competing anions. Even at concentrations of 100-fold higher, the tested anions were not
able to recover the catalytic activity of Tb/G4-hemin DNAzyme. This implies the sensitivity of the
detection system towards H2S [29]. The claim that Tb3+-induced G4-hemin DNAzyme exhibits a
higher peroxidase-like activity than the G4-hemin DNAzyme induced by K+ and Na+ was further
examined in this study by adding K+ and Na+ into the system instead of Tb3+. The result was found to
be consistent in which the Tb3+-induced system was able to exhibit higher peroxidase-like activity [51].
Not only did this system exhibited a higher catalytic activity, it also displayed the ability to be applied
on serum samples with no retardation of activity [29].

3.1.2. DNAzyme-Based Colorimetric Split G-Quadruplex System

It was found that the structure of G-rich nucleic acid sequences can be split to two parts and act
as a binary probe, which are reported to exhibit extraordinary selectivity [60]. In a split system, two
separate short G-rich oligonucleotides can be combined to form a common G4 wherein the guanines
of the G4 are usually distributed on two different strands allowing the target strand to bring them
together through hybridization. Formation of a G4 structure can thus turn on the catalytic property for
signal readout [61]. The number of bases of the whole split G4 is often twelve. In has been reported
that the separation of split G4 designs was best implemented in the loop region of the G4, thus the
twelve G bases of the G4 are always divided in ratios of either 2:2 or 1:3. However, a study reported
that the assembly of two equally-split parts could easily form an active hemin aptamer even in the
absence of target DNA producing a background signal [62].

Hence, a number of studies resorted to splitting the unabridged G-rich strand into an asymmetric
ratio instead [63,64]. In a system involving the asymmetrical split DNAzyme strategy to rapidly and
visibly detect rifampin-resistant M.tb with mutations in the rpoB gene, unequal ratio (3:1) of probe
A and probe B were assembled through hybridization with the target ssDNA [64]. Since the target
DNA was originally in dsDNA form, asymmetric PCR was applied to produce ssDNA. To ensure
sufficient quantity of target DNA was available and to increase the sensitivity of the assay, nested
PCR was conducted. Interestingly, the PCR product was added into the detection system without
the need for purification prior to the assay. A new strategy was designed to minimize the adverse
effects of complicated secondary structures of the target DNA to further improve the efficiency of the
probes. The 5′-end of Probe A was designed to match the 3′-end of the target ssDNA with three GGG
repeats. The 3′-end of Probe B contained one GGG repeat was designed to match the 5′-end of the
target DNA. Therefore, two dsDNA were formed at the two ends of the target DNA when the target
DNA was added to the mixture of probes A and B. A G4 structure was formed in the middle due to the
folding of the overhanging strands from Probe A and Probe B. The formed DNA G4 is then converted
into a DNAzyme that will subsequently catalyze the H2O2-mediated oxidation of ABTS2− through
peroxidation-like activity when bound with hemin. As a result, an oxidation product, ABTS− was
formed and a visible green color was observed [64].

Further studies on split G4 have been done to elucidate the effects of split G4 guanine ratio. The
effects of separation between the guanine bases with either more or less guanine bases in different
strands of the split G4 was studied to determine the optimal ratio to split the G4. Six split modes
were tested and it was shown that the performances of the modes 3:9 and 6:6 were both moderate
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whereas the best performing mode was 4:8 [65]. The employment of split G4 has allowed an additional
dimension in sensor designs affording more flexibility. In comparison with G4 detection systems
using unabridged probe strands where the results are limited, this splitting strategy allows the G-rich
segments to integrate into many patterns and the best ratio mode could be identified, leading to a
reduced background signal.

3.1.3. DNAzyme-Based Colorimetric G-Quadruplex/Hemin Molecular Beacon System

The split G4 design can also be applied to the molecular beacon (MB) concept devoid of the
fluorophore-quencher complex whilst maintaining their specific catalytic activity. MB was first reported
in 1996 and has since been one of the most widely used systems for DNA biosensors [66,67]. Originally,
the MB system alone relies on the concept of a closed to opened conformational change in the presence
of a target DNA. The conformational change can be detected with simultaneous production of a
fluorescence signal. MBs are basically hairpin-shaped oligonucleotides that contain a stem-loop
structure [68]. The DNA bases on both sides of the stems are connected by hydrogen bonds whereas the
5′- and 3′-end of the MBs are respectively labeled with a fluorophore and a quencher [69]. The construct
will then unfold in the presence of the target sequence to hybridize, resulting in the separation of the
fluorophore from the quencher to yield a fluorescent output. However, besides being costly it is known
that the utilization of the fluorophore and quencher also requires complicated modification and complex
operation making it cumbersome [69]. In this alternate rendition of MB, G4 MB-based detection of
nucleic acids involves no fluorophore-quencher complex but incorporates the guanines needed for the
formation of the G4 into the stem formation of the MB (see Figure 11). Subsequent binding to the target
will open the MB stem permitting the guanines to be made available to engage in G4 formation.
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Considering the advantages of MB and split G4 with the drawbacks of employing the
fluorophore and quencher, a study combining the MB technique and split G4 structure to produce a
label-free G-quadruplex DNAzyme MB oligonucleotide sensor for Pseudostellaria heterophylla (PH) was
developed [70]. In this system, a split mode G4 was utilized in place of the fluorophore/quencher
combination where one GGG repeat served as a reporter and tethered to both ends of the MB structure.
A section of the oligonucleotide specific for the target sequence was made to complement the loop
portion and act as the sensing element of the assay [70]. In the absence of target DNA, one pair of GGG
repeat associates and forms an intermolecular G4 structure. A DNAzyme is generated through the
high affinity binding of hemin to the formed G4. This complex results in a peroxidase-like activity to
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produce a colored product with a strong UV-vis absorption signal. In the presence of the target DNA,
the target DNA will hybridize to the loop of the MB inhibiting the formation of intermolecular G4
DNAzyme due to the opening of the stem to form an inactive duplex DNA structure. This results in a
catalytic activity loss with a weaker UV-vis absorption signal in the presence of the target DNA [70].

Not only can a DNAzyme MB act as a catalytic enzyme and target recognition element, this
multifunctional label-free probe can also function as a primer for polymerization [71]. A novel
label-free DNAzyme MB strategy was developed for the colorimetric amplification detection of p53
DNA. For the DNAzyme MB probe alone, in the presence of target p53 DNA the catalytic activity
of peroxidase-mimicking DNAzyme is locked in its hairpin structure resulting in a signal readout.
Meanwhile, the hybridization of the recognition element of MB with target DNA promotes the
formation of G4, triggering isothermal circular strand-displacement polymerization (ICSDP) reaction.
This provides a positive readout signal and dynamic response range of 7 orders of magnitude even
without chemical modifications and additional nucleic acids [71].

3.2. Non-Covalent Fluorescence-Based G-Quadruplex System

3.2.1. Conventional Non-Covalent Fluorescence-Based G-Quadruplex Sensing System

The early studies in the field of DNA-based sensing commonly used covalently-conjugated
oligonucleotides which are labeled with fluorophore/quencher or donor/acceptor pairs. However,
covalent conjugation of the fluorophore has some drawbacks as it may interfere with the operation of
the assay, influencing the selectivity and binding affinity of the functional oligonucleotides. Another
limitation is the cost and time required to produce such conjugated oligonucleotides. Thus, label-free
approaches have emerged as a practical and cost-effective alternative to the fluorescently-labeled
oligonucleotides in DNA-based sensing applications. This alternative approach allows for the probes to
interact non-covalently with DNA via different binding modes and eliminates the need for covalent
attachment to the nucleic acid backbone. The probes may bind either through intercalation, groove
binding, end stacking or electrostatic interactions that is designed not to affect the functionality of the
DNA [72,73].

Commonly used fluorescent G4 dyes includes derivatives of carbocyanine, phthalocyanines,
porphyrin, carbazole, anthracyclines, ethidium bromide and triphenylmethane [73–75]. One of the
most popular and commonly studied G4 ligands which binds and stabilizes different types of G4
structures is porphyrin [74]. Their binding to G4 can dramatically enhance the florescence intensity of
porphyrins. Protoporphyrin IX (PPIX) (see Figure 12), a ubiquitous heme precursor, has been shown
to be a G4-selective fluorescent probe in vitro. Fluorescence enhancement was reported to increase
by 16-fold with the addition of G4 to PPIX [76]. The preference of using PPIX as a signal reporter is
mainly due to the large dependency of the affinity between it and the G4 on the integrity of G4 [77].
It exhibits weaker affinity for duplex and anti-parallel G4 DNA, but selectively binds to parallel G4
DNA. In addition, the affinity can be controlled by the input DNA through hybridization [74,78].
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In a study conducted to measure the length of DNA based on the base number between two
selected sequences, PPIX was chosen as a probe to study the split G4 formation (see Figure 13).
Therein, two G-rich strands were hybridized to the target strand, driving the G-rich strands together
in the middle of the complex molecule. PPIX in solution bound to the G4 and its fluorescence
intensity decreased dramatically in the presence of additional bases in the middle of the target strand.
The addition of extra bases in the middle of the target strand results in an unstable structure of split
G4 due to the increase distance between them. This in turn decreases the affinity of the split G4 for
PPIX resulting in a decreased fluorescence intensity [79].
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Uniquely, G4 is able to catalyze Cu2+ insertion into the PPIX (metalation) (see Figure 14a)
quenching the fluorescence of the responding ligand to produce a decreased fluorescence intensity.
However, a similar phenomenon is not reported when using other toxic metal ions [80]. High Cu2+

levels in vivo is claimed to be toxic especially when the levels are beyond cellular needs. This high
level of Cu2+ can be associated with some serious neurodegenerative medical conditions such as
Wilson disease, Menkes disease and Alzheimer’s disease [81]. Therefore, there is a need for a rapid
and sensitive detection method of such metal ions. Taking advantage of this interaction of G4 in the
presence of Cu2+, a sensitive G4-based probe for Cu2+ detection was developed [80]. PPIX acts as a
fluorescent probe and binds to G4 in the absence of Cu2+ (see Figure 14b).
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The intensity of fluorescence increases sharply due to the binding. In the presence of Cu2+,
PPIX-Cu complex forms and G4 binds to this complex. In this case, although the G4 still can bind to
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PPIX-Cu complex, the fluorescence intensity is much lower. This assay provides a reliable platform for
effective detection with a low detection limit of 3.0 nM.

In a later study, a detection system was developed surrounding the basis of the interaction
between fluorophore thioflavin T (ThT) (see Figure 15) and G4. This involved the inducement of G4
flanking sites, which results in selective detection of the target sequences since ThT has a specific
light-up fluorescence probe for G4 structures. ThT gives out very weak fluorescent signal in aqueous
solution but a high fluorescent signal upon binding to G4. This structural specificity of ThT for G4
was taken advantage of to produce a sensitive assay. The formation of G4/ThT complex due to the
hybridization of mutant DNA with the target DNA induced the G4 structure formation in the probe
causing the ThT fluorophore to light up. This readout was used to elucidate the amount of a mutant
ion in a target sequence with high sensitivity and specificity [82].
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Thiazole orange (TO) (see Figure 16a) is one of the most commonly used fluorescent probes
among the reported studies due to its high fluorescence quantum yield. However, TO lacks the ability
to distinguish G4 from other types of DNA structures since it is a universal nucleic acid fluorescence
dye [83]. It was reported that the introduction of hydrocarbon rings into the chromophore of thiazole
orange alters the planarity of the chromophore and the binding affinity for G4 as well. With a suitable
molecular framework to accommodate the TO chromophore, the altered TO possesses highly selective
fluorescence response to G4 [84].
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3.2.2. Non-Covalent Fluorescence Aptamer-Based G-Quadruplex Sensing System

Aptamers are folded nucleic acids with a single-stranded structure (RNA or ssDNA), generally
designed from 25 to 60 bases in length. The sequence variation allows the display of a large number
of structural arrangements. This variability allows for sufficient structural diversity to generate the
specific recognition cavities against a wide range of targets which includes small molecules, proteins,
ions, whole cells and even entire bacteria and viruses [85,86]. Aptamers can be isolated from a large
random-sequence library of either RNA or DNA by an evolution process called systemic evolution
of ligands by exponential enrichment (SELEX). Through SELEX, a vast number of aptamers have
been identified and it was reported that a number of aptamers underwent a conformational change
within the G4 motif upon ligand binding [87]. DNA SELEX has mainly yielded more G4 aptamers
with high affinities. G4 have a higher electrostatic potential per unit length compared to a duplex.
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When compared to a double helix, G4 have twice the negative charge density per unit length. Hence, G4
represent a good arrangement for differential interaction with small molecules or cationic proteins [88].

It is also assumed that in the absence of other possible interactions in RNA due to its free
2′-OH groups, the high stability of G4s are often required for DNA aptamers to adopt more complex
non-canonical structures for ligand binding. Upon ligand binding, a nucleic acid aptamer converts
from a non-quad or unstructured conformation into a G4 motif. This can then be effectively monitored
through transduction into various outputs such as fluorescence and luminescence in a number of
ways [87]. Aptamers are interesting alternative binders in sensory applications due to their simplicity,
reusability and stability under a variety of environmental conditions. They are also cheaper to be
synthesized and modified [89]. Aptamers also offer other advantages such as a lower molecular
weight, reproducible synthesis, controllable labeling, flexible design, low immunogenicity and fast
tissue penetration [90].

Since the conjugation of aptamers may lead to other unwanted issues and considering the unique
feature of aptamers to adopt G4 structures upon binding to their cognate ligand, attempts have been
made to develop a detection strategy devoid of aptamer modifications or without the use of enzymes.
Various studies have been conducted utilizing non-covalent fluorescence on aptamer-based detection
system. In one of these studies, a switch-on method for the detection of adenosine triphosphate (ATP)
using aptamer based on a duplex-to-quadruplex conversion strategy was reported. Abnormal ATP
levels from an overproduction of ATP by creatinine kinase has been associated with diseases like
angiocardiopathy, making accurate detection of ATP a critical assessment for angiocardiopathy [91].
The ATP detection method applied a label-free fluorescence switch-on assay, utilizing crystal violet
(CV) (see Figure 17a) to monitor the conversion of the ATP aptamer in the presence of ATP (see
Figure 17b). It was also suggested that such a G4-based design could reduce the non-specific binding
of the probe, while maintaining the simplicity and cost efficiency of label-free detection. In this system,
the ATP aptamer and its complementary sequence were initially hybridized. In the absence of ATP,
the binding of CV to the duplex DNA was weak resulting in a low emission of fluorescence signal.
The duplex conformation was claimed to be in equilibrium with a small population of dissociated
single strands allowing the ATP aptamer to form a G4 structure. Through population-shift mechanism,
the presence of ATP will trigger the dissociation of the duplex and the formation of the aptamer-target
complex as ATP only stabilizes the G4 structure of the aptamer. A strong interaction between the CV
and the G4 was formed, producing a significant fluorescence response to ATP [92].
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Figure 17. (a) Chemical structure of crystal violet. (b) Schematic representation of the aptamer-based
fluorescent turn-on strategy for ATP detection using G-quadruplex probe crystal violet (CV). ATP
promotes duplex dissociation and incudes formation of the aptamer-target G-quadruplex structure,
which is detected by CV.

A fluorescent dye, N-methylmesoporphyrin IX (NMM) (see Figure 18a) was used to detect
the presence of thrombin [93]. The NMM was designed to bind to the formed G4 structure upon
toehold strand displacement. The DNA formation will assemble to multiple G4 structures, emitting
amplified fluorescent signals for improved sensitive detection. The system allowed for G4-forming
sequences to be initially locked in the hairpin structures, meanwhile the initiation strand (IS) and
the thrombin-binding aptamer sequence were partially hybridized. No free IS could be generated
when the thrombin was absent and the G4-forming sequences remained engaged in the hairpin
structures, avoiding the association of NMM. Low fluorescent emission could be expected in this
case. The presence of thrombin promotes the release of IS as a result of the formation of the G4
aptamer-thrombin complex.
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The liberated IS will then hybridize with the first hairpin strand and unfolds the hairpin structure,
forming the toehold for strand displacement by the second hairpin strand. The second and unfolded
hairpin strands will hybridize and the IS is then displaced via toehold strand displacement mechanism.
The displaced IS will then hybridize again with the initial hairpin sequence to initiate the toehold
strand displacement. This will finally result in a massive generation of dsDNA strands with both
ends having active G4-forming sequences. The G4-forming sequences and NMM will associate to
produce a sensitive monitoring system for thrombin by giving out remarkably intensified fluorescent
emission [93]. Figure 18b shows the structural complex of a G4 and NMM.

3.3. Luminescence-Based G-Quadruplex Sensing System

3.3.1. Conventional Luminescence-Based G-Quadruplex Sensing System

The characteristics of luminescent heavy metal complexes have gained large interest and attention
especially towards the fabrication of light-emitting materials and numerous sensing applications due to
its versatility, low cost, simplicity and high sensitivity. Their luminescence can be detected in profoundly
fluorescent media as a result of their long emission life-time, with the utilization of time-resolved
luminescence spectroscopy. Besides photophysical properties and interaction with biomolecules, they
require no complicated synthetic procedures and are readily available for fine-tuning. In addition,
self-quenching can be prevented as they possess remarkable stokes shifts [94]. As a consequence,
the potential of several luminescent heavy metal complexes such as ruthenium (II), iridium (III), and
platinum (II), as molecular light switches for nucleic acids including G4 DNA have been widely studied.

Silver ions develop cytotoxicity in humans [95] and are associated to a number of medical
complications including organ failure [96]. This highlights the importance of silver ion level
determination in the body. To carry out silver (I) ion detection in aqueous solution, a luminescence-
based G4 sensing system was developed utilizing chloro(2-phenyl-1,10-phenanthroline)-platinum(II)
(complex 1). As Ag+ ions are able to destabilize the G4 structure [28], G4 structures can undergo
conformational change from G4 to a duplex structure. The formed duplex structure allows the
intercalation of complex 1, producing a high emission intensity (see Figure 19). However, low emission
intensity is observed in the absence of Ag+ owing to the weak interaction of complex 1 with G4.
Upon addition of various metal ions other than silver, the emission intensity only increases slightly
suggesting the selectivity of the system for Ag+ ions [97].
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Figure 19. A schematic illustration of luminescence-based G-quadruplex assay for aqueous silver
ions detection. (a)The initial structure of G-quadruplex. (b) The poor interaction of G-quadruplex
and complex 1. (c) The silver ions induce the G4-to-duplex conformational change, allowing the
intercalation of complex 1 and resulting in the emission of intense phosphorescence.
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3.3.2. Luminescence Aptamer-Based G-Quadruplex Sensing System

Human neutrophil elastase (HNE) is a type of serine protease that degrades a variety of functional
and structural proteins, which includes collagen, proteoglycan, fibronectin and laminin. However,
the destruction of normal tissues may occur if the HNE is overproduced. This condition has been
associated with the development of various autoimmune disorders. For this reason, an accurate
detection platform for the diagnosis of HNE-related diseases is crucial. A selective and sensitive
switch-on assay to detect sub-nanomolar HNE in homogeneous solution was reported. This assay was
conducted using a label-free aptamer-based strategy utilizing a G4-selective luminescent iridium (III)
complex [Ir(ppy)2(dpp)]+ (where ppy = 2-phenylpyridine and dpp = 2,9-diphenyl-1,10-phenanthroline)
as a signal-transducing element [98]. In this system, either in an aqueous solution or in the
presence of dsDNA containing the HNE aptamer, Complex 1, [Ir(ppy)2(dpp)]+, is weakly emissive.
The dissociation of the DNA duplex was induced with the addition of HNE. The HNE aptamer is
then released and will subsequently fold into a G4 structure. An enhanced luminescence response
that could be readily viewed under UV-illumination was produced due to the strong interaction of
Complex 1 with the HNE-aptamer. Therefore, a linear relationship was observed between the HNE
concentration and the luminescence intensity of Complex 1. The range and limit of detection of this
system was of the same standard as the commercial ELISAs. Although the MB-based approach was
reported to be more sensitive than this assay [99], this assay is considered useful due to the lower cost,
simplicity and eliminates the involvement of the covalent labeling of oligonucleotides [98].

Chemiluminescence is luminescence where energy is supplied by chemical reactions. In a
reported study, a thrombin aptamer was used to develop a cost effective sensitive aptasensor with
guanine chemiluminescence detection [100]. This system is capable of quantifying thrombin in
human serum without the need of tedious procedures and expensive nanoparticles. In the presence
of tetra-n-propylammonium hydroxide (TPA), guanine of G4 TBA-conjugated carboxyfluorescein
(6-FAM) that is bound with thrombin would not react with 3,4,5-trimethoxylphenylglyoxal (TMPG)
(see Figure 20). Guanines of free TBA and TBA-conjugated 6-FAM will rapidly react with TMPG
by immobilization on the surface of graphene oxide to emit light. As a result of the formation
of G4 TBA-conjugated 6-FAM bound with thrombin in a sample, the brightness of guanine
chemiluminescence was quenched. The reaction between guanines of TBA and TMPG in the presence
of TPA formed an intermediate of high energy that was capable of emitting dim light by itself.
Consequently, based on the principle of chemiluminescence energy transfer (CRET), energy was
transferred to 6-FAM to emit a bright light. Using the technology reported in this study, various types
of G4 DNA aptasensors capable of specifically sensing a target molecule could be developed [100].
These target molecules may include ATP, HIV, ochratoxin, potassium ions, and thrombin.
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3.4. G-Quadruplex-Based Higher Order Sensor and Actuator Approaches

As G4s can form high affinity interactions with otherwise separate oligonucleotide strands,
other high molecular weight approaches in sensing and actuation have been explored. For instance,
the potassium-dependent contraction of a long human telomeric repeat sequence was observed
by surface plasmon resonance (SPR) that could measure the change of mass within its evanescent
field [101]. Technically, fluorescence energy transfer (FRET) can be used to directly measure the
structural change but with the disadvantage of using labels, or by direct probing using atomic force
microscopy. In contrast, using this principle of SPR, an on-line and direct measurement of structural
change can be performed without the need of labels. The changes in refractive index resulting from
the binding events or in the structure of biomolecules such as RNA are able to be measured too [101].
Thus, it may be possible to detect interactions that influence the formation of G4s by mere mechanical
means. At the same time, it is conceivable that such a higher order conformational change can be
employed as an actuator responding to a specific trigger as well.

Alternatively, the principle shown in Figure 5 has been expanded to generate high molecular
weight complexes based on hybridization chain reaction (HCR) [102] that has more recently been
devised into a label free method [103]. Unlike the strategy of splitting-DNAzyme, locking the intact G4
sequence into hairpin probes of HCR was proposed as an attractive nucleic acid detection system which
is protein-free, isothermal and capable of self-amplifying [102]. In this approach, the G4 was closed
one-third in the stem of one of the GQ-HCR hairpin probes and two-thirds in the loop. The GQ-HCR
probes stayed as inactive meta-stable hairpin structures in the absence of the target molecule resulting
in an inert G4. As HCR could be initiated by cross-opening of G4 probes, when the GQ-HCR probes
comes across the target molecule the closed G4 could be freed.

Even higher order structures have been selectively assembled or switched based on G4 formation.
DNA Origami technology shows some prospect in terms of new applications for G4s. A FRET-based
sensor system using a triangular scaffold was shown to be highly responsive to potassium ion
concentrations [104]. This hints at the potential application of G4s for conditional release or capture of
molecules when entering a cell that normally has higher potassium concentrations than the outside
medium. Yet complete macromolecular folding blocks can rearrange in response to analytes to gain an
enzymatic function. A potassium-dependent switch of such blocks aptly termed “dominoes” has been
demonstrated most recently by the research group of Willner [105]. Given that such rearrangements
can be achieved depending on the presence of specific analytes, it may be possible to detect the
formation of a regular higher order structure in liquid crystals by the naked eye that can be applied
in completely novel bottom-up sensor concepts. This highlights the tremendous freedom one can be
accorded when utilizing G4 systems for sensing and actuation applications.

The ability for G4 structures to be adapted for different sensing platforms allows great flexibility
in sensor designs. Table 2 summarizes the different sensing platform that can be designed with the
utilization of G4 structures. The many different G4 derived sensing platforms highlights the usefulness
to apply G4 as an alternative sensing platform for diagnostic applications.
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Table 2. Characteristics of different G4-based detection platforms.

Sensing System Target Molecules Facilitating
Ligands Advantages Disadvantages Limit of

Detection References

G4/Hemin-
basedDNAzyme

ssDNA (SNP)

Hemin

• Simple, fast analysis and low cost
• Easy to prepare and purify as compared with natural

protein enzymes
• Requires no expensive and sophisticated instrumentation
• No tedious covalent labelling
• Instant and visible colour change
• High sensitivity and selectivity
• More desirable because in some cases, organic dyes undergo

photobleaching and possess poor aqueous solubility
• In contrast to nanomaterials-based peroxidase mimics,

G4/hemin DNAzymes are commonly water-soluble

-

0.95 nM [56]

Sodium ions 0.6 µM [58]

Hydrogen sulfide
(H2S)

Hemin, Ag+ and
Tb3+ (as substitute

for K+)

• Exhibits higher catalytic activity than G4/hemin-based
DNAzyme induced by other commonly-used cations

• High selectivity as it is not affected by the presence of
other anions

• Can be applied on serum sample without affecting
the precision

• When the concentration of H2S is
higher than a certain level, Ag+ would
not be able to transform into AgS
causing the absorbance of ABTS-H2O2
solution to remain the same.

13 nM [29]

DNAzyme-based
colorimetric split G4

ssDNA
(rifampin-resistant

M.tb)

Hemin

• Split probes exhibit excellent selectivity against nucleic acid

• Probe with multiple GGG repeats
could form an intramolecular G4
structure and produce a significant
background signal (Problem was
solved by adding a sequence to its
5′-end that is partially complementary
to the 3′-end )

• Probe could form a stable secondary
structure and result in a low
signal readout

- [106]

DNAzyme-based
colorimetric
G4/Hemin

Molecular Beacon

nrDNA ITS • Does not involve fluorophore/quencher complex labeling as
conventional molecular beacons do

• Does not involve chemical modification
• DNAzyme MB can act as a primer for polymerization
• Provide sequence specific recognition in a

straightforward fashion
• DNAzyme MB is able to exhibit SDA effect, act as target

DNA recognition element and generate signal

- 3.1 × 10−10

mol·L−1 [70]

p53 DNA - 25 fM [71]
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Table 2. Cont.

Sensing System Target Molecules Facilitating
Ligands Advantages Disadvantages Limit of

Detection References

Conventional
non-covalent

fluorescence G4

DNA (base
number of DNA) • Protoporyphrin

IX (PPIX)

• Sensitive to single-nucleotide addition
• Binding affinity between PPIX and G4 is largely dependent

on the integrity of G4 structure
• Does not involve probe fluorophore labeling

and modification
• Is not interfered by other metal ions
• Exhibit high specificity and sensitivity, enabling efficient

detection of target mutant DNA

• The fluorescence intensity changes
only little when the fluorescence has
reached a plateau at a
certain concentration.

- [79]

Copper (II) ion 3.0 nM [80]

DNA (EGFR exon
19 deletion

mutant)

• Thioflavin T
(ThT) 2.3 nM [82]

Non-covalent
fluorescence

aptamer-based G4

ATP Crystal violet (CV)

• Reduce the non-specific binding of the probe, while
maintaining the simplicity and cost efficiency of
label-free detection.

• The interfering NaCl or glucose deso not induce significant
fluorescent changes in the system

• Potential to be applied for the detection of ATP in
real samples.

• Eliminates the requirement for fluorescent labeling of DNA
aptamer while the robustness is still maintained due to the
selective CV–G4 interaction.

- 5 µM [92]

Thrombin
N-Methyl
mesoporphyrin (IX)
(NMM)

• Enzyme-free
• Non-labeled, exhibits better binding affinity since aptamer

modification may alter their binding affinity
• Able to assay thrombin in real samples
• High selectivity which is associated with the highly specific

binding between the target thrombin and the
corresponding aptamers.

- 5 pM [93]

Conventional
luminescence-based

G4
Silver ion

Chloro(2-phenyl-
1,10-phenanthroline)-
platinum(II)

• Simple and cost-effective
• Sensitive and highly selective
• Its selectivity is comparable to oligonucleotide-based systems
• Possesses excellent solubility in aqueous solution
• The range and limit of detection of this are of the same

standard as the commercial ELISAs.
• Eliminates the involvement of the covalent labeling

of oligonucleotides
• Excellent sensitivity compared to molecular beacon-based

methods

- 20 nM [97]

Luminescence
aptamer-based G4

Enzyme
Iridium(III)
complex
[Ir(ppy)2(dpp)]+

• MB-based approach was reported to be
more sensitive than this assay - [98]
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Table 2. Cont.

Sensing System Target Molecules Facilitating
Ligands Advantages Disadvantages Limit of

Detection References

Thrombin
3,4,5-trimethoxy-
phenylglyoxal
(TMPG)

• Simple, rapid and cost-effective
• Highly sensitive guanine chemiluminescence detection

without expensive and intractable nanoparticles including
magnetic Fe3O4GO nanoparticles

• Involves no complicated procedures
• Capable of quantifying thrombin in human serum

- 12.3 nM [100]
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4. Conclusions

The versatility of the G4 motif has created a prominent impact towards the field of sensing.
The number of potential applications of G4 has vastly expanded with the increasing number of studies
on G4. Compared with antibodies or organic chemosensors, DNA oligonucleotides possess various
remarkable advantages which includes high thermostability and solubility, ease of production and
modification as well as rich structural polymorphism in the presence of particular targets, and can be
responsive. In particular, the systems that have been described in this review focused on ‘label-free’
strategies. These label-free approaches have recently gained popularity due to its simplicity and does
not require time-consuming labelling and immobilization steps.

The discovery of G4 DNA has spawned an entire discipline and new perception of DNA.
The various applications of G4 DNA for the development of different sensing systems highlights the
robustness of G4 to function as a reporter system in future sensor platforms. It is conceivable that G4
reporter systems will play a more active role in sensor developments. Recent combinations of G4s with
DNA Origami may lead to the discovery of entirely novel sensor concepts. In conclusion, G4 based
reporter systems could serve as an attractive alternative to existing reporter systems available to date.

Author Contributions: All authors listed have made a substantial, direct and intellectual contribution to the work,
and approved it for publication.

Funding: T.S.L. acknowledges the Malaysian Ministry of Education for financial support through the Higher
Institution Centre of Excellence (HICoE) Grant [Grant No. 311/CIPPM/4401005].

Acknowledgments: J.I., S.K.C. and Y.Y.L. thank Universiti Sains Malaysia for financial support.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Watson, J.D.; Crick, F.H. Molecular structure of nucleic acids. Nature 1953, 171, 737–738. [CrossRef]
2. Wang, M.; He, B.; Lu, L.; Leung, C.-H.; Mergny, J.-L.; Ma, D.-L. Label-free luminescent detection of LMP1

gene deletion using an intermolecular G-quadruplex-based switch-on probe. Biosens. Bioelectron. 2015, 70,
338–344. [CrossRef]

3. Gellert, M.; Lipsett, M.N.; Davies, D.R. Helix formation by guanylic acid. Proc. Natl. Acad. Sci. USA 1962, 48,
2013–2018. [CrossRef]

4. Che, T.; Wang, Y.-Q.; Huang, Z.-L.; Tan, J.-H.; Huang, Z.-S.; Chen, S.-B. Natural Alkaloids and Heterocycles
as G-Quadruplex Ligands and Potential Anticancer Agents. Molecules 2018, 23, 493.

5. Schaffitzel, C.; Berger, I.; Postberg, J.; Hanes, J.; Lipps, H.J.; Plückthun, A. In vitro generated antibodies
specific for telomeric guanine-quadruplex DNA react with Stylonychia lemnae macronuclei. Proc. Natl. Acad.
Sci. USA 2001, 98, 8572–8577. [CrossRef]

6. Alba, J.J.; Sadurní, A.; Gargallo, R. Nucleic acid i-motif structures in analytical chemistry. Crit. Rev.
Anal. Chem. 2016, 46, 443–454. [CrossRef] [PubMed]

7. Zeraati, M.; Langley, D.B.; Schofield, P.; Moye, A.L.; Rouet, R.; Hughes, W.E.; Bryan, T.M.; Dinger, M.E.;
Christ, D. I-motif DNA structures are formed in the nuclei of human cells. Nat. Chem. 2018, 10, 631.
[CrossRef]

8. Rhodes, D.; Lipps, H.J. G-quadruplexes and their regulatory roles in biology. Nucleic Acids Res. 2015, 43,
8627–8637. [CrossRef] [PubMed]

9. Chung, W.J.; Heddi, B.; Schmitt, E.; Lim, K.W.; Mechulam, Y.; Phan, A.T. Structure of a left-handed DNA
G-quadruplex. Proc. Natl. Acad. Sci. USA 2015, 112, 2729–2733. [CrossRef] [PubMed]

10. Chen, Y.; Yang, D. Sequence, stability, and structure of G-quadruplexes and their interactions with drugs.
Curr. Protoc. Nucleic Acid Chem. 2012, 50, 17.15.11–17.15.17.

11. Collie, G.W.; Promontorio, R.; Hampel, S.M.; Micco, M.; Neidle, S.; Parkinson, G.N. Structural basis for
telomeric G-quadruplex targeting by naphthalene diimide ligands. J. Am. Chem. Soc. 2012, 134, 2723–2731.
[CrossRef]

http://dx.doi.org/10.1038/171737a0
http://dx.doi.org/10.1016/j.bios.2015.03.047
http://dx.doi.org/10.1073/pnas.48.12.2013
http://dx.doi.org/10.1073/pnas.141229498
http://dx.doi.org/10.1080/10408347.2016.1143347
http://www.ncbi.nlm.nih.gov/pubmed/26939549
http://dx.doi.org/10.1038/s41557-018-0046-3
http://dx.doi.org/10.1093/nar/gkv862
http://www.ncbi.nlm.nih.gov/pubmed/26350216
http://dx.doi.org/10.1073/pnas.1418718112
http://www.ncbi.nlm.nih.gov/pubmed/25695967
http://dx.doi.org/10.1021/ja2102423


Molecules 2019, 24, 1079 26 of 30

12. Hazel, P.; Parkinson, G.N.; Neidle, S. Topology variation and loop structural homology in crystal and
simulated structures of a bimolecular DNA quadruplex. J. Am. Chem. Soc. 2006, 128, 5480–5487. [CrossRef]

13. Takahashi, S.; Sugimoto, N. Volumetric contributions of loop regions of G-quadruplex DNA to the formation
of the tertiary structure. Biophys. Chem. 2017, 231, 146–154. [CrossRef]

14. Yang, D.; Okamoto, K. Structural insights into G-quadruplexes: Towards new anticancer drugs.
Future Med. Chem. 2010, 2, 619–646. [CrossRef]

15. Keniry, M.A. Quadruplex structures in nucleic acids. Biopolym. Orig. Res. Biomol. 2000, 56, 123–146.
[CrossRef]

16. Métifiot, M.; Amrane, S.; Litvak, S.; Andreola, M.-L. G-quadruplexes in viruses: Function and potential
therapeutic applications. Nucleic Acids Res. 2014, 42, 12352–12366. [CrossRef]

17. Zhang, Y.; Chen, J.; Ju, H.; Zhou, J. Thermal denaturation profile: A straightforward signature to characterize
parallel G-quadruplexes. Biochimie 2019, 157, 22–25. [CrossRef]

18. Esposito, V.; Galeone, A.; Mayol, L.; Oliviero, G.; Virgilio, A.; Randazzo, L. A topological classification of
G-quadruplex structures. Nucleosides Nucleotides Nucleic Acids 2007, 26, 1155–1159. [CrossRef]

19. Campbell, N.; Collie, G.W.; Neidle, S. Crystallography of DNA and RNA G-Quadruplex Nucleic Acids and
Their Ligand Complexes. Curr. Protoc. Nucleic Acid Chem. 2012, 50, 17.16.11–17.16.22.

20. Bhattacharyya, D.; Mirihana Arachchilage, G.; Basu, S. Metal cations in G-quadruplex folding and stability.
Front. Chem. 2016, 4, 38. [CrossRef]

21. Nagesh, N.; Chatterji, D. Ammonium ion at low concentration stabilizes the G-quadruplex formation by
telomeric sequence. J. Biochem. Biophys. Methods 1995, 30, 1–8. [CrossRef]

22. Phillips, K.; Dauter, Z.; Murchie, A.I.; Lilley, D.M.; Luisi, B. The crystal structure of a parallel-stranded
guanine tetraplex at 0.95 Å resolution. J. Mol. Biol. 1997, 273, 171–182. [CrossRef]

23. Hud, N.V.; Plavec, J. The role of cations in determining quadruplex structure and stability.
Quadruplex Nucleic Acids 2006, 100–130. [CrossRef]

24. Nasab, M.G.; Hassani, L.; Nejad, S.M.; Norouzi, D. Interaction of hemin with quadruplex DNA. J. Biol. Phys.
2017, 43, 5–14. [CrossRef]

25. Hardin, C.C.; Watson, T.; Corregan, M.; Bailey, C. Cation-dependent transition between the quadruplex and
Watson-Crick hairpin forms of d (CGCG3GCG). Biochemistry 1992, 31, 833–841. [CrossRef]

26. Venczel, E.A.; Sen, D. Parallel and antiparallel G-DNA structures from a complex telomeric sequence.
Biochemistry 1993, 32, 6220–6228. [CrossRef]

27. Izatt, R.M.; Christensen, J.J.; Rytting, J.H. Sites and thermodynamic quantities associated with proton and
metal ion interaction with ribonucleic acid, deoxyribonucleic acid, and their constituent bases, nucleosides,
and and nucleotides. Chem. Rev. 1971, 71, 439–481. [CrossRef]

28. Zhou, X.-H.; Kong, D.-M.; Shen, H.-X. Ag+ and cysteine quantitation based on G-quadruplex-hemin
DNAzymes disruption by Ag+. Anal. Chem. 2009, 82, 789–793. [CrossRef]

29. Tang, G.; Zhao, C.; Gao, J.; Tan, H. Colorimetric detection of hydrogen sulfide based on
terbium-G-quadruplex-hemin DNAzyme. Sens. Actuators B Chem. 2016, 237, 795–801. [CrossRef]

30. Hardin, C.C.; Perry, A.G.; White, K. Thermodynamic and kinetic characterization of the dissociation and
assembly of quadruplex nucleic acids. Biopolym. Orig. Res. Biomol. 2000, 56, 147–194. [CrossRef]

31. Blume, S.W.; Guarcello, V.; Zacharias, W.; Miller, D.M. Divalent transition metal cations counteract
potassium-induced quadruplex assembly of oligo (dG) sequences. Nucleic Acids Res. 1997, 25, 617–625.
[CrossRef]

32. Lu, H.; Li, S.; Chen, J.; Xia, J.; Zhang, J.; Huang, Y.; Liu, X.; Wu, H.-C.; Zhao, Y.; Chai, Z. Metal ions modulate
the conformation and stability of a G-quadruplex with or without a small-molecule ligand. Metallomics 2015,
7, 1508–1514. [CrossRef]

33. Kwan, I.C.; She, Y.-M.; Wu, G. Trivalent lanthanide metal ions promote formation of stacking G-quartets.
Chem. Commun. 2007, 41, 4286–4288. [CrossRef]

34. Kim, M.-Y.; Vankayalapati, H.; Shin-Ya, K.; Wierzba, K.; Hurley, L.H. Telomestatin, a potent telomerase
inhibitor that interacts quite specifically with the human telomeric intramolecular G-quadruplex. J. Am.
Chem. Soc. 2002, 124, 2098–2099. [CrossRef]

35. Kim, M.-Y.; Gleason-Guzman, M.; Izbicka, E.; Nishioka, D.; Hurley, L.H. The different biological effects
of telomestatin and TMPyP4 can be attributed to their selectivity for interaction with intramolecular or
intermolecular G-quadruplex structures. Cancer Res. 2003, 63, 3247–3256.

http://dx.doi.org/10.1021/ja058577+
http://dx.doi.org/10.1016/j.bpc.2017.02.001
http://dx.doi.org/10.4155/fmc.09.172
http://dx.doi.org/10.1002/1097-0282(2000/2001)56:3&lt;123::AID-BIP10010&gt;3.0.CO;2-3
http://dx.doi.org/10.1093/nar/gku999
http://dx.doi.org/10.1016/j.biochi.2018.10.018
http://dx.doi.org/10.1080/15257770701527059
http://dx.doi.org/10.3389/fchem.2016.00038
http://dx.doi.org/10.1016/0165-022X(94)00057-K
http://dx.doi.org/10.1006/jmbi.1997.1292
http://dx.doi.org/10.1039/9781847555298-00100
http://dx.doi.org/10.1007/s10867-016-9430-7
http://dx.doi.org/10.1021/bi00118a028
http://dx.doi.org/10.1021/bi00075a015
http://dx.doi.org/10.1021/cr60273a002
http://dx.doi.org/10.1021/ac902421u
http://dx.doi.org/10.1016/j.snb.2016.06.162
http://dx.doi.org/10.1002/1097-0282(2000/2001)56:3&lt;147::AID-BIP10011&gt;3.0.CO;2-N
http://dx.doi.org/10.1093/nar/25.3.617
http://dx.doi.org/10.1039/C5MT00188A
http://dx.doi.org/10.1039/b710299b
http://dx.doi.org/10.1021/ja017308q


Molecules 2019, 24, 1079 27 of 30

36. Morris, M.J.; Wingate, K.L.; Silwal, J.; Leeper, T.C.; Basu, S. The porphyrin TmPyP4 unfolds the extremely
stable G-quadruplex in MT3-MMP mRNA and alleviates its repressive effect to enhance translation in
eukaryotic cells. Nucleic Acids Res. 2012, 40, 4137–4145. [CrossRef]

37. Moruno-Manchon, J.F.; Koellhoffer, E.C.; Gopakumar, J.; Hambarde, S.; Kim, N.; McCullough, L.D.;
Tsvetkov, A.S. The G-quadruplex DNA stabilizing drug pyridostatin promotes DNA damage and
downregulates transcription of Brca1 in neurons. Aging (Albany) 2017, 9, 1957. [CrossRef]

38. Kawauchi, K.; Sugimoto, W.; Yasui, T.; Murata, K.; Itoh, K.; Takagi, K.; Tsuruoka, T.; Akamatsu, K.;
Tateishi-Karimata, H.; Sugimoto, N. An anionic phthalocyanine decreases NRAS expression by breaking
down its RNA G-quadruplex. Nat. Commun. 2018, 9, 2271. [CrossRef]

39. Takahashi, S.; Sugimoto, N. Effect of pressure on thermal stability of G-quadruplex DNA and
double-stranded DNA structures. Molecules 2013, 18, 13297–13319. [CrossRef]

40. Lane, A.N.; Chaires, J.B.; Gray, R.D.; Trent, J.O. Stability and kinetics of G-quadruplex structures.
Nucleic Acids Res. 2008, 36, 5482–5515. [CrossRef]

41. Kankia, B.I. Self-dissociative primers for nucleic acid amplification and detection based on DNA
quadruplexes with intrinsic fluorescence. Anal. Biochem. 2011, 409, 59–65. [CrossRef]

42. Dutta, K.; Fujimoto, T.; Inoue, M.; Miyoshi, D.; Sugimoto, N. Development of new functional nanostructures
consisting of both DNA duplex and quadruplex. Chem. Commun. 2010, 46, 7772–7774. [CrossRef]

43. Travascio, P.; Bennet, A.J.; Wang, D.Y.; Sen, D. A ribozyme and a catalytic DNA with peroxidase activity:
Active sites versus cofactor-binding sites. Chem. Biol. 1999, 6, 779–787. [CrossRef]

44. Travascio, P.; Li, Y.; Sen, D. DNA-enhanced peroxidase activity of a DNA aptamer-hemin complex. Chem. Biol.
1998, 5, 505–517. [CrossRef]

45. Travascio, P.; Witting, P.K.; Mauk, A.G.; Sen, D. The peroxidase activity of a hemin—DNA oligonucleotide
complex: Free radical damage to specific guanine bases of the DNA. J. Am. Chem. Soc. 2001, 123, 1337–1348.
[CrossRef]

46. Fan, D.; Zhu, J.; Zhai, Q.; Wang, E.; Dong, S. Cascade DNA logic device programmed ratiometric
DNA analysis and logic devices based on a fluorescent dual-signal probe of a G-quadruplex DNAzyme.
Chem. Commun. 2016, 52, 3766–3769. [CrossRef]

47. Zhang, K.; Lv, S.; Lin, Z.; Tang, D. CdS: Mn quantum dot-functionalized gC 3 N 4 nanohybrids as
signal-generation tags for photoelectrochemical immunoassay of prostate specific antigen coupling DNAzyme
concatamer with enzymatic biocatalytic precipitation. Biosens. Bioelectron. 2017, 95, 34–40. [CrossRef]

48. Guo, Y.; Chen, J.; Cheng, M.; Monchaud, D.; Zhou, J.; Ju, H. A Thermophilic Tetramolecular
G-Quadruplex/Hemin DNAzyme. Angew. Chem. 2017, 129, 16863–16867. [CrossRef]

49. Omar, N.; Loh, Q.; Tye, G.J.; Choong, Y.S.; Noordin, R.; Glökler, J.; Lim, T.S. Development of an
antigen-DNAzyme based probe for a direct antibody-antigen assay using the intrinsic DNAzyme activity of
a daunomycin aptamer. Sensors 2013, 14, 346–355. [CrossRef]

50. Loh, Q.; Omar, N.; Glökler, J.; Lim, T.S. IQPA: Isothermal nucleic acid amplification-based immunoassay
using DNAzyme as the reporter system. Anal. Biochem. 2014, 463, 67–69. [CrossRef]

51. Zhang, J.; Gao, Q.; Chen, P.; Chen, J.; Chen, G.; Fu, F. A novel Tb3+-promoted G-quadruplex-hemin
DNAzyme for the development of label-free visual biosensors. Biosens. Bioelectron. 2011, 26, 4053–4057.
[CrossRef]

52. Ye, M.; Zhang, Y.; Li, H.; Zhang, Y.; Tan, P.; Tang, H.; Yao, S. A novel method for the detection of point
mutation in DNA using single-base-coded CdS nanoprobes. Biosens. Bioelectron. 2009, 24, 2339–2345.
[CrossRef]

53. Zhang, Y.; Guo, Y.; Quirke, P.; Zhou, D. Ultrasensitive single-nucleotide polymorphism detection using
target-recycled ligation, strand displacement and enzymatic amplification. Nanoscale 2013, 5, 5027–5035.
[CrossRef]

54. Shen, W.; Le Lim, C.; Gao, Z. A ferrofluid-based homogeneous assay for highly sensitive and selective
detection of single-nucleotide polymorphisms. Chem. Commun. 2013, 49, 8114–8116. [CrossRef]

55. Willner, I.; Shlyahovsky, B.; Zayats, M.; Willner, B. DNAzymes for sensing, nanobiotechnology and logic
gate applications. Chem. Soc. Rev. 2008, 37, 1153–1165. [CrossRef]

56. Zhang, H.; Li, X.; He, F.; Zhao, M.; Ling, L. Turn-off colorimetric sensor for sequence-specific recognition of
single-stranded DNA based upon Y-shaped DNA structure. Sci. Rep. 2018, 8, 12021. [CrossRef]

http://dx.doi.org/10.1093/nar/gkr1308
http://dx.doi.org/10.18632/aging.101282
http://dx.doi.org/10.1038/s41467-018-04771-y
http://dx.doi.org/10.3390/molecules181113297
http://dx.doi.org/10.1093/nar/gkn517
http://dx.doi.org/10.1016/j.ab.2010.10.011
http://dx.doi.org/10.1039/c0cc00710b
http://dx.doi.org/10.1016/S1074-5521(99)80125-2
http://dx.doi.org/10.1016/S1074-5521(98)90006-0
http://dx.doi.org/10.1021/ja0023534
http://dx.doi.org/10.1039/C5CC10556K
http://dx.doi.org/10.1016/j.bios.2017.04.005
http://dx.doi.org/10.1002/ange.201708964
http://dx.doi.org/10.3390/s140100346
http://dx.doi.org/10.1016/j.ab.2014.06.012
http://dx.doi.org/10.1016/j.bios.2011.03.029
http://dx.doi.org/10.1016/j.bios.2008.12.002
http://dx.doi.org/10.1039/c3nr01010d
http://dx.doi.org/10.1039/c3cc43281e
http://dx.doi.org/10.1039/b718428j
http://dx.doi.org/10.1038/s41598-018-30529-z


Molecules 2019, 24, 1079 28 of 30

57. Sun, H.; Xiang, J.; Gai, W.; Liu, Y.; Guan, A.; Yang, Q.; Li, Q.; Shang, Q.; Su, H.; Tang, Y. Quantification
of the Na+/K+ ratio based on the different response of a newly identified G-quadruplex to Na+ and K+.
Chem. Commun. 2013, 49, 4510–4512. [CrossRef]

58. Sun, H.; Chen, H.; Zhang, X.; Liu, Y.; Guan, A.; Li, Q.; Yang, Q.; Shi, Y.; Xu, S.; Tang, Y. Colorimetric detection
of sodium ion in serum based on the G-quadruplex conformation related DNAzyme activity. Anal. Chim. Acta
2016, 912, 133–138. [CrossRef]

59. Liu, B.; Chen, Y. Responsive lanthanide coordination polymer for hydrogen sulfide. Anal. Chem. 2013, 85,
11020–11025. [CrossRef]

60. Kolpashchikov, D.M. A binary DNA probe for highly specific nucleic acid recognition. J. Am. Chem. Soc.
2006, 128, 10625–10628. [CrossRef]

61. Ma, D.-L.; Wang, M.; He, B.; Yang, C.; Wang, W.; Leung, C.-H. A luminescent cocaine detection platform
using a split G-Quadruplex-selective iridium (III) complex and a three-Way DNA junction architecture.
ACS Appl. Mater. Interfaces 2015, 7, 19060–19067. [CrossRef]

62. Kolpashchikov, D.M. Split DNA enzyme for visual single nucleotide polymorphism typing. J. Am. Chem. Soc.
2008, 130, 2934–2935. [CrossRef]

63. Deng, M.; Zhang, D.; Zhou, Y.; Zhou, X. Highly effective colorimetric and visual detection of nucleic acids
using an asymmetrically split peroxidase DNAzyme. J. Am. Chem. Soc. 2008, 130, 13095–13102. [CrossRef]

64. Deng, M.; Feng, S.; Luo, F.; Wang, S.; Sun, X.; Zhou, X.; Zhang, X.-L. Visual detection of rpoB mutations
in rifampin-resistant Mycobacterium tuberculosis strains by use of an asymmetrically split peroxidase
DNAzyme. J. Clin. Microbiol. 2012, 50, 3443–3450. [CrossRef]

65. Zhu, J.; Zhang, L.; Dong, S.; Wang, E. How to split a G-quadruplex for DNA detection: New insight into the
formation of DNA split G-quadruplex. Chem. Sci. 2015, 6, 4822–4827. [CrossRef]

66. Tyagi, S.; Kramer, F.R. Molecular beacons: Probes that fluoresce upon hybridization. Nat. Biotechnol. 1996, 14,
303. [CrossRef]

67. Dong, H.; Ma, J.; Wang, J.; Wu, Z.-S.; Sinko, P.J.; Jia, L. A biofunctional molecular beacon for detecting single
base mutations in cancer cells. Mol. Ther. Nucleic Acids 2016, 5, e302. [CrossRef]

68. Zhang, J.-Q.; Wang, Y.-S.; Xue, J.-H.; He, Y.; Yang, H.-X.; Liang, J.; Shi, L.-F.; Xiao, X.-L. A gold
nanoparticles-modified aptamer beacon for urinary adenosine detection based on structure-switching/
fluorescence-“turning on” mechanism. J. Pharm. Biomed. Anal. 2012, 70, 362–368. [CrossRef]

69. Zhang, L.; Zhu, J.; Li, T.; Wang, E. Bifunctional colorimetric oligonucleotide probe based on a G-quadruplex
DNAzyme molecular beacon. Anal. Chem. 2011, 83, 8871–8876. [CrossRef]

70. Zheng, Z.; Han, J.; Pang, W.; Hu, J. G-quadruplex DNAzyme molecular beacon for amplified colorimetric
biosensing of Pseudostellaria heterophylla. Sensors 2013, 13, 1064–1075. [CrossRef]

71. Li, H.; Wu, Z.; Qiu, L.; Liu, J.; Wang, C.; Shen, G.; Yu, R. Ultrasensitive label-free amplified colorimetric
detection of p53 based on G-quadruplex MBzymes. Biosens. Bioelectron. 2013, 50, 180–185. [CrossRef]

72. Vummidi, B.R.; Alzeer, J.; Luedtke, N.W. Fluorescent probes for G-quadruplex structures. ChemBioChem
2013, 14, 540–558. [CrossRef]

73. He, H.-Z.; Chan, D.S.-H.; Leung, C.-H.; Ma, D.-L. G-quadruplexes for luminescent sensing and logic gates.
Nucleic Acids Res. 2013, 41, 4345–4359. [CrossRef]

74. Bhasikuttan, A.C.; Mohanty, J. Targeting G-quadruplex structures with extrinsic fluorogenic dyes: Promising
fluorescence sensors. Chem. Commun. 2015, 51, 7581–7597. [CrossRef]

75. Wochner, A.; Menger, M.; Orgel, D.; Cech, B.; Rimmele, M.; Erdmann, V.A.; Glökler, J. A DNA aptamer with
high affinity and specificity for therapeutic anthracyclines. Anal. Biochem. 2008, 373, 34–42. [CrossRef]

76. Li, T.; Wang, E.; Dong, S. Parallel G-quadruplex-specific fluorescent probe for monitoring DNA structural
changes and label-free detection of potassium ion. Anal. Chem. 2010, 82, 7576–7580. [CrossRef]

77. Stevens, A.J.; Kennedy, H.L.; Kennedy, M.A. Fluorescence methods for probing G-quadruplex structure in
single-and double-stranded DNA. Biochemistry 2016, 55, 3714–3725. [CrossRef]

78. Zhu, J.; Zhang, L.; Li, T.; Dong, S.; Wang, E. Enzyme-Free Unlabeled DNA Logic Circuits Based on
Toehold-Mediated Strand Displacement and Split G-Quadruplex Enhanced Fluorescence. Adv. Mater.
2013, 25, 2440–2444. [CrossRef]

79. Zhu, J.; Zhang, L.; Wang, E. Measurement of the base number of DNA using a special calliper made of a split
G-quadruplex. Chem. Commun. 2012, 48, 11990–11992. [CrossRef]

http://dx.doi.org/10.1039/c3cc39020a
http://dx.doi.org/10.1016/j.aca.2016.01.041
http://dx.doi.org/10.1021/ac402651y
http://dx.doi.org/10.1021/ja0628093
http://dx.doi.org/10.1021/acsami.5b05861
http://dx.doi.org/10.1021/ja711192e
http://dx.doi.org/10.1021/ja803507d
http://dx.doi.org/10.1128/JCM.01292-12
http://dx.doi.org/10.1039/C5SC01287B
http://dx.doi.org/10.1038/nbt0396-303
http://dx.doi.org/10.1038/mtna.2016.18
http://dx.doi.org/10.1016/j.jpba.2012.05.032
http://dx.doi.org/10.1021/ac2006763
http://dx.doi.org/10.3390/s130101064
http://dx.doi.org/10.1016/j.bios.2013.06.041
http://dx.doi.org/10.1002/cbic.201200612
http://dx.doi.org/10.1093/nar/gkt108
http://dx.doi.org/10.1039/C4CC10030A
http://dx.doi.org/10.1016/j.ab.2007.09.007
http://dx.doi.org/10.1021/ac1019446
http://dx.doi.org/10.1021/acs.biochem.6b00327
http://dx.doi.org/10.1002/adma.201205360
http://dx.doi.org/10.1039/c2cc36693b


Molecules 2019, 24, 1079 29 of 30

80. Zhang, L.; Zhu, J.; Ai, J.; Zhou, Z.; Jia, X.; Wang, E. Label-free G-quadruplex-specific fluorescent probe for
sensitive detection of copper (II) ion. Biosens. Bioelectron. 2013, 39, 268–273. [CrossRef]

81. Barnham, K.J.; Masters, C.L.; Bush, A.I. Neurodegenerative diseases and oxidative stress. Nat. Rev.
Drug Discov. 2004, 3, 205. [CrossRef]

82. Kim, H.R.; Lee, I.J.; Kim, D.-E. Label/Quencher-Free Detection of Exon Deletion Mutation in Epidermal
Growth Factor Receptor Gene Using G-Quadruplex-Inducing DNA Probe. J. Microbiol. Biotechnol. 2017, 27,
72–76. [CrossRef]

83. Lu, Y.-J.; Deng, Q.; Hou, J.-Q.; Hu, D.-P.; Wang, Z.-Y.; Zhang, K.; Luyt, L.G.; Wong, W.-L.; Chow, C.-F.
Molecular engineering of thiazole orange dye: Change of fluorescent signaling from universal to specific
upon binding with nucleic acids in bioassay. Acs Chem. Biol. 2016, 11, 1019–1029. [CrossRef]

84. Guo, R.-J.; Yan, J.-W.; Chen, S.-B.; Gu, L.-Q.; Huang, Z.-S.; Tan, J.-H. A simple structural modification to
thiazole orange to improve the selective detection of G-quadruplexes. Dye. Pigment. 2016, 126, 76–85.
[CrossRef]

85. Platella, C.; Riccardi, C.; Montesarchio, D.; Roviello, G.N.; Musumeci, D. G-quadruplex-based aptamers
against protein targets in therapy and diagnostics. Biochim. Et Biophys. Acta (Bba)-Gen. Subj. 2017, 1861,
1429–1447. [CrossRef]

86. González, V.; Martín, M.; Fernández, G.; García-Sacristán, A. Use of aptamers as diagnostics tools and
antiviral agents for human viruses. Pharmaceuticals 2016, 9, 78. [CrossRef]

87. Ma, D.L.; Wang, W.; Mao, Z.; Kang, T.S.; Han, Q.B.; Chan, P.W.H.; Leung, C.H. Utilization of
G-Quadruplex-Forming Aptamers for the Construction of Luminescence Sensing Platforms. Chempluschem
2017, 82, 8–17. [CrossRef]

88. Gatto, B.; Palumbo, M.; Sissi, C. Nucleic acid aptamers based on the G-quadruplex structure: Therapeutic
and diagnostic potential. Curr. Med. Chem. 2009, 16, 1248–1265. [CrossRef]

89. Song, S.; Wang, L.; Li, J.; Fan, C.; Zhao, J. Aptamer-based biosensors. Trac Trends Anal. Chem. 2008, 27,
108–117. [CrossRef]

90. Jayasena, S.D. Aptamers: An emerging class of molecules that rival antibodies in diagnostics. Clin. Chem.
1999, 45, 1628–1650.

91. Callan, J.F.; Mulrooney, R.C.; Kamila, S. Luminescent detection of ATP in aqueous solution using positively
charged CdSe–ZnS quantum dots. J. Fluoresc. 2008, 18, 1157–1161. [CrossRef]

92. He, H.-Z.; Ma, V.P.-Y.; Leung, K.-H.; Chan, D.S.-H.; Yang, H.; Cheng, Z.; Leung, C.-H.; Ma, D.-L. A label-free
G-quadruplex-based switch-on fluorescence assay for the selective detection of ATP. Analyst 2012, 137,
1538–1540. [CrossRef]

93. Xu, Y.; Zhou, W.; Zhou, M.; Xiang, Y.; Yuan, R.; Chai, Y. Toehold strand displacement-driven assembly
of G-quadruplex DNA for enzyme-free and non-label sensitive fluorescent detection of thrombin.
Biosens. Bioelectron. 2015, 64, 306–310. [CrossRef]

94. Leung, K.-H.; He, H.-Z.; Ma, V.P.-Y.; Chan, D.S.-H.; Leung, C.-H.; Ma, D.-L. A luminescent G-quadruplex
switch-on probe for the highly selective and tunable detection of cysteine and glutathione. Chem. Commun.
2013, 49, 771–773. [CrossRef]

95. Foldbjerg, R.; Dang, D.A.; Autrup, H. Cytotoxicity and genotoxicity of silver nanoparticles in the human
lung cancer cell line, A549. Arch. Toxicol. 2011, 85, 743–750. [CrossRef]

96. AshaRani, P.; Low Kah Mun, G.; Hande, M.P.; Valiyaveettil, S. Cytotoxicity and genotoxicity of silver
nanoparticles in human cells. ACS Nano 2008, 3, 279–290. [CrossRef]

97. Man, B.Y.-W.; Chan, D.S.-H.; Yang, H.; Ang, S.-W.; Yang, F.; Yan, S.-C.; Ho, C.-M.; Wu, P.; Che, C.-M.;
Leung, C.-H. A selective G-quadruplex-based luminescent switch-on probe for the detection of nanomolar
silver (i) ions in aqueous solution. Chem. Commun. 2010, 46, 8534–8536. [CrossRef]

98. Leung, K.-H.; He, H.-Z.; Ma, V.P.-Y.; Yang, H.; Chan, D.S.-H.; Leung, C.-H.; Ma, D.-L. A G-quadruplex-
selective luminescent switch-on probe for the detection of sub-nanomolar human neutrophil elastase.
RSC Adv. 2013, 3, 1656–1659. [CrossRef]

99. He, J.-L.; Wu, Z.-S.; Zhang, S.-B.; Shen, G.-L.; Yu, R.-Q. Fluorescence aptasensor based on competitive-binding
for human neutrophil elastase detection. Talanta 2010, 80, 1264–1268. [CrossRef]

100. Cho, S.; Park, L.; Chong, R.; Kim, Y.T.; Lee, J.H. Rapid and simple G-quadruplex DNA aptasensor with
guanine chemiluminescence detection. Biosens. Bioelectron. 2014, 52, 310–316. [CrossRef]

http://dx.doi.org/10.1016/j.bios.2012.07.058
http://dx.doi.org/10.1038/nrd1330
http://dx.doi.org/10.4014/jmb.1610.10029
http://dx.doi.org/10.1021/acschembio.5b00987
http://dx.doi.org/10.1016/j.dyepig.2015.11.010
http://dx.doi.org/10.1016/j.bbagen.2016.11.027
http://dx.doi.org/10.3390/ph9040078
http://dx.doi.org/10.1002/cplu.201600036
http://dx.doi.org/10.2174/092986709787846640
http://dx.doi.org/10.1016/j.trac.2007.12.004
http://dx.doi.org/10.1007/s10895-008-0367-5
http://dx.doi.org/10.1039/c2an15999f
http://dx.doi.org/10.1016/j.bios.2014.09.018
http://dx.doi.org/10.1039/C2CC37710A
http://dx.doi.org/10.1007/s00204-010-0545-5
http://dx.doi.org/10.1021/nn800596w
http://dx.doi.org/10.1039/c0cc01201g
http://dx.doi.org/10.1039/C2RA21996D
http://dx.doi.org/10.1016/j.talanta.2009.09.019
http://dx.doi.org/10.1016/j.bios.2013.09.017


Molecules 2019, 24, 1079 30 of 30

101. Schlachter, C.; Lisdat, F.; Frohme, M.; Erdmann, V.A.; Konthur, Z.; Lehrach, H.; Glökler, J. Pushing the
detection limits: The evanescent field in surface plasmon resonance and analyte-induced folding observation
of long human telomeric repeats. Biosens. Bioelectron. 2012, 31, 571–574. [CrossRef]

102. Dong, J.; Cui, X.; Deng, Y.; Tang, Z. Amplified detection of nucleic acid by G-quadruplex based hybridization
chain reaction. Biosens. Bioelectron. 2012, 38, 258–263. [CrossRef]

103. Hou, T.; Li, W.; Liu, X.; Li, F. Label-free and enzyme-free homogeneous electrochemical biosensing strategy
based on hybridization chain reaction: A facile, sensitive, and highly specific microRNA assay. Anal. Chem.
2015, 87, 11368–11374. [CrossRef]
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