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A B S T R A C T   

G-quadruplex (G4) is a non-canonical structure that is formed in G-rich sequences of nucleic acids. G4s play 
important roles in vivo, such as telomere maintenance, transcription, and DNA replication. There are three typical 
topologies of G4: parallel, anti-parallel, and hybrid. In general, metal cations, such as potassium and sodium, 
stabilize G4s through coordination in the G-quartet. 

While G4s have some functions in vivo, there are many reports of developed applications that use G4s. As 
various conformations of G4s could form from one sequence depending on varying conditions, many researchers 
have developed G4-based sensors. Furthermore, G4 is a great scaffold of aptamers since many aptamers folded 
into G4s have also been reported. However, there are some challenges about its practical use due to the dif
ference between practical sample conditions and experimental ones. G4 conformations are dramatically altered 
by the surrounding conditions, such as metal cations, pH, and crowding. Many studies have been conducted to 
characterize G4 conformations under various conditions, not only to use G4s in practical applications but also to 
reveal its function in vivo. 

In this review, we summarize recent studies that have investigated the effects of surrounding conditions (e.g., 
metal cations, pH, and crowding) on G4 conformations and the application of G4s mainly in biosensor fields, and 
in others.   

1. Introduction 

Nucleic acids form various three-dimensional structures (Day et al., 
2014; Frank-Kamenetskii et al., 2003; Frank-Kamenetskii and Mirkin, 
1995). Single-stranded DNA or RNA can fold into canonical structures 
using the Watson-Crick base pairs and non-canonical structures (e.g., 
G-quadruplex and i-motif). These structures work in gene regulation and 
riboswitches in vivo and are applied in various devices such as aptamers 
and artificial riboswitches. 

G-quadruplex (G4) is one kind of a non-canonical structure formed in 
G-rich sequences (Frank-Kamenetskii et al., 2003; Sen and Gilbert, 
1988). G4 consists of more than two G-quartets, which are the planes 
formed by four bases of Gs via the Hoogsteen base pairs. G4s have to
pologies that are classified by the orientation of their loops such as 
parallel, anti-parallel, and hybrid. In general, G4s are stable in the 
presence of metal cations such as K+ and Na+ because these cations 
coordinate in the G-quartet (Phan, 2010). There are many reports that 
G4 forms in vivo as the telomeric sequence and oncogene promoters. 
These G4s have been suggested to play important roles in vivo, including 

replication, gene expression, telomere maintenance, and transcription 
(Maizels and Gray, 2013; Spiegel et al., 2020). For instance, G4s in 
telomeres inhibit the telomerase because of their three-dimensional 
structure (Zahler et al., 1991) but might work on telomerase recruit
ment (Moye et al., 2015). Some G4s in oncogene promoters were re
ported to regulate their gene expression (Brooks and Hurley, 2009; 
Cogoi and Xodo, 2006). The irregular formation of G4s on some genes 
might cause neurodegenerative diseases and cancers. Therefore, G4s in 
the genome are the therapeutic targets of these diseases. 

Many G4 ligands have been developed to apply as drugs (Spiegel 
et al., 2020). For instance, cancer cells with lack of repair pathways are 
sensitive to G4 ligands such as pyridostatin (Rodriguez et al., 2012) and 
RHPS4 (Salvati et al., 2010). One of the G4 ligand MM41 was reported to 
cause 80% decrease in growth of tumor in in vivo model for pancreatic 
cancer (Ohnmacht et al., 2015). These studies suggest that G4-specific 
ligands could be applied to cancer therapy, especially in cancer cells, 
genetically lacking DNA damage repair (McLuckie et al., 2013; Zimmer 
et al., 2016). To further develop therapeutics, the functions of G4 in vivo 
should be elucidated in detail. Furthermore, it was reported that there 

* Corresponding author. 
E-mail address: ikebu@cc.tuat.ac.jp (K. Ikebukuro).  

Contents lists available at ScienceDirect 

Biosensors and Bioelectronics 

journal homepage: http://www.elsevier.com/locate/bios 

https://doi.org/10.1016/j.bios.2021.113030 
Received 12 November 2020; Received in revised form 7 January 2021; Accepted 20 January 2021   

mailto:ikebu@cc.tuat.ac.jp
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2021.113030
https://doi.org/10.1016/j.bios.2021.113030
https://doi.org/10.1016/j.bios.2021.113030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2021.113030&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biosensors and Bioelectronics 178 (2021) 113030

2

are 716,310 distinct G4 structures in the human genome, including 
oncogenes and tumor suppressors, identified by high-throughput 
sequencing (Chambers et al., 2015). This means that G4s might have a 
greater variety of roles in vivo than previously reported. 

While the functions of G4s have been studied, many applications 
using G4s on biosensors and molecular devices have also been reported 
(Alberti and Mergny, 2003). Since various conformations of G4 could 
form from one sequence under different cationic conditions, many re
searchers have developed G4-based metal cation sensors (Zhou et al., 
2017). There have also been reports of many G4-forming aptamers such 
as thrombin (Bock et al., 1992; Macaya et al., 1993), VEGF (Nonaka 
et al., 2010), Cry j 2 (Ogihara et al., 2015), insulin (Yoshida et al., 2009), 
FokI (Nishio et al., 2017). Therefore, it is suggested that G4 is an 
excellent scaffold for aptamers. Since these G4-forming aptamers have 
high affinity and specificity, they can be used in various applications 
such as biosensors and protein delivery systems. G4s are used in these 
applications as recognition elements such as aptamers and signal 
generating elements (Fig. 1). There are mainly two types of signal 
generating element using G4 as labels: the peroxidase-like activity of the 
G4/hemin complex (Travascio et al., 1998) and the fluorescence by 
binding to G4-specific ligands (Mohanty et al., 2013; Umar et al., 2019). 
Meanwhile, there is an RNA aptamer with a G4 conformation that 
generates fluorescence like GFP when it binds to its target ligand, termed 
Spinach (Huang et al., 2014; Paige et al., 2011). It was also used in some 
applications (Burch et al., 2017; Dasgupta et al., 2015). 

G4 conformations change dramatically based on the surrounding 
environment, such as cations, pH, crowding, and temperature. There
fore, despite having one kind of sequence, different G4 topologies or 
conformations can be observed (Nakano et al., 2014). Many studies have 
been performed on G4 conformation under various conditions using 
analytical methods such as nuclear magnetic resonance (NMR) (Adrian 
et al., 2012; Wang and Patel, 1992), circular dichroism (CD) spectros
copy (Chen, 1992; Paramasivan et al., 2007), mass spectroscopy (David 
et al., 2002; Li, 2019; Ma et al., 2019). However, some systems do not 
work well in vivo or with real samples because the surrounding condi
tions affect the conformation of G4 and it is difficult to control (Li et al, 
2010, 2011, 2012). To unravel the functions of G4 in vivo and create 
effective designs of G4-forming sequences for applications, we need to 
completely understand how the environmental factors affect G4 con
formations. Many studies have investigated G4 conformational changes 
in relation to temperature, to mainly study the stability of G4 confor
mations (Lane et al., 2008). Since temperature is an exceptional factor 

frequently used to investigate the stability of G4s, we focused on the 
chemical factors that affect G4 conformations in this review. 

There are some reviews about G4-based biosensors (Roxo et al., 
2019; Xi et al., 2020; Yang et al., 2020). They reviewed published 
G4-based biosensors and discuss their potential. Although G4 could 
change its conformation dramatically by environmental factors included 
the measurement samples, there are no reviews which overview the 
effects of these factors on G4. In this review, we have summarized from 
recent reports, the environmental factors, metal cations, crowding 
conditions, and pH that affect G4 conformation and how they change 
their conformation. We have also introduced recent applications using 
G4 mainly focused on the biosensor field, and on other applications and 
ways to improve G4 sequences for these applications. Finally, we would 
like to state the possibility of the applications using these conforma
tional changes and discuss developing biosensors using G4s. 

2. Conformational changes by surrounding conditions 

In this section, we will first mention the fundamental topologies of 
G4 in section 2-1, and then review the conformational changes in G4 by 
surrounding conditions in section 2-2 to 2-5. We will focus on the three 
chemical factors that affect G4 conformations, metal cations, pH, and 
molecular crowding, and the other chemical factor, spermine. 

2.1. Fundamental topologies of G4 

Before reviewing the conformational changes in G4, we have 
reviewed the three kinds of G4 topologies (Ou et al., 2008). G4 can be 
intramolecular and intermolecular such as bimolecular and tetramo
lecular and there are mainly three types of topologies in G4: parallel, 
anti-parallel, and hybrid, classified by the orientation of their loops and 
G-tracts (Fig. 2a). The G-tract means continuous runs of guanine bases. 
In the parallel topologies, all chains consisting of G4 are parallel. Two 
chains are parallel in the anti-parallel topologies and one chain in the 
hybrid topologies. There are also some types of loops in G4 depending 
on the connection between the G-tracts, such as diagonal, lateral, and 
propeller (Fig. 2b). The chain connecting the G-main chain on the di
agonal of the G-quartet is called as the diagonal loop. The lateral and 
propeller loops connect adjacent anti-parallel G-backbones and parallel 
G-main chains, respectively. In other words, the parallel G4s have three 
propeller loops, and the hybrid and anti-parallel G4s have both the 
lateral and the diagonal loops. The methods of analysis of G4 topologies 

Fig. 1. Illustrations of G4 applications.  
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include NMR analysis, X-ray structural analysis, and CD spectroscopy. 
Villar-Guerra et al. reported a statistical analysis method using CD 
spectroscopy (del Villar-Guerra et al., 2018). In this method, the to
pologies of G4 could be predicted using CD spectroscopy of G4, whose 
structure is already known. Using these methods, many types of struc
tures were revealed. 

Even with the same sequence, some topologies of G4s can be formed. 
A typical example is G4s in the human telomere (Table 1, Fig. 3) (Phan, 
2010). There is a repeat sequence, (5′-TTAGGG-3′)n. This repeat can 
form G4s and 5′-TTA-3′ is the loop region. Patel et al. first reported the 
topology of G4 in human telomeres using NMR analysis in the presence 
of 90 mM Na+ (PDB ID: 143D) (Fig. 3a) (Wang and Patel, 1993). They 
found the 22-mer sequence 5′-d[AGGG (TTAGGG)3]-3′ formed an 
anti-parallel G4. In contrast, X-ray crystal structural analysis revealed 
that this sequence formed a parallel G4 in 50 mM K+ (PDB ID: 1KF1) 
(Fig. 3b) (Parkinson et al., 2002). Furthermore, the hybrid G4 can also 
be formed by 5′-d[TAGGG (TTAGGG)3 A]-3′ in the presence of 90 mM 
K+ as determined via NMR analysis (PDB ID: 2GKU) (Fig. 3c) (Luu et al., 
2006). However, other reports used the modified sequence to solve some 
problems in native sequence analysis, and different topologies were 
reported in human telomeric sequences (Dai et al., 2007; Matsugami 
et al., 2007; Phan et al., 2007). According to these reports, despite 
having the same sequence, topologies of G4 could be different depend
ing on the surrounding conditions, such as metal cations and analysis 
methods. Since aptamers recognize the targets via their secondary 
structures, their binding affinity might change if their topologies 
change. This is the reason why we should take care of the surrounding 
chemical conditions when we use the G4 aptamers in some applications. 

2.2. Conformational change by metal cations 

G4 is stable in the presence of cations such as K+ and Na+. There are 

many reports on G4 stability, folding/unfolding and topologies under 
each metal cation (Bhattacharyya et al., 2016). In this section, we review 
the examples of various G4 conformations from one sequence in pres
ence of various metal cations. In general, because the cation is located at 
the center of the G-quartet or between G-quartets, G4s are stabilized 
(Bhattacharyya et al., 2016). G4 folding/unfolding dramatically changes 
with or without metal cations, and its conformational change is widely 
applied to biosensors as the switch of strand displacement (Ma et al., 
2017). If the type of metal cation changes, G4 conformations and to
pologies could be changed depending on the diameter of the metal 
cation because the distance between G-quartets that coordinate the 
metal cation might change even with the same sequence. For example, in 
human telomere, it was reported that the topologies and conformations 
changed in the presence of different metal cations (Phan, 2010). G4s, 
which form and stabilize in the presence of the metal cation, can change 
the conformation because of the addition of other ones. In this section, 
we will mention recent knowledge about the effects of cations on G4 
conformations. 

More than two kinds of metal cations competitively bound to the G- 
quartet and changed the conformation of G4 in some sequences. The 
conformational change in PW17 (Table 2), competitively bound by Pb2+

and K+ has been reported (Fig. 4) (Yu et al., 2018). Generally, Pb2+-G4 is 
more stable than K+-G4, and Pb2+ can replace K+ (Liu et al., 2012). 
PW17 formed anti-parallel G4-stabilized Pb2+ in the presence of 10 μM 
Pb2+. Under 0.5–10 mM K+, 10 μM Pb2+ could replace K+ in 
K+-stabilized G4 (2K+-PW17) and change its conformation to 
anti-parallel Pb2+-PW17. The substitution efficiency decreased with 
increasing K+ in this range. In contrast, Yu et al. also suggested that K+

under 10 mM could partly replace Pb2+ in stable anti-parallel G4 of 
Pb2+-PW17 and completely substitute Pb2+ at K+>10 mM and change 
its conformation to parallel G4 of 2K+-PW17 (Yu et al., 2018). This is 
different from previous reports that G4 stabilized by Pb2+ is more stable 
than K+. In addition, they reported that the K+-Pb2+-PW17 intermediate 
was formed during the competing process. Ma et al. reported that PW17 
formed a stable G4 bound to 1K+ and 1Na+ ions as the intermediate 
(Fig. 4) (Ma et al., 2019). Using mass spectroscopy and CD spectrum 
analysis, they reported that PW17 could form an anti-parallel G4 under a 
low concentration of Na+. However, at high concentrations of Na+, the 
conformation was changed to the hybrid G4. This conformational 
change suggests that increasing Na+ anti-parallel G4 bound to 1Na+

Fig. 2. Topologies of G4 (a) Illustrations of a parallel, anti-parallel, and hybrid in intramolecular G4 (b) loop conformations of G4.  

Table 1 
Sequences and topologies of G4 in human telomere.  

Sequence (5′–3′) Metal cations Topology Method 

AGGG(TTAGGG)3 90 mM Na+ anti-parallel NMR 
AGGG(TTAGGG)3 50 mM K+ parallel X-ray 
TAGGG(TTAGGG)3A 90 mM K+ hybrid NMR  
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changed hybrid G4 bound to 2Na+. Furthermore, by adding K+ to the 
condition in which PW17 formed hybrid G4 with 2Na+, PW17 changed 
its topology to parallel G4 with 1Na+ and 1K+, and then parallel G4 
bound to 2K+. 

By changing the concentration and kinds of metal cations, G4s can 
also promote multimer formation (Fig. 5) (Yu et al., 2016). T30965 

(Table 2), which is an aptamer against HIV-1 integrase and forms stable 
G4 in the presence of Pb2+ (Jing et al., 1997). CD spectroscopy revealed 
that T30695 mainly formed parallel G4 in the presence of 10 μM Pb2+

and a small amount of them formed anti-parallel G4. Adding Na+ to this 
condition, the peak, indicating anti-parallel G4, disappeared. Therefore, 
T30695 formed a completely parallel G4 by the addition of Na+. Further 
analysis by mass spectroscopy and native polyacrylamide gel electro
phoresis (native-PAGE) showed that Pb2+ is still bound to T30695 when 
Na+ was added. They also analyzed the T30695 mutant, which has two 
additional thymines at the 5′ or 3′ ends (TT-T30695 and T30695-TT). As 
a result, only T30695-TT induced dimerization by adding Na+. There
fore, Na+ first induced the conformational change in Pb2+-T30695, 
which was partly parallel to completely parallel. Then, the completely 
parallel Pb2+-T30695 was dimerized through 5′–5′ stacking. In this case, 
it was suggested that Pb2+ bound between intramolecular G-quartets 
and Na+ bound between intermolecular ones. 

From these reports, it is suggested that G4, once stabilized by the 
metal cation, could change its conformation by binding to other kinds of 
metal cations. When the metal cations competitively bind to G4, they 

Fig. 3. Structures of human telomeric G4s in the presence of (a) Na+ by NMR (PDB ID: 143D), (b) K+ by X-ray crystal structural analysis (PDB ID: 1KF1) and (c) K+

by NMR analysis (PDB ID: 2GKU). 

Table 2 
Sequences and conformational changes by metal cations reviewed in the section 
2-2.  

Name Sequence (5′–3′) Metal 
cation 

conformational change 

PW17 GGGTAGGGCGGGTTGGG Pb2+ → K+ anti-parallel to parallel   
Na+ → K+ anti-parallel to parallel   
increase of 
Na+

anti-parallel to hybrid 

T30695 GGGTGGGTGGGTGGGT Pb2+ → 
Na+

dimerization of 
intramolecular parallel G4  

Fig. 4. Illustration of PW17 conformational changes depending on competitive binding of metal cations (Pb2+− K+ or Na+-K+).  
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can change their topology. Multimer formation was promoted in the 
presence of two kinds of metal cations, one bound between intra
molecular G-quartets and another bound between intermolecular ones. 
Some studies have suggested that G4 bound by two kinds of metal cat
ions was formed as an intermediate in the competitive binding process. 
Since the effect of metal cations might be different, it is necessary to 
investigate many kinds of G4-forming sequences to better understand 
the effects of cations on G4 conformation. Recently, the G4 folding 
process in the human telomere, investigated via microscale thermo
phoresis (MST), was reported (Zhang et al., 2019). In this report, the G4 
folding process with K+ binding was investigated, and the energetic G4 
folding pathway (first G-hairpin was formed then G-triplex was formed) 
was proposed. Thus, how metal cations affect G4 conformation and 
folding is gradually being revealed. If more investigations of other se
quences and cations are performed by using MST and other methods, we 
could understand the G4 folding pathway in detail. As mentioned, the 
types and combinations of metal cations could change G4 conformations 
(e.g., topology change, multimer formation such as dimerization). These 
findings are useful for revealing G4 functions in vivo as well as in the 
sequence design of applications such as biosensors. Notably, since the 
G4 conformation could be changed depending on the kinds and binding 
orders of metal cations, G4 might be used as an element that can 
memorize the surrounding environment. 

2.3. Conformational change by molecular crowding 

Macromolecules, such as proteins, nucleic acids, lipids, and poly
saccharides, occupy the intracellular environment. The concentration of 
these molecules in a cell is reported to be 50–400 g/L (Fulton, 1982). 
This is approximately 20–40% of cell volume and this crowding condi
tion in cells is believed to play some roles in vivo. Since this intracellular 
environment is much different from the diluted condition in vitro, it is 
necessary to consider that the results in vitro could be reproduced in the 
intracellular environment. This crowding condition indicates not only 
the intracellular environment but also biological samples, such as serum 
and blood, measured by biosensors. Therefore, to reproduce the 
crowding condition in vivo, many kinds of co-solutes, such as poly
ethylene glycol (PEG), have been studied to reveal the function of 
crowding in vivo. Notably, many reports have shown that the confor
mation and stability of the nucleic acid are much different in crowding 
conditions compared with diluted conditions (Miyoshi and Sugimoto, 
2008). It is suggested that the number of water molecules hydrated to 
nucleic acids is different among these conditions (Miyoshi et al., 2006). 
The non-canonical structures of nucleic acids, such as G4, i-motif, and 
triplex, might have some functions in vivo themselves (e.g., transcrip
tion, translation, and the maintenance of telomeres) (Brooks et al., 2010; 
Maizels and Gray, 2013). Therefore, it is necessary to analyze how 

crowding affects these conformations to reveal their functions in vivo 
(Frank-Kamenetskii et al., 2003; Frank-Kamenetskii and Mirkin, 1995). 

The conformations and stability of G4s are dramatically affected by 
crowding. For instance, the G4 conformations of the telomeric sequences 
derived from Oxytricha (Oxy), Tetrahymena (Tet), and humans were 
reported affected by crowding (Miyoshi et al., 2002, 2005). In human 
telomeric G4, it has been reported that crowding with PEG changes its 
conformation, indicating that parallel G4 in the crystal structure is not 
the main structure in solution (Li et al., 2005). Oxy telomeric sequence 
forms intramolecular anti-parallel G4 in diluted conditions; however, it 
forms intermolecular parallel G4 under crowding conditions. Mean
while, although only one base is different between humans and Tet 
telomeric sequence, Tet telomeric sequence formed a very long G-wire 
under the crowding condition; the human sequence did not. Crowding 
conditions could also affect G4 folding/unfolding. For instance, the 
telomere DNAs fold into a duplex via Watson-Crick base pairs in diluted 
conditions. However, they folded into the quadruplex individually, G4 
and i-motif, under the crowding conditions (Kan et al., 2006; Miyoshi 
et al., 2006). From many studies including them, crowding conditions 
stabilize G4s because of dehydration in general (Petraccone et al., 2012). 
In this review, since the almost measurement samples of G4-based bio
sensors containing various metal cations, we provide an overview of the 
effects of molecular crowding on G4 topologies in the presence of several 
metal cations. 

Zhou et al. reported the evaluation of G4s folded into each topology 
under crowding conditions with various kinds of metal cations by CD 
spectroscopy (Table 3) (Zhou et al., 2016). They also evaluated the 
thermal stability by UV/Vis melting analysis, which could obtain the 
melting curves from absorbance at 295 nm with temperature gradient. 
The formation of parallel G4 formed by T30695m and N-Myc did not 
change in 40% (v/v) PEG with K+, Na+, Sr+, and Ba2+. However, the Tm 

Fig. 5. Conformational changes of Pb2+ stabilized G4 in T30695 under the presence of Na+.  

Table 3 
G4 sequences and conformational changes by crowding conditions in Zhou’s and 
Fujii’s reports. (n.d. indicated not detected.)  

Topology Name Metal 
cations 

Conformational 
change 

Stability 

Parallel T30695m, N- 
myc 

K+, Na+, 
Sr2+, Ba2+

n.d. Stabilize 

Anti- 
parallel 

HTG Na+ n.d. Stabilize 

Anti- 
parallel 

HTG K+ n.d. Not 
change 

Anti- 
parallel 

TBA K+ n.d. Stabilize 

Hybrid HTG K+ Parallel – 
Hybrid HTG, JP Pb2+, Ba2+ n.d. Destabilize  
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values of G4 in T30695m in 40% (v/v) PEG with K+ and Na+ increased 
to 32 ◦C and 25 ◦C, respectively. N-Myc also improved the thermal 
stability of G4 in 40% (v/v) PEG with K+ and Na+. Therefore, the par
allel G4 does not change the conformation but improves the thermal 
stability in crowding conditions. They evaluated thrombin-binding 
aptamer (TBA) as a typical anti-parallel G4 model. In TBA, the ther
mal stability was improved under 40% (v/v) PEG with K+, whereas it did 
not change or decrease with bivalent cations. The hybrid G4 were 
analyzed using the human telomeric G4-forming sequence (HTG). Under 
40% (v/v) PEG, the G4 formed in HTG changed the hybrid to the parallel 
type with K+. 

In contrast, with bivalent cations, such as Ba2+ and Pb2+, a confor
mational change was not observed. However, thermal stability 
decreased. Therefore, it is assumed that the hybrid G4 is destabilized by 
crowding conditions. Fujii et al. also reported the properties of anti- 
parallel G4 under the crowding conditions with Na+ and K+ (Table 3) 
(Fujii et al., 2017). They used an artificial base to control the formation 
of the Hoogsteen base pairs. In this report, the human telomeric 
sequence, using modified bases, formed anti-parallel G4. Because of the 
analysis under different concentrations of PEG200 by UV melting 
analysis, the thermal stability of the basket-type anti-parallel G4 did not 
change in the presence of K+. However, thermal stability improved with 
Na+. 

Tateishi et al. reported how molecular crowding changes the topol
ogies of G4 using telomeric sequences (Tateishi-Karimata et al., 2020). 
In this study, the telomeric sequences from humans (Hum) and Tet were 
analyzed under the various kinds of co-solutes, which are in vivo (Fig. 6). 
They focused on the number of hydroxyl groups in the co-solutes. As 
mentioned, in the presence of Na+, the G4 formed in Tet changed its 
topology from hybrid to parallel under crowding using PEG (Miyoshi 
et al., 2005). In contrast, Hum formed anti-parallel G4 with or without 
PEG in the presence of Na+. CD spectroscopy and native-PAGE showed 
that Hum did not change their topology under all kinds of co-solutes. 
Meanwhile, Tet changed its topology and conformation from the intra
molecular hybrid G4 to the dimeric form of intermolecular parallel G4, 
increasing the number of hydroxyl groups in the co-solutes. They 
calculated the number of water molecules (Nw) located within 3 Å from 
G4. As a result, the Nw of the anti-parallel G4 in Hum was 326 and that 
of the parallel was 344. Since dehydration is more stable under crowding 
conditions, the formation of anti-parallel G4 in Hum is favored. 
Conversely, the Nw of hybrid G4 in Tet was 337, that of dimer parallel 
G4 was 324 per a parallel G4. Therefore, the formation of the dimeric 
parallel G4 was favored under crowding conditions in Tet. In addition, 
they calculated the Nw of Hum dehydrated by the formation of 
anti-parallel G4 from single-stranded DNA for each co-solute. Conse
quently, the Nw decreased as the number of hydroxyl groups in the 
co-solutes increased. Therefore, the hydroxyl groups in the co-solutes 
might replace the water molecules surrounding the DNA. They also 
analyzed other sequences, and hybrid G4s in the diluted condition 
changed their topologies to intramolecular parallel G4 or dimeric 

intermolecular parallel G4 under crowding conditions using the 
co-solute without hydroxyl groups. The parallel G4 in the diluted con
ditions only changed a monomer to a dimer. Conversely, since some 
anti-parallel G4s did not change their topologies, others changed the 
hybrid and parallel G4s; therefore, there is no commonality in the par
allel G4s. From these results, co-solutes with one or no hydroxyl groups 
change the hydration of DNA and induce the formation of parallel G4 
(Table 4). 

As these studies were performed to characterize G4 conformations by 
various co-solutes, it seems that G4s had complex conformation char
acteristics. Effects of crowding on the same sequence could vary 
depending upon the type of metal cation. In contrast, it might be com
mon that the dimeric intermolecular parallel G4 is more stable than the 
monomeric one because the number of hydrated water molecules 
decreased under the crowding condition. Since that dimeric conforma
tion in telomeres is favored as the substrate of the telomerase (Moye 
et al., 2015), the changes in G4 topology due to the surrounding 
crowding conditions might have some biological functions. Meanwhile, 
when we used G4s in some applications such as biosensors, we could 
easily predict that the results would be different between the experi
mental and the practical conditions (e.g., blood and serum) because G4 
conformations are affected by crowding. Therefore, when we use hybrid 
or anti-parallel G4s for some applications, it is necessary to investigate 
how the conformations change under the crowding condition, which 
mimics the practical samples. 

2.4. Conformational change by pH 

In vivo, pH changes play many important roles. As the trigger factor 
of nanoswitches, pH is a good regulator because it can be controlled 
more easily than other triggers such as protein binding, small molecule 
binding, and hydration change. The typical structure that changes its 
conformation by pH is i-motif, which forms in C-rich sequences. In 
general, i-motifs are stable under a pH range of 4–5 (Day et al., 2014). 
They have been used in many applications in nanotechnology field, such 
as pH sensors and drug delivery systems (Alba et al., 2016). In contrast, 
G4s are destabilized at low pH. However, some sequences could form G4 
under neutral pH to low pH. It was reported that a topology change was 
observed in relation to pH change. In this section, we will review ex
amples of conformational changes due to pH and G4 formation at low 
pH. 

Yan et al. reported that G4 of a specific loop could be transformed 
based on a corresponding pH change (Yan et al., 2013). They investi
gated G4 in HTG using CD spectroscopy and NMR. CD spectroscopy 
revealed that changing pH from 7–4.5 decreased the peak intensity from 
290 nm in HTG. Therefore, G4 in HTG changed its conformation in 
relation to pH. However, this type of transition was not found in other 
G4-forming sequences in vivo, such as RET (Tong et al., 2011), c-myc 
(Phan et al., 2004), and KRAS (Cogoi and Xodo, 2006). Since the dif
ference between HTG and these sequences is the loop region, they 

Fig. 6. Co-solutes studied by Tateishi et al. The number of hydroxyl groups was showed inside the parentheses.  
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investigated HTG variants with various loops. They found that the 
conformational change resulted from the loop rearrangement. Never
theless, HTG variants with four and five base central loops did not 
significantly change their conformation; the variant with TT as the 
central loop changed its conformation from hybrid G4 to anti-parallel 
G4 significantly. Furthermore, they found that the conformation 
changed when the pH decreased due to the rearrangement of the 
orientation of the loops. 

Galer et al. also reported the conformational change of G4 in the 
human telomeric sequence (Galer et al., 2016). They investigated the 
sequence htel1-ΔG23, which did not have the 3′-end of guanine. 
Htel1-ΔG23 formed two types of anti-parallel G4 with two G-quartets, 
TD and KDH+ (Fig. 7). These two types of G4 existed in the equilibrium 
state. TD was the majority in htel1-ΔG23 at neutral pH, and KDH+

increased when pH decreased. In KDH+, the unique protonated 
T18/A20+/G5 base triple and capping base pairs are effectively stacked 
on a two-quartet core. Since the protonation of A20 was necessary to 
form KDH+, htel-ΔG23 changed its conformation with pH change. They 
also reported that populations of TD and KDH+ could be controlled by 
pH. McConnell et al. also reported that G4-forming aptamer, TBA (Bock 
et al., 1992) with the 5′-end of poly adenines form a hairpin loop 
structure under low pH (McConnell et al., 2016). TBA has high speci
ficity and affinity for thrombin and has many applications (Avino et al., 
2012; Platella et al., 2017). It was suggested that TBA forms G4 at 
neutral pH and hairpin loop structure at pH 5. This conformational 
change was caused by the A+/G base pair, which required the proton
ation of A to form more stable than a Hoogsteen base pair formed 
guanines (Lee and Derosa, 2010). Since this A+/G base pair can only 
form under lower pH, TBA with the 5′-end of poly adenines can change 
its conformation. From this report, G4s, which include A in loop regions, 
could change their conformation by changing pH. Benabou et al. re
ported the C･C+ base pair in the two lateral loops of anti-parallel G4s in 
the SMARCA4 gene promoter (Benabou et al., 2019). From the results of 

CD spectroscopy, NMR analysis, and acid-base titrations, the C･C+ base 
pair promoted a reduction in conformational heterogeneity and 
improved the thermal stability. 

The changes in the G4 conformation due to pH were mainly caused 
by the protonation of A or C･C+ base pairing in the loop region. Through 
the protonation of A, the loop orientations and the patterns of base 
pairing were changed, and thus G4 might change its conformations. 

2.5. Effects of spermine on G4 

Spermine is a biogenic polyamine that exists in various types of or
ganisms and tissues. These polyamines play some roles in modulating 
gene expression and enzyme activities, facilitating DNA-protein in
teractions, and so on (D’Agostino et al., 2005; Ha et al., 1998). Poly
amines are multivalent cations with aliphatic hydrocarbon chains that 
separate the charges. DNA/RNA backbone phosphate groups interact 
with the aliphatic hydrocarbon chains that interact electrostatically, and 
this modulates the structure of DNA/RNA (Thomas and Thomas, 2001). 
Fu et al. reported that spermine interacts with the G4-forming sequence 
and induces the formation of microaggregates from an intramolecular 
parallel G4 (Fu et al., 2011). In contrast, Qi et al. reported that spermine 
improved G4/hemin enzyme activities (Qi et al., 2014). In this report, 
the peroxidase activities in various sequences occur with hemins in the 
presence of spermine. The peroxidase activity of the G4/hemin complex 
in the intramolecular parallel G4 of PS2.M improved by 6.3-fold in the 
presence of spermine. Other intramolecular parallel G4s with hemins 
also improved the peroxidase activities and further analyses were per
formed using PS2.M as the most improved sequence. Because of CD 
spectroscopy and UV/Vis spectroscopy, the improvement in activities 
was caused by the induction of microaggregate formation from the 
parallel G4. Through this conformational change, a high-activity hem
in-binding site between two parallel G4s, which is more hydrophobic, 
was formed. Since it was also reported that spermine could associate 
with anti-parallel G4 (Keniry, 2003), spermine might affect G4 confor
mations, except for the multimerization and microaggregate formations. 
Other reports suggested that spermine bound to the narrow groove of 
G4s and attenuated the charge by phosphates (Franceschin et al., 2008; 
Keniry and Owen, 2013). From these studies, spermine might stabilize 
G4/hemin complex via attenuating charge and improve its enzyme 
activity. 

3. Applications using G4s 

As explained, G4 has the flexibility of changing its conformation in 
response to surrounding conditions (e.g., metal cations, crowding, and 
pH). In particular, many biosensors have been reported that use G4 
formation to detect metal cations. In this section, we will mainly focus 
on biosensors and review recently reported applications using the G4 
structure itself and their conformational change by surrounding 
conditions. 

Table 4 
G4 conformational changes under the various types of co-solutes in Tateishi’s report.  

Name Sequence (5′–3′) Cation None Glycerol (3) 1, 2-Dimetoxyethyethane (0) 

Tet (TTGGGG)4 Na+ Hybrid(monomer) Hybrid(monomer) Parallel(monomer, dimer) 
Bcl2Mid GGGCGCGGGAGGAAGGGGGCGGG Na+ Hybrid(monomer) Hybrid(monomer) Parallel(monomer, dimer) 
Hum (GGGTTA)3G3 K+ Hybrid(monomer) Parallel(monomer, dimer) Parallel(monomer, dimer) 
d(T3G3)4 (TTTGGG)4 K+ Hybrid(monomer) Parallel(monomer, dimer) Parallel(monomer, dimer) 
Bcl2Mid GGGCGCGGGAGGAAGGGGGCGGG K+ Parallel(monomer, dimer) Parallel(monomer, dimer) Parallel(dimer) 
Tet (TTGGGG)4 K+ Parallel(monomer, dimer) Parallel(dimer) Parallel(dimer) 
Hum (GGGTTA)3G3 Na+ Anti-parallel(monomer) Anti-parallel(monomer) Anti-parallel(monomer) 
d(T3G3)4 (TTTGGG)4 Na+ Anti-parallel(monomer) Anti-parallel(monomer) Hybrid(monomer) 
d(T3G4)4 (TTTGGGG)4 Na+ Anti-parallel(monomer) Anti-parallel(monomer) Parallel(monomer) 
Oxy (TTTTGGGG)4 Na+ Anti-parallel(monomer) Anti-parallel(monomer) Parallel(monomer)  

Fig. 7. Two states G4 conformations of htel1-ΔG23 (a) TD, (b) KDH+.  
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3.1. Biosensors 

3.1.1. Metal cation sensors 
The most reported biosensors using G4s are metal cation sensors. 

There have been some reports on the detection systems of heavy metal 
cations such as Pb2+ and Ba2+, but also the metal cations in vivo, such as 
K+ (Ji et al., 2019; Xu et al., 2017; Zhang et al., 2016). However, since 
the binding specificity of metal cations to G4s is not usually sufficient, 
the main subject of these sensors is how to detect only the target in 
complex conditions such as polluted water and blood. In this section, we 
will review recent studies that arranged the design of sequence and the 
detection principles to achieve specific detection of the metal cation. 

Recently, there have been some reports of a cation detection system 
that can detect the target cation in the presence of other cations. Ye et al. 
reported a detection system for Ba2+ that can work in the presence of K+

(Fig. 8) (Ye et al., 2019a). In this report, they used G4 in the human 
telomeric sequence. Through the polarity inversion of the most 3′G in 
HTG (TAQ-3iG), the G4 conformation changed from natural HTG and 
improved the binding affinity of Ba2+ to G4. TAQ-3iG formed mono
meric anti-parallel G4 in the presence of K+. The polarity inverted G4 
tends to favorably dimerize in response to Ba2+. This sensor can detect 
Ba2+ in the presence of 15000-fold excess of K+ by using hypericin as the 
fluorescent probe. Yu et al. reported a highly sensitive Pb2+ detection 
system in Na+-containing samples based on G4 conformational changes. 
As mentioned, Pb2+-stabilized G4 in T30695 promoted dimerization 
induced by Na+ (Yu et al., 2016). They used ZnPPIX as a fluorescence 
probe and a fully matched ds-DNA containing T30695 as a sensing 
probe. The presence of Na+ improves the binding efficiency of 
Pb2+-stabilized T30695 with ZnPPIX. By using Na+− induced dimeriza
tion of Pb2+-stabilized T30695, they achieved the detection of Pb2+ in 
actual Na+ containing samples. 

These studies improved the specificity of the sensors by improving 
the binding specificity of G4s with the target metal cation. They ach
ieved the selective detection of each metal cation under the condition, 
which is close to practical conditions (e.g. including the high concen
trations of K+ or Na+). The metal cations needed to detect with high 
selectivity and specificity have almost same radii and dehydration en
ergy (Zhou et al., 2017). Since the binding affinity of metal cations 
against G4 mainly depend on their radii, they have similar binding af
finity to G4. There are limitations to G-quartet patterns and changing the 
distance between G-quartets by only changing bases in intramolecular 
G4 sequences, therefore is difficult. The described approaches, polarity 
inversion and utilization of the target binding to intermolecular G4, 
could develop the new patterns of G-quartets such as syn-anti confor
mational rearrangements and can be applied to improve the binding 
selectivity or specificity. 

3.1.2. G4 aptasensors as the recognition element 
There are many G4-forming aptamers and applications using them as 

the recognition element (Roxo et al., 2019). In this section, we will re
view protein and small-molecule sensors using G4s as the recognition 
elements. There are many thrombin detection systems using the most 
studied G4-forming aptamer, TBA (Deng et al., 2014). We also reported 
the first electrochemical detection system using an aptamer with TBA 
(Ikebukuro et al., 2004). Here, we focused on recent thrombin detection 
systems. 

Shen et al. reported the ultrasensitive detection system of thrombin 
by using TBA (Shen et al., 2017). They took advantage of the signal 
amplification strategy based on chiral supramolecular assembly in the 
presence of physiological K+ by a cyanine dye probe DMSB; 
3-ethyl-2-[3- (3-ethyl-3H-benzoselenazol-2-ylidene)-2-methylprop-1- 
enyl] benzoselenazolium bromide. The chiral assembly of DMSB sensi
tively changes depending on the difference of G4 induced by thrombin 
and K+. By combining the unique property of DMSB and TBA with high 
affinity, they could detect thrombin as low as 2 pM and provided a high 
selectivity among several interfering compounds such as human serum 
albumin, immunoglobulin G, lactic acid and so on. They could also 
detect thrombin with high sensitivity in diluted human serum. Zhang 
et al. reported the aptasensor of thrombin, which can be photo-driven 
and regenerated (Zhang et al., 2020). They modified TBA by inserting 
five azobenzenes. This sensor can be regenerated by ultraviolet light 
exposure since the azobenzene structure is transformed from trans to cis 
and opens the folded TBA. This system can detect a linear thrombin 
concentration from 5 pМ to 5 μM. By introducing modifications, they 
overcame one of the critical challenges of aptasensors, their regenera
tion. AS1411 is a G4-forming aptamer against nucleolin, which is 
overexpressed on surface of cancer cells (Bates et al., 2009). Feng et al. 
reported the electrochemical aptasensor of label-free cancer cell detec
tion by using AS1411 (Feng et al., 2011). They could detect as low as one 
thousand cancer cells such as HeLa, K562, and NIH3T3 with high 
selectivity. This aptasensor can be regenerate using complementary 
strand of AS1411 and can be reused for cancer cell detection. Gao et al. 
reported a connective tissue growth factor (CTGF) detection system 
using a CTGF-binding aptamer (Gao et al., 2019). They obtained a 
CTGF-binding aptamer, APT1, which formed interconvertible parallel 
and anti-parallel G4, and improved them by introducing mutations and 
truncating. APT1M6T was obtained as a result of improvements, which 
formed an anti-parallel G4 with a higher affinity than APT1. They also 
introduced a locked nucleic acid sequence to APTM6T and developed a 
BLI-based enzyme-linked aptamer sandwich assay of CTGF with a wide 
detection range from 0.05–50 nM. 

There are also G4 aptasensors for small molecules. The adenosine 
triphosphate (ATP) binding aptamer folds into G4 when it binds to ATP 
(Huizenga and Szostak, 1995). There were some reports of the ATP 
aptasensor using Thioflavin T (ThT) as a fluorescence indicator (Ji et al., 
2017; Liu et al., 2017). These aptasensors could detect ATP with high 
sensitivity (a detection limit with 18 nM (Liu et al., 2017), 33 nM (Ji 
et al., 2017) each) in around 10 min. Qi et al. reported the detection of 
zeatin, which is a cytokinin regulates a various processes in plants with 
high selectivity (Qi et al., 2013). They developed the fluorescence 
turn-on aptasensor using graphene oxide and fluorescence-labeled 
G4-forming aptamer, which obtained the linear range from 3 to 50 μM 
and its limit of the detection was 0.1 μM. 

Since G4-forming aptamers have various targets from small mole
cules to proteins, the aptasensors based on them have been developed 
against various targets including cancer cells. These studies suggested 
that introducing modifications to G4-forming aptamers could improve 
the aptasensors with desirable characteristics such as photo-driven 
regeneration and achieve the wide detection range of aptasensors by 
improving binding affinity of aptamers. 

3.1.3. G4s as the signal elements 
There are many reports of the use of G4s as signal elements. There Fig. 8. Scheme of Ba2+ detection system by Ye et al.  
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are two main types of signal elements based on G4s: derived from 
DNAzyme activity and from G4-specific ligands. G4/hemin complex 
works as DNAzyme, which has peroxidase activity and is applied to 
various biosensors (Kosman and Juskowiak, 2011). Various types of 
G4-specific ligands have been developed and applied as the fluorescence 
signal generators (Umar et al., 2019). There is the exception of these 
signal elements based on G4, Spinach that is G4-forming RNA aptamer 
against the DFHBI and generates fluorescence only upon binding to it 
(Paige et al., 2011). In this section, we introduce the recent biosensors 
using G4s as the signal elements such as peroxidase activity, fluores
cence, and the electrochemical signal of a G4 specific ligand. 

Many Pb2+ detection systems that used the G4/hemin complex as a 
signal element, not G4s as the recognition element, have been reported 
(Liang et al., 2017). Ji et al. reported that the Pb2+ sensor used 
G4/hemin complex to enhance its signal (Fig. 9a) (Ji et al., 2019). They 
used a Pb2+-specific DNAzyme, the 8–17 DNAzyme, consisting of the 
enzyme strand (ES) and the substrate strand (SS) (Brown et al., 2003). In 
the presence of Pb2+, the SS is cleaved and the ES is exposed as a single 
stranded DNA. Then, the helper DNA which is a complementary strand 
of ES is hybridized with the ES. The helper DNA has a G-rich sequence 
that forms G4 as the signal element. When hemin is added to them, 
G4/hemin complexes are formed, and we can measure the current 
because of MoS2–AuPt nanocomposites and G4/hemin cocatalyze the 
reduction of H2O2. This signal enhancement achieved a high sensitivity 
for this sensor, which can detect Pb2+ from 0.1 pg/mL to 1000 ng/mL 
with a limit of detection of 38 fg/mL. There have also been reports of 
sensors using the G4/hemin complex as the signal-generating element. 
Wang et al. reported an ochratoxin A (OTA) sensor using the G4-triplex 
ligand (Fig. 9b) (Wang et al., 2019). OTA is a typical mycotoxin that 
causes nephrotoxicity, embryotoxicity, hepatotoxicity, and immuno
toxicity in vivo (Pfohl-Leszkowicz and Manderville, 2007). OTA is a 
typical mycotoxin that causes nephrotoxicity, embryotoxicity, hepato
toxicity, and immunotoxicity in vivo (Cruz-Aguado and Penner, 2008). 
They designed a triple helix aptamer probe (TAP) in which each end of 
the OTA binding aptamer was modified to form a triple helix with the 
G4-forming probe. In the absence of OTA, TAP forms the triple helix, 
which has the OTA binding aptamer as the loop. In contrast, the aptamer 

binds to OTA and collapses the triple-helix structure of TAP in the 
presence of OTA, releasing the G4-forming probe. To form G4 in the 
released probe, K+ and hemin were added. The signal from the 
G4/hemin enzyme activity was detected via chemiluminescence using 
the luminol-H2O2 system. Because the signal probe is released only by 
OTA binding to the aptamer, they achieved a low background signal. 
This sensor can detect OTA in the range of 0.1–2.0 ng/mL with a linear 
dependence, and the limit of detection was 0.07 ng/mL. Furthermore, 
this sensor can detect OTA with high selectivity because of its specificity 
with the OTA binding aptamer. They measured the spiked OTA in wine 
with 92–99% accuracy using this sensor. 

G4-specific ligands that generate fluorescence signal only when 
binding to G4s are also used widely in biosensors (Bader and Cockroft, 
2018). They are also applied to monitoring and imaging G4s in living 
cells. For instance, Xu et al. developed a technique cyanine dye called 
CyT to detect various types of RNA G4s from in vitro to living human cells 
(Xu et al., 2015). The G4-specific ligand called IMT was developed for 
real-time visualization of DNA G4s in living cells (Zhang et al., 2018). As 
mentioned in section 3-1-1 and 3-1-2, some G4-based aptasensors were 
designed with both the properties of G4, target recognition and signal 
generation, such as the Ba2+ detection system (Ye et al., 2019b) and ATP 
detection systems (Ji et al., 2017; Liu et al., 2017). G4-specific ligands 
have been applied to these systems (Roxo et al., 2019; Xi et al., 2020; 
Yang et al., 2020). On the other hand, there is a study reporting that 
G4-forming probe and G4-specific ligand is applied as only the signal 
generator. Dai et al. reported a detection system for both melamine and 
iodide using one G4-forming probe (Fig. 10) (Dai et al., 2019). They 
designed a probe that formed G4 in the presence of melamine or iodides. 
The signal is detected as fluorescence by binding N-methyl meso
porphyrin IX (NMM), which is a parallel G4 specific fluorescent ligand 
(Nicoludis et al., 2012). In the detection of melamine, the designed 
probe is a single-stranded DNA in the absence of melamine. By adding 
K+ and NMM to this, the probe forms G4, and NMM binds to it, allowing 
the fluorescence signal to be detected. In contrast, in the presence of 
melamine, melamine intercalated with five thymine bases at both ends 
of the probe. Therefore, G4s are not formed, which indicates no signals. 
To detect iodides, they use Hg2+, which interacts with the probe in the 

Fig. 9. Scheme of detection systems using G4/hemin as signal elements (a) Pb2+ detection by Ji et al., (b) OTA detection system by Wang et al.  
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same manner as melamine, and the probe forms the stem-loop structure. 
In the presence of iodides, Hg2+ was released from thymine bases 
because they interacted with iodides (forming HgI2 and [HgI4]2－). By 
adding NMM and K+ to this condition, G4s were formed by the probes 
and the signal can be detected as fluorescence. In the absence of iodides, 
G4s were not formed by adding NMM and K+ since Hg2+ was not release 
from thymine bases. In other words, the fluorescence signal decreased 
depending on the amount of melamine, while it increased depending on 
that of iodides. The limits of detections were 0.08 nM and 4.6 nM for 
melamine and iodide, respectively. They also reported that this sensor 
had high selectivity against other factors in real samples. Spinach, the 
RNA aptamer binds to the fluorophore (DFHBI) briefly described in 
section 1, has been applied to detect a variety of molecules in vitro and 
perform living cell imaging of them. Paige et al., who developed Spinach 
aptamer, fused the aptamers against small molecules such as adenosine, 
adenosine 5′-diphosphate (ADP), S-adenosylmethionine (SAM), guanine 
and guanosine 5′-triphosphate to Spinach via its loop region (Paige 
et al., 2012). These modified RNA sensors were activated and the fluo
rescence was switched on only when their target binding occurred in the 
presence of DFHBI. The fluorescence increases corresponding on the 
target binding were linear in physiological concentration ranges. Espe
cially they suggested that the SAM and ADP sensor could be applied to 
monitor metabolite dynamics in living cells by using DFHBI-treated 
Escherichia coli expressing each RNA sensor. There are many reports 
about Spinach applied to biosensors against not only small molecules 
(Dasgupta et al., 2015; Nakayama et al., 2012) but proteins such as 
streptavidin, MS2 coat protein and thrombin (Song et al., 2013); mRNA 
(Guet et al., 2015; Ong et al., 2017; Zhang et al., 2015) and miRNA (Aw 
et al., 2016; Ying et al, 2017, 2018). Since Spinach is RNA, it could be 
expressed in cells and applied to imaging and monitoring the molecules 
in vivo. 

Tang et al. reported the sensitive sensor of micro RNA (miRNA) by 
measuring electrochemical signals by forming G4s triggered from strand 
displacements (Tang et al., 2020). In the presence of the target miRNA, 
the probe is released by the toehold-mediated strand displacement re
action (TMSDR). This probe includes the sequence of the complemen
tary strand of ssDNA on the electrode and C-rich sequence, which is the 
complementary strand of RCA templates. The RCA reactions are per
formed using the released probe and the long G4-forming probes are 
synthesized. After the reaction, this long probe is immobilized to the 
electrode via single-stranded DNA. Then, methylene blue (MB) and K+

are added, and MBs bind to G4s. Finally, the target miRNA can be 
detected by measuring the current by reducing the MB. The limit of 
detection in this sensor is 2.75 fM, and this sensor can detect the miRNA 
with higher reproducibility than RT-PCR. Furthermore, this sensor 

achieved high selectivity because of the trigger of reactions based on the 
strand displacement. 

3.2. Other applications using G4s 

G4s are used in other applications because of their flexible confor
mations. In this section, we review recent applications, except 
biosensors. 

3.2.1. The molecular crowding sensor 
The conformational change in G4 driven by crowding conditions was 

also applied to analyze the intracellular crowding condition. Sugimoto 
et al. used a human telomeric sequence in this system (Takahashi et al., 
2019). They used a hairpin DNA-human telomeric G4 conjugate 
sequence. The human telomeric G4 changed its conformation under 
crowding conditions (Miyoshi et al., 2002). For example, anti-parallel 
G4 was formed in the presence of Na+, mixed, hybrid in the presence 
of K+, and parallel G4 in the presence of K+ under crowding conditions. 
The hairpin was conjugated to the end of the 5′ human telomeric G4 and 
Cy5 was modified to the third base position of HP. Cy3 was attached to 
the 3′ terminus of human telomeric G4. In this system, the difference in 
Förster resonance energy transfer (FRET) efficiency among the G4 to
pologies was detected. They analyzed HeLa cells using this sensing 
system and detected differences in crowding between the cytosol and 
nucleus and suggested that the nucleus was more crowded than the 
cytosol. Furthermore, some spots observed in the nucleus with high 
FRET efficiency corresponded to membrane less organelles such as the 
nucleolus. The crowding environment in cells might vary according to 
the region of the cell. This is the only report that conformational changes 
in G4 by crowding were applied to the sensing system. 

3.2.2. pH responsive applications 
Although i-motifs are the most applied structure that changes their 

conformation in relation to pH (Alba et al., 2016), some applications use 
the conformational change in G4 by pH variation. McConnell et al. re
ported a protein release system responding to pH using TBA with a 
modified sequence (McConnell et al., 2016). TBA binds to thrombin at a 
neutral pH by forming G4. When pH decreased (e.g., pH 5), thrombin 
was released because the conformation of the modified TBA changed 
from anti-parallel G4 to a hairpin loop structure. Yan et al. also reported 
that G4 conformational changes due to pH variation could be applied in 
a nanoswitch (Yan et al., 2013). They reported that G4 derived from the 
human telomeric sequence could be applied as a pH-driven nanoswitch 
with three gears. Thiazole orange (TO) is used as a fluorescent probe that 
specifically binds to G4s (Lubitz et al., 2010). There was a difference in 

Fig. 10. Scheme of melamine (a) and iodide (b) detection system by Dai et al.  
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the fluorescence intensity of the TO-G4 complex between pH7 and 
pH4.5. As mentioned, this sequence formed a different type of G4, 
hybrid in pH7, and parallel in pH4.5. Therefore, they concluded that the 
difference in fluorescence intensity was caused by conformation 
change-driven pH variation. The kinetic process of G4 conformation 
change by pH variation was much slower than that of i-motif. Further
more, the repeatability of the G4 conformation change was worse than 
that of the i-motif after a few cycles. However, G4 could form one more 
folding conformation and establish a system with three gears. Since 
there have been more studies using i-motifs and triplexes as the 
pH-responsive element than G4s (Bielecka et al, 2015, 2019; Chan
drasekaran and Rusling, 2018; Hu et al., 2017), further analysis and 
investigations using G4s are needed to determine which conformation is 
the best element. 

3.2.3. Drug delivery system 
There are some reports of protein/drug delivery systems using G4s. 

Carvalho et al. reported a ligand delivery system for cancer cells using a 
G4-forming aptamer (Carvalho et al., 2019). They applied the 
nucleolin-binding aptamer, AS1411 (Bates et al., 2009) to deliver an 
acridine-based G4 ligand, C8, to HeLa cancer cells. This method reduced 
the cytotoxicity of the ligand compared to non-malignant cells because 
the ligands were specifically delivered into cancer cells via nucleolin and 
aptamer binding. Yang et al. also reported a drug delivery system using 
AS1411 for enhanced photodynamic therapy (PDT) (Yang et al., 2018). 
They developed a DNA nanostructure consisting of AS1411, achlorine e6 
(Ce6) as a drug, Ca2+ to form nanostructures, and hemin. This method 
also used AS1411 as the carrier drug in cancer cells. Furthermore, the 
generation of oxygen in situ from H2O2 by G4/hemin DNAzyme activity 
enhanced PDT because the hypoxia-associated resistance was reduced. 

3.2.4. Metal cation transporter on a biomimetic membrane 
Li et al. applied lipophilic G4 as biomimetic ion channels (Li et al, 

2019, 2020). First, they reported K+ transporters using a sequence that 
forms parallel G4 in the presence of K+ (Cheng et al., 2016). They then 
reported the K+-Pb2+ selective transporter, PS2.M (Fig. 11). To over
come the transport selectivity of the biomimetic membrane, they 
modified the PS2.M sequence to fold into anti-parallel and parallel G4. 
For these applications as membrane transporters, they modified the 
sequence by adding some lipophilic 12-carbon spacers and a cholesterol 
moiety as the hydrophobic domains. In the latter report, Pb2+-stabilized 

G4 and K+-stabilized G4 can transport Pb2+ and K+, respectively, with 
high selectivity (Pb2+/K+ selectivity = 30.6, K+/Pb2+ selectivity =
31.8). They reported that G4-mediated transport is dependent on the G4 
coordination of metal cations. 

4. Developments of G4 sequence for applications 

As mentioned above, there are various applications using G4s. Some 
approaches have been used to develop more practical applications, 
topology-specific G4 ligands (Ma et al., 2020) and modifications by 
artificial nucleic acids (Gao et al., 2019). In this section, we review the 
recent approaches used to improve and design G4 sequences for appli
cations, except the introduction of artificial nucleic acids, as mentioned 
in section 3. 

G4-specific ligands could be also applied to control the conformation 
of aptamers. We previously reported that the G4-specific ligand, L1H1- 
7OTD stabilized the folded structure of G4-forming aptamers and 
enhanced their binding properties (Tsukakoshi et al., 2016). This study 
suggested that G4-specific ligands could be applied to the aptasensors 
based on G4 by improving the binding ability of the aptamers. 

Wang et al. developed a metal-cation-free G4/hemin DNAzyme in 
the S1 nuclease detection system (Wang et al., 2016). In general, metal 
cations are necessary to form parallel G4, which has DNAzyme activity. 
They directly modified hemin to the 5′ ends of a G4-forming sequence 
(G4-hemin). G4-hemin spontaneously split into G4 and hemin and had 
higher peroxidase activity than the non-modified G4/hemin complex. 

Other approaches have reported the investigation and design of split 
G4 probes for more selective applications. Lv et al. explored the intra
molecular split of G4, which formed in a spacer-inserted G4-forming 
sequence, using T30695 as a typical G4 (Lv et al., 2019). They investi
gated the length and location of the spacer sequence (Fig. 12). Although 
the intramolecular split G4 they studied can fold into G4, however, the 
thermodynamic stabilities were different. For instance, non-classical 
intramolecular split G4s had lower stability than the classical ones. 
Connelly et al. proposed the rational design of an intermolecular split G4 
peroxidase-like DNAzyme (sPDz) probe that provides a visual output 
signal (Connelly et al., 2019). The sPDz probe consists of two strands 
with target recognition sequences that are hybridized to the target site 
and folded into G4, which catalyzes H2O2-mediated oxidations in the 
presence of heme. They investigated the effects of the numbers of C and 
single nucleotide substitutions (SNSs) in target sequences on the signal 

Fig. 11. Illustrations of G4 as a K+-Pb2+ transporter on biomimetic membranes.  
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turn-on ratio, and proposed strategies to overcome some challenges such 
as high background, decreased signals, and no SNS discrimination. 

As mentioned in 3-1-1, a polarity inversion is one of the effective 
approaches to regulate and improve G4 probes for desirable functions. 
Smirnov et al. reported a series of three-layer intramolecular G4s, 
including forward or reverse G-tracts, by non-natural or thymine loops 
(Smirnov et al., 2020). They characterized G4 foldings and conforma
tions using spectroscopic and electrophoretic methods. They used tet
raethyleneglycol (L) to invert the polarity. From the results of the 
comprehensive analysis using muted G4 sequences, the loop type and 
location, the G-strand arrangement contributed to the G4 folding to
pology, structural polymorphism, dimerization, and stability. For 
instance, the non-natural G4s, including L-loops showed the dimeriza
tion and building of 5′/5′ interface might be an independent driver of 
parallel folding. Various conformations and topologies of G4 with po
larity inversion than natural ones could be used for applications to 
achieve high specificity and sensitivity. 

5. Summary and conclusions 

In this review, we summarized how the surrounding conditions of 
the environment, such as metal cations, pH, and crowding affected G4 
conformations and their applications as well as recent studies on the 
design of G4-forming sequences. The most investigated factor that 
changes G4 conformation is metal cations. In general, monovalent or 
bivalent cations stabilizes G4 formation by binding to the G-quartet. 
Each cation has a different binding affinity to G4, forming oligonucle
otides, and some cations competitively bind to them. Recently, there 
have been reports on how two kinds of cations competitively bind to G4 
and affect its conformation. The replacement of cations in the intra
molecular G-quartet could change its topology. PW17 changed parallel 
G4 from hybrid G4 because Na+ in the intramolecular G-quartet was 
replaced by K+, for instance. In contrast, some types of cations did not 
bind to G4 competitively. In this review, we found that Na+ or K+

promoted the dimerization of G4 stabilized by Pb2+ or Ba2+. These 
conformational changes were caused by the difference in each cation- 
binding pattern; one bound to intramolecular G-quartet and the other 
to intermolecular. Using this knowledge, some cation detection systems 
have been reported with high selectivity and sensitivity achieved by 
using the conformational change in G4. 

Some reports have investigated the effects of pH variation. Some 
kinds of sequences changed conformation driven by changes in pH. 

There were some reports that the protonation of A in the loop region was 
the trigger of conformation change. When adenine was protonated at 
low pH, a A+･G base pair was formed. Because of this base pairing, the 
orientations of loops could be changed, and the conformation such as 
topologies could be changed. The responses of G4 to pH variation were 
different among sequences, especially loop regions. However, this 
conformational change is almost reversible because it is caused by the 
changing protonation. Therefore, the ability of G4 to respond to pH 
changes and change its conformation could be applied to nanoswitches 
such as protein delivery systems. 

The effects of crowding conditions on G4 were investigated mainly 
using co-solutes such as PEG. Since the hydration and dehydration states 
were changed by crowding, the conformation and thermal stability of 
G4 were changed. A topology-based study was conducted, which sug
gested that parallel G4 is stabilized under crowding conditions. Other 
topologies, such as anti-parallel and hybrid G4s, were suggested to show 
various effects by crowding conditions in the presence of different cat
ions. It is very complicated how the crowding effects on G4 are different 
among sequences and the coexistence of cations. However, a crowding 
sensing system was developed in vivo using G4-forming oligonucleo
tides. If it is revealed how the crowding effects on G4 conformations and 
other applications could be developed, then the function of G4 in vivo 
might be clarified. 

We also summarized applications using G4, with a special focus on 
biosensors. We showed the characteristics of G4-based biosensors 
described in this review on Table 5. G4s were widely applied as both 
recognition and signal elements such as metal cation and thrombin 
sensors. Some studies overcame the low selectivity of G4-based metal 
cation sensors by polarity inversion and binding the target to intermo
lecular G4. These studies characterized the G4s in the conditions 
required to reproduce the practical sample (e.g. abundance of K+ and 
Na+). By modifying G4-forming sequence with artificial nucleic acids or 
using the complementary strand, some G4 aptasensors could be reused 
and achieved high sensitivity and selectivity. G4/hemin complex and 
G4-specific ligands have been widely used and improved as the signal 
elements. By combining these approaches to improve G4-based bio
sensors, it could be achieved to practically use them for diagnosis, 
environmental measurement and so on. 

In almost all the applications, they should be applied to real samples 
such as blood and polluted water. The environmental responsive prop
erties of G4 are advantageous for detecting changes in the surrounding 
conditions. However, they are also disadvantageous to the 

Fig. 12. Illustrations of intramolecular split G4 conformations studied by Lv et al.  
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reproducibility of the G4-forming aptamer bindings. To overcome these 
disadvantages, it is necessary to reveal the factors that change and affect 
G4 conformations. If they were revealed, we can improve the mea
surement conditions or decide on the range of applications depending on 
the sample conditions and might achieve the detection with high 
reproducibility. As mentioned, some approaches to the G4-forming 
sequence were performed, such as introducing artificial nucleic acids 
and inverting the polarity. Using these methods, we can provide new 
properties (e.g., high stability, selectivity, and sensitivity) that natural 
G4s do not have. 

6. Future perspective 

To apply G4 on various systems and understand its functions in vivo, 
further analyses are needed. Recently, analytical methods, such as 
microscale thermophoresis, which can simultaneously detect ion bind
ing and structural change, were used for the characterization of the G4 
conformation (Zhang et al., 2019). 

Thus, the folding pathways of G4 in some common sequences (e.g., 
human telomeric sequence) were gradually dissected out. These findings 
are helpful for the design and improvement in the G4-forming sequence 
for favorable applications. However, more types of G4s should be 
analyzed because the responses to varying conditions are different 
among sequences. If more types of G4s are characterized, we could get 
deeper insights to understand G4 functions in vivo and design sequences 
for desirable applications. As mentioned, the optimization of the con
ditions and the decision on the range of G4 applications should be 
necessary for practical use. Nevertheless, there are many G4-forming 
aptamers with high affinity; only some of them have been character
ized in terms of the environmental responsivity. If these aptamers were 
characterized and improved, the possibility of applications that use G4 
might expand to a wide field. 
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Fujii, T., Podbevšek, P., Plavec, J., Sugimoto, N., 2017. Effects of metal ions and 
cosolutes on G-quadruplex topology. J. Inorg. Biochem. 166, 190–198. https://doi. 
org/10.1016/j.jinorgbio.2016.09.001. 

Fulton, A.B., 1982. How crowded is the cytoplasm? Cell 30, 345–347. https://doi.org/ 
10.1016/0092-8674(82)90231-8. 
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