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ABSTRACT 
 

DNA G-quadruplexes are higher-ordered structures formed upon 

assembly of guanine-rich oligonucleotides, stabilized by the 

presence of monovalent cations. The unique self-assembly features 

of DNA G-quadruplexes as well as their molecular recognition 

properties make them ideal building blocks in the development of 

functional nanomaterials with various applications. This chapter 

provides an overview of the use of DNA G-quadruplexes in the field 

of supramolecular chemistry and nanotechnology, focusing on the 

most important developments and the promising potential of G-

quadruplex based nanodevices. 
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1.1 DNA and its secondary structures 
 

DNA is referred as the “blueprint of life” due to its role as carrier of 

genetic information for all the living organisms. Aside from its biological 

function, DNA is characterized by a predictable and programmable self-

assembly, based on the Watson-Crick base pairing rules. The unique 

properties of DNA make it an ideal template to develop functional 

nanomaterials.1 The key advantage of using DNA as building block is the 

possibility to accurately organize molecules and materials into predefined 

structures. The ease of synthesis and the possibility of a different range of 

chemical modifications have allowed to introduce new assembly features 

to DNA.2  

Generally, two strands of DNA self-associate to form the well-known 

right-handed double-helix structure, discovered in 1953 by Watson and 

Crick.3 In this structure, also called B-DNA the strands are held together by 

the interactions between complementary nucleobases: adenine (A) is 

paired with thymine (T) through two hydrogen bonds, while guanine (G) is 

paired with cytosine (C) through three hydrogen bonds. The nucleobases 

form the interior part of the helix and the two sugar-phosphate backbones 

are projected on the outside of the helix. In addition to the hydrogen 

bonds, the hydrophobic and van der Waals interactions between the 

stacked adjacent base pairs contribute to the stability of the DNA double 

helix. The stacked bases are regularly spaced 0.34 nm apart along the 

helix axis and the number of base pair per turn is 10.5, as indicated by X-

ray diffraction. As a result of the double helical nature of B-DNA, the 

molecule has two asymmetric grooves indicated as the minor groove (12 

Å) and the major groove (22 Å). The presence of the grooves in the B-DNA 

structure makes the nucleobases accessible from outside the helix to both 

small and large molecules and, hence, they are essential for the 

recognition by transcription factors and others DNA-binding proteins. 

In addition to the canonical B-DNA structure, DNA can adopt a variety 

of conformations based on particular sequence motifs and interactions 
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with various proteins. To date, more than 10 different types of non-B 

structures have been reported. Some of these structures are A-DNA, Z-

DNA, triplexes, tetraplexes (G-quadruplexes, i-motifs) and A-motifs.4 

A-DNA and Z-DNA differ significantly in their geometry and dimensions 

to B-DNA, although still form helical structures. A-DNA is mainly formed 

by hybridization of DNA-RNA or RNA-RNA strands under dehydrated 

conditions. The structure of A-DNA is more compact than B-DNA. In fact, 

in this structure the number of base pair per helical turn is 11, its base 

pairs are tilted rather than perpendicular to the helix axis, resulting in a 

ribbon-shaped helix with a deep and narrow major grove.5 Many of the 

structural differences between B-DNA and A-DNA arise from the different 

conformation of their ribose units. In A-DNA, C-3’ lies out of the plane 

formed by the other four atoms of the furanose ring (a conformation 

referred to as C-3’-endo); in B-DNA, C-2′ lies out of the plane (a 

conformation called C-2’endo).  

The third type of DNA helix structure is the Z-DNA.6 This structure is 

adopted by short oligonucleotides that have sequences of alternating 

pyrimidines and purines. The Z-DNA helix is left-handed and has a zig-zag 

appearance (hence “Z-DNA”) and has 12 base pair per helix turn. The 

peculiar structure of Z-DNA is mainly the result of the sugar conformation: 

the purines have the ribose in C-3’endo, while the pyrimidines have it in C-

2’-endo. The formation of Z-DNA under physiological conditions is 

stabilized by negative supercoiling (or underwinding of the DNA helix) and 

for this reason, it is hypothesized that B-DNA is converted to Z-DNA 

during transcription to relieve the induced torsional stress.7 

Hoogsteen base pairs play an important role in stabilization of several 

non-B-DNA secondary structures. For instance, triplexes, G-quadruplexes, 

i-motifs and A-motifs are characterized by hydrogen bonds between G–G–

C, G–G, C–C, and A–A bases, respectively.  

Triplexes or triple-stranded DNAs are composed of three strands of 

DNA that wind around each other to form a triple helix (Figure 1a).8 In this 

structure two strands of DNA are hybridized forming a B-DNA structure, 

while the third strand interacts with the double helix through Hoogsteen 
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hydrogen bonds. Intramolecular triplexes (or H-DNAs) are generally 

formed in homopurine-homopyrimidine regions of supercoiled DNAs, 

while intermolecular triplexes originate from the interaction between 

triplex forming oligonucleotides (TFO) and target sequences on duplex 

DNA. These structures are stabilized under acidic conditions or at 

physiological pH in presence of high concentrations of Mg2+. Triplexes 

may consist of two pyrimidines and one purine strand (such as CG*C and 

TA*T) or of two purines and one pyrimidine strand (such as CG*G and 

TA*A). In the latter case, the purines from the third strand interact through 

reverse Hoogsteen hydrogen bonds with the purines in the duplex. 

The i-motif structure is a four-stranded DNA secondary structure that is 

formed by DNA sequences containing stretches of cytosines under acidic 

conditions (Figure 1b).9,10 The tetrameric structure is characterized by two 

parallel duplexes held together in an antiparallel orientation by 

intercalated C-C+ base pairs. The stability of these structures as well their 

topology is affected by the number of cytosine bases, loop length and 

environmental conditions. The pH dependent folding of i-motifs has been 

extensively exploited in the construction of DNA-based nanomaterials, 

such as pH-switches,11,12 nanomachines13 and sensors14. 

Single-strand adenine (A)-rich nucleic acids form unique structure at 

alkaline and neutral pH, called A-motifs (Figure 1c). Under these 

conditions A bases interact through π-π stacking assuming a right-handed 

helical structure, while at acidic pH poly(A) assemble into a right-handed 

helical duplex formed by two parallel strands. This structure is stabilized by 

reverse Hoogsteen base-pairing between two protonated A and the 

electrostatic attraction between the positively charged protons at the N1 

atom of the adenines and the negatively charged phosphate groups.15 

Small alkaloids, such as coralyne, bind to A-motifs with high affinity and 

induce a conformational change in the structure, resulting in an antiparallel 

duplex at neutral pH.16 Due to the pH-responsive conformational change 

and to their ability to bind small molecules, A-motifs are particularly 

interesting for nanotechnology application.17,18 
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Figure 1. Representative non-B DNA structures based on Hoogsteen base pairing. (a) 
triplex structure. The triplex forming oligonucleotide (TFO) bind at the major groove of 
the DNA duplex and is depicted in pink. (b) i-motif formed by hemiprotonated C-C+ 
base pair (cyan). (c) A-motif and A:A base pair (yellow). Adapted from ref. 4 with 
permission. 

 

1.2 DNA G-quadruplexes 
 

DNA containing repetitive sequences of nucleobases can self-associate 

into various secondary structures that differ from the canonical double-

helix conformation. Specifically, guanosine nucleosides possess a unique 

structure that allows for interaction of four residues via Hoogsteen H-

bonds (Figure 2a). The resulting planar tetramers (G-quartets) with their 

polarized aromatic surfaces can associate via π- π stacking interactions 

forming G-quadruplex (G-4) secondary structures. The basis for the self-

association of G-quartets was established by Gellert et al.19 who studied 

5’-guanosine monophosphate (5’-GMP) hydrogels by fiber diffraction. 

Their model proposed that the N1-H and N2-H atoms of one guanine 

molecule interact with the O6 and N7-H of the neighboring guanine, 

resulting in a total of eight hydrogen bonds per G-quartet. Alkali metal 

cations, such as sodium and potassium stabilize the G-quartet structure.20 

These cations can coordinate the four oxygen atoms clustered in the 

center of the structure, thus neutralizing the electrostatic repulsion. In 

addition, the presence of monovalent cations promotes the stacking of G-

quartets and their consecutive folding into G-4 structures. G-4s can display 

a wide variety of topologies, depending on the number of strands 

involved and their orientation, the loop sequence and the identity of the 
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stabilizing cation (Figure 2b).21 Over the last years, evidence for the 

formation of these higher-ordered DNA stuctures in vivo have been 

reported, particularly in key-regions of the chromosomes such as 

telomeres and promoter regions of oncogenes.22–24 These findings have 

stimulated extensive research towards the discovery and development of 

selective ligands for G-4s as potential anticancer agents.25,26 The planar 

structure of G-4s provides a readily accessible binding site for small 

molecules, which can interact via π- π stacking and electrostatic 

interactions with the external G-quartets. 

Beyond their biological implications, G-4s possess a unique structure 

that paves the way for numerous possibilities in the development of 

functional nanomaterials. 

 
Figure 2. (a) Structure of G-quartet showing the hydrogen bonding between the four 
planar G bases. (b) Different G-4 topologies: a parallel tetramolecular G-4, a 
bimolecular complex and a unimolecular G-4 (from left to right). 

 

1.3 DNA switches based on G-4 
 

DNA-based molecular switches are DNA assemblies, which can 

undergo reversible conformational changes between two or more states in 

the presence of an external stimulus. Specifically DNA structures offer the 

possibility to accurately control the switch between the different states by 

employing strand exchange reactions. In this regard, G-4 structures are 

particularly interesting since their formation and stability is promoted by 

the presence of monovalent cations in solution. Based on this principle, G-

4s are extensively used as scaffolds of DNA switches that can be 
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modulated by small molecules or ions.27,28 Li et al. designed a G-4 based 

molecular device that could be switched on and off by the presence of 

Pb2+ ions (Figure 3a).29 The system consists of a single-stranded DNA 

sequence containing a G-rich tract that can assemble into a G-4 structure. 

In the absence of cations the strand hybridizes with its complementary 

strand forming a DNA duplex. The addition of Pb2+ ions to the system 

promotes the formation of the G-4, upon disassembly of the duplex. The 

reverse switching to the duplex conformation is achieved by employment 

of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), a 

strong Pb2+ chelator that removes the coordination cation from the G4. 

The conformational change of the system is detected using a fluorescent 

probe that interacts specifically with the G-4 structure.  

In a different approach, the combination of a ligand and transition-

metal complexes was exploited to control the G-4 assembly and 

disassembly.30 Specifically, the system was controlled by the 

conformational changes of a ligand that binds with high affinity and 

selectivity to G-4. In the presence of Cu2+, a complex is formed which 

changes its conformation, resulting in the dissociation of the G-4 structure 

and the stabilization of a helical DNA coil, due to electrostatic interactions. 

Removal of Cu2+ ions by addition of ethylenediaminetetraacetic acid 

(EDTA) restores the active structure of the ligand and promotes the re-

assembly of the G-4.  

The binding of hemin to guanine-rich DNA oligonucleotides yields to 

the formation of G-4 structures with peroxidase mimicking catalytic activity 

(also known as HRP-mimicking DNAzymes). These structures catalyze the 

H2O2-promoted oxidation of 2,2’-azino-bis(3-ethylbenzothiozoline)-6-

sulfonic acid (ABTS2-) to form the corresponding colored radical product, 

ABTS•-.31,32 Taking advantage of these properties, pre-designed nucleic 

acid sequences have been tethered to DNAzyme structures to yield 

functional DNA switches that provide amplified colorimetric detection.33,34 

Based on this principle, Shimron et al. reported a pH-triggered switchable 

transition of a DNA hairpin composed of two domains: a C-rich sequence 

and a G-4 DNAzyme sequence. At acidic pH, the C-rich structure 
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assembles into an i-motif structure, stabilizing the formation of the active 

DNAzyme complex. In this system, the catalytic activity of the hemin-G-4 

structure provides the readout signal to quantify the rearrangement of the 

hairpin into an i-motif structure. 

G-4 structures are also present in aptamers, single-stranded 

oligonucleotides that bind various molecules with high affinity and 

specificity. The incorporation of aptamer sequences in the design of DNA 

switches leads to nanodevices able to transduce the binding of the 

aptamer to its target ligand. For example, the thrombin binding aptamer 

(TBA) was engineered with an overhang sequence and the binding and 

release of thrombin was cyclically triggered by strand exchange reactions 

(Figure 3b).35  

 
Figure 3. Examples of DNA G-4 based switches. (a) Pb2+-driven DNA G-4 nanodevice. 
The presence of Pb2+ induces the duplex reconfiguration into a stabilized G-4 structure, 
while the reverse process is promoted by the addition of the Pb2+-chelator DOTA. The 
signal redout is modulated by the binding of the fluorescencent probe ZnII 
protoporphyrin IX (ZnPPIX) to the G-4 structure. Adapted from ref. 29 with permission. 
(b) G-4 aptamer-based molecular nanomachine that cyclically binds and release 
thrombin. The thrombin binding aptamer (TBA) was modified with a toehold on the 5’-
terminus. Upon addition of the opening strand (light blue), the aptamer changes its 
configuration to a duplex structure that is not able to bind the protein. A second DNA 
strand (green), perfectly complementary to the opening strand is added to the system 
to restore the binding of the aptamer to thrombin. Adapted from ref. 35 with 
permission. 
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1.4 DNA G-4 in catalysis  
 

1.4.1 G-4 DNA-based catalysis  
The unique structure of DNA makes it an attractive scaffold for the 

development of bio-inspired catalysts. The use of double-stranded DNA 

(dsDNA) in the design of hybrid catalysts has proven to be advantageous 

in numerous asymmetric reactions.36–40 A DNA-based catalyst is 

characterized by a transition metal complex, based on a non-chiral ligand, 

which is able to bind to DNA. The DNA helix provides a chiral 

microenvironment that is transferred to the catalyzed reaction, resulting in 

an enantiomeric excess (ee) of the product.41 The structural polymorphism 

of DNA G-4s and the possibility to modulate their self-assembly and 

topology by employment of selected ligands, offer the opportunity to 

construct hybrid catalysts with tunable properties. An example of G-4 

DNA-based catalysis was reported by Roe et al. in 2010.42 The copper-

catalyzed Diels-Alder reaction between aza-chalcone and 

cyclopentadiene43 was investigated using the G-4 sequences of h-Tel and 

c-kit, in the presence of selected copper ligands. Although both the G-4 

systems gave products with low or moderate enantioselectivity, the 

absence of ee in the control reactions indicated that the formation of the 

ligand-G-4 complex acts as a hybrid catalyst, imparting chirality to the 

reaction. Interestingly the formed products showed different 

enantioselectivity depending on the combination of ligand and G-4 

scaffold used, suggesting that the affinity of the ligand for the DNA 

scaffold can be used to influence the chirality of the product obtained. 

  Further studies on the Diels-Alder reaction using the DNA G-4-based 

catalysis approach showed that high enantioselectivity is obtained when 

the reaction occurs in presence of the h-Tel G-4 scaffold and Cu2+ ions 

without additional ligands (Figure 4a).44 Similar results were observed in 

the Friedel-Craft reaction between 2-acylimidazole and 5-methoxy indole 

(Figure 4b).45 These results indicate that the presence of ligands can 

interfere with the positioning of the substrates in the chiral 

microenvironment offered by the G-4 structure. Additionally, both studies 
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showed that the absolute configuration and the enantioselectivity of the 

product are affected from the DNA sequence and the topology of the G-

4. However, the mechanism of interaction between the Cu2+ and the G-4 

structure is still not well characterized, which makes it difficult to localize 

the active catalytic site of the scaffold. This prevents an accurate 

prediction and rationalization of the factors that influence selectivity and 

activity. A possible approach to overcome these limitations is the covalent 

anchoring of the metal complex to DNA, allowing to know exactly the 

position of the catalytic site.46–48 However, the laborious synthesis and 

purification of chemically modified oligonucleotides strongly limit the 

possibilities for application and optimization of the catalyst. 

 
Figure 4.  Examples of DNA G-4 based catalysis. (a) Enantioselective Diels-Alder 
reaction using a DNA G-4 based catalyst. The absolute configuration of the product is 
reversed when the G-4 structure is switched from an antiparallel to a parallel 
conformation. Adapted from ref. 44 with permission. (b) Enantioselective Friedel-Craft 
reaction using the human telomeric G-4 metalloenzyme. Adapted from ref. 45 with 
permission.  

 

1.3.2 DNAzymes 
The discovery of nucleic acids with catalytic activity in the 1980s 

opened new perspectives for their potential use and applications.49,50 

Although the first reports of catalytic nucleic acids involved naturally 

occurring ribosomal RNA (ribozymes), further studies proved that also 

DNA can have catalytic properties. Although natural DNAzyme have not 

been reported yet, the in vitro evolution approach allows to identify 

catalytically active DNA sequences.51  
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In 1996, Li and Sen isolated a G-rich sequence of DNA able to catalyze 

the metallation of mesoporphyrin IX.52 Further studies proved that the G-4 

structure when complexed with hemin was able to catalyze the H2O2-

mediated oxidation of a chromogenic substrate 2,2’-azino-bis(3-

ethylbenzothiozoline)-6-sulfonic acid (ABTS2-) to the corresponding radical 

product, ABTS•-, mimicking the activity of horseradish peroxidase (HRP).31 

This pioneering work led the way to numerous investigations on the 

catalytic activity of the hemin/G-4 HRP-mimicking DNAzyme. The G-4 

DNAzyme was employed for the H2O2-mediated oxidation of organic 

substrate such as luminol that generates chemiluminescence.53 The 

possibility to achieve enhanced colorimetric detection or 

chemiluminescence of G-4 DNAzymes make them exceptional scaffold for 

sensors and nanodevices.54 However the synthetic application of 

DNAzymes is limited mainly because of the lack of catalytic efficiency on 

non-nucleotide substrates and of the restricted scope of the catalyzed 

reactions. Golub et al. reported a new biocatalytic function of the 

hemin/G-4 HRP-mimicking DNAzyme that mimics both NADH oxidase and 

NADH peroxidase activity (Figure 5a).55 In the presence of O2 the system 

catalyzes the oxidation of NADH to NAD+, yielding the formation of H2O2. 

This consequently generates the activation of the peroxidase activity of 

the hemin/G-4 DNAzyme that produces a fluorescent product. Similar to 

this system, the horseradish peroxidase exhibits NADH oxidase function 

but it requires the ligation of its axial histidine to generate the active site. 

For this reason, it might be plausible that the one of the guanine in the 

external G-quartet acts as a fifth activating ligand of the hemin. The 

regeneration of NAD+ was demonstrated by coupling the hemin/G-4 

DNAzyme system to the enzyme alcohol dehydrogenase, which catalyzes 

the oxidation of ethanol to acetaldehyde.  Additionally, under anaerobic 

conditions, the hemin/G-4 DNAzyme exhibits NADH peroxidase activity. 

A novel approach to improve the catalytic function of DNAzymes was 

developed by Willner and coworkers. that designed a DNAzyme-aptamer 

hybrid structure called “nucleoapzyme” (Figure 5b).56 The key advantage 

of this construct consists in the possibility of expanding the scope to non-
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nucleotides substrates owing to the recognition properties of aptamers. 

Moreover, the binding of the ligand to the aptamer unit keeps the 

substrate in close proximity to the active site of the DNAzyme, mimicking 

the catalytic mechanism of enzymes.  The catalytic activity of different 

nucleoapzymes was investigated in two H2O2-mediated oxidation 

reactions such as the oxidation of dopamine to aminochrome and the 

oxidation of N-hydroxy-L-arginine to L-citrulline, resulting in a 20-fold 

enhancement in activity for the most active construct. A similar concept 

was applied by the same group to develop catalytic micelles composed of 

the lipidated hemin/G4 complex and the lipidated dopamine binding 

aptamer.57 In this case, the supramolecular self-assembly of the 

components into micelles results in the concentration of the substrate in 

close proximity of the DNAzyme. However, the observed catalytic 

enhancement of the oxidation reaction was only moderate, presumably 

due to the high flexibility of the micellar structure, that does not allow to 

control the precise positioning of the substrate-aptamer complex with 

respect to the catalytic site.  

 

 
Figure 5. (a) Hemin/G-4 catalyzed oxidation of NADH by O2 to NAD+ and H2O2, that 
leads to the concomitant H2O2-mediated oxidation of Amplex red to resorfurin (left). 
Hemin/G-4 DNAzyme coupled to alchol dehydrogenase (right). Adapted from ref. 55 
with permission. (b) Schematic representation of a nucleoapzyme. The aptamer unit (in 
green) binds to the substrate, favoring the interaction with the catalytic unit (in red) and 
the formation of the product. Reprinted from ref. 56 with permission. 
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1.5 G-4 based sensing  
 

DNA G-4 structures have emerged as frameworks for the development 

of different sensing platforms for a great variety of targets.58,59 The 

formation of G-4s is highly dependent on the presence of monovalent 

cations, such as K+ and Na+. Moreover, divalent metal ions, such as Sr2+, 

Ca2+ and Pb2+, have been reported to stabilize G-4 structures.60–62 For this 

reason, G-4s have been exploited extensively for the detection of these 

metal ions.29,63–65  

Furthermore, the ability of G-4s to bind small molecules or proteins 

with high affinity is a great advantage in the development of novel sensing 

strategies. Several DNA aptamers, such as the thrombin binding aptamer 

(TBA)66 and the ATP binding aptamer (ABA)67, contain G-rich sequences 

that are able to fold into a G-4 structure upon binding to a ligand. 

Generally, these aptamers are used in combination with fluorescent 

probes that transduce the conformational changes of the DNA structure 

into a fluorescence signal, yielding sensing platforms that can be used to 

detect the analyte binding.68,69 A different strategy is the conjugation of 

aptamers with G-4 based DNAzymes, leading to bifunctional nucleic acid 

that contains in the same structure a recognition site and a catalytic unit 

that generates the readout signal. The advantage of this approach lies in 

the availability of numerous aptamers that can selectively recognize a 

broad range of different ligands. Moreover, the use of a DNAzyme unit as 

amplifying reporter is particularly attractive, because of its unique ability to 

exhibit a visual signal output, despite of the lower sensitivity provided by 

this kind of detection compared to electrochemical or fluorescence-based 

platform. One example of this approach was described by Li et al. that 

reported the design of an aptasensor for the luminescence detection of 

thrombin.70 Thrombin has two binding sites for the aptamer, which enables 

the development of a sandwich sensor. In this design, the first aptamer 

was immobilized on a gold surface, while the second aptamer was 

tethered to a G-4 based DNAzyme, which catalyzes the oxidation of 
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luminol by H2O2 yielding chemiluminescence emission. The proposed 

system exhibited a detection limit of 0.1 nM for thrombin analysis.  

Furthermore, G-4 based assays have been applied for real-time 

detection of proteins or enzymes. Leung and coworkers developed a 

label-free fluorescence detection method for 3’-5’exonuclease III (ExoIII) 

activity based on G-4 (Fiure 6a).71 This enzyme specifically cleaves 

nucleobases from the 3’-terminus of double stranded DNA. The designed 

system is a DNA hairpin formed by a double stranded stem region that 

contains the human telomeric G-4 sequence on the 5’-terminus and a 

single stranded loop. In presence of ExoIII, the nucleotide digestion 

affects only the duplex stem on the 3’-terminus, while the 5’-terminus is 

released and can assemble into a G-4 structure. Crystal violet, a 

fluorescent probe that selectively binds to G-4s, is used to detect the 

conformational change between duplex and quadruplex, thus monitoring 

the activity of ExoIII. A similar approach using N-methyl mesoporphyrin IX 

as selective G-4 fluorescent probe, was employed for the detection of 

RNase H by Hu et al.72 

 
Figure 6. (a) Detection of 3’-5’ exonuclease activity using a G-4 selective fluorescence 
probe. Adapted from ref. 71 with permission. (b) Split DNA G-4 based detection of 
single nucleotide polymorphism. The split G-4 structure can be formed only in 
presence of the complementary strand and it catalyzes the H2O2-mediated oxidation of 
ABTS2- to ABTS.-. Adapted from ref. 73 with permission. 

 



Chapter 1  

24 

Alternative strategies for the development of DNA G-4 based sensors 

rely on the use of bimolecular or ‘split’ G-4s, that are formed by the 

association of two separate oligonucleotides and have found application in 

the detection of nucleic acids. In particular, the use of a split G-4 

DNAzyme provides the advantage of visualizing through a colorimetric 

reaction the detection of the target DNA, allowing for a simple and rapid 

screening. This approach was successfully employed for the detection of 

single nucleotide polymorphisms (Figure 6b).73,74 In the absence of the 

target DNA strand the two oligonucleotides are dissociated, while the 

hybridization of these two strands with the target sequence promotes the 

assembly into a G-4 structure, that exhibits peroxidase activity. The 

bimolecular G-4 can be designed by splitting the G-4 forming sequence in 

two equal parts or in an asymmetric mode, such as 3:1 (one part with three 

GGG repeats and one part with only one GGG repeat). The latter 

approach provides higher sensitivity and a lower background signal.  

The unique structural features of G-4s in addition to the low cost and 

high stability of DNA offer a wide range of opportunities in the 

development of sensors. Enormous progress in this field has been already 

made and it can be envisioned that future investigations will lead to the 

development of more sophisticated systems, characterized by higher 

sensitivity and selectivity, thus broadening the applicability of these 

sensing systems. 

 

1.6 Supramolecular DNA G-4-based self-assemblies 
 

Inspired by nature, that uses the spontaneous association of 

components to organize complex nanostructures with specific functions, 

researchers have been trying to achieve such precise control over the 

organization of molecules. The hierarchical and predictable self-assembly 

of DNA G-4s make them ideal scaffolds for the development of higher-

ordered supramolecular architectures. Hamilton and coworkers showed 

that the assembly of parallel DNA G-4 structures could be used to bring 

together multiple binding domains for protein recognition75,76 or as 
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scaffolds for intramolecular energy transfer.77 In an other example, a 

tetramolecular parallel G-4 structure was employed to obtain accurate 

control over the assembly of a helix bundle protein.78 A random-coil 

amphiphilic peptide was conjugated to the 5’-terminus of an 

oligonucleotide 5’-d(TGGGGT)-3’. In presence of K+ the DNA assembles 

into a parallel G-4, thereby promoting the association of four monomers 

and inducing a coil-to-helical conformational change in the peptide 

structure (Figure 7a). The use of the G-4 scaffold allowed to finely 

template and to control the peptide stoichiometry and orientation, without 

requiring the covalent tethering of the four monomers. 

G-4 structures are characterized by unique molecular recognition 

properties compared to other DNA structures, since their planar structure 

can interact with ligands via external stacking. The ability of G-4s to bind 

planar molecules, such as cationic porphyrins, was combined with its 

modular self-assembly in the design of a biomimetic light-harvesting 

antenna system.79 The system consists of a G-rich short oligonucleotide 

tethered to a coumarin moiety that acts as the energy donor. The 

assembled coumarin-modified G-4 binds via supramolecular interaction 

with meso-tetrakis(4-(N-methylpyridinium-4-yl))porphyrin (H2TMPyP4), 

which acts as the energy acceptor. The formation of the G-4 structure is 

essential for the efficient functioning of the system, since it provides the 

required arrangements of the two moieties, placing them in close 

proximity and allowing the energy transfer to take place (Figure 7b). 

Controlling the self-assembly of nanoparticles is important for the 

development of novel functional nanomaterials. Li and Mirkin investigated 

the effect of G-rich oligonucleotides on the aggregation of gold 

nanoparticles (Au NPs).80 They showed that the DNA-modified Au NPs 

self-aggregate and precipitate in presence of cations (K+ >> Cs+ > Na+). 

This suggests that the G-rich oligonucleotides on the surface of the NPs 

interact between each other forming a G-4 structure, causing their 

precipitation. Further studies from Shen and coworkers demonstrated that 

the cation-dependent aggregation can be controlled by altering the 
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length of the G-rich DNA sequence,81 therefore opening new possibilities 

for the development of DNA G-4 functionalized NPs . For example, G-4 

decorated Au NPs were used to design a screening assay for G-4 

stabilizers, based on the enhanced light-scattering signal produced from 

the aggregated nanoparticles.82 

 Finally, G-4s have been used to control the self-assembly of lipid 

micelles as it will be described in Chapter 2. Furthermore, Levy and 

coworkers have incorporated a RNA G-4 scaffold in the design of lipid-

based micelles.83 The presence of the G-4 enhanced the stability of the 

micelles compared to single stranded DNA-micelles and did not lead to 

significant degradation by serum proteins for at least 24 h.  

 
 Figure 7. (a) DNA G-4 templated self-assembly of a four-helix bundle protein. 
Adapted from ref. 78 with permission. (b) Light-harvesting antenna system based on 
G-4. Adapted from ref. 79 with permission. 

 

1.7 Aim and outline of the thesis  
 

In conclusion, this chapter provided an overview about DNA G-4 

structures and their employment as versatile building blocks in the 

construction of functional nanodevices with various applications. The 

unique self-assembly and the exceptional stability of DNA G-4s allow to 

design systems with precise control over the assembly. 
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This thesis describes our work in the development of novel DNA G-4 

based systems. Specifically, our aim was to explore the use of DNA G-4 as 

scaffold for the design of supramolecular structures formed by 

amphiphiles. In the presence of water, amphiphiles spontaneously 

assemble into different aggregated structures, such as micelles or vesicles. 

Thus, the conjugation of nucleic acids to amphiphilic molecules enables to 

combine the molecular recognition properties of DNA and the 

hydrophobic interactions typical of surfactants self-assembly.  

Chapter 2 describes the design of a new class of DNA-based 

surfactants, synthesized by covalent modification of lipids with a G-rich 

DNA oligonucleotide sequence. This hybrid conjugates exhibited 

remarkable self-assembly properties, dictated by the formation of a G-4 

structure by the oligonucleotide headgroups of the surfactants. The 

chapter focuses on the characterization of the G-4 lipids assemblies and in 

particular, the role of the G-4 structure on the stability of the formed 

micelles is investigated by monitoring the release of dyes from the 

hydrophobic core of the micelles. 

In Chapter 3 the presented design of G-4 micelles was employed in 

combination with a molecular aptamer beacon (MAB) to achieve selective 

cargo release by a small molecule, such as ATP. The approach is based on 

the conformational switch of the hairpin MAB upon ATP binding, that 

enables the hybridization of the G-4 headgroup of the micelles with its 

complementary strand. Different strategies to design the responsive MAB 

are discussed and the obtained scaffolds are tested in combination with 

the G-4 micelles for the cargo release studies. 

In Chapter 4 the DNA G-4 scaffold is used to template the 

oligomerization process of the pore-forming peptide Alamethicin. In the 

presence of a lipid bilayer, Alamethicin self-assembles and formes pores of 

variable size, composed of 3-12 monomers. The proposed strategy 

involves the conjugation of the peptide with G-4 forming oligonucleotides 

in order to control the association of the monomers. The high stability and 

well-defined conformation of G-4 are expected to stabilize the formation 
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of tetrameric channels. The system was characterized and studied by 

single-channel measurements. Additionally the conductance behavior of 

the G-4 peptide hybrids was evaluated in the presence of a 

complementary oligonucleotide that promotes the disassembly of the G-4 

structure and the formation of a duplex. 

Chapter 5 describes the design, synthesis and characterization of 

photocleavable amphiphiles. This work aims to explore a different strategy 

to control the self-assembly of amphiphiles by incorporation of a 

photocleavable moiety in their structure. This approach was applied to two 

different scaffolds: a DNA-based surfactant and a pore-forming peptide.  

Finally, Chapter 6 provides an outlook of the work presented and 

offers possible perspectives and future developments of the research 

topics discussed in this thesis. 
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