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ABSTRACT 
 

This chapter provides a brief overview of the research presented in this 

thesis and discusses the future perspectives in the field. 
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6.1  Introduction 
 

DNA has emerged as an attractive tool for the construction of complex 

architectures and functional nanomaterials.1 Among the different 

secondary structures formed by DNA, G-quadruplexes (G-4s) possess 

unique recognition and self-assembly properties that have inspired 

researchers to the creation of novel DNA-based devices with various 

applications.2,3 While numerous studies have shown the employment of 

the G-4 motif for the construction of DNA-based nanomachines and 

sensors, its use to template the self-assembly of molecules is still limited. 

The research described in this thesis aimed to further explore the potential 

of supramolecular DNA G-4 based self-assemblies. In particular, the goal 

of this research was to use the G-4 motif to control the organization of 

amphiphilic molecules, such as lipids or peptides. The highly organized 

structure formed by G-4s provides the framework to finely tune the 

positioning of molecules, while still maintaining its molecular recognition 

properties. These features, together with the ability to trigger 

conformational changes in the G-4 structure in presence of metal ions, 

complementary strands or small molecules, offers many opportunities for 

the development of novel functional systems that can be controlled by 

external stimuli. 

This chapter provides a short overview and conclusion of the research 

presented in this thesis, followed by a discussion on future developments 

in the field. 

 
6.2  Research overview 

 
The ease of assembly and the programmable nature of DNA G-4s make 

them unique building blocks for the construction of versatile functional 

systems. In this thesis we presented the design of responsive 

supramolecular self-assemblies based on the G-4 motif. Specifically, a 

tetramolecular parallel DNA G-4 scaffold was employed to control the self-
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assembly of amphiphilic molecules, such as lipids (Chapter 2 and Chapter 

3) or pore forming peptides (Chapter 4). Finally, in Chapter 5 we explored 

a different strategy to achieve responsive amphiphiles based on the 

combination of a DNA G-4 scaffold and photocleavable moieties. The 

strategy used in this work was based on the covalent attachment of G-rich 

oligonucleotides to amphiphilic molecules, leading to hybrid structures 

with new properties and functions. 

In Chapter 2 the design of responsive DNA G-4 surfactants was 

described. The surfactants consisted of a polar DNA headgroup 

containing a G-rich sequence and a lipid tail formed by alkyl chains of 

different length (C12-C18:1). The hybrid conjugates were obtained via 

reaction of amino-modified oligonucleotides and NHS-activated lipid tails. 

The DNA G-4 conjugates exhibited unique self-assembly properties in 

solution when compared to conventional DNA surfactants, as evidenced 

by cryo-TEM studies and the CMC determination. The obtained results 

confirmed that the G-4 scaffold drives the self-assembly of the attached 

lipids into predefined aggregates, such as micelles. This was further 

supported by the decreased stability of the micelles upon G-4 

disassembly. The lipid-DNA surfactant was engineered to achieve 

triggered cargo release in presence of a complementary DNA strand. The 

hybridization of the complementary strands led to the destabilization of 

the G-4 structure and subsequent disruption of the micelles. The work 

presented in this chapter highlights the potential of DNA G-4 based 

supramolecular self-assemblies and founds the development of more 

complex DNA-based functional systems. 

The presented design of DNA G-4 micelles was further investigated in 

Chapter 3, where the system was employed to detect the binding of a 

DNA aptamer with its ligand. The strategy employed in this system 

combined the specific binding of DNA aptamers to their target molecules 

with the controlled self-assembly by using the DNA G-4 motif as scaffold. 

Specifically, the ATP-binding aptamer was engineered to form a molecular 

aptamer beacon (MAB), which was able to rearrange its structure upon 

binding to the ligand. The structural rearrangement triggered by ATP 
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recognition liberated the DNA sequence necessary for the hybridization 

with the DNA headgroup of the micelles. The design of the MAB structure 

and the flexibility of the hairpin structure proved to be crucial in order to 

achieve such a responsive system. The results suggested that lengthening 

of the aptamer sequence might prevent the rearrangement of the MAB 

and the binding with the target molecule. The final construct of the MAB 

was used in combination with the DNA G-4 micelles to achieve ATP-

triggered cargo release. In this approach, the DNA G-4 micelles act as 

sensing units to detect the binding of ATP to the MAB scaffold and the 

overall process results in a decrease of the FRET efficiency of the 

encapsulated dyes, due to their release from the micelles. The system 

exhibited a selective response towards ATP and good efficiency under the 

optimized conditions. Although the sensitivity of the system has not been 

optimized yet, this approach is highly versatile because of the extensive 

availability of DNA aptamers for different targets, such as small molecules 

or proteins.  

In Chapter 4 the use of a G-4 scaffold to control the self-assembly of 

an analogue of the pore-forming peptide Alamethicin is described.  This 

peptide is characterized by a highly dynamic behavior and self-assembles 

in aggregates of various size. A common strategy used in the design of 

artificial peptides assemblies is based on the covalent tethering of the 

peptide monomers to one another4 or to the ends of template molecules, 

such as cyclodextrins5 or porphyrins6. Conversely, the approach used in 

this chapter involves the use of a scaffold that is able to self-assemble into 

a predefined tetrameric structure, therefore promoting the aggregation of 

four monomers. Due to the strong hydrophobic nature of the peptide and 

its tendency to aggregate in solution, the functionalization of the 

monomers with a DNA oligonucleotide is more advantageous in terms of 

synthesis and purification compared to the covalent attachment of the 

peptide monomers. Moreover, in this strategy the peptide aggregation is 

controlled by means of supramolecular interactions, which can be 

modulated in order to obtain the desired assembly. The channel activity of 
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the synthesized DNA-peptide hybrids were investigated by single-channel 

recordings. These studies suggested that the formation of the G-4 

structure plays a stabilizing role in the aggregation of the peptide, since 

the hybrids containing a G-4 motif formed pores with higher persistence in 

the open state compared to the hybrids without G-4. Moreover, the 

formed G-4 channels displayed two preferred conductance states that, 

based on previous studies, might be related to the tetramer and octamer 

assembly. In the second part of the study, the DNA G-4 sequence 

attached to the peptide was modified with a toehold sequence that 

promotes the hybridization with a complementary strand. The DNA-

peptide hybrids displayed different behavior before and after the addition 

of the complementary strand, reflecting the different secondary structure 

assumed by the DNA oligonucleotide, specifically a G-4 and a duplex 

structure. Higher conductance states were detected for the duplex 

hybrids, indicating a higher freedom in the assembly of the peptide. Albeit 

more studies are needed to fully characterize the system and optimize the 

recording conditions, the work presented in this chapter demonstrated the 

potential of the G-4 scaffold to control and tune the self-assembly 

behavior of a pore forming peptide.  

Chapter 5 presents an alternative approach to develop stimuli-

responsive molecular self-assemblies based on amphiphiles. Specifically, 

two different designs of photoresponsive amphiphiles were proposed and 

their synthesis and characterization was discussed. In both designs, a 

photocleavable moiety was introduced in the scaffold of the amphiphile, in 

order to use light as external stimulus to trigger its assembly or 

disassembly. This approach was applied to the two scaffolds studied in the 

previous chapters of this thesis: the DNA G-4 surfactants and the analogue 

of the pore-forming peptide Alamethicin. Further optimization of the 

synthesis and purification of both conjugates is necessary and most likely 

different coupling strategies need to be investigated. The work presented 

in this chapter establishes the basis for the development of light-

responsive G-4 self-assemblies. 
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6.3  Conclusion and perspectives 
 

DNA is the scaffold of choice for the construction of supramolecular 

functional systems and the results presented in this thesis proved that G-4s 

are fascinating secondary structures that can be employed in the design of 

novel DNA-based self-assemblies. Specifically, to prove the efficiency of 

this approach amphiphilic molecules, characterized by a dynamic self-

assembly behavior, were chosen as the aggregating units. Through 

covalent attachment with G-rich oligonucleotides, the association 

properties of the amphiphiles could be modulated and programmed, 

ultimately leading to responsive supramolecular assemblies. The G-4 

based self-assemblies presented in this research work were mainly focused 

on two different scaffolds, such as lipid micelles and ion-channel forming 

peptides. Nevertheless, it is envisioned that the same approach could be 

applied to different scaffolds and for different purposes. 

DNA-lipid micelles are gaining increasing attentions because of their 

potential applications as drug delivery system7 or as tools for intracellular 

imaging8,9.  These structures are characterized by small size, good 

biocompatibility and the ability to enhance the solubility of hydrophobic 

drugs and dyes. The presence of the oligonucleotide headgroup allows for 

the selective targeting and visualization of specific DNA/RNA sequences in 

living cells, such as disease-releated mRNAs.  

The introduction of a G-4 scaffold in the hydrophilic headgroup of the 

micelles is advantageous because of the stabilizing effect on the micelle 

stability in serum, as shown by recent studies.10,11 Moreover, we have 

demonstrated that the planar structure formed by the G-4s in the micelles 

still maintains its recognition properties by binding to the cationic 

porphyrin TMPyP4. Based on this, several small molecules that selectively 

bind the G-4 structures could be encapsulated in the DNA corona of the 

micelles and subsequently released upon disassembly. However, further 

optimization of the system might be necessary for drug delivery purposes, 
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especially because of the endogenous nuclease degradation that limits the 

application of DNA-based micelles in vivo.  

Beside this, many opportunities remain still open for future 

investigations employing the presented scaffold of DNA G-4 micelles. 

Interesting possibilities concern the use of this system for the construction 

of artificial light-harvesting systems or in catalysis. In both cases, the 

micellar structure formed upon assembly is advantageous and can be used 

to bring in close proximity the reactant molecules.  

The construction of light-harvesting complexes that mimic natural 

photosynthetic systems is particularly interesting in the field of 

photocatalysis, as well as for the development of optical and photovoltaic 

devices.12 Despite the fact that many artificial light-harvesting systems 

have been reported, their application is still limited due to synthetic 

challenges and the poor energy-transfer efficiency in water.13 DNA G-4 

surfactants are promising scaffolds in this regard, due to their facile 

synthesis and the possibility to achieve precise organization of the 

components. Moreover, the fact that the G-4 surfactants self-assembly into 

micelles could be useful to incorporate hydrophobic donors and reduce 

their aggregation-caused quenching in water. A G-4 based light-

harvesting system has been reported previously in our group.14 This 

system involved the covalent attachment of the donor molecule to a G-rich 

oligonucleotide and the supramolecular interaction of the G-4 with the 

acceptor. Similarly, an artificial light-harvesting system might be 

developed using the G-4 micelles, but in this case the donor molecule 

could be encapsulated in the hydrophobic core of the micelles, while the 

acceptor molecule is accommodated on the planar structure of the G-4.  

Analogously, the potential of the DNA G-4 micelles as scaffold for 

catalysis should be explored. The advantage of using micellar systems for 

catalysis is based on the ability to increase the local concentration of the 

two reactants species, leading to an enhanced rate of reaction.15 

Therefore, this approach would combine the high enantioselectivity 

achieved by DNA-based catalysis with the rate acceleration provided by 

the micellar aggregates. Additionally, the presence of the DNA G-4 
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structure allows to accurately position specific ligands or catalysts in the 

corona of the micelles. This might be helpful to predict the localization of 

the active site and to further optimize the selectivity and the activity of the 

catalytic system. 

As shown in Chapter 3 and Chapter 5, the design of the G-4 micelles 

can be further engineered to create functional system with higher 

complexity and ultimately, to trigger the release of cargos using different 

stimuli, such as small molecules or UV light. Both approaches are 

promising and need to be further investigated. Specifically, different 

aptamers could be used in the design of MABs to achieve triggered 

release by different target molecules or proteins. Further optimization of 

the design is expected to achieve an improved sensitivity of the system to 

lower concentration of target molecule. Moreover, the presence of a 

photocleavable moiety in the scaffold of the micelles introduces an 

additional strategy to control their disassembly that is not based on the 

DNA hybridization with a complementary strand. This might be particularly 

promising for drug delivery purposes, since an external stimulus can be 

used for triggering the cargo release.  

Finally, the DNA G-4 scaffold was used to template the oligomerization 

of a pore forming peptide. It was shown that the formation of a 

tetramolecular parallel G-4 could be used to influence the self-assembly 

behavior of the peptide, that is otherwise highly dynamic. The work 

presented in Chapter 4 illustrates a novel strategy that can be used in the 

design of artificial sensor systems and for elucidating the mechanisms of 

natural ion channels. The approach offers many advantages, such as the 

ease of modification and the possibility of tuning the oligomerization of 

the peptide by playing on the G-4 stability. In fact, different channels are 

observed when the DNA oligonucleotide attached to the peptide is 

hybridized with its complementary strand. Although more studies are 

needed to fully characterize the system and to modulate the formation of 

the channels in real time, this approach is promising and paves the way for 

the construction of novel artificial channels or sensors. An interesting 
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extension of this system is related to its use in combination with a MAB, 

similarly to what is described in Chapter 3. This is expected to allow for 

modulation of the channel behavior in response to different small 

molecules, depending on the DNA aptamer used as scaffold. Furthermore, 

the same approach can be used to template the oligomerization of 

different pore forming peptides, characterized by a better-defined and 

more predictable behavior that would allow an easier characterization of 

the system. 

 An alternative strategy to control peptide self-assembly involves 

different kind of stimuli, such as the interaction with a bulky protein or 

irradiation with UV-light. The construction of artificial ion channels that can 

respond to different stimuli is interesting for applications such as sensing 

and drug delivery.16 The work presented in Chapter 5 described the 

synthesis of a photoactivatable ion channel based on an analogue of 

Alamethicin. Both the synthesis and the purification of the designed 

conjugate proved to be challenging, due to the hydrophobic nature of the 

peptide and the presence of unreactive substrates. Alternative synthetic 

strategies, that involve the use of different conjugation reactions or a 

different pore-forming peptide, need to be explored and a novel design 

of the photocleavable linker should also be considered. Future studies 

aimed to design artificial gated channels need to address these concerns.  

In conclusion, with its variety of unique features, the DNA G-4 structure 

is an exceptional scaffold for the construction of responsive 

supramolecular self-assemblies. In this research work different functional 

systems based on G-4 assembly were developed and it is envisioned that 

further studies in this field will provide many more new and exciting 

opportunities. 

 

6.4 References 
(1)  Seeman, N. C.; Sleiman, H. F. Nat. Rev. Mater. 2017, 3 (1), 17068. 
(2)  Lv, L.; Guo, Z.; Wang, J.; Wang, E. Curr. Pharm. Des. 2012, 18 (14), 2076–

2095. 
(3)  He, H.-Z.; Chan, D. S.-H.; Leung, C.-H.; Ma, D.-L. Nucleic Acids Res. 2013, 41 

(8), 4345–4359. 



 Conclusion and perspectives 
 

141 

6 

(4)  Mutter, M.; Tuchscherer, G. G.; Miller, C.; Altmann, K. H.; Carey, R. I.; Wyss, D. 
F.; Labhardt, A. M.; Rivier, J. E. J. Am. Chem. Soc. 1992, 114 (4), 1463–1470. 

(5)  Hjørringgaard, C. U.; Vad, B. S.; Matchkov, V. V.; Nielsen, S. B.; Vosegaard, T.; 
Nielsen, N. C.; Otzen, D. E.; Skrydstrup, T. J. Phys. Chem. B 2012, 116 (26), 
7652–7659. 

(6)  Wassner, A. J.; Hurt, J. A.; Lear, J. D.; Åkerfeldt, K. S. Org. Lett. 2002, 4 (10), 
1647–1649. 

(7)  Wu, Y.; Sefah, K.; Liu, H.; Wang, R.; Tan, W. Proc. Natl. Acad. Sci. 2010, 107 
(1), 5–10. 

(8)  Chen, T.; Wu, C. S.; Jimenez, E.; Zhu, Z.; Dajac, J. G.; You, M.; Han, D.; Zhang, 
X.; Tan, W. Angew. Chem. Int. Ed. 2013, 52 (7), 2012–2016. 

(9)  Zheng, D.; Seferos, D. S.; Giljohann, D. A.; Patel, P. C.; Mirkin, C. A. Nano Lett. 
2009, 9 (9), 3258–3261. 

(10)  Jin, C.; Liu, X.; Bai, H.; Wang, R.; Tan, J.; Peng, X.; Tan, W. ACS Nano 2017, 
11 (12), 12087–12093. 

(11)  Wilner, S. E.; Sparks, S. E.; Cowburn, D.; Girvin, M. E.; Levy, M. J. Am. Chem. 
Soc. 2015, 137 (6), 2171–2174. 

(12)  Peng, H.-Q.; Niu, L.-Y.; Chen, Y.-Z.; Wu, L.-Z.; Tung, C.-H.; Yang, Q.-Z. Chem. 
Rev. 2015, 115 (15), 7502–7542. 

(13)  Rao, K. V.; Datta, K. K. R.; Eswaramoorthy, M.; George, S. J. Chem. Eur. J. 
2012, 18 (8), 2184–2194. 

(14)  Sancho Oltra, N.; Browne, W. R.; Roelfes, G. Chem. Eur. J. 2013, 19 (7), 2457–
2461. 

(15)  Otto, S.; Engberts, J. B. F. N.; Kwak, J. C. T. J. Am. Chem. Soc. 1998, 120 
(37), 9517–9525. 

(16)  Mayer, M.; Yang, J. Acc. Chem. Res. 2013, 46 (12), 2998–3008. 
 




	Chapter 6



