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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 
1.1 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. 
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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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ABSTRACT 
 

In this chapter a novel and versatile design of DNA-lipid conjugates 

is presented. The assembly of the DNA headgroups into G-

quadruplex structures was found to be essential for the formation of 

micelles and their stability. We showed that the release of a cargo 

from the hydrophobic core of the micelles could be triggered by 

destabilization of the G-quadruplex.  In fact, in the presence of its 

complementary strand the oligonucleotide headgroup hybridized 

into a duplex structure, leading to micelle disruption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Responsive DNA G-quadruplex micelles 

35 

2 

 2.1 Introduction 
  

The molecular-recognition properties and polymorphisms of nucleic 

acids make them ideal scaffolds for the design of complex supramolecular 

structures that allow for control over composition, structure and function.1–

5. In particular, the bioconjugation of oligonucleotides with lipids 

represents a fascinating approach to merge the programmability of DNA 

and the self-assembly properties of amphiphiles. Due to their interesting 

properties, hybrid Lipid-Oligonucleotides (LONs) represent an attractive 

approach to enhance the cellular uptake of oligonucleotides in vivo. 

Several strategies have been used to functionalize DNA with hydrophobic 

moieties, such as polymers or lipids.6 

DNA amphiphiles in solution are able to self-assemble into different 

structures such as micelles, aggregates or vesicles. The nature of both the 

lipid moiety and the oligonucleotide headgroup influences the self-

assembly behavior of the surfactant. In particular micellar structures are 

interesting for biomedical applications due to their small size, high stability 

and low toxicity. The presence of a DNA headgroup is advantageous since 

it allows for controlling the assembled structure by means of enzymatic 

reactions7 or hybridization with a complementary strand.8 

In addition to the well-known double helix conformation, DNA is also 

able to fold into non-canonical structures such as G-quadruplexes, i-motifs 

and A-motifs.9–11 Among these, G-quadruplexes (G-4s) are of particular 

interest because of their well-defined conformation, high stability and 

versatility.9,12 G-4s are composed of planar guanine tetrads that are able to 

accommodate small molecules via π-π stacking interactions13–15 and recent 

studies have linked the formation of G-4s in vivo to be relevant for 

biological processes, such as gene transcription and telomerase 

inhibition.16 

Inspired by the hierarchical self-assembly of the G-4s many research 

groups have exploited these non-canonical structures as scaffolds for the 

development of new biomolecular systems with different applications, 

such as sensing,17,18 catalysis,19,20 energy transfer21,22 or as potential 
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nanostructures for drug delivery.23 In view of the supramolecular 

properties of G-4s, we envisioned that the introduction of a G-4 scaffold in 

the hydrophilic headgroup of a surfactant could be advantageous to 

control its self-assembling properties. 

In a recent report Wilner et al. engineered lipid micelles with a 2’OMe 

RNA sequences able to self-assemble in G-4 structures.23 These micelles 

displayed high stability and allowed for the controlled release of a cargo 

upon destabilization of the quadruplex with an antisense RNA 

oligonucleotide. Recently, Barthélémy et al showed that the modification 

of G-4 forming oligonucleotides with a lipid tail increases the propensity of 

G-4 formation. 24 

 

2.2 Aim  
 

In this study, we present a novel design of DNA G-4 based micelles, in 

which the assembly of the headgroup in a G-4 proved to be crucial for the 

self-aggregation of these amphipiles into micelles. Modulation of micelle 

stability can be achieved by introduction of a complementary 

oligonucleotide that hybridizes with the lipid headgroup, unfolding the G-

4 and leading to the release of a dye (Figure 1).		

Figure 1. Schematic representation of G-4 micelle assembly and destabilization. At 
high K+ concentrations, the G-rich sequence adopts a tetramolecular parallel G-4 
conformation. The resulting amphiphile is able to self-assemble in solution, forming 
stable micelles. Upon addition of a complementary strand the micelles are disrupted, 
leading to release of the encapsulated dyes. 
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2.3 Design 
 

Our design relies on a commercially available 5’-amino-modified DNA 

strand, that was subsequently conjugated on the 5’-terminus to lipophilic 

tails of different length (C12-C18:1).	 
In presence of K+, the short G-rich DNA oligonucleotide assembled into 

a parallel G-4, bringing the four hydrophobic tails in proximity and forming 

the surfactants that, once in solution, self-organize into stable micelles. 

 
2.4 Results and discussion 
 
2.4.1 Synthesis and characterization of the DNA-lipids conjugates 

 The DNA-lipids were synthesized by reaction of the activated N-

hydroxysuccinimide (NHS) esters of carboxylic acid of different lengths 

with the 5’-amino-modified oligonucleotide (Scheme 1). As a negative 

control we also synthesized oligonucleotide-lipids that are unable to 

assemble into a G-4 structure (5’-TTTTT-3’). After purification by reversed-

phase HPLC, the conjugates were characterized by UPLC-MS (Table 2). 

 

 
Scheme 1. Synthesis of the alkyl-functionalized oligonucleotides. 

  

The purified oligonucleotide-lipids were assembled into a G-4 by 

annealing in buffer (30 mM Tris-HCl, 80 mM KCl, pH=7.2) and 

subsequently analysed by CD spectroscopy to confirm the formation of G-

4 (Figure 3a). The CD spectra of the oligonucleotide-lipids showed a 

positive band at 260 nm and a negative band at 240 nm, characteristic of 

a tetramolecular parallel G-4.25,26 For the control conjugates, a negative 
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band near 250 nm and a positive band near 280 nm were observed, 

confirming that in this case no G-4 structure was formed. 

Next, we set out to study the aggregation behavior of our 

oligonucleotide-lipid conjugates in solution. Cryo-TEM studies showed 

that the G-4 surfactants are self-assembling in structures that because of 

their size can be attributed to micelles (Figure 2a-c). DLS measurements of 

the C16-GGGTT and C18:1-GGGTT surfactants confirmed the presence of 

aggregates with 1-3 nm average radius. In contrast, no micellar structures 

were detected for the conjugates with the 5’-TTTTT-3’ sequence (Figure 

2), which suggests that either under these conditions micelles are not 

formed, or they are too small to be observed. This result highlights that 

the assembly of the oligonucleotide headgroup into a G-4 is important for 

the self-assembly of the surfactants and hence in favouring micelles 

formation. 

The critical micelle concentration (CMC) of the DNA-lipid conjugates 

was determined using Nile Red as fluorescent probe. Nile Red has been 

extensively utilized to monitor the phase behaviour of amphipiles, due to 

its sensitivity to the polarity of the microenvironment.27,28 In particular, Nile 

Red shows a consistent change in the maximum of its emission (λmax) at 

surfactant concentrations above the CMC. By plotting the λmax of Nile Red 

as a function of the conjugates concentration we were able to estimate 

their CMC, as shown in Figure 3b. It was observed that the CMC is 

dependent on the length of the hydrophobic tail of the surfactants. In fact, 

the CMC of C18:1-GGGTT (1 μM) is one order of magnitude lower than that 

of C12-GGGTT (10 μM). When comparing DNA-lipids with the same 

hydrophobic part  but different in the hydrophilic headgroup, the G-4 

surfactants have lower CMC. This results  confirmed that the presence of a 

G-4 forming sequence in the surfactants headgroup leads to a stabilization 

of the self-assembly: the CMC is significantly higher when the G-4 is not 

formed (10 μM for C12-GGGTT; 50 μM for C12-TTTTT).  
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Figure 3. (a) CD spectra of the G-4 conjugates dissolved in 30 mM Tris-HCl, 80 mM 
KCl pH=7.2 at 25 ˚C. C= 30 μM (b) CMC determination of the oligonucleotide-lipids in 
Tris 30 mM KCl 80 mM pH=7.2 incubated with 2.5 μM Nile Red. 

 

Figure 2. Cryo-TEM images of (a) C12-GGGTT, (b) C16-GGGTT, (c) C18:1-GGGTT, (d) 
C12-TTTTT. Scale bar represents 50 nm. (e) Dynamic light scattering (DLS) 
measurement of C18:1-GGGTT. 
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Both cryo-TEM studies and the measured CMCs demonstrate that the 

assembly of the headgroup into a G-4 contributes significantly to micelle 

formation. Moreover, the G-4 structure formed on the micelles still 

maintaines its recognition function. This was demonstrated by the 

interaction of the G-4 lipid conjugates with TMPyP4 (meso-tetrakis(4-(N-

methylpyridinium-4-yl))porphyrin), a cationic porphyrin that selectively 

binds to the quadruplex structure14,29 (Figure 4). Upon titration of the G-4 

micelles to a solution of TMPyP4, the intensity of the Soret band of the 

porphyrin (422 nm) decreased (41% hypochromicity). This, together  with  

the observed bathochromic shift (11 nm), are clear indications of the π-

stacking interaction between the G-4 and the porphyrin, as previously 

reported.30 In agreement with this results, no change in the UV/Vis 

absorption was detected in the case of C12-TTTTT, which does not form 

the G-4 structure. 

 
Figure 4. UV/Vis absorption spectra of a solution of TMPyP4 upon titration with 
increasing amounts of (a) C12-GGGTT and (b) C12-TTTTT. 

 
2.4.2 Triggered cargo release by destabilization of the G-4 

Based on these results we envisioned that destabilization of the G-4 

would cause a decrease in the stability of the micelles and potentially to 

their disruption, allowing the release of a cargo. Toward this end, a new 

conjugate with a longer oligonucleotide sequence on the 3’ terminus 

(Table 1) was synthesized (C18:1-OL1), such that the addition of a 

complementary strand would result in the disassembly of the G-4 and 

formation of duplexes. Also in this case, we synthesized a similar conjugate 

(C18:1-OL2) as a negative control. 
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Table 1. Sequences of the oligonucleotides used for the cargo release studies.  

Name Sequence (5’-3’) 

C18:1-OL1 C18:1-GGGTTTAAGTGTAGTT 

C18:1-OL2 C18:1-TTTTTTAAGTGTAGTT 

c-OL1 AACTACACTTAAACCC 

c-OL2 AACTACACTTAAAAAA 

OL3 GACATGTCTGACCTTG 

 

Using native polyacrylamide gel electrophoresis it was confirmed that 

indeed the presence of a complementary sequence destabilizes the G-4. 

In fact the band of C18:1-OL1 (Figure 5, lane 3) disappeared after 

incubation with the complementary oligonucleotide c-OL1 (lane 7) while a 

new band appeared, suggesting disassembly of the G-4 and formation of 

the duplex. Moreover the gel shows that the	presence of the alkyl chain 

promotes the formation of the G-4 for long oligonucleotides, as can be 

seen by the different retention of the bands in lane 1 (OL1) and lane 3 

(C18:1-OL1). The presence of extra non G-bases at the 3’-terminus of the 

oligonucleotide sequence has a detrimental effect on the kinetics of G-4 

formation.31 In contrast, the modification of the oligonucleotide with lipid 

tails accelerates the tetramolecular G-4 formation, under the same 

conditions.24 The hydrophobic interactions between the lipid tails have a 

stabilizing effect on the G-4 structure. 

 
Figure 5. Monitoring the destabilization of the G-4 using native 10% polyacrylamide 
gel electrophoresis. Lane 1: OL1; Lane 2: OL2; Lane 3: C18:1-OL1; Lane 4: C18:1-OL2; 
Lane 5: c-OL1; Lane 6: c-OL2; Lane 7: C18:1-OL1 + c-OL1; Lane 8: C18:1-OL2 + c-OL2. 
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In order to estimate whether micelle stability was affected by disruption 

of the G-4, we monitored the release of hydrophobic probes from the core 

of the micelles over time by measuring Förster resonance energy transfer 

(FRET) efficiency. A well know FRET pair23,32,33 was chosen, where 3,3’-

dioctadecyloxacarbocyanine perchlorate (DiO) acts as donor and 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI) acts as 

acceptor. When both dyes are encapsulated in one micelle, excitation at 

450 nm (excitation of the donor) will result in energy transfer due to their 

close proximity, leading to fluorescence emission at 575 nm (emission of 

the acceptor). In contrast, when the micelles disassemble, the two dyes are 

released and a decrease in the FRET efficiency is expected (Figure 6).  

The fluorescence experiments were performed on samples of C18:1-OL1 

and C18:1-OL2 dissolved in a solution of bovine serum albumin (BSA) in PBS 

(45 mg/mL) at 37 ˚C with λex = 450 nm, monitoring the emission in the 

range of 465-700 nm. Encapsulation of the dyes inside the micelles was 

confirmed by UV/Vis (Figure 7d). The use of BSA is necessary to avoid 

precipitation of the dyes after release from the hydrophobic core of the 

micelles. 

The FRET assay indicated a significant difference between C18:1-OL1 

and C18:1-OL2 (Figure 7). In fact while in the G-4-forming micelles C18:1-OL1 

energy transfer between the two dyes was observed, no FRET was 

detected in case of C18:1-OL2, suggesting that the micelles formed in this 

case are not stable enough to keep the two probes in close proximity of 

each other. For C18:1-OL1 a small decrease in the FRET efficiency is initially 

observed, probably due to the release of some of the dye molecules from 

the micelles when diluted in the BSA solution. After 60 min the FRET ratio 

no longer changed, suggesting that equilibrium is reached and the 

micelles are stable in these conditions for at least 4h (Figure 7 and Figure 

8, black). 
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Figure 6. Schematic representation of the FRET experiment. When both dyes DiO/DiI 
are encapsulated energy transfer occurs. Upon addition of the complementary 
oligonucleotide the dyes are released causing a loss of the FRET efficiency. 

 

Figure 7.  Fluorescence emission spectra of FRET pairs (DiO and DiI) encapsulated in 
the C18:1-OL1 micelles for 300 mins. λex=450 nm, T=37 °C. (a) C18:1-OL1 micelles; (b) 
C18:1-OL1 micelles upon addition of the complementary strand. Addition was done 
after 60 min and coincides with a decrease of the band at 575 nm and an increase of 
the band at 510 nm. (c) C18:1-OL2 did not show any energy transfer between the two 
dyes after 300 mins. (d) UV/Vis measurements to confirm the encapsulation of the dyes 
into the micelles. Samples were diluted in 10 mM Tris-HCl, 80 mM KCl, 5 mM MgCl2 
pH=7.2. For comparison also micelles with only DiO (black line) or DiI (blue line) were 
prepared with the same procedure. 
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Upon addition of an equimolar amount of the complementary 

oligonucleotide the stability of the C18:1-OL1 micelles is decreased, as can 

be observed by the change in the fluorescence emission spectra (Figure 

7b). The fluorescence intensity at 575 nm significantly decreased, while the 

emission of the donor at first slightly decreased and then increased. The 

initial decrease could be related to the burst release of the dyes located at 

the hydrophobic-hydrophilic interface in the micelles, as observed by 

others32.	 	Moreover, the maximum of the emission is shifting from 510 nm 

to 505 nm, indicating a change in the local environment of the probe. The 

FRET ratio, I575/(I575 + I510), was calculated to monitor the relative peak shift 

between I510 (the emission of DiO) and I575 (the emission of DiI). Upon 

addition of the complement, the FRET ratio of C18:1-OL1 showed a 

significant decrease (Figure 8, purple). This confirmed that the presence of 

the G-4 in the system could be used to tune micelle stability. In fact, when 

the oligonucleotide headgroups are not able to assemble in a G-4 due to 

hybridization, the micelles release the encapsulated dyes.  To support this, 

we tested whether the incubation with a non-complementary strand would 

affect the FRET ratio (Figure 8, orange) but in this case no change is 

observed and the behavior is similar as in the control experiment (Figure 8, 

black).  

 
Figure 8. Graph of normalized FRET ratio upon addition of 1 equivalent of antisense 
oligonucleotide. Addition of an oligonucleotide that can hybridize with the hydrophilic 
headgroup of the micelles forming a duplex (purple) determines a significant change in 
the FRET efficiency. On the contrary an oligonucleotide that does not interact with the 
G-4 (orange) doesn`t affect stability of the micelles and the plot resembles the one of 
C18:1-OL1 alone (black).  
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2.5 Conclusions 
 

In conclusion, we presented a novel and simple design of DNA G-4 

micelles. Cryo-TEM studies and CMC determination showed how the 

assembly of the oligonucleotide headgroup into a G-4 plays an important 

role in determining micelle formation. The modulation of the stability of 

the micelles proved to be possible by introduction of a complementary 

strand that causes disassembly of the G-4 micelles and release of 

encapsulated dyes. We envision that application of this design in a more 

complex system could provide new possibilities for modulation of the self-

assembly in DNA-based nanodevices, which could be responsive to 

specific analytes, i.e. by employing DNA aptamers, or exploiting different 

stimuli. 

 

2.6 Experimental section 
 

2.6.1 General remarks 
Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Synthetic oligonucelotides were purchased 

from Biotez Berlin-Buch GmbH. Oligonucleotide concentrations were 

measured using Nanodrop 2000 (Thermo Fisher Scientific). Extinction 

coefficients of the oligonucleotides (ε260) have been calculated by Oligo 

Analyzer 3.1 from IDT (Integrated DNA Technologies). Reversed-phase HPLC 

(RP-HPLC) purifications were performed on a Shimadzu LC-10AD VP using 

Xbridge Prep C8 column (10 x 150 mm, particle size 5 μm) from Waters 

Corporation. 0.1 mM triethylammonium acetate (TEAA) at pH=7.0 (solvent A) 

and acetonitrile (solvent B) were used as the mobile phase at a flow rate of 1 

mL/min. Gradient: 5% B for 5 min, linear gradient to 90% B in 5 min, to 100% 

B in 10 min, isocratic for 5 min. Re-equilibration of the column at 5% B for 5 

min. The column was heated to 65 ˚C. UPLC-MS on the conjugates was 

performed on an Acquity TOF Detector (ESI TOF- MS) coupled to Waters 
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Acquity Ultra Performance LC using a Acquity BEH C4 (1.7 µm 2.1 x 150 mm). 

15 mM TEAA at pH=7.2 (solvent A) and methanol (solvent B) were used as the 

mobile phase at a flow rate of 0.2 mL/min. Gradient: 95% A for 5 min, linear 

gradient to 5% A in 5 min. Re-equilibration of the column at 95% A for 4 min. 

The column was heated to 60˚C. The ESI ion source was operated in negative 

mode and mass spectra were collected between 200 and 3000 m/z. UPLC-MS 

chromatograms were analyzed with MassLynx V4.1. Circular dichroism (CD) 

and UV-visible spectra were recorded on Jasco J-815 Spectropolarimeter and 

Jasco V-660 Spectrophotometer, respectively. Fluorescence was recorded on 

a Jasco FP-8300 Spectrofluorometer. 

 
2.6.2 Synthesis of the N-hydroxysuccinimidic esters 

The carboxylic acid (3 mmol, 1 eq) and N-hydroxysuccinimide (3.3 mmol, 

1.1 eq.) were dissolved in 20 mL dichloromethane under N2 atmosphere. Thus 

EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) (3.3 

mmol, 1.1 eq) was added to the mixture in two portions. The reaction was 

stirred overnight. The mixture was extracted with H2O (2 x 30 mL) and then 

washed with brine (2 x 30 mL). The organic layer was dried over MgSO4 and 

the solvent was evaporated under reduced pressure. The residual solid was 

recrystallized from EtOH. The obtained white crystals were dried overnight 

under vacuo (yields 50-80%). The C18:1 ester was purified by flash column 

chromatography using dichloromethane as eluent (yield 50%).  

 

n = 10. 1H-NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.26-1.32 (m, 

14H), 1.37-1.44 (m, 2H), 1.74 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.80 (s, 4H). 

 

n = 12. 1H-NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.26-1.32 (m, 

18H), 1.37-1.44 (m, 2H), 1.74 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.80 (s, 4H). 

 

n = 14. 1H-NMR (400 MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, 3H), 1.26-1.32 (m, 

22H), 1.37-1.44 (m, 2H), 1.74 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.80 (s, 4H). 

 

n = 16:1. 1H NMR (400 MHz, CDCl3) δ 0.88 (t, J = 6.8 Hz, 3H), 1.22 – 1.44 (m, 

20 H), 1.74 (m,  2H), 1.97 – 2.06 (m, 4H), 2.60 (t, J = 7.5 Hz, 2H), 2.83 (d, J = 

3.3 Hz, 4H), 5.29 – 5.40 (m, 2H).  
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Figure 9.Structure of C16:1 –NHS ester 

 
2.6.3 Synthesis of the DNA-lipids conjugates 

The amino-modified oligonucleotide was solubilized in 350 μL of 200 mM 

NaH2PO4 pH=8.5 (350 μM) and 250 μL of the alkyl N-hydroxysuccinimyl-ester 

in DMF (20 mg/mL) were added. The reaction was stirred overnight at 37 ˚C or 

70 ˚C when precipitation of the alkyl NHS-ester occurred. The functionalized 

DNA was purified by size exclusion chromatography (NAP-10, GE Healtcare) 

using triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The lyophilized 

conjugates were subsequently purified by RP-HPLC and analyzed by UPLC-MS 

(TOF). 
 
Table 2. ESI(-) of the synthesized DNA-lipid conjugates from UPLC-MS 

DNA-lipid conjugate 
 

MWobserved (Da) MWcalculated (Da) Rt (min) 
C12-GGGTT 1851.2 1850.5 8.0 
C14-GGGTT 1880.2 1878.8 8.8 
C16-GGGTT 1908.2 1909.5 9.5 
C18:1-GGGTT 1934.2 1935.6 9.7 
C12-TTTTT 1775.9 1778.4 9.1 
C18:1-TTTTT 1860.3 1860.5 9.8 
C18:1-GGGTTTAAGTGTAGTT 

 

 

5380.1* 5383.8 8.7 
C18:1-TTTTTTAAGTGTAGTT 

 

5304.5* 5308.8 8.8 
C18:1- GGGTTCACCTGGA 

 

4391.4* 4392.2 

 

8.4 
*calculated from observed [M-2H]2- or [M-3H]3-

 

 
2.6.4 Annealing procedure for the G-4 formation 

The purified DNA-lipids were solubilized in 30 mM Tris-HCl, 80 mM KCl, 

pH=7.2 and then heated to 90˚C for 15 min. The solution was slowly cooled to 

room temperature and then stored at 4˚C overnight. 

 
 
2.6.5 General procedure for CD measurements 

The CD measurements were performed after annealing of the samples. 

The CD signal was measured in the range between 220 nm and 350 nm in 
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continuous mode. The measured CD spectra were corrected for the 

concentration of the samples using the following equation: 

𝜃 =
100× 𝜃
𝐶 × 𝑙 

  [𝑐𝑚!𝑑𝑚𝑜𝑙!!] 

where is the θ ellipticity in degrees, 𝐶 is the concentration in M and 𝑙 is the 

path length in cm.  

 
2.6.6 Critical micellar concentration (CMC) determination 

A 2.5 mM Nile Red stock solution was made in ethanol and diluted 1000-

fold in the DNA-lipid sample in 30 mM Tris-HCl, 80 mM KCl, pH=7.2. The 

samples were annealead before fluorescence measurements. 

Nile Red fluorescence was measured at different concentrations of the 

samples using excitation at 550 nm. Fluorescent emission was measured from 

600 nm to 700 nm at 1 nm intervals. The Nile Red emission maximum (λ max) 

was calculated using a log-normal fit.34 

 
2.6.7 Cryo-transmission electron microscopy (cryo-TEM) 

A 3µl solution was put on a Quantifoil (3.5/1) holy carbon coated grid. The 

grid was blotted and vitrified in ethane in a Vitrobot (FEI, Eindhoven, The 

Netherlands). The grids were observed in a Philips CM120, operating at 120 

keV using a Gatan (model626) cryo-stage. Images were recorded with a slow 

scan CCD camera under low-dose conditions.   

 
2.6.7 UV/Visible titrations of TMPyP4 with DNA-lipids conjugates 

The binding of the micelles with the cationic porphyrin meso-5,10,15,20-

Tetrakis-(N-methyl-4-pyridyl)porphine (TMPyP4) was assessed by UV/Vis 

titrations. A stock solution of TMPyP4 was prepared by dissolving the solid 

in30 mM Tris-HCl, 80 mM KCl, pH=7.2. A working solution of 3 μM was 

prepared by diluting the stock in the same buffer. The prepared solution of 

TMPyP4 was titrated with a solution of DNA-lipid conjugates (200 μM single 

strand, 50 μM G-4). UV/Vis spectra were recorded at room temperature from 

220 nm to 500 nm. 
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2.6.8 Native polyacrylamide electrophoresis (PAGE)  
Electrophoresis experiments were performed according to standard 

procedures with 10% polyacrylamide gels (acrylamide-bis acrylamide 19:1, 

40% w/v). 1 mM KCl was added to both the gel and the running buffer (1x 

TBE). The samples were prepared in 30 mM Tris-HCl, 80 mM KCl, pH=7.2 

(concentration: 15 μM) and annealed beforehand. The gel was run at 80 V for 

1.5 h at 4 ˚C and stained with Stains-All (Sigma Aldrich). 

 

2.6.9 Förster resonance energy transfer (FRET) experiment procedure 
The two dyes 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI), were 

suspendend in ethanol at 2 mg/mL. The DNA-lipid conjugates were also 

dissolved in ethanol and 5 wt% of each dye was added to the samples. The 

ethanol was evaporated in a vacuum concentrator, resulting in a thin lipid film. 

The film was rehydrated with 25 mM NaHPO4, 50 mM KCl pH=7.2 to reach a 

final concentration of 1 mg/mL. The mixture was heated to 65 ˚C for 15 mins 

and then cooled slowly to room temperature. The sample was centrifuged in 

tube filters with a pore size of 0.45 μm to remove aggregates and 

encapsulation of the dyes was confirmed by UV/Vis (Fig. 7d). For fluorescence 

experiments the samples were diluted in 90% bovine serum albumin (BSA) in 

PBS (50 mg/mL in 15 mM NaHPO4, 150 mM NaCl). The concentration of the 

DNA-lipids was 18 μM. The fluorescence was measured in a quartz cuvette 

with 1.0 cm path length. The samples were excited at 450 nm and emission 

was measured from 465 nm to 700 nm for 5 hours at 37 ˚C. The 

complementary oligonucleotide (1 eq) was added after 60 mins and mixed by 

pipetting up and down. FRET efficiency was measured by calculating the FRET 

ratio (I575/(I575 + I510) at each time point to monitor micelle stability. 
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ABSTRACT 
 

In this chapter, the previously discussed design of DNA G-quadruplex 

micelles was further investigated to obtain cargo release triggered by a 

small molecule. The ATP-binding aptamer was engineered to assume a 

hairpin conformation, with the stem region partially complementary to 

the micelles oligonucleotide headgroup. The formation of the 

aptamer-target complex induces a conformational change in the 

hairpin structure that promotes the hybridization of the complementary 

strands, thus leading to cargo release. The rational optimization of the 

molecular aptamer beacon design that led to the intended responsive 

system is discussed. 
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3.1 Introduction 
 

3.1.1 Molecular beacons 
Simplicity of synthesis, biocompatibility and predictable self-assembly 

make nucleic acids unique templates for the development of novel 

nanodevices with various applications, such as biosensing, bioimaging and 

therapy. In particular engineering of DNA molecules has proven to be 

advantageous to construct molecular probes able to recognize target 

nucleic acids or other molecules, such as proteins and small molecules.1 

Tyagi and Kramer2 reported in 1996 the first examples of molecular 

beacons (MBs). MBs are precisely designed DNA hairpin structures that 

can recognize and report the presence of specific nucleic acids in solution. 

These probes are formed by a single-stranded oligonucleotide and their 

structure is characterized by three portions: the loop, the stem and the 

reporter molecules (Figure 1). The loop domain determines the MB 

specificity, since it contains the target-binding region and its length ranges 

from 15 to 30 nucleotides. The stem region is formed by two short 

complementary sequences and it functions as a ‘lock’ to maintain the MB 

hairpin structure closed in the absence of a target. The reporter generally 

consists of a fluorophore and a quencher, attached to the opposite ends 

of the MB. In the absence of the target, the stem locks the MB structure 

and the fluorescence is quenched, due to the close proximity of the two 

dyes. Upon hybridization with the target DNA or RNA molecule, the 

hairpin opens and fluorescence is turned on.  

 
Figure 1.  Schematic representation of the structure and recognition mechanism of a 
molecular beacon. 
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MBs are characterized by high selectivity and specificity and allow for 

real-time detection of nucleic acids. For these reasons, MBs are widely 

employed in biosensing, bioimaging and therapy.1,3–6 

The loop region of MBs is responsible for its recognition properties. By 

incorporating an aptamer sequence in this region, the targets scope can 

be expanded from nucleic acids to small molecules or proteins. Aptamers 

are single-stranded oligonucleotides that bind to a target molecule with 

high affinity and selectivity. The aptamer sequence is generally isolated 

from an in vitro selection process called systematic evolution of ligands by 

exponential enrichment (SELEX).7,8 This technique uses large combinatorial 

libraries of oligonucleotides, which are exposed to the target ligand, such 

as a protein or a small molecule. After iterative cycles of selection and 

amplification, only the sequence that binds to the target with higher 

affinity is isolated.  

Molecular aptamer beacons (MAB) combine the mechanism of signal 

transduction typical of MBs with the binding specificity of aptamers.9,10 The 

aptamer can be incorporated into the classical stem-loop structure, 

however for some aptamers the constricted conformation determines a 

decrease in the binding affinity. A different approach is based on the 

functionalization of the aptamer with the reporter molecules, without 

requiring the formation of the hairpin structure. The binding of the 

aptamer with the target molecule often determines conformational 

rearrangements in its secondary structure, which can be transduced in 

changes in the fluorescence signal. Several aptamer-based sensors have 

been developed for the detection of a wide range of molecules, such as 

drugs, proteins or other organic or inorganic molecules. 11–14  

Fluorophore-labeled MBs present some drawbacks related to the high 

costs of DNA labeling and limited availability of the probes. Additionally, 

the binding affinity towards the target can be decreased due to the 

chemical modification of the scaffold. Therefore, to overcome these 

problems ‘label-free’ strategies have been developed. A widely used 

strategy is based on the combination of MBs with G-quadruplex 

DNAzymes.15–18 Teller et al. designed an aptamer-DNAzyme hairpin for the 
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colorimetric detection of a small molecule (adenosine monophosphate, 

AMP) or a protein (lysozyme).19 The MAB consisted of an aptamer 

sequence attached to horseradish peroxidase (HRP)-mimicking DNAzyme 

sequence. In the absence of the analyte the scaffold assumes a stem-loop 

structure, preventing the folding of the DNAzyme into its active 

conformation. The binding of the aptamer with its target results in the 

uncaging of the DNAzyme from the stem region and generates the 

colorimetric readout (Figure 2a).  

 

3.1.2 DNA-based ATP sensing 
Adenosine triphosphate (ATP) also referred as the ‘molecular unit of 

currency’ of intracellular energy transfer, plays a critical role in the 

regulation of cellular metabolism.20 The detection of ATP is highly 

important for biochemical purposes and for clinic diagnosis.  

The ATP-binding aptamer (ABA) is a 27-mer oligonucleotide and binds 

to ATP with a Kd of ~ 6 μM and with a similar affinity to AMP and 

adenosine.21 Upon target binding, the structure of ABA switches from a 

single stranded conformation into a G-quadruplex (G-4) formed by two 

stacked G-quartets and two flanked double-helix stems. The proposed 

binding site for ATP is located between two adenosine residues adjacent 

to the upper G-quartet (Figure 2b). ABA is extensively employed in the 

design of DNA-based sensors for ATP.22 

Even if several signaling strategies, based on colorimetry23,24 or 

electrochemistry25–27, have been developed, fluorescence signaling 

remains the preferred approach because of its simplicity and the large 

selection of available dyes that can be readily attached to DNA. However, 

labeling of the aptamer with fluorescent dyes may lead to a significant loss 

in their affinity and specificity. For this reason, alternative strategies are 

employed, requiring labeling on a second DNA strand which interacts with 

ABA and acts as a fluorescence reporter of its conformational changes 

upon ATP binding.14,28 Additionally, ‘label-free’ ABA-sensors have been 

developed, which employ photoactive compounds or intercalating dyes to 

detect the binding between the aptamer and ATP.29–31 Recently, Wang et 
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al. reported a label-free approach using Thioflavin T (ThT) for the 

detection of ATP.32 ThT is a fluorescent ligand of ABA but with lower 

affinity (Kd ~ 89 μM) compared to ATP. The addition of ATP generates a 

conformational change in the structure of ABA, reducing the interaction 

with ThT and leading to a decrease in its fluorescence emission (Figure 

2c).  

The development of novel ATP-sensing system is of particular interest 

for the detection of intracellular levels of ATP, cell imaging or drug 

delivery. However the use of MB-based nucleic acids probes in vivo is 

challenging due to inefficient cell internalization and oligonucleotide 

degradation. Generally, functionalization of gold nanoparticles (AuNPs) 

with oligonucleotides is the strategy used to enhance stability and cellular 

uptake, but it is limited by their cytotoxicity at high concentrations.33–35 

Özalp et al. designed an ATP-responsive MAB on the surface of 

mesoporous nanoparticles as nanovalves for drug delivery.36 In the 

presence of ATP, the aptamer hairpin switches its conformation from 

duplex to single stranded DNA in the region of the molecule close to the 

surface. Due do the different thickness of the two conformations, the guest 

molecules are released selectively upon target binding (Figure 2d). 

 
Figure 2. (a) Aptamer-DNAzyme hairpin for the colorimetric detection of AMP.19 
Picture adapted from ref.1 with permission. (b) Structure of the ATP aptamer. The 
arrows indicates the binding regions of ATP.21 Picture adapted from ref. 22 with 
permission. (c) The principle of ThT for label-free aptamer-based ATP detection. 
Picture adapted from ref. 32 with permission. (d) Aptamer-capped mesoporous silica 
nanoparticles for ATP-triggered drug delivery. Picture adapted from ref. 36 with 
permission. 
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3.2 Aim  
 

In this study, we aimed to develop a DNA-based system responsive to 

ATP. In the previous study, discussed in Chapter 2, DNA G-4 micelles 

were designed and we showed that the G-4 motif plays an important role 

in their stability. Cargo release was obtained by hybridization of the 

oligonucleotide headgroup with its complementary strand. Based on these 

findings, a similar design was employed in combination with a structure-

switching DNA aptamer as the DNA exchange strand, to achieve selective 

cargo release in the presence of ATP.  
 

 
Figure 3. (a) Design of the DNA hairpin composed of the ATP-binding domain (in 
blue) and the responsive domain (in red). An extra sequence  (regulation domain, in 
grey) is added to modulate the equilibrium between the two conformations. (b) In the 
absence of ATP, the responsive domain is locked and the interaction with the 
complementary strand in the G-4 micelles is disfavored. (c) When ATP binds to the 
recognition domain, the structure of the hairpin rearranges, exposing the responsive 
domain. This promotes the hybridization of the responsive domain with its 
complementary strand, leading to micelle disruption and release of the cargo. 

 
3.3 Design 

 

The proposed strategy to achieve selective cargo release in the 

presence of ATP envisages the employment of the ATP-binding aptamer, 
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accurately engineered to assume a hairpin structure that can change its 

conformation upon ligand binding. The hairpin is composed of: (a) the 

ATP-recognition domain; (b) the responsive domain, that interacts with the 

DNA headgroup of the micelles; and (c) the regulation domain that 

modulates the equilibrium between the two conformations of the hairpin. 

In the absence of ATP, the hairpin is preferentially in a locked 

conformation that inhibits the responsive domain to interact with the G-4 

micelles. Conversely, upon binding of ATP the hairpin structure is 

rearranged, liberating the responsive domain, which can hybridize with the 

G-4 micelles, leading to cargo release (Figure 3)  

 
3.4 Results and discussion 

 

Three different designs of MABs were investigated. The 

oligonucleotide sequences of the MABs employed in each design are 

reported in Table 1. 

 

3.4.1 First design 
In our first design, we constructed the ATP aptamer hairpin by 

lenghtening the original sequence on both the 5’and 3’termini. 

Specifically, a complementary sequence to the headgroup of the G-4 

micelles was appended on the 3’end (responsive domain), while an extra 

strand was attached to the 5’end (regulation domain). The complementary 

sequence represents the responsive domain of the hairpin, being 

responsible of the hybridization with the G-4 micelles and subsequently 

allowing the release of the dye. The regulation domain was designed to 

maintain the conformation of the hairpin locked before the addition of 

ATP, due to its hybridization with part of the responsive domain. One of 

the main prerequisite in designing such a system is that the duplex in the 

hairpin stem needs to be more stable than the duplex formed by the 

responsive domain and its complement maintaining the hairpin structure 

closed in absence of the ligand. Neverthless, it should still allow the 

conformational change of the aptamer and the hybridization with the 
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micelles headgroup upon ligand binding. This would result in the selective 

dye release in the presence of ATP. 

 
Table 1.  Oligonucleotide sequences used in the MAB design. The ATP-binding 
domain is indicated in bold; the responsive domain is underlined and mismatches on 
the regulation domain are indicated in italic. 

Name Sequence (5’-3’) 

First design: lipid-G-4 micelles C18:1-OL1 (C18:1- GGGTTTAAGTGTAGTTAA) 

ABA-1 AGCGTAATTATGAACCTTCCTGGGGGAGTATTGCGGAGGAAGGTTCT
TAACTACACTTAAACCC 

ABA-2 AGCGTAATTAAGAATCTTCCTGGGGGAGTATTGCGGAGGAAGGTTCT
TAACTACACTTAAACCC 

Second design: lipid-G-4 micelles C18:1-OL2 (C18:1- GGGTTCACCTGGA) 

ABA-3 GTGTGCACCTGGGGGAGTATTGCGGAGGAAGGTTCCAGGTGTACCC 

ABA-4 GTCACCTGGGGGAGTATTGCGGAGGAAGGTTCCAGGTGACCCC 

ABA-5 TGCACCTGGGGGAGTATTGCGGAGGAAGGTTCCAGGTGCACCC 

Third design: lipid-G-4 micelles C18:1-OL2 (C18:1- GGGTTCACCTGGA) 

ABA-6 CACCTGGGGGAGTATTGCGGAGGAAGGTTCCAGGTGAACCC 

ABA-7 CACCTGGGGGAGTATTGCGGAGGAAGGTTCCAGGAGAACCC 

ABA-8 CACCTGGGGGAGTATTGCGGAGGAAGGTTCCAGGTGTACCC 

 

Initially, two similar designs (ABA-1 and ABA-2) were studied, both 65-

mers. The responsive domain is formed in both cases by a 18-mer 

perfectly complementary to the oligonucleotide headgroup of the 

micelles. To decrease the energy gap between the closed and the open 

conformation of the hairpin, we introduced 3 mismatches in the regulation 

domain for both ABA-1 and ABA-2 (Figure 4 and Table 1 for the 

sequences).  
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Figure 4.  Schematic representation of the first design MABs (a) ABA-1 and (b) ABA-2. 
The pale blue dots indicate the position of the mismatches in the regulation domain. 
 

The designed MABs were tested using native polyacrylamide gel 

electrophoresis (Figure 5a) to study the destabilization of the G-4 micelles 

in the presence of ATP. ABA-1 was incubated with the preformed G-4 

micelles of C18:1-OL1, showing no micelle destabilization in the absence of 

ATP (lane 3). In fact, the upper band, corresponding to the G-4 micelle in 

the gel, didn’t display any change. The same was observed when 5 mM 

ATP were added to the solution of ABA-1 and C18:1-OL1 (lane 5), indicating 

that the G-4 micelles are still stable under these conditions.  

 
Figure 5. (a) Monitoring the destabilization of the G-4 using native 10% 
polyacrylamide gel electrophoresis. Lane 1: ABA-1; lane 2: C18:1-OL1; lane 3: C18:1-OL1 
+ ABA-1; lane 4: ABA-1 + ATP; lane 5: ABA-1 + ATP + C18:1-OL1; lane 6: C18:1-OL1 + 
ATP. (b) Normalized FRET ratio of the G-4 micelles in presence of ABA-1 alone (dark) 
or upon addition of 5 mM ATP (purple).  
 

To confirm these results, the release of hydrophobic probes from the 

core of the micelles over time was monitored by measuring Förster 

resonance energy transfer (FRET) efficiency. The FRET pair that was chosen 

consisted of 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO, donor) 

and 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 
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(DiI, acceptor). When both dyes are encapsulated in one micelle, 

excitation at 450 nm (excitation of the donor) will result in energy transfer 

due to their close proximity, leading to fluorescence emission at 575 nm 

(emission of the acceptor). In contrast, when the micelles disassemble, the 

two dyes are released and a decrease in the FRET efficiency should be 

observed. The fluorescence experiments were performed on samples of 

C18:1-OL1 dissolved in a solution of bovine serum albumin (BSA) in PBS (45 

mg/mL), pH 8.5 at 37 ˚C with λex 450 nm, monitoring the emission in the 

range of 465-700 nm. A pH of 8.5 was employed for this study, due to the 

described interaction between BSA and ATP at lower pH.37,38 During a 

typical experiment, the micelles fluorescence was monitored for 80 min 

before the addition of the MAB/MAB-ATP complex (Figure 5b).  

The FRET ratio did not display any significant change upon addition of 

ABA-1 and ATP, indicating that the dyes are not released from the 

hydrophobic core of the micelles. These results confirm that the DNA G-4 

micelles are not destabilized by the MAB, even in the presence of ATP. 

Similar results were obtained for ABA-2 (data not shown), indicating that 

none of the proposed designs are suitable for our purpose. A possible 

explanation for the results is most likely related to the decrease in affinity 

between the recognition sequence of the aptamer and the ATP. In fact, 

the increase in the overall length of the scaffold containing the aptamer 

sequence can lead to reduced binding with the target molecule. 

Moreover, the stems of the designed MABs are long and presumably the 

interactions between the two strands are too strong, which does not favor 

the conformational rearrangement of the hairpin.  

Thioflavin T (ThT) is a fluorescent ligand for ABA, used for sensing the 

binding of the aptamer with ATP (Figure 2c).32 The binding of ATP to ABA 

results in a decrease of the fluorescence emission of ThT, due to the 

reduced interaction of the aptamer with the fluorescent ligand. The 

fluorescence emission of ThT was measured after incubation with ABA-1 

and changes were detected upon addition of 5 mM ATP. As can be 

observed in Figure 6c, the native ATP-binding aptamer ABA promotes the 

fluorescence emission of ThT, but upon addition of ATP a dramatic 
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decrease of the fluorescence intensity is observed. The same experiment 

was performed for ABA-1 and ABA-2, resulting only in a modest decrease 

in fluorescence in the presence of the target molecule. These results 

evidence that the binding affinity between the aptamer and its ligand is 

reduced in the new constructs. This is most likely caused by the strong 

interaction between the two strands in the stem region that hinders the 

rearrangement of the aptamer to the active conformation for the binding 

to ATP.  

 
Figure 6. Fluorescence emission spectra of ThT complexed with (a) ABA-1 (b) ABA-2 
(c) ABA (dark) and upon addition of 5 mM ATP (purple). A significant decrease in 
fluorescence emission is observed mainly in the case of ABA, indicating high affinity 
between the aptamer and ATP. 

 

The outcomes of the performed experiments indicate that the 

proposed scaffolds are not suitable for achieving ATP-triggered cargo 

release.  

 

3.4.2 Second design 
 

 
Figure 7. Schematic representation of the MABs (a) ABA-3, (b) ABA-4 and (c) ABA-5. 
The pale blue dots indicate the position of the mismatches. 

 

The obtained results pointed out that the MAB scaffold should contain 

as little modifications as possible on the aptamer sequence, in order to 

reduce the detrimental effects on the aptamer binding affinity. Thus, two 
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new designs of the ATP-responsive MAB were conceived, decreasing the 

overall length of the scaffold from a 64-mer to a 46-mer (ABA-3) and a 43-

mer (ABA-4 and ABA-5) respectively. Özalp et al.36 employed a similar 

scaffold, which they incorporated on a nanomaterial as a nanovalve for 

drug delivery.  

Both the optimized designs consisted of the aptamer-binding sequence 

attached directly to the responsive domain on the 3’terminus (Table 1). 

The length of both the responsive domain and the regulation domain was 

reduced compared to the previous design. Specifically, the 

complementary sequence consisted of a 13-mer, while the regulation 

domain was significantly shortened to six nucleobases for ABA-3 and to 

three nucleobases for ABA-4 and ABA-5. Two mismatches were 

introduced in the regulation domain of ABA-3, to further destabilize the 

interaction of the duplex in the hairpin stem and promote the 

rearrangement in the presence of ATP. Moreover, in all the designs, a 

mismatch was introduced on the responsive domain, to decrease the 

possibility of the hairpin rearrangement in the absence of the target 

molecule.  

As for the previous design, studies on the destabilization of the G-4 

micelles formed by C18:1-OL2 were performed by native polyacrylamide 

gel electrophoresis and fluorescence (Figure 8). However, the experiments 

led to negative outcomes for the three scaffolds tested, indicating that the 

G-4 micelles are not destabilized upon addition of ATP. Specifically, the 

band corresponding to the G-4 micelles is still visible with the same 

retention in the gels, even in presence of both the MAB and ATP (lane 5). 

In addition, the fluorescence experiment indicates that the dyes 

incorporated in the micelles are not released upon addition of ATP, since 

the FRET ratio is stable. 
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Figure 8.  Monitoring the destabilization of the G-4 using native 10% polyacrylamide 
gel electrophoresis (a) ABA-3 and (b) ABA-5.  Lane 1: MAB; lane 2: C18:1-OL2; lane 3: 
C18:1-OL2 + MAB; lane 4: MAB + ATP; lane 5: MAB + ATP + C18:1-OL2; lane 6: C18:1-
OL2 + ATP. (c) FRET experiment to measure the ATP-triggered cargo release 
performed with ABA-4 and (d) ABA-5. Similar results were obtained with ABA-3. 

 

To gain further information about the affinity of the MABs for the target 

molecule, the fluorescence emission of ThT was measured with and 

without ATP (Figure 9). Both ABA-4 and ABA-5 did not show a significant 

decrease in the fluorescence emission of ThT upon addition of ATP, most 

likely indicating a reduced affinity between the aptamer and its ligand due 

to modifications on the scaffold. Interestingly, the fluorescence emission of 

ThT complexed with ABA-3 undergoes a 4-fold reduction in presence of 

ATP. This result shows that the aptamer retains some of its affinity towards 

ATP, despite of the lengthening of the recognition sequence. 

Nevertheless, this scaffold did not produce any destabilization of the G-4 

micelles. The presence of a mismatch on the responsive domain could 

give rise to a reduced interaction with the oligonucleotide headgroup of 

the micelle, therefore preventing the G-4 disruption. More studies are 

necessary to confirm the effects of a single mismatch on the 

thermodynamics of the system.  
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Figure 9. Fluorescence emission spectra of ThT complexed with (a) ABA-3 (b) ABA-4 
(c) ABA-5 (dark) and upon addition of 5 mM ATP (purple). 

 

3.4.3 Third design 
Based on the previous results, we optimized the MAB design to contain 

only the two essential regions of the scaffold: the recognition domain and 

the responsive domain. A single nucleobase is incorporated as modulation 

domain, which interacts with its complement only in the closed 

conformation of the hairpin. A new MAB scaffold was proposed (ABA-6) 

and two analogues containing mismatches (ABA-7 and ABA-8) were also 

investigated (Figure 10, Table 1 for the oligonucleotide sequences).  

 
Figure 10. Schematic representation of the MABs (a) ABA-6 and (b) ABA-7 and (c) 
ABA-8. The pale blue dots indicate the position of the mismatches. 
  

 Specifically, ABA-7 is characterized by a mutated nucleobase on the 

responsive domain, that is a mismatch for both the single strand in the 

hairpin stem and the oligonucleotide headgroup of the G-4 micelles. 

Conversely, ABA-8 has a mismatch at the end of the responsive domain 

that affects only its interaction with the G-4 micelle headgroup. 

The proposed MABs scaffolds were investigated first by native 

polyacrylamide gel electrophoresis (Figure 11). Both ABA-7 and ABA-8 did 

not give any destabilization of the G-4 micelles, since the corresponding 

band was still visible in the presence of ATP (lane 5). Differently, in the 

case of ABA-6 the gel indicated that the micelles are destabilized when 
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incubated with both the MAB and ATP (lane 5). In fact, the band 

corresponding to ABA-6 became less intense and a new band with lower 

retention appeared, suggesting that the hybridization between the MAB 

responsive domain and its complementary strand took place. The same 

band is also visible when ABA-6 and the G-4 micelles were incubated 

together in the absence of ATP (lane 3), indicating that the destabilization 

of the micelles is presumably occurring under these conditions. 

 
Figure 11. Monitoring the destabilization of the G-4 micelles using native 10% 
polyacrylamide gel electrophoresis (a) ABA-6 and (b) ABA-7. Similar results to ABA-7 
were obtained for ABA-8.  Lane 1: MAB; lane 2: C18:1-OL2; lane 3: C18:1-OL2 + MAB; 
lane 4: MAB + ATP; lane 5: MAB + ATP + C18:1-OL2; lane 6: C18:1-OL2 + ATP. (c) FRET 
experiment to measure the ATP-triggered cargo release performed with ABA-6 and (d) 
ABA-7 and ABA-8. The arrow indicates the time point at which the addition was done. 

 

The results obtained with ABA-6 indicate that this scaffold allows for 

the hairpin rearrangement to its open conformation. In order to quantify 

the G-4 micelles destabilization upon addition of ATP, we performed the 

FRET experiment with the G-4 micelles and the MABs. In the experiment 

with ABA-6, upon addition of ATP the micelles were immediately 

disrupted and the dyes were released (Figure 11c, purple). As already 

evidenced by the gel electrophoresis, destabilization of the micelles does 
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occur in the presence of ABA-6 without ATP but at a much slower rate and 

lower efficiency (Figure 11c, black). As control, ATP was added to the G-4 

micelles in the absence of the MAB but this had no effect on the FRET 

ratio, indicating that the observed decrease is produced by the 

simultaneous presence of ABA-6 and ATP. 
  

 
Figure 12.  Fluorescence emission spectra of ThT complexed with (a) ABA-6 (b) ABA-7 
(c) ABA-8 (black) and upon addition of 5 mM ATP (purple). 

 

The same experiment was carried out for ABA-7 and ABA-8, confirming 

the results obtained by gel electrophoresis (Figure 11d). The micelles 

treated with ABA-8 and ATP showed only a small destabilization 

compared to the control experiment, therefore suggesting that the 

introduction of a mismatch in the scaffold influences drastically the 

equilibrium between closed and open conformation of the hairpin.  
 

 
Figure 13. (a) Normalized FRET ratio over time measured for the DNA G-4 micelles 
responsive to ATP. In the presence of the MAB (ABA-6, black) the micelles are 
destabilized but at a slower rate than in the presence of 5mM ATP (purple). Upon 
addition of ATP, an immediate decrease of the FRET ratio is observed, indicating dye 
release. The response is specific for ATP, since the addition of GTP (orange) or CTP 
(blue) does not affect the stability of the micelles. (b) FRET experiment performed at 25 
°C.  

 

The affinity between the MABs and ATP was investigated using the ThT 

assay (Figure 12): ABA-6 showed a 4-fold reduction in the ThT 
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fluorescence emission in the presence of ATP, confirming that the ligand is 

still able to bind to the recognition sequence of the aptamer. The 

fluorescence emission was not altered significantly in the case of ABA-7 

and ABA-8, presumably indicating that the assumed conformation of the 

hairpin prevents the interaction between the aptamer and its ligand.  

The results obtained for ABA-6 demonstrate that this scaffold is suitable 

for achieving ATP-triggered cargo release. The FRET experiment proved 

that the destabilization of the G-4 micelles is faster and more efficient 

when ATP is added to the mixture. The selectivity for ATP was determined 

by performing the FRET experiment using two analogue nucleotides, 

guanosine-5’-triphosphate (GTP) and cytidine-5’-triphosphate (CTP). The 

results show that in this case the decrease in the FRET ratio is comparable 

to the system in absence of ATP, confirming that the system is selectively 

releasing the cargo in presence of ATP (Figure 13a). 

To reduce the destabilization of the micelles in presence of the MAB 

alone, the FRET experiment was performed at lower temperature (25 °C). 

Figure 13b shows that the FRET ratio is stable under these conditions and 

in the absence of ATP (black). Upon addition of 5 mM ATP, the FRET ratio 

decreases with a slower kinetics compared to the experiment at 37 °C, but 

reaching the same value at the final time point of the experiment. 

Therefore, under these conditions, the DNA G-4 micelles are not 

destabilized by the MAB and the dye release takes place only in the 

presence of ATP. 

 

3.5 Conclusions 
 

In conclusion, this chapter describes the design optimization of MABs 

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

cargo release. Different strategies have been investigated toward this 

goal. Native polyacrylamide gel electrophoresis and fluorescence studies 

were performed on the proposed scaffolds. Unfortunately, both the first 

and second design of MABs did not lead to successful destabilization of 

the micelles in the presence of ATP. The lack of destabilization might be 
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caused by the decreased affinity of the aptamer recognition sequence for 

its ligand, as proved by the ThT assay. The lengthening of the aptamer 

could hinder the hairpin rearrangement from its closed to open 

conformation, therefore preventing the binding of ATP. Based on the 

results obtained, a rational optimization on the scaffold was carried out, by 

reducing the overall length of the MAB and increasing the flexibility of the 

hairpin.  

The third design of MAB (ABA-6) proved to be a suitable scaffold for 

the intended goal. Fluorescence studies indicate that the DNA G-4 

micelles are significantly destabilized in the presence of both the MAB and 

ATP, with higher efficiency and rate than in the absence of ATP. The 

system proved to be selective for ATP, since it was not responsive to 

similar nucleosides triphosphate, such as GTP or CTP. Upon addition of 

ATP the hairpin readily switched its conformation from closed to open, 

liberating the responsive domain and favoring its hybridization with the 

oligonucleotide headgroup of the micelles. However, the addition of ABA-

6 alone promotes partially the opening of the hairpin, therefore leading to 

moderate micelle destabilization in the absence of ATP. To reduce this 

effect, the experiment was performed at lower temperature, resulting in 

negligible dye release prior to ATP addition.  

The presence of mismatches on the scaffold of ABA-6 led to complete 

lack of response of the G-4 micelles. It is conceivable that the mismatches 

decrease the extent of hybridization between the responsive domain of 

the hairpin and the headgroup of the micelles, therefore resulting in 

negligible dye release. Moreover, a detrimental effect of the mismatches 

on the ATP-binding affinity was observed in the ThT assay.  

In conclusion, a successful design of MAB for ATP-triggered cargo 

release from DNA G-4 micelles was developed. This DNA aptamer-based 

approach to G4-micelle disassembly is highly versatile and we envision its 

application to different targets or stimuli. Future studies are aimed to the 

optimization of the system in order to achieve micelle destabilization at 

lower concentrations of the trigger molecule. Nevertheless, the designed 
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MAB proved to be selective and efficient and holds great promises for the 

development of stimuli responsive DNA-based nanodevices.  

 

3.6 Experimental section 
 

3.6.1 General remarks 
Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Synthetic oligonucleotides were purchased 

from Biotez Berlin-Buch GmbH. Oligonucleotide concentrations were 

determined using Nanodrop 2000 (Thermo Fisher Scientific). Extinction 

coefficients of the oligonucleotides (ε260) were calculated by Oligo Analyzer 3.1 

from IDT (Integrated DNA Technologies). Reversed-phase HPLC (RP-HPLC) 

purifications were performed on a Shimadzu LC-10AD VP using a Xbridge 

Prep C8 column (10 x 150 mm, particle size 5 μm) from Waters Corporation. 

0.1 mM triethylammonium acetate (TEAA) at pH=7.0 (solvent A) and 

acetonitrile (solvent B) were used as the mobile phase at a flow rate of 1 

mL/min. Gradient: 5% B for 5 min, linear gradient to 90% B in 5 min, to 100% 

B in 10 min, isocratic for 5 min. Re-equilibration of the column at 5% B for 5 

min. The column was heated to 65 ˚C. UPLC-MS on the conjugates was 

performed on an Acquity TOF Detector (ESI TOF- MS) coupled to Waters 

Acquity Ultra Performance LC using an Acquity BEH C4 (1.7 µm 2.1 x 150 

mm). 15 mM TEAA at pH=7.2 (solvent A) and methanol (solvent B) were used 

as the mobile phase at a flow rate of 0.2 mL/min. Gradient: 95% A for 5 min, 

linear gradient to 5% A in 5 min. Re-equilibration of the column at 95% A for 4 

min. The column was heated to 60 ˚C. The ESI ion source was operated in 

negative mode and mass spectra were collected between 200 and 3000 m/z. 

UPLC-MS chromatograms were analyzed with MassLynx V4.1. Circular 

dichroism (CD) and UV-visible spectra were recorded on Jasco J-815 

Spectropolarimeter and Jasco V-660 Spectrophotometer, respectively. 

Fluorescence was recorded on a Jasco FP-8300 Spectrofluorometer. 
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3.6.2 Synthesis of the oleic acid N-hydroxysuccinimidic ester 
Oleic acid (3 mmol, 1 eq) and N-

hydroxysuccinimide (3.3 mmol, 1.1 

eq.) were dissolved in 20 mL 

dichloromethane, under N2 atmosphere. Then EDC (1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride) (3.3 mmol, 1.1 eq) was 

added to the mixture in two portions. The reaction was stirred overnight. The 

mixture was extracted with H2O (2 x 30 mL) and then washed with brine (2 x 30 

mL). The organic layer was dried over MgSO4 and the solvent was evaporated 

under reduced pressure. The residual solid was recrystallized from EtOH. The 

obtained residue was purified by flash column chromatography using 

dichloromethane as eluent (50%, transparent oil).  

 
1H NMR (400 MHz, CDCl3) δ 0.88 (t, J = 6.8 Hz, 3H), 1.22 – 1.44 (m, 20 H), 1.74 

(m, 2H), 1.97 – 2.06 (m, 4H), 2.60 (t, J = 7.5 Hz, 2H), 2.83 (d, J = 3.3 Hz, 4H), 

5.29 – 5.40 (m, 2H).  

 
3.6.3 Synthesis of the DNA-lipid conjugates 

The amino-modified oligonucleotide was solubilized in 350 μL of 200 mM 

NaH2PO4 pH=8.5 (350 μM) and 250 μL of the alkyl N-hydroxysuccinimyl-ester 

in DMF (20 mg/mL) were added. The reaction was stirred overnight at 37˚C or 

70 ˚C when precipitation of the alkyl NHS-ester occurred. The functionalized 

DNA was purified by size exclusion chromatography (NAP-10, GE Healtcare) 

using triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The lyophilized 

conjugates were subsequently purified by RP-HPLC and analyzed by UPLC-MS 

(TOF). 
 
Table 2. ESI(-) of the synthesized DNA-lipid conjugates from UPLC-MS. 

DNA-lipid conjugate 
 

MWobserved 

(Da) 
MWcalculated (Da)  Rt (min) 

C18:1- GGGTTTAAGTGTAGTTAA 

 

6002.9* 6010.2 8.6 
C18:1- GGGTTCACCTGGA  4389.3* 4392.2 8.4 

 

*calculated from observed [M-3H]3- or [M-4H]4-
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3.6.4 Annealing procedure for the G-4 formation 
The purified DNA-lipids were solubilized in 30 mM Tris-HCl, 80 mM KCl, 

pH=7.2 and then heated to 90˚C for 15 min. The solution was slowly cooled to 

room temperature and then stored at 4˚C overnight. 

 
3.6.5 Native polyacrylamide electrophoresis (PAGE)  

Electrophoresis experiments were performed according to standard 

procedures with 10% polyacrylamide gels (acrylamide-bis acrylamide 19:1, 

40% w/v). 1 mM KCl was added to both the gel and the running buffer (1x 

TBE). The samples were prepared in 30 mM Tris-HCl, 80 mM KCl, 5 mM 

MgCl2 pH= 8.5 and annealed beforehand. The oligonucleotides were mixed 

with the MABs and/or 5 mM ATP and incubated at 37 ˚C for 1h previous to 

loading. The final concentration loaded in the gel was 5 μM. The gel was run 

at 80 V for 1.5 h at 4 ˚C and stained with Stains-All (Sigma Aldrich). 

 

3.6.6 Förster resonance energy transfer (FRET) experiment procedure 
The two dyes 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI), were 

suspendend in ethanol at 2 mg/mL. The DNA-lipid conjugates were also 

dissolved in ethanol and 5 wt % of each dye was added to the samples. The 

ethanol was evaporated in a vacuum concentrator, resulting in a thin lipid film. 

The film was rehydrated with 25 mM NaHPO4, 50 mM KCl pH=8.5 to reach a 

final concentration of 1 mg/mL. The mixture was heated to 65 ˚C for 15 mins 

and then cooled slowly to room temperature. The sample was centrifuged in 

tube filters with a pore size of 0.45 μm to remove aggregates. For 

fluorescence experiments the samples were diluted in 90% bovine serum 

albumin (BSA) in PBS buffer (50 mg/ml in 15 mM NaHPO4, 150 mM NaCl 

pH=8.5). The final concentration of the DNA-lipids was 15 μM. The 

fluorescence was measured in a quartz cuvette with 1.0 cm path length. The 

samples were excited at 450 nm and emission was measured from 465 nm to 

700 nm for 5 hours at 37 ˚C. The MAB (1.2 eq) and/or ATP (final concentration 

5 mM) were added after 80 mins and mixed by pipetting up and down. FRET 

efficiency was measured by calculating the FRET ratio (I575/(I575 + I510) at each 

time point to monitor micelle stability. 
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3.6.7 Thioflavin T (ThT) assay procedure 
A stock solution of the MABs was prepared in PBS buffer (15 mM NaHPO4, 

150 mM NaCl pH=8.5), heated at 90 °C for 10 min, and gradually cooled to 

room temperature. The stock was diluted in Tris-HCl buffer (Tris-HCl 20 mM, 

NaCl 300 mM, MgCl2 5 mM pH 8.5) to reach a final concentration of 7 μM. 

Then, ThT (25 μM) and/or and ATP (5 mM) were mixed with the DNA solutions 

and incubated at 37 °C for 1 h. The fluorescence emission was monitored from 

452 nm to 650 nm, with an excitation wavelength of 442 nm. 
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ABSTRACT 

 
Taking advantage of a G-4 scaffold, this chapter describes a novel 

approach to control the assembly behaviour of a pore-forming 

peptide. Single-channel measurements demonstrated that the 

introduction of a G-4, tethered to the C-terminus of the peptide, 

favoured specific conductance states, which are characterized by 

longer lifetime than those present in the native peptide. Based on 

these findings, we investigated how the conversion from DNA G-4 

to duplex influences the ion channel behavior of the pore-forming 

peptide. 
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4.1 Introduction 
 
4.1.1. Pore-forming peptides 

Ion channels tightly regulate the influx and efflux of ions through the 

cell membranes. These channels are gated in response to different stimuli, 

such as changes in the membrane potential, binding to a specific ligand or 

mechanical tension within the membrane. By changing the electrolytic 

composition of the cell, ion channels transduce stimuli into signals and can 

modulate cell function.1 

In order to elucidate their functions and the concomitant processes at 

biological membranes, model ion channels have been developed by 

genetic modification of natural pore forming proteins.2–4 For example, 

Bayley and coworkers reported several examples of genetically 

engineered pores using the membrane-interacting protein α-hemolysin (α-
HL).5 Introducing specific binding sites or non-covalent adapters into the 

lumen of the pore has successfully led to the development of nanopores 

for stochastic sensing of ions6 or organic molecules7. Monitoring and 

characterizing fluctuations in the current that flows through the pore in the 

absence and in the presence of an analyte can reveal information about 

the target molecule. Following these pioneering reports, novel sensing 

devices have been developed with different applications, such as DNA 

sequencing.8,9 

A different strategy to create artificial ion channels takes advantage of 

chemically modifying natural-occurring, pore-forming peptides. In this 

respect, alamethicin (Alm) and gramicidin A have been extensively used as 

models for ion channel proteins. Despite their small size (20 and 16 

residues, respectively), these peptides display features that typically are 

observed for natural ion channels, such as ion selectivity, voltage 

dependence and subconductance states.10 The channel behavior of 

gramicidin A is well defined and more predictable when compared to Alm. 

However, the self-assembly of Alm and the resulting channels 

characteristics more closely resemble the properties of natural voltage-

gated ion-channel proteins. 
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Alm is an antimicrobial peptide produced from the fungus Trichoderma 

viride, consisting of 20 amino acids (Figure 1a). It belongs to the family of 

peptaibols, which are characterized by the presence of an acetylated N-

terminal residue, an aminoalcohol (phenylalaninol, Pheol) at the C-

terminus and rich in composition of 2-aminoisobutyric acid (Aib), a non-

proteinogenic amino acid.11 The crystal structure of Alm was determined in 

1982,12 showing that the peptide adopts a predominantly α-helical 

conformation with a bend in proximity of the Pro14 residue. Along with α-
helical hydrogen-bonding patterns, a certain amount of 310-helical 

character was observed in the C-terminal part of the peptide. 

Alm interacts with lipid bilayers and self-assembles to form channels 

when a voltage is applied to the membrane. A widely accepted 

explanation for the channel forming properties of Alm is the ‘barrel-

stave’or ‘helix-bundle’ model (Figure 1b). In this model, Alm channels are 

formed by parallel bundles of the 3-12 helical monomers surrounding a 

water-filled central pore.13 Based on the crystal structure, Fox and 

Richards12 proposed that Alm monomers can aggregate prior to the 

application of a transmembrane potential by insertion of the peptide N-

terminus and the formation of a non-conducting pore. While in the 

absence of an applied voltage, the C-terminus assumes a partially random 

coil structure, once a membrane potential is applied, the C-terminus 

undergoes a conformational change and adopts a more helical structure. 

This change is thought to allow the monomers to penetrate deeper into 

the membrane and form a conducting pore (Figure 1c). Due to the 

different number of monomers that can associate and form a channel and 

the frequent fluctuations between open and closed states, multiple 

conductance levels can be observed during single-channel recordings. 

Each conductance level can be assigned to a different number of 

associated Alm molecules.  
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Figure 1. (a) Chemical structure of Alamethicin and of the non-proteinogenic 
aminoacid Aib. (b) Proposed mechanism of Alm pore formation: the ‘barrel-stave’ 
model. Picture adapted with permission from ref. 14. (c) Voltage-gating channel 
model: in absence of transmembrane potential Alm monomers inserts in the 
membrane forming a non-conducting pore. The C-terminus of the peptide lays on the 
external part of the membrane, assuming a random coil structure (left). Upon 
application of potential, the helicity of the monomers increases (middle) and the 
aggregate inserts deeply into the membrane, forming a conducting ion channel (right). 
Picture adapted with permission from ref. 12. 

 

4.1.2 Planar lipid bilayer technique 
The activity of ion-channel forming peptides is typically studied by 

electrophysiology, specifically by following the change in current across a 

model lipid bilayer as a function of applied potential.  
 

 
Figure 2. Schematic representation of the planar lipid bilayer setup.   
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To prepare such a model membrane, the Planar Lipid Bilayer (PLB), or 

Black Lipid Membrane (BLM), technique has proven particularly versatile. 

This technique was first introduced by Montal and Mueller15 and achieves 

membrane formation by painting a mixture of lipids across a small hole 

(generally between 10-100 μm) in a Teflon film, which separates two 

compartments (Figure 2). In order to form the bilayer the area around the 

aperture is generally ‘‘pre-painted’’ using a mixture of hexadecane in 

pentane. After evaporation of the solvent, the two compartments are filled 

with a salt solution (aqueous phase) and a drop of the lipid mixture is 

added to both chambers. A lipid monolayer spontaneously forms at the 

interface between organic and aqueous phase of each droplet and finally 

at the center of the Teflon aperture. Each compartment is connected to an 

Ag/AgCl electrode. The membrane acts as a resistor; as a result, in the 

absence of an open channel no current is observed. When a channel is 

formed across the lipid bilayer and a transmembrane potential is applied, 

ions will flow across the membrane, generating a current, which is 

amplified and recorded. The opening events appear as step-changes in 

the conductance of the membrane and allows for the characterization of 

single ion channels. 

 

4.1.3 Control of Alm self-assembly  
Single-channel recordings of Alm are characterized by different open 

states that reflect the difference in the association number of the peptide. 

In order to gain control over the assembly of Alm monomers and the 

gating of the resulting channels, several strategies have been explored. 

The main approach relies on covalently tethering template molecules to 

Alm monomers (template-assembled synthetic protein or TASP approach), 

thereby reducing the degrees of freedom for the monomers and 

preferentially stabilizying a specific channel and its conductance state.16 

For example, You et al.17 synthesized covalent dimers of Alm by linking 

two monomers at their C-termini through a flexible linker. Single-channel 

recordings revealed that the conductance levels of the channel formed by 

the tethered Alm conjugates are comparable with those observed for Alm 
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monomers. However, the dimer showed higher stabilization of one 

conductance state, which was characterized by longer lifetimes than the 

corresponding state of unmodified Alm. This state displayed a 

conductance of 1 nS in 1M KCl and, based on the characterized 

conductance states of Alm, was assigned to the hexameric (three dimers) 

channel. 

 
Figure 3. Strategies to control Alm self-assembly and ion channel behavior. (a) 
Template assembled synthetic protein approach: cyclodextrin-scaffolded Alm. Picture 

adapted with permission from ref. 19. (b) Supramolecular control of Alm monomers 

association by modification with a leucine-zipper motif led to one predominant current 

level. Picture adapted with permission from ref. 21. 

 

A templated tetramer of Alm was synthesized by conjugating the N-

termini of four Alm monomers to a porphyrin scaffold.18 This construct 

formed channels, which were characterized by long lifetime (5 s). Although 

the reported current levels were noisy, this result was in agreement with 

the expected narrow pore produced by a tetramer assembly.  

Hjørringgaard and coworkers19 reported several cyclodextrin-scaffolded 

Alm analogues, synthesized via Cu(I)-catalyzed Azide Alkyne Cycloaddition 

(CuAAC or click-reaction).20 Cyclodextrins were attached to either the C- 

or N-terminus of alkyne-functionalized Alm monomers. These conjugates 

inserted into membranes more readily than unmodified Alm and formed 
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long-lived channels (0.5 s for the N-terminal modified Alm), which 

predominantly displayed one conductance state (Figure 3a). 

A different approach than TASP was proposed by Futaki and 

coworkers;21 in this case the control of Alm assembly was achieved by 

appending an extramembrane segment to the Alm monomers, specifically 

an alpha-helical leucine-zipper motif (LeuZ). In the presence of a bilayer, 

the Alm-LeuZ hybrid self-assembled, yielding channels with a single 

predominant open state with conductance of 0.12 nS, attributed to the 

tetramer pore (Figure 3b).  

 

4.2 Aim of the project  
 

In this study, we aimed to develop a novel approach to control the 

oligomerization of Alm by employing a DNA G-quadruplex (G-4) motif. 

Previous studies, discussed in Chapter 2, demonstrated that the presence 

of a G-4 motif attached to a lipid tail influences the aggregation behaviour 

of the formed surfactant. The proposed design was successfully employed 

for sensing a complementary oligonucleotide sequence or in combination 

with a DNA aptamer for detection of ATP. Based on these findings, we 

reasoned that a similar strategy could be applied to modulate Alm 

assembly. Previous reports, from Hamilton and coworkers showed that the 

DNA G-4 scaffold can be used to control the self-assembly of a protein 

into a four helix-bundle.22 The incorporation of a G-4 motif as 

extramembrane segment of Alm is expected to decrease the variable self-

assembly behaviour of the peptide, due the high stability and well-defined 

structure of G-4s. To address a more challenging purpose, this design was 

used as a scaffold in the development of a novel Alm-based nanopore, by 

taking advantage of DNA molecular-recognition properties. 

In the proposed design the C-termini of Alm monomers are conjugated 

to a 5’-amino-modified DNA strand (5’-GGGTT-3’), which in presence of K+ 

ions will be able to assemble into a parallel G-4 (Figure 4). The assembly 

of the G-4 is expected to stabilize the Alm oligomeric pore in a 
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preferential conductance state and to increase the life times of opened 

channels.  

Figure 4. Schematic representation of G-4 Alm conjugates assembly in presence of a 

lipid bilayer. At high K+ concentrations, the G-rich sequence adopts a tetramolecular 

parallel G-4 conformation. The formation of the G-4 is expected to modulate Alm 

channels behaviour by favouring the formation of tetrameric channels and by 

increasing their stability.  

 

4.3 Design 
 

Due to the presence of sterically hindered aminoisobutyric acid (Aib) in 

the Alm sequence, its chemical synthesis is laborious. To avoid a low-

yielding synthetic approach, we decided to study a previously reported 

Alm analogue (des-Aib-Leu-des-Pheol-Phe-Alm)23 instead. In this synthetic 

peptide all Aib residues and the C-terminal Pheol are replaced with 

leucine (Leu) and an amidated Phe, respectively. These substitutions 

confer a higher α-helical content to the peptide, while removing the partial 

310 character of Alm. Nevertheless, this analogue peptide displays similar 

channel behavior as the native peptide, albeit with reduced life times of 

the channels. In order to enable the conjugation of the peptide with 

maleimide-functionalized oligonucleotides, we appended a cysteine 

residue on the peptide C-terminus (the modified peptide is denoted as 

Alm*, Figure 5). A bifunctional linker containing both a N-

hydroxysuccinimide and a maleimide moiety (1) was used to allow for the 

conjugation of amino-modified oligonucleotides and the peptide. 
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 Figure 5. Amino acid sequence of Alm and the analogue peptide used in this study 
(from N-terminus to C-terminus). Both peptides are amidated on the C-terminus. The 
underlined residues correspond to the mutated amino acid compared to the native 
peptide.  

 

Initially, we synthesized a DNA-peptide conjugate using a short 

oligonucleotide sequence able to adopt a G-4 structure (the hybrid is 

indicated as Alm*-G1, refer to Table 1 for the oligonucleotide sequence). 

Next, we studied its conductance behavior and compared it to Alm* and 

an analogue conjugate containing an oligonucleotide sequence that is 

unable to assemble into a G-4 structure (Alm*-T1). Moreover, we attached 

a shorter linker (Alm*-G2) and tested the ion channel properties. By 

employing a C3-amino modified oligonucleotide in Alm*-G2 the overall 

length of the linker was reduced from C11 to C8. 

In the second part of the project a more complex system was designed 

by tethering the Alm* peptide to a longer oligonucleotide sequence, 

again containing a GGG repeat that is able to assemble into a G-4 (Alm*-

G3). Additionally the sequence comprised stretch of nucleobases that 

allowed for the formation of a duplex by addition of a complementary 

strand. As a result, we could test how duplex formation affected the 

stability and lifetime of the formed channels. 

 
4.4 Results and discussion 
 
4.4.1 Synthesis and characterization of the DNA-Alm* conjugates 

 The referenced Alm*-DNA conjugates were synthesized by a two step 

procedure. First, commercialy available, amino-modified oligonucleotides 

Alm: 
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-

Pheol-NH2 

 

Alm*: 
Ac-Leu-Pro-Leu-Ala-Leu-Ala-Gln-Leu-Val-Leu-Gly-Leu-Leu-Pro-Val-Leu-Leu-Glu-Gln-

Phe-Cys-NH2 
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were treated with an excess of activated N-hydroxysuccinimide (NHS) 

esters of 6-maleimido hexanoic acid (1), leading to maleimide-

functionalized oligonucleotides (Figure 6). These reactions were performed 

at 25 ˚C for 3 hours and the resulting maleimide-functionalized 

oligonucleotides were purified by size-exclusion chromatography, 

analyzed by UPLC-MS (TOF) and lyophilized (Table 2). The obtained 

maleimide-functionalized oligonucleotides were subsequently dissolved in 

triethylamine acetate (TEAA) buffer at pH 7.2 and mixed with with 10 

equivalents of Alm* (10 mg/mL stock solution in DMF) to obtain the DNA-

peptide conjugates (Figure 6). Reactions were performed under nitrogen 

atmosphere to reduce the formation of peptide dimers. After purification 

by reversed-phase HPLC, the conjugates were characterized by UPLC-MS 

(TOF).  

 

Figure 6. Synthesis of the Alm*-oligonucleotides conjugates. 

 
Table 1. Oligonucleotide sequences of the synthesized conjugates. 

DNA-peptide hybrid 
 

n Oligonucleotide sequence (5’-3’) 
Alm*-G1 5 GGGTTT 
Alm*-T1 5 TGATTT 
Alm*-G2 2 GGGTT 
Alm*-G3 2 GGG TTT AAG TGT AGTT 
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Given that the desired DNA-peptide conjugates were readily obtained 

with Alm*, we also attempted to prepare our conjugates with the native 

Alm peptide modified with a C-terminal cysteine. Unfortunately, we were 

never able to observe any product, but rather recovered unreacted 

substrates and/or Alm dimers. Addition of tris(2-carboxyethyl)phosphine 

(TCEP) reduced dimer formation, yet did not yield any detectable levels of 

product formation. We reasoned that the lack of product formation could 

reflect the difference in the secondary structure of Alm.23 Thus, 

conjugation reactions were performed under denaturing conditions (in the 

presence of 8M urea), yet these attempts did also not yield any of the 

desired conjugates. Nevertheless, due to the similar conductance 

properties of the parent peptide Alm and its analogue, our studies were 

continued with the conjugates in hand. 

Next, we investigated whether the synthesized DNA-peptide could still 

fold into a G-4 structure. Toward this end, circular dichroism (CD) was 

employed to identify and characterize bands that are characteristic for 

parallel G-4 structures.24,25  

 
 

The CD of the purified conjugates was measured, after annealing in 80 

mM KCl (Figure 7). As expected, all Alm*-oligonucletotide conjugates 

displayed features that corresponded to their ‘hybrid’ composition: a 

positive band between 260-280 nm, typical of DNA structures and a 

negative band near 230 nm, indicative of the α-helical peptide structure.26–

Figure 7. CD spectra of the Alm*-DNA conjugates dissolved in 30 mM Tris-HCl 80 mM 
KCl pH=7.2.  
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28 The formation of the G-4 structure was confirmed by a positive signal at 

265 for the conjugates that contained a G-rich sequence, Alm*-G1 and 

Alm*-G2. The positive band at ca. 260 nm and the negative band at ca. 

240 nm in the CD spectra are typical signature of tetramolecular parallel 

G-4s.24 Conversely, for the hybrid Alm*-T1 the positive band was shifted 

to 280 nm. This result indicates that this conjugate, as expected, does not 

assemble into a G-4 structure.  

 
4.4.2 Single channel recordings 

Single channel recordings were performed to evaluate the conductance 

properties of the formed channels and their lifetimes (Section 4.1.2, Figure 

2). A planar lipid bilayer was obtained using a POPC/DOPE mixture (7:3), 

which has been previously  used for similar Alm analogues.29,30 All 

measurements were carried out by applying a negative voltage to the 

trans side of the membrane (compared to the sample addition, or cis, 

side). Consistent with previous reports, high voltages were necessary to 

trigger single-channel activity.23 

 

4.4.2.1 Influence of G-4 motif on the conductance behavior of Alm* 
Even under dilute conditions, single channel measurements of Alm* 

showed a variable behavior. In fact, we observed three different types of 

events: (1) spike-like events characterized by fast opening of a pore and by 

high noise (Figure 8a); (2) formation of multiple pores with high 

conductance that often led to membrane disruption; and (3) bursts of 

activity characterized by multi-level events (Figure 8b). The multiple 

conductance levels are typically observed in channels formed by Alm-

related peptides.31 High voltages were necessary to observe activity of the 

peptide. As depicted in Figure 8c and 8d, at an applied voltage of -150 

mV at least five distinct levels of conductance could be detected. The 

values for each of the conductance state shown are 0.11 ±	0.02, 0.58 ±	

0.15, 0.90 ±	0.15, 1.59 ±	0.15, 2.77 ±	0.27 nS and are comparable to 

those observed for the Alm synthetic analogue in previous reports.23 This 

indicates that the presence of the cysteine residue on the C-terminus of 
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the peptide does not affect significantly the conductance properties of the 

peptide. Analogously, the different conductance levels can be related to a 

different number of associated Alm* monomers, with the first state 

assigned to the tetramer assembly. 

 

 
Figure 8. Single channel activity induced by Alm* at -150 mV. Aqueous phase was 
Tris-HCl 15 mM 1M KCl (pH=7). (a) Example of spike-like events and (b) burst of 
activity with multi-level events; (c) The enlargement of the trace (indicated in the 
square) shows five different open levels as evidenced by the corresponding current 
histogram (d). 

 

To study whether appending a short DNA oligonucleotide on the C-

terminus of the peptide changes the properties of the channel formed, we 

subjected Alm*-T1 to the planar lipid bilayer experiment (Figure 9a 

depicts a representative example of the traces obtained for this 

conjugate). This conjugate does not assemble into a G-4 structure but the 

presence of the oligonucleotide might still interfere with the 

oligomerization of the peptide. For Alm*-T1, only four open states of the 
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channel could be detected, corresponding to 0.20 ±	0.01, 0.35 ±	0.02, 

1.01 ±	 0.03 and 2.50 ±	 0.04 nS (Figure 9b and 9d). The values of the 

conductance states are slightly different when compared to the levels 

detected for Alm* and presumably reflect the presence of the 

oligonucleotide. Since the current detected for each level is not a 

proportional increase of the first level, it is plausible to assert that the 

different levels correspond to different assemblies of the peptide and not 

to multiple pores of the same size. This scenario is in agreement with the 

previously introduced barrel-stave model, that involves the formation of 

pores of different size, corresponding to different oligomerization states of 

the peptide.  

 

 

 
 

For conjugate Alm*-T1, the behavior of the channel is less variable 

compared to Alm*, since less spike-like events were detected and one 

conductance level was favored between the open states (level 1 at 0.2 nS, 

Figure 9d). The decreased variability of the channel is likely attributable to 

Figure 9. (a) Single channel activity induced by Alm*-T1 at -150 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 10 nM. (b) The 
enlargement of the trace (indicated in the square) shows four different open levels. (c) 
The current histogram (full size) referred to the trace indicates the preferred 
permanence of the channel in the closed state (level 0). (d) The expanded view of the 
histogram shows the different open levels. 
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the presence of the oligonucleotide that introduces bulk to the peptide. 

The steric hindrance coupled with the electrostatic repulsion produced by 

the oligonucleotide is presumably preventing the assembly of the peptide 

and for this reason the lowest conductance state is prevalently observed. 

This can also explain the preferred permanence of the channel in the 

closed state 0 (Figure 9c), indicating that the oligonucleotide interferes 

with the peptide monomers self-assembly.   

In order to study the effect of preorganization provided by an attached 

G-4 structure, we tested the ion channel properties of Alm*-G1. This 

conjugate formed pores that were characterized by high conductance and 

multiple channel openings, upon application of a voltage of -150 mV. To 

allow for studying single pore events, we lowered the applied voltage for 

Alm*-G1 to -100 mV. Under these conditions, the conjugate 

predominantly displayed five open states at 0.22 ±	 0.03, 0.35 ±	 0.03, 

1.15 ±	 0.22, 2.87 ±	 0.07 and 4.69 ±	 0.10 nS, respectively (Figure 10). 

Additionally, in some cases we observed higher states at 7.30 ±	0.21, 9.10 

±	 0.19 and 11.61 ±	 0.57 nS, which we likely indicate as higher 

conductance states or the simultaneous opening of two channels. To allow 

for a comparison to Alm*-T1, we focused our analysis to the first four 

levels that were also detected at comparable conductance values for the 

non G-4 forming oligonucleotide. The small differences in conductance 

levels between the two conjugates are likely the result of the different 

oligonucleotides and/or structures present at the peptides and how they 

affect ion movement across the pore.  While the two conjugates prefer 

state 1 – that is ca. 0.2 nS for both Alm*-G1 and Alm*-T1 – the G-4 

modified peptide is also present for a significant time portion at state 5 

(4.7 nS, Figure 10e). Previous studies correlated the lowest conductance 

state of Alm and modified Alm to the pore formed by a tetramer.23,32,33 

Moreover, the tetramer channel formed by a cyclic template-assembled 

Alm showed a single conductance state of 0.25 nS at -130 mV.34 Following 

this guidelines, we tentatively assigned the first conductance state favored 

by nucleotide-modified Alm* to the tetramer assembly. On this basis, state 

5 in Alm*-G1 might be corresponding to the octamer pore. However, 
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more investigations are needed to confirm the estimation of the number 

of peptide monomers involved in the pore formation for each 

conductance level.  
 

 
Figure 10. (a) Single channel activity induced by Alm*-G1 at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 10 nM. (b) The 
enlargement of the trace (indicated in the square) shows five different open levels. (c) 
Expanded view of single channel recordings showing the transition between closed 
state (0) and open states 1 and 2 and (d) high conductance levels from 2 to 5. (e) 
Current histogram referred to the trace. 
 

The comparison of Alm*-T1 with Alm*-G1 showed that level 1 is the 

preferred states for both conjugates. This result indicates that the 

presence of a C-terminally tethered short oligonucleotide of any nature 

influences Alm* oligomerization behavior, favoring the tetramer assembly. 

However, one relevant difference between the two conjugates is the 

frequency of pore opening/closing. While for Alm*-T1 the pore opens and 

closes frequently, Alm*-G1 is predominantly in an open state (compare 

Figure 9 and Figure 10). In fact, for the latter the closed state is hardly 

detectable in the typical time frame of our experiments, while for Alm*-T1 

this closed state is dominating. While these results indicate a stabilizing 



Chapter 4 

94 

role of the G-4 structure on pore lifetime and stability, more detailed 

studies will be necessary to quantify the different behavior of these two 

conjugates.  

For the conjugates Alm*-T1 and Alm*-G1, the oligonucleotide was 

appended to the pore-forming peptide using a C6 amino linker. We 

hypothesized that for the G-4 scaffold the length of the linker might 

influence the oligomerization of the peptide. As G-4 formation requires 

the close proximity of four monomeric conjugates, a scenario in which the 

linker is too flexible, could weaken or prevent the interaction between four 

monomers, and as a result alter the stability and transition times between 

different levels. 

Based on these considerations, we synthesized and tested a new DNA-

peptide conjugate that tethered the G-4-forming oligonucleotide to the C-

terminus of Alm* through a shorter linker, employing a C3 amino-modified 

oligonucleotide. Preliminary studies on the resulting conjugate Alm*-G2, 

showed mainly three conductance states corresponding to 0.24 ±	 0.03, 

0.44 ±	 0.05 and 0.68 ±	 0.09 nS (Figure 11b and 11c), a significant 

difference from the 5 levels observed for Alm*-G1. Moreover, this 

conjugate preferred state 2 (0.44 nS), which could be assigned to a 

pentameric pore. As the detected conductance value for state 2 is almost 

twice the conductance of state 1, this result could also indicate the 

simultaneous presence of two tetramer pores. Future studies at lower 

conjugate concentrations are necessary to differentiate between the two 

explanations. Nevertheless, these preliminary experiments demonstrate 

that the linker length does indeed influence the assembly of Alm*.  

Comparison of the dwell times for the most probable substate for each 

analog shows that the conjugates with a G-4 motif have slightly higher 

lifetimes, compared to Alm* (Figure 12). The presence of an 

oligonucleotide on the C-terminus of the peptide, such as in the case of 

Alm*-T1, affects only slightly the dwell time. However, even in the case of 

Alm*-G1 and Alm*-G2 30-40% of the events maintain the characteristic of 

fast events with short lifetime.  
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Figure 11. (a) Single channel activity induced by Alm*-G2 at -150 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 20 nM. (b) The 
enlargement of the trace (indicated in the square) shows three different open levels. (c) 
Current histogram for Alm*-G2. 
 

 
Figure 12. Open dwell time histograms (examples for the most probable substate) 
compared between Alm*, Alm*-T1, Alm*-G1 (level 1) and Alm*-G2 (level 2). The open 
lifetimes with respective probabilities (best fit to a double exponential) are indicated 
for each analog. 
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4.4.2.2 Effect of G-4 to duplex conversion on the channel properties 
of Alm* 

The obtained results indicated that the presence of a G-4 motif 

influences the channel behavior of Alm*. Based on these findings, we 

decided to further engineer the G-4 Alm* conjugate to investigate 

whether the channel properties of the pore forming peptide could be 

changed upon disruption of the G-4 structure. A new Alm* conjugate 

(Alm*-G3, Table 1) consisting of a 16-mer oligonucleotide was 

synthesized. The DNA headgroup of the conjugate is characterized by a 

GGG repeats able to assemble into a G-4, while the remaining 

nucleobases function as overhang that allow for the interaction with a 

complementary strand. The hybridization of Alm*-G3 with its 

complementary strand is expected to disrupt the G-4, leading to duplex 

formation and consequently to changes in the single-channel activity of 

the peptide.  

The conductance behavior of Alm*-G3 was first characterized and 

subsequently measured in the presence of its complementary strand 

(ODN-1, section 4.6.1). When added to a lipid bilayer, the conjugate 

displayed activity characterized mainly of two states of 0.15 ±	0.02 and 

0.48 ±	0.03 nS. Additionally, higher levels were detected around 1.04 ±	

0.07 nS but with low occurrence (Figure 13). Alm*-G3 showed only a slight 

preference for level 2 and this likely reflects the higher freedom of the 

peptide to self-associate due to the lower stability of G-4s formed by long 

oligonucleotides. However only three conductance states were detected 

when compared to the native peptide Alm*, indicating that even in this 

case the G-4 is influencing the oligomerization of the peptide, stabilizing 

the lowest conductance levels. These states might be assigned to the 

tetramer (state 1) and the pentamer (state 2) pore.  

Thereafter, we studied the channel behavior of Alm*-G3 annealed with 

its complementary strand (ODN-1), resulting in a duplex DNA attached to 

one single Alm* peptide (referred as Alm*-D3) (Figure 14). Three 

conductance states were detected of 0.24 ±	0.04, 0.69 ±	0.05 and 1.45 ±	

0.06 nS, respectively, with a preference for state 2 and 3. These outcomes 



 DNA G-quadruplex templated oligomerization of a pore forming peptide 

97 

4 

most likely indicate the higher peptide freedom to assemble into different 

oligomeric states when the duplex is formed. 

 
Figure 13. (a) Single channel activity induced by Alm*-G3 at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide and its complement 
is 2 nM. (b) The enlargement of the trace (indicated in the square) shows three 
different open levels. (c) Current histogram for Alm*-G3.  

 
Figure 14. (a) Single channel activity induced by Alm*-D3 at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 2 nM. (b) The 
enlargement of the trace (indicated in the square) shows three different open levels. (c) 
Current histogram for Alm*-D3. 
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As the results showed a different behavior of Alm*-G3 compared to its 

duplex analog Alm*-D3, this scaffold proved to be suitable for sensing the 

presence of its complementary strand. Consequently, the single-channel 

activity of Alm*-G3 was studied upon addition of its complement in situ.  

However, only in some cases the addition of the complementary 

oligonucleotide caused a change in the conductance behavior of the 

conjugate.   Three conductance states at 0.17 ±	0.02, 0.50 ±	0.07 and 

1.14 ±	0.20 nS were detected (Figure 15), similar to what was observed 

for Alm*-D3. This result plausibly indicates that the formation of the 

duplex influences the self-assembly of the peptide. More specifically, the 

hybridization of the oligonucleotide headgroup results in the disruption of 

the G-4 structure, leading to a higher freedom of the peptide monomers 

to self-assemble into pores of different sizes. However, in other cases the 

addition of the complementary strand in situ did not change significantly 

the conductance behavior of Alm*-G3. The lack of response can be 

related to the small chances of the two oligonucleotides to easily interact, 

mainly due to the dilute conditions of the experiment. Future experiments 

should address these concerns by optimizing the concentration of the 

added oligonucleotide and/or increasing the recording time of the 

measurement. 

Comparison of the dwell times for state 2 indicates a mean lifetime 

around 1.11 ± 0.03 ms in the case of Alm*-G3. Upon hybridization with its 

complementary strand, the lifetime of the same substate becomes twice 

longer (2.06 ± 0.03 ms for Alm*-D3) (Figure 16). However, the same 

increase in the dwell time was not observed for the duplex formation in 

situ.  
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Figure 15. (a) Single channel activity induced by Alm*-G3 upon addition of an 
equimolar amount complementary strand (ODN-1) in situ at -100 mV. Aqueous phase 
was Tris-HCl 15 mM 1M KCl (pH=7). Concentration of the peptide is 2 nM. (b) The 
enlargement of the trace (indicated in the square) shows three different open levels. (c) 
Current histogram for Alm*-G3 after addition of its complementary strand. 

 

 
Figure 16. Open dwell time histograms (examples for the most probable substate) 
compared between Alm*-G3, Alm*-D3, Alm*-G3 + ODN-1 (level 2). The open lifetimes 
with respective probabilities (best fit to a single exponential) are indicated for each 
analog. 
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4.5 Conclusions 
 

The G-4 motif is an attractive scaffold to control the aggregation 

behavior of pore-forming peptides, such as Alm*, by means of 

supramolecular interactions. 

In the first part of the project the influence of the G-4 structure on the 

conductance behavior of Alm* was investigated. Two analogs of Alm*, 

bearing a G-4 motif as extramembrane segment of the peptide, were 

studied by single-channel recordings. The results obtained for both 

conjugates Alm*-G1 and Alm*-G2 demonstrated that the presence of a G-

4 motif affects the peptide oligomerization and the stability of the formed 

channels. Both conjugates formed pores with higher probability in the 

open state when compared with both Alm* and Alm*-T1, denoting the 

stabilizing role of the G-4 structure on pore lifetime and stability.  

Additionally, studies on these conjugates indicated that the linker 

length can influence the self-assembly of the peptide. Specifically, 

employing a shorter linker between the G-4 forming oligonucleotide and 

the peptide caused a drastic change in the observed conductance 

behavior of Alm*. A lower number of conductance states were detected in 

the case of Alm*-G2 compared to Alm*-G1. A longer and flexible linker 

might weaken the interaction between the G-4 forming oligonucleotide 

and subsequently decrease the stabilizing role of the G-4. Nevertheless, 

the pores formed by Alm*-G1 are predominantly characterized by a 

conductance of 0.2 nS (state 1) and 4.7 nS (state 5), which can be assigned 

to the tetramer and the octamer assembly respectively. In order to confirm 

these assumptions, the approach of template-assembled synthetic protein 

(TSAP)35 might be useful. Based on this strategy, a conjugate of Alm* with 

four monomers covalently tethered is synthesized, allowing for 

characterization of the tetramer pore conductance.  

In the second part of this study, the ability to detect the disassembly of 

the G-4 motif and the formation of a duplex was investigated, using 

analog Alm*-G3. Indeed the annealing of the oligonucleotide with its 

complementary strand resulted in a higher number of observed 
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conductance states, reflecting the larger freedom of the peptide to 

assemble into different oligomerization states. Preliminary data showed 

that addition of the complementary strand in situ generates a similar 

behavior. Although further studies are needed to confirm these results and 

optimize the recording conditions, the different behavior observed when 

the duplex is formed proves that the system is able to discriminate 

between the two different oligonucleotide conformations.  

In conclusion, the results presented in this chapter show the G-4 motif, 

can be used to modulate the self-assembly behavior of complex systems, 

such as pore forming peptides. The modular self-assembly and high 

stability of G-4s are translated into a defined aggregation behavior of the 

peptide. Additionally, the molecular recognition properties and 

programmability of DNA was exploited to alter the oligomerization state 

of the peptide in response to a DNA complementary strand. Since the 

system is responsive to a change in the oligonucleotide secondary 

structure, the same strategy can be used to sense the binding of G-4s or 

DNA aptamers with specific ligands. Further studies are necessary to 

optimize and characterize the system, but its potential application in the 

development of artificial ion channels and sensors is envisioned.   

 

4.6 Experimental section 
 
4.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Syntetic oligonucelotides were purchased 

from Biotez Berlin-Buch GmbH. ODN-1 (5’-3’): AACTACACTTAAACCC. 

Oligonucleotide concentrations were measured using Nanodrop 2000 

(Thermo Fisher Scientific). The extinction coefficients of the oligonucleotides 

(ε260) were calculated by Oligo Analyzer 3.1 from IDT (Integrated DNA 

Technologies). Alm*: Ac-LPLALAQLVGLLPVLLEQFC-NH2 was purchased from 

Bachem GmbH (Germany). Phospholipids1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphocholine (POPC) and 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE) were purchased from Sigma-Aldrich (St. Louis, MO). Reversed-phase 

HPLC (RP-HPLC) purifications were performed on a Shimadzu LC-10AD VP 

using a XTerra MS C18 column (4.6 x 150 mm, particle size 3.5 μm) from 

Waters Corporation. 0.1 mM triethylammonium acetate (TEAA) at pH=7.0 

(solvent A) and acetonitrile (solvent B) were used as the mobile phase at a flow 

rate of 0.5 mL/min. Gradient: 30% B for 7 min, linear gradient to 70% B in 8 

min, to 100% B in 15 min, isocratic for 7 min. Re-equilibration of the column at 

5% B for 7 min. The column was heated to 60˚C. UPLC-MS on the conjugates 

was performed on a Acquity TOF Detector (ESI TOF- MS) coupled to Waters 

Acquity Ultra Performance LC using a Acquity BEH C4 (1.7 µm 2.1 x 150 mm). 

15 mM TEAA at pH=7.2 (solvent A) and methanol (solvent B) were used as the 

mobile phase at a flow rate of 0.2 mL/min. Gradient A: 95% A for 5 min, linear 

gradient to 5% A in 5 min. Re-equilibration of the column at 95% A for 5 min. 

Gradient B: 95% A for 5 min, linear gradient to 5% A in 10 min. Re-

equilibration of the column at 95% A for 5 min. The ESI ion source was 

operated in negative mode and mass spectra were collected between 500 

and 5000 m/z. UPLC-MS chromatograms were analyzed with MassLynx V4.1. 

Circular dichroism (CD) spectra were recorded on Jasco J-815 

Spectropolarimeter.  

 
4.6.2 Synthesis of 6-(maleimido) hexanoic acid N-hydroxysuccinimide 
ester (1) 

6-(maleimido) hexanoic acid N-hydroxysuccinimide ester was synthesized 

according to a reported literature procedure.36 
1H-NMR (400 MHz, CDCl3) δ 6.69 (s, 2H), 3.53 (t, J = 7.2 Hz, 2H), 2.83 (s, 4H), 
2.60 (t, J = 7.4 Hz, 2H), 1.83 – 1.72 (m, 2H), 1.67-1.60 (m, 2H), 1.45 – 1.34 (m, 
2H). 
 
4.6.3 Synthesis of maleimide-functionalized oligonucleotides 

The amino-modified oligonucleotide was solubilized in 300 μL of 200 mM 

NaH2PO4 pH=7 and 150 μL of the solution of 1 in DMF (20 mg/mL) were 

added. The final concentration of the oligonucleotide was 200 μM. The 

reaction was vortexed at room temperature for 3h. The functionalized DNA 

was purified by size-exclusion chromatography (NAP-10, GE Healtcare) using 
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triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The collected fractions 

were immediately analyzed by UPLC-MS (TOF) (gradient A) and lyophilized, to 

avoid hydrolysis of the maleimide. 

 
Table 2.  ESI(-) of the maleimide-functionalized oligonucleotides from UPLC-MS (TOF). 

Oligonucleotide 
 

MWobserved (Da)* MWcalculated (Da) Rt (min) 
G1 2208.4 2210.5 5.9 
T1 2167.4 2169.6 6.2 
G2 1862.6 1864.3 5.6 
G3 5327.1 5326.6 5.6 

*calculated from the observed [M-2H]2- or [M-3H]3-
 

 

4.6.4 Synthesis of the Alm*-DNA conjugates 
The maleimide-modified oligonucleotide was dissolved in 300 μL TEAA 

buffer 50 mM pH=7.2. To this solution 200 μL of the peptide in DMF (10 

mg/mL) was added. Final concentrations: 100 μM oligonucleotide, 1 mM 

Alm*. Both the solution of DNA and peptide were flushed under nitrogen 

atmosphere before mixing them together. The reaction was mixed overnight 

at room temperature. The crude mixture was purified by RP-HPLC and the 

product was characterized by UPLC-MS (TOF) (gradient B). 
 
Table 3. ESI(-) of the synthesized Alm*-DNA conjugates from UPLC-MS (TOF). 

Compound 
 

MWobserved (Da)* MWcalculated (Da) Rt (min) 
Alm*-G1 4509.9 4515.5 12.4 
Alm*-T1 4468.5 4475.5 12.4 
Alm*-G2 4163.5 4170.2 12.5 
Alm*-G3 7606.1 7617.5 12.6 

*calculated from the observed [M-2H]2- or [M-3H]3-
 

 
2.6.5 Annealing procedure for the G-4 formation 

The purified conjugates were solubilized in 30 mM Tris-HCl, 80 mM KCl, 

pH=7.2 and then heated to 90˚C for 15 min. The solution was slowly cooled to 

room temperature and then stored at 4˚C overnight. 

 
4.6.6 General procedure for CD measurements 

The CD measurements were performed after annealing of the samples. 

The CD signal was measured in the range between 220 nm and 350 nm in 
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continuous mode. The measured CD spectra were corrected for the 

concentration of the samples using the following equation: 

𝜃 =
100× 𝜃
𝐶 × 𝑙 

  [𝑐𝑚!𝑑𝑚𝑜𝑙!!] 

where θ is the ellipticity in degrees, 𝐶 is the concentration in M and 𝑙 is the 

pathlength in cm.  

 
4.6.7. Electrophysiological recordings and data analysis 

An aperture of about 100 μm in diameter was created in a polytetrafluoro-

ethylene film (Goodfellow Cambridge Limited) by applying a high-voltage 

spark. After application of a drop (~10 μL) of a 5% hexadecane/pentane 

solution to the aperture and a short waiting period, in order to allow pentane 

to evaporate, 500 μL of Tris-HCl 15 mM KCl 1M pH=7, was added to both 

sides of the film. A drop of about 10 μL of mixed solution of POPC/DOPE (7/3) 

dissolved in pentane (20 mg/mL), was then added on top of the buffer on 

both sides. After pipetting up and down, a folded bilayer formed 

spontaneously with a capacitance between 80 and 90 pF. Experiments were 

performed at room temperature (~23 °C). Before starting each measurement, 

stability of the bilayer was checked by applying a trasmembrane potential of -

150/-180 mV. Addition of the sample was done on the cis side of the planar 

lipid bilayer. Electronic signals were amplified using an Axopatch 200B 

(Molecular Devices) with digitization performed with a Digidata 1440 (Axon 

Instruments). A low-pass 10 kHz Bessel filter was applied upon recording with 

50 kHz sampling rate. Clampex and Clampfit (Molecular Devices) and 

Microsoft Excel were used for recording and data analysis, respectively. Dwell 

time analysis was performed using the single channel analysis feature in 

Clampfit. The obtained histograms were fitted using single or double 

exponential function.  
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ABSTRACT 
 

The development of photoresponsive self-assemblies is of great 

interest as light represents a non-invasive trigger that can be tuned 

with high accuracy in space and time. In this chapter, the design and 

synthesis of photocleavable amphiphiles is discussed. A 

photocleavable moiety, based on the o-nitrobenzyl group, was 

incorporated in the scaffold of two different systems, that are DNA-

based surfactants and a pore-forming peptide.  
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5.1 Introduction  
 

5.1.1 Light-responsive systems 
Stimuli-responsive nanomaterials have recently received great attention 

in various fields, since they are able to display a precise response to 

environmental changes, such as temperature, pH, light, redox state or 

magnetic field.1 Among the different stimuli, light represents an attractive 

approach as external trigger, due to its non-invasiveness and the 

possibility to achieve accurate spatiotemporal control. These properties 

make light-responsive systems attractive for diverse applications, such as 

catalysis, diagnostics, sensing and drug delivery.2,3   

Amphiphiles can be tethered with photosensitive moieties in order to 

achieve control over their supramolecular self-assembly. Different 

approaches can be used mainly related to the nature of the photo-

responsive molecule incorporated in the scaffold and the position of the 

modification.4 Azobenzenes, stilbenes and spiropyrans are generally 

employed to design reversible photo-responsive systems. The reversible 

trans-cis photoisomerization of azobenzenes upon UV irradiation (Figure 

1a), determines a change in hydrophobicity that can be used to influence 

the aggregation behavior of the surfactants. Based on this property, Sakai 

et al. reported the reversible formation and disassembly of vesicles formed 

by a mixture of surfactants modified with an azobenzene group.5 Similarly, 

the modification of surfactants or nanoparticles with photoswitchable 

moieties has been extensively employed to obtain controlled drug 

release.6–9 The reversible character of these systems presents great 

attractiveness, but the shift in the hydrophilic-hydrophobic balance is 

usually weaker than for irreversible systems. Moreover, most of the 

systems are only partially reversible, since the initial characteristics are not 

fully recovered during the irradiation cycles.4 

A different approach consists of the incorporation of a photocleavable 

moiety into the scaffold, to achieve irreversible chemical changes to the 

assembly upon irradiation. Among the many photocleavable moieties that 
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have been investigated, o-nitrobenzyl (o-NB) derivatives are the most 

extensively used for this purpose, due to facility of synthesis and 

functionalization. Moreover, the photochemistry of the o-NB group is well-

established and its photochemical reactivity is retained in many solvents as 

well as in the solid state.10 However, the use of o-NB presents some 

limitations mainly related to the formation of a potentially toxic byproduct, 

o-nitrosobenzaldehyde, upon photolysis (Figure 1b).11 Photocleavable 

groups have been incorporated into lipids or micelle-forming block 

copolymers to achieve light-triggered drug release.4,12 Zhao and 

coworkers synthesized an amphiphilic block copolymer composed of 

poly(ethylene oxide) and poly(2-nitrobenzyl methacrylate). Upon UV 

irradiation, the photocleavable moiety is removed, yielding a 

poly(methacrylic acid) block that is fully hydrophilic, thus leading to the 

release of the encapsulated molecules.13 Following this approach, 

extensive research has been done towards the design of photocleavable 

polymers to develop new smart materials and strategies for controlled 

drug release.14,15  

Conjugation of a photoactive molecule with the functional group of 

peptides or proteins is an attractive and challenging approach to achieve 

control over their self-assembly or activity, employing light as external 

trigger. ‘Caging’ ion channel-forming proteins or peptides with a 

photoresponsive moiety allows to design artificial systems, where the 

gating mechanism can be precisely regulated in space and in time. 

Different strategies can be employed depending on the protein and the 

photoresponsive group used. Reversible switching between closed and 

open conformation of the channel can be achieved by employing 

azobenzenes or spiropyran derivatives.16–18 Conversely, the incorporation 

of a photocleavable moiety such as 2-bromo-2-(2-nitrophenyl) acetic acid 

(BNPA) in the scaffold of α-hemolysin, generated a photoactivatable pore-

forming protein.19 Regardless of the strategy used, the light-controlled 

gating of protein channels offers new exciting opportunities for real-time 

monitoring and manipulation of biological systems. 
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Figure 1. Examples of photoresponsive groups. (a) Azobenzenes photoisomerization 
between cis and trans form can be used to construct reversible photoresponsive 
systems. (b) Photolysis mechanism of o-nitrobenzyl derivatives that leads to formation 
of o-nitrosobenzaldheyde and release of the caged molecule X. 

 

5.2 Aim  
 

 In this project we aimed to design and synthesize novel 

photoresponsive systems by conjugation of a photocleavable moiety to 

two different scaffolds: a DNA-based surfactant and a pore-forming 

peptide.  

The design of DNA G-4 surfactants, described in Chapter 2, was further 

engineered to develop DNA-based micelles, which can be responsive to 

two different stimuli. We previously showed that the micelles disassembly 

could be triggered by addition of a complementary strand to the solution 

or in a more complex design by a small molecule such as ATP (Chapter 3). 

The incorporation of a photocleavable linker as junction between the 

hydrophilic and hydrophobic part of the surfactant, provides the 

opportunity to control the disassembly by UV irradiation as well as by 

hybridization with a complementary strand (Figure 2). 

Conjugation of a photocleavable moiety to a pore-forming peptide can 

be used to design photoactivatable channels. Mayer et al.20 modified 

Alamethicin with a linker containing a benzenesulfonamide group and 

proved that the self-assembly of the peptide could be inhibited upon 

binding of Carbonic anhydrase II (CAII) to the sulfonamide moiety. In our 

approach, a linker containing a sulfonamide group attached to an o-NB 

moiety is conjugated to the pore-forming peptide (Figure 3). 
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Figure 2. Schematic representation of the photocleavable micelles. The G-4 motif 
formed in presence of K+ promotes the self-assembly of the surfactant into micelles. 
Upon UV irradiation the photocleavable moiety (in orange) undergoes photolysis, thus 
the structure of the surfactant is disrupted, leading to cargo release. 

 

This strategy offers the opportunity to control the formation of the 

channels by two different stimuli: specifically the addition of a protein, 

such as CAII, prevents the self-assembly of the peptide monomers, while 

UV irradiation detaches the bulky protein and its ligand, favoring the 

peptide self-association and the formation of the ion channel. This system 

can be studied by single-channel recordings, that allow for real-time 

monitoring of the current flowing across the pore (Chapter 4).  

 

 
Figure 3: Schematic representation of the Alm-based photoactivatable ion channels. 
The pore-forming peptide monomers (indicated in pink) are tethered to a 
photocleavable linker composed of an o-NB derivative (in orange) and a 
benzenesulfonamide moiety (in purple). The binding of CAII (in light blue) to the 
sulfonamide inhibits the formation of the channel, due to steric hindrance. Upon UV 
irradiation the linker is cleaved and the peptide monomers are able to self-assemble 
into an ion channel. 
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5.3 Design 
 

5.3.1 Light-responsive DNA G-quadruplex micelles  
In Chapter 2, a novel design of DNA-based surfactants was presented 

and it was shown that the aggregation into micelles is mainly dictated by 

the supramolecular organization of the oligonucleotide headgroup into a 

G-4 structure.21 We employed this design to construct light-responsive 

micelles by incorporation of a photocleavable moiety between the DNA 

headgroup and the hydrophobic tail of the surfactants. A bifunctional 

photocleavable linker molecule containing a nitrobenzyl group was chosen 

to connect the two parts of the surfactant.22,23 The photocleavable linker (6 

Figure 4a) is characterized by two functional groups attached to the o-NB 

moiety: a NHS-ester (N-hydroxysuccinimide ester) group that can react 

with amines and an alkyne group for convenient attachment with azides by 

using CuAAC (copper catalyzed alkyne azide cycloaddition also known as 

the ‘click reaction’).  This linker has been used in previous reports to attach 

PEG-molecules and biomolecules to surfaces.22,23 In this project, we 

envisioned to use linker (6) to synthesize light-responsive micelles, by 

conjugation of the amino-modified oligonucleotide and the azido-

functionalized lipid tail on each end of the linker. The nitrobenzyl ester 

linker can be cleaved upon irradiation with UV light (λ = 365 nm), releasing 

the oligonucleotide headgroup of the micelles from the hydrophobic core 

and therefore causing micelles disassembly. Several synthetic strategies 

were investigated to obtain the photocleavable conjugates and these will 

be discussed in this chapter. 

 
5.3.1 Photoactivatable Alamethicin-based ion channels  

Alamethicin (Alm) is an antimicrobial peptide consisting of 20 amino 

acids that belongs to the family of peptaibols.24,25 Alm has been 

extensively studied and characterized, due to its ability to interact with 

lipid bilayers and self-assemble into ion channels when a voltage is 

applied to the membrane.26,27 The high content of sterically hindered 

aminoisobutyric acid (Aib) in the Alm sequence makes its chemical 
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synthesis and purification laborious. To avoid a low-yielding synthetic 

approach, we decided to use in our design a previously reported Alm 

analogue (des-Aib-Leu-des-Pheol-Phe-Alm)28 instead. This is a synthetic 

peptide, in which all Aib residues and the C-terminal Pheol are replaced 

with leucine (Leu) and an amidated phenylalanine (Phe), respectively. 

Nevertheless, this peptide displays similar channel behavior as the native 

peptide, albeit with reduced life times of the channels. In order to enable 

its conjugation with the photocleavable linker, a cysteine residue was 

appended on the peptide C-terminus (the modified peptide is hereafter 

designated as Alm*, section 5.6.1).  
 

 
Figure 4. (a) Structure of the photocleavable linker (6) used for the light-responsive 

micelles. The NHS-ester group can be conjugated to the amino-functionalized 

oligonucleotide, while the alkyne reacts with the azido group of the surfactant lipid tail 

via click reaction. The photocleavable group is indicated in blue. (b) Structure of the 

photocleavable linker (15) used for the photoactivatable ion channel. The linker 

consists of a benzenesulfonamide moiety (highlighted in pink) responsible for the 

interaction with CAII, a photocleavable group (highlighted in blue) that can be 

conveniently attached to the cysteine residue on the peptide terminus and a 

diethylene glycol derivative (highlighted in green) to increase the hydrophilicity of the 

molecule. 

 

The photocleavable linker was rationally designed in order to contain both 

a benzenesulfonamide moiety and an o-NB derivative (Figure 4b). The 

benzenesulfonamide group binds the protein CAII with a Kd ~ 1 μM 29,30 
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and was incorporated at one end of the linker. The photocleavable group 

chosen is a derivative of the α-carboxy-2-nitrobenzyl group,19,31 with 

bromine in the benzylic position that conveniently allows for reaction with 

sulfhydryl groups, such as the cysteine residue on the peptide. The two 

moieties are connected via a diethylene glycol linker that was incorporated 

to increase the hydrophilicity of the final conjugate and facilitate its 

purification. 
 

5.4 Results and discussion 
 
5.4.1 Synthesis and characterization of the photocleavable surfactants 

The photocleavable linker (6) was synthesized accordingly to previously 

reported procedures, starting from 4-hydroxy-3-methoxyacetophenone 

(Figure 5).23,32  

The conjugation of the linker to the two parts of the surfactant was 

performed in two steps (Figure 6). The proposed strategy was to first react 

the activated NHS-ester to the amino-labeled oligonucleotide and 

subsequently attach the azido-functionalized lipid tail via click reaction. A 

different approach is possible by conjugation of the lipid first, however we 

envisioned that this would significantly increase the hydrophobicity of the 

molecule and reduce the yield of the following conjugation reaction, due 

to the low solubility of the lipid in buffer. Indeed, our attempts to perform 

the click reaction between the photocleavable linker (6) and 1-

azidododecane in the presence of Cu(I)Br were not successful. 

 

 
Figure 5. Synthesis of the photocleavable linker (6). 
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The coupling was performed on oligonucleotides with different length: 

a 5-mer (ODN-1) and a 16-mer (ODN-2), bearing a C3 amino linker on 

the 5’ terminus. The amino-modified oligonucleotides were solubilized in 

NaH2PO4 buffer 200 mM at pH 8.5 and reacted with an excess of the 

photocleavable linker (6) dissolved in DMF. The mixture was purified by 

size-exclusion chromatography to remove the excess of the linker and 

analyzed by UPLC-MS (TQD). ESI-MS analysis indicated the formation of 

the desired products (7a-b) together with the presence of unreacted 

oligonucleotide starting material (Figure 7a). Since only the linker-modified 

oligonucleotides are able to react with the azido-functionalized lipid, the 

obtained products were employed for the following conjugation without 

further purification.  

The coupling reaction between 1-azidododecane (8) and the alkyne 

group of the linker-modified oligonucleotides was performed under inert 

atmosphere by dissolving the oligonucleotides in 100 mM NaH2PO4 pH 

7.0 and an excess of 1-azidododecane solubilized in DMSO. The reaction 

was incubated in the dark in presence of copper(II) sulfate. Additionally, 

sodium ascorbate was employed to generate Cu(I) in situ and tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) as stabilizing ligand for Cu(I). 

UPLC-MS and reversed phase-HPLC (RP-HPLC) analysis of the obtained 

fractions by size exclusion chromatography indicated full conversion of the 

linker-modified oligonucleotides (Figure 7b). However, further purification 

of the samples was necessary, due to the presence of unreacted 

oligonucleotide starting material. Unfortunately, our attempts to purify the 

mixture by preparative RP-HPLC didn’t lead to successful isolation of the 

product. Further investigations are necessary in order to optimize the 

purification strategy of the conjugates and increase the yields of the 

reactions. It was reported that the use of veratryl-based nitrobenzyl groups 

that incorporate two alkoxy groups on the benzene ring and an α-methyl in 

benzylic position enhances the photolytic cleavage at wavelengths >350 

nm.33 Based on these considerations, it might be plausible that the 

product is partially cleaved during the process of purification, complicating 

its isolation. 



 Synthesis of photocleavable amphiphiles: toward light-controlled self-assemblies 
 

117 

5 

 

 
Figure 6. (a) Conjugation of the amino-modified oligonucleotide with the 
photocleavable linker; (b) Click reaction to synthesize the photocleavable surfactants 
(9a-b). 

 

 
Figure 7. (a) UPLC chromatogram of the alkyne-modified oligonucleotide 7b after 
size-exclusion showing the presence of unreacted oligonucleotide (left) and ESI(-)MS 
spectrum of the product (right). (b) UPLC chromatogram of the crude mixture after click 
reaction, showing the formation of the product 8b and the full conversion of alkyne-
ODN (left). The ESI(-)MS spectrum of the peak at 7.49 min indicates the formation of 
the photocleavable surfactant (right). 
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5.4.1 Synthesis and characterization of the photoactivatable Alm-
derivative 

The synthesis of the photocleavable linker (15, Figure 4b) was 

performed as shown in Figure 8. 4-(aminomethyl)benzenesulfonamide was 

reacted with succinic anhydride in presence of triethylamine to achieve the 

intermediate 10 in good yields. In the next step, the benzenesulfonamide 

moiety was attached to the diethylene glycol linker. First, commercially 

available 2,2’-(ethylenedioxy)bis(ethylamine) was monoprotected with a 

tert-butyloxycarbonyl protecting group (Boc group), by treating the 

diamine with a stoichiometric amount of Boc anhydride, as already 

reported in previous studies.34 The obtained monoprotected amine (11) 

was reacted with the carboxylic acid (10) using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC.HCl) and ethyl 

cyano(hydroxymino)acetate (Oxyma Pure) as coupling reagents. Oxyma 

Pure is used as a non-explosive alternative to 1-hydroxybenzotriazole 

(HOBt).35 The carboxylic acid was first mixed with EDC.HCl and Oxyma 

Pure to generate the corresponding activated ester and subsequently the 

amine was added to the mixture. The mixture was initially stirred at 0 °C to 

decrease the formation of unreactive N-acylurea. Several coupling 

reagents were tested for this reaction, however the best results were 

obtained using EDC.HCl and Oxyma Pure. The purification of compound 

12 by flash column chromatography proved to be quite difficult due to 

the high number of side products formed in the reaction and the difficult 

separation. Moreover, the diethylene glycol chain in the structure most 

likely interacts with the silica used for the chromatography, making the 

purification even more challenging. Despite this problems, optimization of 

the workup and purification conditions, ultimately led to isolation of the 

product in good yields. Deprotection of the amine in 12 was achieved by 

treatment with trifluoroacetic acid. The final step of the photocleavable 

linker synthesis consisted of the amide coupling between the deprotected 

amine (13) and 2-bromo- 2-(2-nitrophenyl)acetic acid (BNPA, 14). BNPA 

was synthesized according to a reported literature procedure19,31 starting 

from 2-(2-nitrophenyl)acetic acid and it was isolated in good yields. 
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However, characterization of BNPA via UPLC-MS (TQD) showed the 

coexistence of the product and the corresponding compound with the 

chlorine in benzylic position. Both 1H-NMR and 13C-NMR indicated that the 

main product corresponds to the compound with bromine. Nevertheless, 

the exchange with chlorine should not affect drastically the reactivity of 

the benzylic position. The reaction of amine (13) with BNPA was 

performed using EDC.HCl and Oxyma Pure as coupling reagents. The 

isolated product was characterized by UPLC-MS (TQD) and even in this 

case the presence of corresponding product with chlorine was detected. 

Additionally, the dehalogenated side product was observed in minor 

amounts. Since the yields of the coupling reaction were modest, further 

optimization of the coupling conditions and product purification is 

necessary.   

 

 
Figure 8. Synthesis of the photocleavable linker 15. 

 

The peptide Alm* was conjugated to the photocleavable linker (15) as 

shown in Figure 9a. A solution of Alm* (2 mM in DMF) was treated with 

Cs2CO3 and NaI and subsequently mixed with 10 equivalents of 

compound (15) (26 mM in 2.5 mL DMF). The reaction was performed 

under nitrogen atmosphere to reduce the formation of peptide dimers. 

The crude mixture was analyzed by RP-HPLC that revealed the appearance 

of two new peaks in the chromatogram, corresponding to the two 

diastereoisomers of the product. However, the reaction did not proceed 

with full conversion, since both unreacted peptide and chlorinated linker 

were recovered in the crude mixture. Additionally, the hydrophobic nature 
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of Alm*, its tendency to aggregate in solution and the low absorbance of 

the conjugates made the purification laborious. Nonetheless, the product 

(16) was successfully isolated and characterized by UPLC-MS (TOF) (Figure 

9b). 

UV studies need to be performed on the synthesized conjugate to test 

its photolytic activity. Moreover, single-channel recordings are needed to 

investigate the ion channel behavior of the photocleavable pore-forming 

peptide. 

 
Figure 9. (a) Conjugation of Alm* with the photocleavable linker. (b) UPLC-MS 
chromatogram and corresponding ESI(+)MS spectrum of the purified product 16. 

 

5.5 Conclusions 
 

In conclusion, this chapter describes the design and the synthesis of 

photoresponsive amphiphiles. In both designs an o-NB moiety was 

employed as the photolabile group to develop DNA-based 

photocleavable surfactants and a photoactivatable pore-forming peptide, 

respectively. The DNA-based photocleavable surfactants were successfully 

synthesized via coupling of the amino-modified oligonucleotides with the 

photocleavable linker and subsequent click reaction with the azido-

functionalized lipid tail. Unfortunately, our attempts to isolate the 

conjugates were not successful yet. Further optimization of the purification 

conditions is still necessary. It is conceivable that photolysis of the product 
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might occur during its purification, due to the enhanced photolytic 

cleavage at wavelengths >350 nm of nitroveratryl derivatives. Additional 

studies are needed to corroborate this hypothesis. In light of these 

considerations, special care should be taken during the purification steps. 

Alternatively, modifications in the structure of the photocleavable linker 

might be considered, such as removal of the methoxy group on the 

benzene ring. Furthermore, the purification of the final conjugates might 

be facilitated by removal of the unreacted oligonucleotide after the first 

conjugation step.  

The design of a photoactivatable pore-forming peptide based on Alm* 

was discussed. The presented linker contains an o-NB photolabile group 

and a benzenesulfonamide moiety, which is able to bind to CAII with high 

affinity. The photocleavable linker was successfully synthesized and 

characterized and subsequently used for conjugation with Alm*. Despite 

the laborious purification and the low yield of the coupling, the 

photoactivatable Alm* derivative was successfully isolated and 

characterized. Analysis of the crude mixture of the conjugation reaction 

indicated the presence of unreacted substrates. It is plausible that the side 

product linker containing chlorine instead of bromine negatively affects 

the reactivity of the substrates. The use of NaI to favor the exchange in 

benzylic position increased slightly the reactivity of the substrates but still 

didn’t lead to full conversion.  Future studies should address these 

concerns and strategies to reduce the amount of chlorine linker produced 

should be evaluated. Alternatively different approaches might be used to 

perform the coupling with the peptide, such as the maleimide-thiol 

conjugation. We envisioned the application of the proposed design to 

develop photoactivatable ion channels based on Alm*. In this regard, 

further investigations of the synthesized conjugate via single-channel 

recordings are necessary.  
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5.6 Experimental section 
 
5.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Synthetic oligonucleotides were purchased 

from Biotez Berlin-Buch GmbH. Oligonucleotide concentrations were 

calculated using Nanodrop 2000 (Thermo Fisher Scientific). Extinction 

coefficients of the oligonucleotides (ε260) have been calculated by Oligo 

Analyzer 3.1 from IDT (Integrated DNA Technologies). Alm* was purchased 

from Bachem GmbH (Germany). Alm*: Ac-Leu-Pro-Leu-Ala-Leu-Ala-Gln-Leu-

Val-Leu-Gly-Leu-Leu-Pro-Val-Leu-Leu-Glu-Gln-Phe-Cys (the underlined 

residues correspond to the mutated aminoacids compared to the native 

peptide). Reversed-phase HPLC (RP-HPLC) purifications were performed on a 

Shimadzu LC-10AD VP. Method A: Xbridge Prep C8 column (5 μm, 10 x 150 

mm,) from Waters Corporation. 0.1 mM triethylammonium acetate (TEAA) at 

pH=7.0 (solvent A) and acetonitrile (solvent B) were used as the mobile phase 

at a flow rate of 1 mL/min. Gradient: 5% B for 5 min, linear gradient to 90% B 

in 5 min, to 100% B in 10 min, isocratic for 5 min. Re-equilibration of the 

column at 5% B for 5 min. The column was heated to 65˚C. Method B: Acquity 

BEH130 C18 (10 µm, 10 x 150 mm). 0.1% acetic acid in water (solvent A) 0.1% 

acetic acid in acetonitrile (solvent B) were used as the mobile phase at a flow 

rate of 2 mL/min. Gradient: 50% B for 10 min, linear gradient to 90% B in 8 

min, to 100% B in 15 min, isocratic for 10 min. Re-equilibration of the column 

at 50% B for 10 min. UPLC-MS on the conjugates was performed on an 

Acquity TQD Detector (ESI TQD-MS) or Acquity TOF Detector ((ESI TOF-MS) 

coupled to Waters Acquity Ultra Performance LC. Method A: Acquity BEH C8 

(1.7 µm 2.1 x 150 mm). 15 mM TEAA at pH=7.2 (solvent A) and methanol 

(solvent B) were used as the mobile phase at a flow rate of 0.3 mL/min. 

Gradient: 95% A for 5 min, linear gradient to 5% A in 5 min. Re-equilibration 

of the column at 95% A for 4 min. The column was heated to 60˚C. The ESI ion 

source was operated in negative mode and mass spectra were collected 

between 600 and 2000 m/z. Method B: Acquity CSH Phenyl Hexyl (1.7 µm, 2.1 
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x 150 mm). 0.1% formic acid in water (solvent A) 0.1% formic acid in 

acetonitrile (solvent B) were used as the mobile phase at a flow rate of 0.3 

mL/min. Gradient: 95% A for 5 min, linear gradient to 5% A in 10 min. Re-

equilibration of the column at 95% A for 5 min. The ESI ion source was 

operated in positive mode and mass spectra were collected between 500 and 

4000 m/z. UPLC-MS chromatograms were analyzed with MassLynx V4.1.  
 
5.6.2 Synthesis  
1-(4-(benzyloxy)-3-methoxyphenyl)ethan-1-one (1) was synthesized 

according to a literature procedure32 starting from 4.7 g of 4-

hydroxy-3-methoxyacetophenone and it was obtained with a 

yield of 70% as a white solid. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.54 (s, 3H), 3.94 (s, 3H), 5.23 (s, 2H), 6.89 (d, J = 8.0 Hz, 1H), 7.29-7.54 

(m, 7H). 

 
1-(4-(benzyloxy)-5-methoxy-2-nitrophenyl)ethan-1-one (2) was synthesized 

according to a literature procedure32 starting from 4.7 g of 1 
and it was obtained with a yield of 45% as a yellow solid. 1H 
NMR (400 MHz, CDCl3) δ (ppm): 2.49 (s, 3H), 3.98 (s, 3H), 5.22 

(s, 2H), 6.76 (s, 1H), 7.34-7.46 (m, 5H), 7.67 (s, 1H). 
 
1-(4-hydroxy-5-methoxy-2-nitrophenyl)ethan-1-one (3) was synthesized 

according to a literature procedure32 starting from 1.2 g of 2 

and it was obtained with a yield of 54% as a yellow solid.  1H 

NMR (400 MHz, CDCl3) δ (ppm): 2.48 (s, 3H), 4.02 (s, 3H), 5.98 

(s, 1H), 6.80 (s, 1H), 7.66 (s, 1H).  

 
1-(5-methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethan-1-one (4) was 

synthesized according to a literature procedure23 starting 

from 500 mg of 3 and it was obtained with a yield of 63% as 

a yellow solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 2.51 (s, 

3H), 2.61 (t, J = 2.4 Hz, 1H), 3.98 (s, 3H), 4.86 (d, J = 2.4 Hz, 2H), 6.78 (s, 1H), 

7.80 (s, 1H). 
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1-(5-methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethan-1-ol (5) was 

synthesized according to a literature procedure23 starting 

from 350 mg of 4 and it was obtained in quantitative yield 

as a yellow solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 1.56 (d, 

J = 6.4 Hz, 3H), 2.57 (t, J = 2.4 Hz, 1H), 4.00 (s, 3H), 4.82 (d, 

J = 2.4 Hz, 2H), 5.58 (q, J = 6.3 Hz, 1H), 7.34 (s, 1H), 7.75 (s, 1H). 

 

2,5-dioxopyrrolidin-1-yl (1-(5-methoxy-2-nitro-4-
(prop-2-yn-1-yloxy)phenyl)ethyl) carbonate (6) was 

synthesized according to a literature  procedure23 

starting from 350 mg of 5 and it was obtained in quantitative yield as a 

brownish solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 1.78 (d, J = 6.4 Hz, 3H), 

2.59 (t, 2.4 Hz, 1H), 2.80 (s, 4H), 4.06 (s, 3H), 4.82-4.83 (m, 2H), 6.52 (q, J = 6.4 

Hz, 1H), 7.10 (s, 1H), 7.82 (s, 1H).   

 

1-azidododecane (8) was synthesized by adapting a literature procedure.36 A 

solution of 1-bromododecane (415 mg, 1.7 mmol) in DMF (5 mL) was reacted 

with sodium azide (331 mg, 5.1 mmol) under inert atmosphere at 80 ˚C. After 

24 h, the reaction mixture was cooled to room temperature, diluted with water 

(20 mL) and extracted with Et2O (3 x 20 mL). The organic phases were washed 

with water (3 x 20 mL) and brine and dried over Mg2SO4. The solvent was 

removed under reduced pressure, affording the product as a pale yellow oil 

(60%). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.88 (t, J = 6.4 Hz, 3H), 1.2-1.4 (m, 

18H), 1.56-1.63 (m, 2H), 3.25 (t, J = 7.0 Hz, 2H).  

 
3-oxo-3-((4-sulfamoylbenzyl)amino)butanoic acid (10) was synthesized by 

adapting a literature  procedure.37 4-

(aminomethyl)benzenesulfonamide (7.8 g, 35 mmol) 

were suspended in 150 mL anhydrous acetonitrile. A 

solution of succinic anhydride (3 g, 29.2 mmol) and triethylamine (2.95 g, 29.2 

mmol) in 50 mL acetonitrile was added dropwise. The reaction was stirred 

overnight then the organic solvent was evaporated and the residue was 

treated with 90 mL water and acidified with 10% HCl until precipitation. The 

formed solid was filtered, washed with water and dried, affording to the 

product as a white solid (67%). 1H NMR (400 MHz, d6-DMSO) δ (ppm): 2.38-
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2.45 (m, 4H), 4.30 (d, J = 6.0 Hz, 2H), 7.29 (s, 2H), 7.40 (d, J = 8.5 Hz, 2H), 

7.73 (d, J = 8.4 Hz, 2H), 8.44 (t, J = 5.8 Hz, 1H), 12.08 (s, 1H). 13C NMR (d6-

DMSO) δ (ppm): 29.2, 30.4, 42.1, 126.0, 127.8, 142.9, 144.2, 171.7, 174.3. 
 
tert-butyl(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (11) was synthesized 

according to a literature procedure34 starting from 

15.2 g (102.7 mmol) of 2,2’-

(ethylenedioxy)bis(ethylamine) and it was obtained in quantitative yield. 1H 

NMR (400 MHz, CDCl3) δ (ppm): 1.41 (s, 9H), 1.61 (s, 2H, NH2), 2.85 (t, J = 5.2 

Hz, 2H), 3.26-3.30 (m, 2H), 3.48-3.53 (m, 4H), 3.57-3.60 (m, 4H), 5.17 (s, 1H, 

NH). 

 
tert-butyl(3,6-dioxo-1-(4-sulfamoylphenyl)-10,13-dioxa-2,7-diazapenta-

decan-15-yl)carbamate (12) was 

synthesized by adapting a literature 

procedure.38 Carboxylic acid 10 (4 g, 14 

mmol) was dissolved in a mixture of 20 mL DMF and 80 mL DCM under inert 

atmosphere. The solution was cooled down to 0 °C and N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC.HCl, 3.2 g, 

16.8 mmol) and ethyl cyano(hydroxyimino)acetate (Oxyma Pure, 2.4 g, 16.8 

mmol) were added. After stirring the reaction for 10 min, a solution of the 

amine 11 ( 4.2 g, 16.8 mmol) in 100 mL DCM was added dropwise and the 

reaction was allowed to proceed at room temperature overnight. The reaction 

was monitored by TLC stained with ninhydrin. The solvent was evaporated 

under reduced pressure, then 250 mL water was added to the residue and it 

was extracted four times with 250 mL portions of ethyl acetate. The combined 

organic phases were washed with a saturated solution of ammonium chloride, 

then dried over magnesium sulfate and evaporated under reduced pressure. 

Purification by flash chromatography (9:1 methylene chloride/ methanol) 

afforded 4.9 g (69%) of product as yellow solid. 1H NMR (400 MHz, d6-DMSO) 

δ (ppm): 1.37 (s, 9H), 2.31-2.41 (m, 4H), 3.03-3.08 (m, 2H), 3.16-3.21 (m, 2H), 

3.35-3.40 (m, 4H), 3.5 (m, 4H), 4.3 (d, J = 5.9 Hz, 2H), 6.75 (t, J = 5.6 Hz, 1H, 

NH), 7.30 (s, 2H, NH2), 7.40 (d, J = 8.4 Hz, 2H), 7.74 (d, J =8.4 Hz, 2H), 7.88 (t 

J = 5.6 Hz, 1H, NH), 8.42 (t, J = 6.0 Hz, 1H, NH). 13C NMR (400 MHz, d6-
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DMSO) δ (ppm): 28.2, 30.6, 41.6, 69.1, 69.4, 125.6, 127.3, 142.5, 143.8, 155.6, 

171.3, 171.5 (signals missing due to possible overlapping). 
 
N1-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-N4-(4-sulfamoylbenzyl)succinamide 

(13). Boc-protected amine 12 (2.4 g, 4.6 

mmol) was dissolved in 5 mL of DCM and 

5.6 mL of trifluoroacetic acid (73.12 mmol) 

were added. The mixture was stirred for 3 h at room temperature. The organic 

solvent was evaporated under reduced pressure. After removal of the organic 

layer, the deprotected amine was obtained in quantitative yield as yellow oil. 
1H NMR (400 MHz, d6-DMSO) δ (ppm): 2.33-2.40 (m, 4H), 2.95-3.00 (m, 2H), 

3.18-3.22 (m, 2H), 3.40 (t, J = 6.1, 2H), 3.52-3.61 (m, 6H), 4.31 (d, J = 5.8 Hz, 

2H), 7.30 (s, 2H, NH2), 7.40 (d, J = 8.1 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.87 (t, 

J = 5.5 Hz, 1H, NH), 8.44 (t, J = 6.1 Hz, 1H, NH). 13C NMR (400 MHz, d6-

DMSO) δ (ppm): 30.5, 30.6, 38.5, 38.7, 41.7, 66.7, 69.1, 69.4, 69.7, 125.6, 

127.4, 142.5, 143.8, 171.5, 171.6 (signals missing due to possible 

overlapping). 
 
2-bromo-2-(2-nitrophenyl)acetic acid (14) was synthesized according to a 

literature procedure31 starting from 2-(2-nitrophenyl)acetic acid (4 

g, 22 mmol). The product was purified by reversed-phase 

chromatography (Reveleris X2 purification system, C18 column, A: 

water B: acetonitrile, 0.1% TFA, linear gradient from 0 to 100% B 

over 60 min) and it was obtained in 52% yield. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 6.12 (s, 1H), 7.56 (td, J1 = 7.4 Hz, J2 = 1.3 Hz, 1H), 7.72 (td, J1 = 7.7 

Hz, J2 = 1.4 Hz, 1H), 8.01 (dd, J1 = 8.0 Hz, J2 = 1.4 Hz, 1H), 8.06 (dd, J1 = 8.2 

Hz, J2 = 1.4 Hz, 1H). 13C NMR (400 MHz, CDCl3) δ (ppm): 42.5, 125.2, 130.1, 

130.4, 133.4, 134.2, 172.8. ESI-MS(-): m/z meas. 258.01 for [M-H]- (m/z calc. 

C8H6BrNO4 = 258.95). Traces of the compound with Cl instead of Br were 

also detected: m/z meas. 213.82 for [M-H]- (m/z calc. C8H6ClNO4 = 214.99). 
 
N1-(2-(2-(2-(2-bromo-2-(2-nitrophenyl)acetamido)ethoxy)ethoxy)ethyl)-N4-
(4-sulfamoylbenzyl)succinamide (15). The carboxylic acid 14 (175 mg, 0.42 

mmol) was dissolved in 8 mL DCM in a 

dark round bottom flask. The solution 
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was cooled down to 0 °C and N-(3-dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC.HCl, 65 mg, 0.42 mmol) and ethyl 

cyano(hydroxyimino)acetate (Oxyma Pure, 59.6 mg, 0.42 mmol) were added. 

After stirring the reaction for 10 min, a solution of the amine 13 ( 4.2 g, 16.8 

mmol) in 5 mL DMF was added dropwise and the reaction was allowed to 

proceed at room temperature overnight. The reaction was monitored by TLC, 

stained with ninhydrin. Then 20 mL water was added to the residue and it was 

extracted four times with 20 mL portions of ethyl acetate. The combined 

organic phases were washed with brine, then dried over magnesium sulfate 

and evaporated under reduced pressure. Purification by flash chromatography 

(92:8 methylene chloride/ methanol, 0.1% formic acid) afforded the product as 

a yellow oil (30%). 1H NMR (400 MHz, d6-DMSO) δ (ppm): 2.33-2.40 (m, 4H), 

3.25-3.30 (m, 2H), 3.36-3.45 (m, 4H), 3,47-3.51 (m, 4H), 4.09-4.13 (m, 2H), 4.30 

(d, J = 5.9 Hz, 2H), 6.06 (s, 1H), 7.30 (s, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.63-7.67 

(m, 1H), 7.72 (d, J = 8.3 Hz, 2H), 7.75-7.90 (m, 3H), 8.04 (dd, J1 = 8.3 Hz, J2 = 

1.3 Hz, 1H), 8.44 (t, J = 6.0, 1H), 8.62 (t, J = 5.8, 1H). ESI-MS(+): m/z meas. 

658.03 for [M+H]+, (m/z calc. C25H32BrN5O9S = 657.11). Traces of the 

compound with Cl instead of Br were also detected: m/z meas. 614.08 for 

[M+H]+, (m/z calc. C25H32ClN5O9S = 613.16). 

 
5.6.3 Synthesis of the alkyne-functionalized oligonucleotides (7a-b) 
The amino-modified oligonucleotide was solubilized in 350 μL of 200 mM 

NaH2PO4 pH=8.5 (350 μM) and 250 μL of compound 6 in DMF (20 mg/mL, 

100 equivalents) were added. The reaction was stirred for 5h at 70 ˚C. The 

functionalized DNA was purified by size exclusion chromatography (NAP-10, 

GE Healthcare) using triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The 

obtained conjugates were subsequently analyzed by UPLC-MS (TOF) (method 

A, Table 2).  

 
Table 1. Oligonucleotide sequences used for the synthesis of photocleavable DNA-
based surfactants. 

Name 
 

Sequence (5’-3’) 
ODN-1 NH2-C3H6-GGGTT 
ODN-2 NH2-C3H6-GGGTTTAAGTGTAGTTAA 
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5.6.3 Synthesis of the photocleavable sufactants via CuAAC (9a-b) 
A solution of 1-azidododecane 7 dissolved in DMSO (40 μL, 50 mM stock 

solution) was added to a solution of alkyne-modified oligonucleotide in 100 

mM NaH2PO4 buffer at pH 7 (200 μL, 14 nmol). Subsequently, a premixed 

solution of  CuSO4
.5H2O, tris-(3-hydroxypropyltriazolylmethylamine) (THPTA) 

and sodium ascorbate (40 μL of stock CuSO4
.5H2O 20 mM, 80 μL of stock 

THPTA 50 mM, 80 μL of stock sodium ascorbate 100 mM in milliQ water) was 

added. Final concentrations: 1-azidododecane 4.5 mM, alkyne-modified 

oligonucleotide 90 μM, CuSO4
.5H2O 2 mM, THPTA 10 mM, sodium ascorbate 

20 mM in 440 μL. The reaction was incubated at 50 ˚C for 5h under continuous 

shaking (800 rpm), protected from light. The reaction mixture was cooled to 

room temperature and centrifuged (13000 rpm) for 10 min. The supernatant 

was purified by size exclusion chromatography (NAP-10, GE Healthcare) using 

triethylamine (TE) buffer 50 mM pH=7.0. The resulting product was freeze-

dried and analyzed by RP-HPLC (method A) and UPLC-MS (TOF) (method A, 

Table 2).  

 
5.6.4 Synthesis of photoactivatable Alm* (16) 
Alm* (12 mg, 5.2 μmol) was dissolved in 2.5 mL of dry DMF together with 

Cs2CO3 (2.5 mg, 7.8 μmol) and NaI (1.2 mg, 7.8 μmol). A solution of the 

photocleavable linker 15 (34 mg, 52 μmol) in 2 mL of dry DMF was added to 

the mixture. The reaction was stirred overnight in the dark under inert 

atmosphere. Then, the solvent was evaporated under reduced pressure and 

the residue was suspended in diethyl ether. The mixture was centrifuged at 

3000 rpm for 20 min. The supernatant was discarded, while the precipitate 

was further purified by RP-HPLC (method B). The isolated product was 

characterized by UPLC-MS (TOF) (method B, Table 2).  

 
Table 2. ESI(-) of the synthesized DNA-lipid conjugates from UPLC-MS. 

Compound 
 

MWobserved (Da) MWcalculated (Da) Rt (min) 
ODN-1 1669.70* 1671.12 2.6 
ODN-2 5119.16* 5119.35 2.7 
PClinker-ODN-1 (8a) 1947.67* 1948.36 4.6 
PClinker-ODN-2 (8b) 5394.04* 5396.59 4.0 
C12-PClinker-ODN-1 (9a) 

 

2158.98* 2159.71 8.4 
C12-PClinker-ODN-2 (9b) 

 

5607.14* 5607.94 7.5 
*calculated from observed [M-2H]2-, [M-3H]3- or [M-4H]4- 
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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. 
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Samenvatting 
 

DNA wordt ook wel de “blauwdruk van het leven” genoemd vanwege 

zijn rol als de drager van genetische informatie in alle levende organismen. 

Naast zijn rol in de biologie is DNA een fascinerend molecuul door zijn 

unieke zelf-assemblerende vermogen. DNA heeft de meest voorspelbare 

en programmeerbare interacties van alle natuurlijke systemen. Door 

selectieve herkenning tussen complementaire nucleobasen vouwen twee 

antiparallelle DNA-ketens zich tot de bekende dubbele helix structuur. 

Dankzij deze eigenschappen is DNA een ideale basis voor de constructie 

van gefunctionaliseerde nanomaterialen met verschillende toepassingen. 

Het grootste voordeel van het gebruik van DNA als bouwsteen is de 

mogelijkheid om moleculen en materialen nauwkeurig te organiseren tot 

gedefinieerde structuren. Bovendien staan de eenvoud van de synthese 

en de mogelijkheid om een verscheidenheid aan chemische modificaties 

uit te voeren het introduceren van nieuwe assemblage eigenschappen in 

DNA toe.  

DNA dat herhalende patronen van nucleobasen bevat kan zelf-

assembleren tot verscheidene secundaire structuren die verschillen van de 

kanonieke dubbele helix configuratie Guanosine nucleosiden hebben in 

het bijzonder een unieke structuur die de interactie van vier residuen 

mogelijk maakt via Hoogsteen waterstofbruggen. De ontstane vlakke 

tetrameren (G-kwartetten) met gepolariseerde aromatische oppervlakken 

kunnen stapelen door middel van π- π interacties. Hierdoor wordt een G-

quadruplex (G-4) gevormd. Deze structuren worden gestabiliseerd door 

monovalente kationen, zoals natrium of kalium ionen, en kunnen in een 

diversiteit aan topologieën schikken. De hiërarchische en voorspelbare 

zelfassemblage van DNA G-4en maken hen ideale basisstructuren voor de 

ontwikkeling van grotere supramoleculaire structuren. 

Het onderzoek beschreven in dit proefschrift had als doel het 

onderzoeken van het potentieel van op supramoleculaire zelfassemblage 

gebaseerde op G-4en. Een tetramoleculaire parallelle G-4 werd gebruikt 
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als basisstructuur voor de gecontroleerde organisatie van amfifiele 

moleculen zoals lipiden of peptiden. De door G-4en gevormde, goed 

georganiseerde structuren bieden het systeem om nauwkeurig de 

positionering van de moleculen te bepalen, terwijl de moleculaire 

herkenningseigenschappen behouden blijven. Deze eigenschappen 

bieden, samen met de mogelijkheid om conformationele verandering in 

de G-4 structuur te induceren met metaalionen, complementaire ketens of 

kleine moleculen, veel kansen voor de ontwikkeling van nieuwe 

functionele systemen die kunnen worden gecontroleerd met externe 

stimuli. De strategie in dit werk is gebaseerd op de covalente verbinding 

van G-rijke oligonucleotiden aan amfifiele moleculen, wat leidde tot de 

formatie van hybride structuren die nieuwe eigenschappen en functies 

hebben. 

Hoofdstuk 2 beschrijft de ontwikkeling van een nieuwe klasse op DNA 

gebaseerde surfactanten, gesynthetiseerd door de covalente modificatie 

van lipiden met G-rijke DNA-oligonucleotiden. Deze hybride moleculen 

vertoonden opmerkelijke zelfassemblage eigenschappen welke werden 

gedicteerd door de formatie van een G-4 structuur door de 

oligonucleotide eindgroepen van de surfactanten. Bestudering van de 

gevormde aggregaten bevestigde dat de G-4 structuren de 

zelfassemblage van de bevestigde lipiden in gedefinieerde structuren, 

zoals micellen, bewerkstelligden. Dit werd ondersteund door de 

verminderde stabiliteit van de micellen wanneer de G-4 complexen 

werden gestabiliseerd. De lipide-DNA surfactant werd aangepast om een 

lading vrij te geven wanneer een complementaire DNA streng aanwezig 

was. De hybridisatie van de complementaire streng leidde tot de 

destabilisatie van de G-4 structuur en verstoring van de micellen. Het in dit 

hoofdstuk beschreven werk benadrukt het potentieel van op DNA G-4 

gebaseerde supramoleculaire zelfassemblages en is de aanleiding voor de 

ontwikkeling van complexere op DNA-gebaseerde functionele systemen. 

In hoofdstuk 3 werd het eerder beschreven ontwerp van G-4 micellen 

gebruikt in combinatie met een moleculair aptameer baken (MAB) om 

selectief een lading vrij te geven in het bijzijn van een klein molecuul, 
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bijvoorbeeld ATP. De in dit systeem gebruikte strategie combineerde de 

specifieke binding van DNA aptameren aan hun doelmoleculen met de 

gecontroleerde zelfassemblage van DNA G-4 structuren. Het ATP-

bindende aptameer werd aangepast om een moleculair aptameer baken 

(MAB) te vormen, welke in staat was zijn structuur te veranderen als een 

ligand gebonden werd. De structurele verandering als gevold van de 

herkenning van ATP veroorzaakte vrijlating van de DNA streng welke 

benodigd is voor de hybridisatie met de DNA-eindgroepen van de 

micellen. Verscheidene strategieën voor de ontwikkeling van de MAB 

werden onderzocht en de verkregen structuren werden in combinatie met 

de G-4 micellen getest in studies naar het vrijlaten van lading. In dit 

systeem functioneerden de DNA G-4 micellen als sensoren om de binding 

van ATP aan MAB te detecteren. Het hele proces werd gedetecteerd door 

veranderingen in de efficiëntie van Förster Resonantie Energie Overdracht 

(FRET) van de geëncapsuleerde kleurstoffen. Het systeem vertoonde een 

selectieve reactie op ATP en een hoge efficiëntie onder geoptimaliseerde 

condities.  

In hoofdstuk 4 werd de DNA G-4 structuur gebruikt om de 

oligomerisatie van analogen van het porie-vormende peptide 

Alamethicine te bewerkstelligen. In het bijzijn van een lipide dubbellaag 

heeft het porie-vormende peptide een hoog dynamisch karakter en 

assembleert het tot poriën van verschillende groottes bestaand uit 3 tot 

12 monomeren. De voorgestelde strategie omvatte conjugatie van het 

peptide aan de G-4 vormende oligonucleotiden om de associatie van 

monomeren aan te sturen. Er werd verwacht dat de assemblage van DNA 

tot tetramoleculaire parallelle G-4 structuren de formatie van tetrameer 

poriën zou bevorderen. Het systeem werd gekarakteriseerd en bestudeerd 

met enkelkanaals metingen. De verkregen resultaten lieten zien dat de G-

4 structuur een stabiliserende rol heeft in de aggregatie van het peptide 

doordat de G-4 hybride poriën vormen met een hogere stabiliteit in de 

open staat in vergelijking met de enkelstrengs DNA hybriden. Daarnaast 

werd het geleidend vermogen van de G-4 peptide hybriden geëvalueerd 
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in het bijzijn van complementaire oligonucleotiden die de ontbinding van 

de G-4 structuur en de formatie van een duplex bevorderden. De DNA-

peptide hybriden vertoonden verschillend gedrag voor en na de additie 

van de complementaire streng wat benadrukt dat de DNA oligonucleotide 

verschillende secundaire structuren vormt, specifiek een G-4 en een 

duplex structuur. 

Hoofdstuk 5 beschrijft het ontwerp, de synthese en de karakterisatie 

van door licht afsplitsbare amfifielen. Dit werk was gericht op de 

ontwikkeling van een alternatieve strategie voor het sturen van 

zelfassemblage van amfifielen door incorporatie van een met licht 

afsplitsbare groep in hun structuur. Deze aanpak werd toegepast op de 

twee structuren die in de vorige hoofdstukken bestudeerd werden: de 

DNA G-4 surfactanten en de analogen van het porie-vormende peptide 

Alamethicine. 

Concluderend laat het werk beschreven in dit proefschrift zien dat de 

DNA G-4 structuur een uitzonderlijke basisstructuur is voor het ontwerpen 

van responsieve supramoleculaire zelf-assemblage structuren. De 

verschillende functionele systemen en architecturen die in dit werk zijn 

ontwikkeld kunnen resulteren in nieuwe  toepassingen die zullen bijdragen 

aan de ontwikkeling van het onderzoeksgebied van DNA 

nanotechnologie. 
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