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ABSTRACT 

Supramolecular self-assembly represents a key technology for the spontaneous 

construction of nanoarchitectures and for the fabrication of materials with enhanced 

physical and chemical properties. In addition, a significant asset of supramolecular self-

assemblies rests on their reversible formation, thanks to the kinetic lability of their non-

covalent interactions. This dynamic nature can be exploited for the development of ñself-

healingò and ñsmartò materials towards the tuning of their functional properties upon 

various external factors.
 
One particular intriguing objective in the field is to reach a high 

level of control over the shape and size of the supramolecular architectures, in order to 

produce well-defined functional nanostructures by rational design. In this direction, many 

investigations have been pursued toward the construction of self-assembled objects from 

numerous low-molecular weight scaffolds, for instance by exploiting multiple directional 

hydrogen-bonding interactions. In particular, nucleobases have been used as 

supramolecular synthons as a result of their efficiency to code for non-covalent 

interaction motifs. Among nucleobases, guanine represents the most versatile one, 

because of its different H-bond donor and acceptor sites which display self-

complementary patterns of interactions. Interestingly, and depending on the 

environmental conditions, guanosine derivatives can form various types of structures.  

Most of the supramolecular architectures reported in this Thesis from guanosine 

derivatives require the presence of a cation which stabilizes, via dipole-ion interactions, 

the macrocyclic G-quartet that can, in turn, stack in columnar G-quadruplex 

arrangements. In addition, in absence of cations, guanosine can polymerize via hydrogen 

bonding to give a variety of supramolecular networks including linear ribbons. This 

complex supramolecular behavior confers to the guanine-guanine interactions their upper 

interest among all the homonucleobases studied.
 
They have been subjected to intense 

investigations in various areas ranging from structural biology and medicinal chemistry ï 

guanine-rich sequences are abundant in telomeric ends of chromosomes and promoter 

regions of DNA, and are capable of forming G-quartet based structuresï to material 

science and nanotechnology. 
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¶ Thesis Organization 

This Thesis, organized into five Chapters, describes mainly some recent advances 

in the form and function provided by self-assembly of guanine based systems. More 

generally, Chapter 4 will focus on the construction of supramolecular self-assemblies 

whose self-assembling process and self-assembled architectures can be controlled by light 

as external stimulus. 

Chapter 1 will describe some of the many recent studies of G-quartets in the 

general area of nanoscience. Natural G- quadruplexes can be useful motifs to build new 

structures and biomaterials such as self-assembled nanomachines, biosensors, therapeutic 

aptamer and catalysts. In Chapters 2-4 it is pointed out the core concept held in this PhD 

Thesis, i.e. the supramolecular organization of lipophilic guanosine derivatives with 

photo or chemical addressability. Chapter 2  will mainly focus on the use of cation-

templated  guanosine derivatives  as a potential scaffold for designing functional 

materials with tailored physical properties, showing a new way to control the bottom-up 

realization of well-defined nanoarchitectures. In section 2.6.7, the self-assembly 

properties of compound 28a may be considered an example of open-shell moieties 

ordered by a supramolecular guanosine architecture showing a new (magnetic) property. 

Chapter 3 will report on ribbon-like structures, supramolecular architectures formed by 

guanosine derivatives that may be of interest for the fabrication of molecular nanowires 

within the framework of future molecular electronic applications. In section 3.4 we 

investigate the supramolecular polymerizations of derivatives dG 1 and G 30 by light 

scattering technique and TEM experiments. The obtained data reveal the presence of 

several levels of organization due to the hierarchical self-assembly of the guanosine units 

in ribbons that in turn aggregate in fibrillar or lamellar soft structures. The elucidation of 

these structures furnishes an explanation to the physical behaviour of guanosine units 

which display organogelator properties. Chapter 4 will describe photoresponsive self-

assembling systems. Numerous research examples have demonstrated that the use of 

photochromic molecules in supramolecular self-assemblies is the most reasonable method 

to noninvasively manipulate their degree of aggregation and supramolecular architectures. 

In section 4.4 we report on the photocontrolled self-assembly of  modified guanosine 

nucleobase E-42: by the introduction of a photoactive moiety at C8  it is possible to 

operate a photocontrol over the self-assembly of the molecule, where the existence of G-

quartets can be alternately switched on and off. In section 4.5 we focus on the use of 
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cyclodextrins as photoresponsive host-guest assemblies: ŬCDïazobenzene conjugates 47-

48 (section 4.5.3) are synthesized in order to obtain a photoresponsive system exhibiting a 

fine photocontrollable degree of aggregation and self-assembled architecture. Finally, 

Chapter 5 contains the experimental protocols used for the research described in 

Chapters 2-4. 
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Chapter 1.  The G-Quartet in Nanoscience 

A great deal of the material in this Chapter is published in : 

¶ Kaucher, M. S.; Harrell Jr., W. A.; Davis, J. T. in Quadruplex Nucleic Acids, 

Neidle, S.; Balasubramanian, S. (Ed.), Royal Society of Chemistry, Cambridge, 

U.K., 2006, Chapter 10. 

 

                                                                         óNature that framôd us of four elements, 

                                                                         Warring within our breasts for regiment, 

                                                                    Doth teach us all to have aspiring minds: 

                                                                      Our souls, whose faculties can comprehend 

The wondrous Architecture of the worldééô 

Christopher Marlowe (1564ï1593), Conquests of Tamburlaine 

 

1.1 Introduction  

Self-assembly is central to many processes in biology and chemistry. The G-

quartet, a hydrogen-bonded macrocycle formed upon the cation-templated self-

association of guanosine analogs, was first identified in the early 1960s as the basic 

building block for hydrogels formed by 5ô-GMP. Since those early days, many different 

nucleosides, oligonucleotides and synthetic derivatives have been shown to form a rich 

array of G-quadruplex structures. This Chapter summarizes some of the many recent 

studies of G-quartets in the general area of nanoscience.                                                                         

  

1.2 What is Supramolecular Chemistry?1 

As a distinct area, supramolecular chemistry dates back to the late 1960s, although 

early examples of supramolecular systems can be found at the beginning of modern-day 

chemistry,  for example, the discovery of chlorine clathrate hydrate, the inclusion of 

chlorine within a solid water lattice, by Sir Humphrey Davy in 1810. 

So, what is supramolecular chemistry? It has been described as óchemistry beyond 

the moleculeô, whereby a ósupermoleculeô is a species that is held together by non-

covalent interactions between two or more covalent molecules or ions. It can also be 

described as ólego
Ê

 chemistryô in which each lego
Ê

 brick represents a molecular building 

block and these blocks are held together by intermolecular interactions (bonds), of a 

reversible nature, to form a supramolecular aggregate. These intermolecular bonds 

include electrostatic interactions, hydrogen bonding, ˊḯ  interactions, dispersion 
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interactions and hydrophobic or solvophobic effects. Supramolecular chemistry is a 

multidisciplinary field which impinges on various other disciplines, such as the traditional 

areas of organic and inorganic chemistry, needed to synthesise the precursors for a 

supermolecule, physical chemistry, to understand the properties of supramolecular 

systems and computational modelling to understand complex supramolecular behaviour. 

A great deal of biological chemistry involves supramolecular concepts and in addition a 

degree of technical knowledge is required in order to apply supramolecular systems to the 

real world, such as the development of nanotechnological devices. Supramolecular 

chemistry can be split into two broad categories, hostïguest chemistry (see 4.5) and self-

assembly. The difference between these two areas is a question of size and shape. If one 

molecule is significantly larger than another and can wrap around it then it is termed the 

óhostô and the smaller molecule is its óguestô, which becomes enveloped by the host 

(Figure 1.1a). One definition of hosts and guests was given by Donald Cram, who said 

óThe host component is defined as an organic molecule or ion whose binding sites 

converge in the complexéThe guest component is any molecule or ion whose binding 

sites diverge in the complexô.
2 
A binding site is a region of the host or guest that is of the 

correct size, geometry and chemical nature to interact with the other species. Thus, in 

Figure 1.1a the covalently synthesised host has four binding sites that converge on a 

central guest binding pocket. Hostïguest complexes include biological systems, such as 

enzymes and their substrates, with enzymes being the host and the substrates the guest. In 

terms of coordination chemistry, metalïligand complexes can be thought of as hostïguest 

species, where large (often macrocyclic) ligands act as hosts for metal cations. If the host 

possesses a permanent molecular cavity containing specific guest binding sites, then it 

will generally act as a host both in solution and in the solid state and there is a reasonable 

likelihood that the solution and solid state structures will be similar to one another. On the 

other hand, the class of solid state inclusion compounds only exhibit hostïguest behaviour 

as crystalline solids since the guest is bound within a cavity that is formed as a result of a 

hole in the packing of the host lattice. Such compounds are generally termed clathrates 

from the Greek klethra, meaning óbarsô (Figure 1.1b). Where there is no significant 

difference in size and no species is acting as a host for another, the non-covalent joining 

of two or more species is termed self-assembly. Strictly, self-assembly is an equilibrium 

between two or more molecular components to produce an aggregate with a structure that 

is dependent only on the information contained within the chemical building blocks 
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(Figure 1.1c). This process is usually spontaneous but may be influenced by solvation or 

templation effects or in the case of solids by the nucleation and crystallisation processes.    

Nature itself is full of supramolecular systems, for example, deoxyribonucleic acid 

(DNA) is made up from two strands which self-assemble via hydrogen bonds and 

aromatic stacking interactions to form the famous double helical structure. The inspiration 

for many supramolecular species designed and developed by chemists has come from 

biological systems. 

 

 

Figure 1.1. The development of a supramolecular system from molecular building blocks 

(binding sites represented by circles): (a) hostïguest complexation; (b) lattice inclusion; 

(c) self-assembly between complementary molecules. (From reference 1) 
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1.3 Self-Assembly 

Self-assembly is a powerful tool for the preparation of assemblies of well-defined 

(nano)architecture and for obtaining materials with tailored physicochemical properties 

(in particular, electronic and optical properties).
3
 This approach has been used to obtain 

different materials, for example, gels, liquid crystals and discrete assemblies, with 

potential broad practical applications. A great effort has been devoted to the investigation 

of self-organised architectures from functional dye (and other low-molecular-weight) 

scaffolds
4,5 

based on directional, multiple hydrogen-bonding interactions. As mentioned 

before, one valuable feature of supramolecular self-assembly is its dynamic nature, due to 

the reversibility of the non-covalent interactions. This dynamic nature leads to the 

preparation of functional materials, the physical properties of which can be tuned and 

controlled by external stimulii, for example, light.
5 

 

1.4 Guanosine is a Building Block for Diverse Assemblies 

As mentioned before natureôs use of a simple genetic code to enable lifeôs 

complex functions is an inspiration for supramolecular chemistry, in fact DNA 

nucleobases carry the key information utilizing a variety of cooperative and non-covalent 

interactions. One versatile multiple hydrogen-bonding unit is represented by guanosine. 

Nucleobases are well known for their ability to form complementary hydrogen 

bonds with their base pairs (Figure 1.2). These hydrogen bonds, on the Watson-Crick 

edge, are essential in holding DNA duplexes together.
6
 Although all nucleobases can 

form additional hydrogen bonds through their Hoogsteen edges,  guanine is well-known 

for its ability to self-associate.
7
 

 

 

Figure 1.2. Natural nucleobases 
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Guanine 2 contains both a Watson-Crick edge and a Hoogsteen edge (Figure 1.3).
6
 

Moreover, the Watson-Crick edge has two hydrogen bond donors that can hydrogen bond 

with the two hydrogen bond acceptors on the Hoogsteen edge. With this series that are 

possible for hydrogen bonds, there are several different structures of self-associated 

guanine (Figure 1.4). 

 

 

Figure 1.3. Depiction of the Waston-Crick (red arrows) and Hoogsteen (blue arrows) 

edges  of guanine 2. 

Not including dimers, there are two long polymeric or ribbon structures that 

guanine can form (see Chapter 3).
7-9

 The first structure is a ribbon with an overall dipole 

(Figure 1.4a), while the other ribbon has no dipole (Figure 1.4b). Although ribbons with 

no dipoles are favored, ribbons with dipoles are observed particularly when R is a large 

group. Figure 1.4c shows a third self-assembled structure that guanine can form: a cyclic 

self-assembled structure. This cyclic structure, the G-quartet, is typically favored in the 

presence of cations, since cations stabilize the electrostatically negative regions of the 

central oxygens of the G-quartet. The sugar moiety typically associated with the guanine 

base also has a large impact on the structure formed by guanine derivatives.
8,10,11 
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Figure 1.4. Self-assembled structures of guanine: a) ribbon with a dipole, b) ribbon with 

no dipole, and c) cyclic tetramer (G-quartet). 

 

1.5 Guanosine Forms Self-Assembled Cyclic Structures ï G-Quartets 

The G-quartet was first identified in 1962 as the basic building block for 

formation of hydrogels by 5'-GMP 6.
12 

Gellert and colleagues used fiber diffraction data
 

to propose that a square planar G-quartet was formed by eight intermolecular hydrogen
 

bonds between the Hoogsteen and Watson-Crick edges of neighboring nucleobases
 

(Figure 1.4c). Shortly after, polyguanylic acid was also found to form multistranded
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helical coils.
13

 It was also observed that hydrogels were not formed at basic pH. The
 

smaller G-quartet assemblies in basic conditions could be studied by NMR
 

spectroscopy.
14

 It was later shown that alkali metals (Na
+
 and K

+
) stabilized these G-

quartets.
  
Coordination to the four inward directed carbonyl oxygens by alkali metal ions

 

enabled the G-quartets to be stacked into G-quadruplexes. Pinnavaia and colleagues
 
found 

that 5'-GMP 6 forms diastereomeric G8-K
+
 octamers by sandwiching two G-quartets

 
with 

eight inward directed carbonyl oxygens coordinated to a central cation.
15 

More recently, 

Wu and colleagues used a combination of data from diffusion NMR and dynamic light 

scattering measurements to determine the size of nanostructures formed by sodium 5'-

GMP 6 at pH 8 (Figure 1.5).
16

 Wuôs group identified two major species in solution: 

stacked 5'-GMP monomers and stacked G-quartets. For 5'-GMP concentrations in the 18-

34 wt % range, the structures had an average length between 8 and 30 nm, corresponding 

to a cylinder composed of  24-87 stacked G-quartets. The impressive length of G-

quadruplexes formed from 5'-GMP 6 in water underscores the highly cooperative 

participation of hydrogen bond, ion-dipole,  ḯ́ stacking and cationïdipole interactions 

and causes, at a sufficiently high concentration, the self-correlation of the columns to 

generate liquid-crystalline phases.  

 

 

 
Figure 1.5. Depiction of the G-quadruplex cylinder formed by the self-assembly of 5'- 

GMP 6. (From reference 16) 
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1.6 DNA G-Quadruplex Structures 

Interest in the structural arrangements of G-quartet-based systems dates back to 

early 1990s by the identification that guanine-rich sequences are abundant in telomeric 

ends of chromosomes and promoter regions of DNA, and are capable of forming G-

quartet-based structures, the G-quadruplexes, in vitro.
17

 Since those days, thousands of 

reports have been published on the biological relevance of G-quartet formation and on the 

structural investigation of the arrangements of G-quadruplexes.
18

 

 

1.6.1 G-rich DNA and RNA regions form G-quadruplex structures 

Both DNA and RNA have been found to fold into G-quadruplex structures. These 

tertiary structures of the folded DNA and RNA molecules can be either unimolecular, 

bimolecular, or a tetraplex (Figure 1.6).
19-22

 The biological importance of these DNA and 

RNA G-quadruplex structures have come under increased attention, in particular with 

regard to telomeric DNA and nucleic acid aptamers.
19-22 

 

 

Figure 1.6. Examples of nucleic acid G-quadruplexes: a) unimolecular, b) edgewise loop 

bimolecular, c) diagonal loop bimolecular, and d) parallel tetraplex. Gray rectangles 

represent G-quartets, while the lines represent the phosphate backbone. 

 Telomeric DNA is a G-rich region at the end of DNA strands. In healthy cells, 

telomeric DNA slowly decays, which eventually leads to cell death.
19, 23-27

 

In tumorous cells, telomeric DNA is extended through the action of the telomerase 

enzyme, thus allowing the tumorous cell life to be prolonged.
28

 Telomeres are single-

stranded DNA substrates for telomerase enzymes.
19-22

 Since these G-rich ends of DNA 

can form G-quadruplexes (Figure 1.7) and stop telomerase from extending the DNA, G-

quadruplex stabilizing molecules are potentially valuable anticancer drugs.
29-36

 These 
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telomerase inhibitors recognize the face, edge, loop, or groove of the G-quadruplex 

(Figure 1.8).
29-36

 

Furthermore DNA and RNA aptamers are nucleic acid species that fold into 

tertiary structures that can bind to specific targets such as small molecules.
37

 One of the 

more studied G-rich aptamers is the thrombin binding aptamer. The thrombin binding 

aptamer (TBA) is a 15-residue DNA oligonucleotide with the sequence d(5'-

GGTTGGTGTGGTTGG-3') that binds with high affinity and selectivity to the protease 

thrombin.
38 

 

 

Figure 1.7. (a) Side view of the antiparallel human telomeric G-quadruplex structure 

solved by Wang and Patel using NMR spectroscopy, from PDB (Protein Data Bank) entry 

143D. (b) Detailed view of the central G-quartet from PDB entry 143D. (c) Side view of 

the parallel human telomeric G-quadruplex structure solved by Parkinson, Lee and Neidle 

using X-ray crystallography, from PDB entry 1KF1. (d) Top view of the parallel structure 

from PDB entry 1KF1. In all cases, guanines are shown as cylinders, other bases as balls 

and sticks. Potassium ions are shown in magenta. (From reference 18e) 
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Figure 1.8. Examples of binding sites that are targeted by telomerase inhibitors. 

Nanomolar concentrations of this DNA aptamer can inhibit formation of the fibrin 

clots that result from thrombin activation. Shortly after its discovery, the groups of Bolton 

and Feigon used NMR spectroscopy to determine TBAôs solution structure in the 

presence of K
+
.
39,40

 The single-stranded d (5'-GGTTGGTGTGGTTGG-3') can form a 

unimolecular G-quadruplex that is shaped like a chair, with two stacked G-quartets 

connected by two TT loops and a central 3-base TGT loop (Figure 1.9). Potassium cation 

is essential for the templation and stabilization of the chair-type G-quadruplex by TBA, 

and both solution NMR spectroscopy and mass spectrometry have shown that the TBA 

G-quadruplex has a pronounced selectivity for coordination of K
+
 over Na

+
.
40,41

 An x-ray 

crystal structure of a thrombin-TBA complex confirmed TBAôs chair-like structure and 

suggested that this G-quadruplex DNA bound to the fibrinogen exosite, an anion binding 

location distinct from the proteaseôs active site.
42

 Later experiments have shown that 

thrombin has 2 distinct binding epitopes that recognize different G-quadruplex ligands.
43

 

By using thrombin mutants, competitive binding assays and chemical cross-

linking, Tasset and colleagues confirmed that the 15-mer TBA binds to the fibrinogen 

exosite, whereas another 29-mer oligonucleotide, one that folds into a different G-

quadruplex topology, binds tightly to thrombinôs heparin-binding exosite. A number of 

thrombin biosensors have been developed based on the simultaneous use of these 2 

distinct G-quadruplex recognition sites. Although the TBA aptamer originally gained 

notoriety for its potential as a therapeutic anti-thrombolytic agent, this oligonucleotide has 

also been important in the supramolecular chemistry of G-quadruplexes. As described in 

more detailed below, the TBA sequence has served as the primary model for the 

development of a range of sensors and nanomachines. 
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Figure 1.9. Schematic of the thrombin binding aptamer (TBA). 

 

1.7 Biosensors and Nanostructures Based on DNA G-Quadruplex            

Structures 

 

1.7.1 Potassium ion sensors 

As described earlier, TBA, a 15-mer oligonucleotide, folds into stable G-

quadruplexes under well-defined conditions. TBA has been exploited to develop optical 

and electronic sensors, for analytes ranging from K
+
 ion to proteins to nucleic acids based 

on this facet. The use of the TBA sequence as the basis for a biosensor is nicely 

demonstrated in a recent study by Takenakaôs group.
44

 They used a modified TBA as a 

fluorescent indicator for detecting K
+
 in water. Attachment of pyrene groups to the 5' and 

3'-ends of the DNA gave a probe coined ñPSO-pyò for potassium sensing 

oligonucleotide-pyrene. This PSO-py is a promising sensor for the real-time detection of 

K
+
 in biological and environmental samples. One challenge in developing an optical K

+
 

sensor is achieving selectivity in the presence of high Na
+
 concentrations. Another 

challenge is to obtain a fast response that allows for real-time monitoring of the cation.   

PSO-py used the excimer formation from ́-stacked pyrenes to signal K
+
 binding. In the 

absence of K
+
, PSO-py is primarily unfolded and provides little excimer emission. In the 

presence of K
+
, the 5' and 3' ends of the folded DNA stack pyrenes in a face-to-face 

geometry to give a new excimer band (Figure 1.10). Importantly, the presence of other 

cations gave little interference as only K
+
 binds with high-affinity to the TBA G-

quadruplex. The fluorescence spectrum of PSO-py in the absence of K
+
 showed a weak 

monomer emission at 390 nm. Addition of K
+
 gave a strong excimer band at 480 nm, 
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accompanied by quenching of monomer emission. Changes in excimer fluorescence 

indicated that the K
+
 and Na

+
 complexes of PSO-py had dissociation constants (Kd) of 

7.33 and 272 mM, respectively. This K
+
/Na

+
 selectivity coefficient of 37 for PSO-py is 

higher than for many other previous K
+
 sensors. Independent CD measurements of 

PSOpy, in the presence and absence of K
+
, confirmed that the excimer fluorescence 

corresponded to a structural shift from a random coil to a chair-like G-quadruplex. The 

dynamics of the fluorescence response for the PSO-py/K
+
 system also showed a short 

response time (within seconds) upon variation in ion concentration. Moreover, this 

dynamic excimer fluorescence was both reversible and reproducible. The PSO-py 

oligonucleotide, well suited for real-time monitoring of K
+
 in water, is representative of a 

range of bioprobes that have been rationally designed by using knowledge of G-

quadruplex structure and properties. 

 

 

    

Figure 1.10. Chemical structure of the PSO-py and the expected G-quadruplex induced 

by K
+
 binding. Pyrene excimer emission occurs in the presence of K

+
  (From reference 

44)  

 

The PSO-py oligonucleotide, which uses excimer emission as an optical signal, is 

actually a second-generation sensor. Takenakaôs prototype, described in 2002, was a 

modified DNA oligonucleotide that underwent efficient fluorescence resonance energy 

transfer (FRET) upon folding into an intramolecular G-quadruplex.
45

 This original PSO 
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with the sequence d (5'-GGGTTAGGGTTAGGGTTAGGG-3') had a 6-

carboxyfluorescein donor group attached to its 5'- end and a rhodamine acceptor linked to 

the 3'-terminus. When folded into a G-quadruplex, the 2 chromophores are located close 

enough together to undergo efficient energy transfer (Figure 1.11). Importantly, G-

quadruplex formation by this PSO, as measured by FRET, was again highly selective for 

K
+
 over Na

+
.      

 

 

Figure 1.11. Chemical structure of the PSO and the expected G-quadruplex induced by 

K
+
 binding. In this case FRET occurs in the presence of K

+
. (From reference 45) 

Ho and Leclerc described another interesting method for the optical detection of 

K
+
, based on formation of colored complexes between a cationic polythiophene and 

negatively charged DNA (Figure 1.12).
46,47

 Because of changes in the conformation of its 

conjugated backbone, this flexible polymer senses different DNA topologies. Ho and 

Leclerc showed that this polythiophene distinguishes the single-stranded and G- 

quadruplex forms of TBA, enabling the polymer to be used as a selective probe for K
+
, 

since that specific ion is required for folding TBA. This simple ñstainingò method for 

detection of the TBA G-quadruplex (or for any species that templates or stabilizes G- 

quadruplex structure) has the obvious advantage that it does not require chemical labeling 
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of the DNA. Ho and Leclerc have also shown that their method is useful for the selective 

and sensitive (femtomolar range) measurement of the thrombin protein and for the highly 

enantioselective detection of L-adenosine.
46

 Leclercôs biosensor strategy should also be 

ideal for identification of small molecules that bind to the G-quadruplex, thus providing a 

new method for screening potential anti-telomerase drugs. 

 

 

Figure 1.12. An optical K
+
 sensor based on a complex formed between G-quadruplex 

DNA and a conjugated cationic polymer. (From reference 46) 

Wang and co-workers recently developed a related polymer-based assay for K
+
 

detection that benefits from the sensitivity that is available from the FRET process. In 

their case, energy transfer was observed from a cationic conjugated polymer to a TBA 

oligonucleotide labeled at its 5'-end with a fluorescein acceptor. Notably, they observed a 

significant increase in emission at 518 nm for the polymer-labeled TBA complex only 

when in the presence of relatively low concentrations of K
+
. The magnitude of the FRET 

signal, which has a 1/r
6
 dependence on the distance between donor and acceptor, was 



SSUUPPRRAAMMOOLLEECCUULLAARR    FFUUNNCCTTIIOONNAALL    AASSSSEEMMBBLLIIEESS  

  

15 

 

attributed to the stronger electrostatic interactions that hold the cationic polymer closer to 

the compact and charge-dense G-quadruplex form of the TBA (Figure 1.13). In this way, 

K
+
 ion was readily detected in water at low concentrations, even when other monovalent 

and divalent cations were present in excess.
48

 

 

 

Figure 1.13. Schematic representation of an optical K
+
 sensor based on G-quadruplex-

polymer interactions that lead to FRET. (From reference 48) 

 

1.7.2 G-quadruplexes as optical sensors for proteins 

In 1998, Hieftje and colleagues described the first example of a protein sensor 

formed by the TBA sequence.
49

 They prepared a DNA conjugate that had the TBA 

labeled at its 5'-end with fluorescein and modified at its 3'-end by an amino siloxane 
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linker, enabling covalent attachment of the oligonucleotide to a glass surface (Figure 

1.14). Once the modified DNA had been tethered to glass they used evanescent-wave-

induced detection of fluorescence anisotropy to detect the specific binding of thrombin in 

solution to the immobilized TBA ligand. The resulting protein-DNA complex, being 

much larger than the DNA probe showed a significant change in its rotational diffusion 

rate, as detected by the change in fluorescence anisotropy. The change in fluorescence 

anisotropy was specific to both the TBA and the protein analyte. Thus, scrambled DNA 

sequences that donôt form G-quadruplexes did not show any enhanced fluorescence 

anisotropy. Likewise, serine proteases other than thrombin did not bind to the fluorescein-

labeled TBA. This TBA biosensor was sensitive and rapid, as it could detect as little as 

0.7 amol of thrombin over a dynamic range of 3 orders of magnitude (from nanomolar to 

micromolar) in less than 10 minutes. 

 

 

Figure 1.14. A fluorescein modified DNA oligonucleotide that functions as biosensor for 

thrombin. (From reference 49) 

Lee and Walt used a related strategy to build a thrombin biosensor by covalent 

attachment of the TBA sequence to silica microspheres.
50

 They then used a fiber optic 

device to detect the binding of fluorescein-labeled thrombin to these glass beads. They 

also developed a more practical assay that involved the competitive binding and 

displacement of fluorescein-labeled thrombin by unlabeled protein. Despite the need for 

specialized equipment this paper described an assay for thrombin in solution that was 

highly selective, rapid and reproducible. In 2001 Stanton and colleagues described the use 

of ñaptamer beaconsò for the direct detection of thrombin binding.
51

 They chemically 

synthesized an oligonucleotide that contained the TBA sequence embedded within a 

longer DNA strand that was designed to form a stem-loop structure in the absence of 

thrombin. This DNA oligonucleotide contained a fluorescein chromophore at its 5'-end 
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and a quencher group at its 3'-end. Thus, when the oligonucleotide was in its stem-loop 

conformation the 5'-fluorescein was quenched by the nearby 3'-DABCYL unit. Addition 

of thrombin shifted the DNAôs conformational equilibrium from the stem-loop structure 

to a folded G-quadruplex, causing an increase in the chromophore-quencher distance and 

a  fluorescence enhancement (Figure 1.15). The authors stressed that this method for 

thrombin detection could, in principle, be applied to other nucleic acid aptamers by 

simply embedding the protein binding sequence within an unproductive stem-loop 

structure that contained juxtaposed fluorescent label and quencher. Binding of the target 

protein should shift the conformational equilibrium and stabilize the aptamerôs structure, 

resulting in fluorescence enhancement as the fluorophore-quencher separation changes. 

They envisioned using this strategy to make biosensors for proteomics applications using 

high-throughput, automated selection techniques. 

 

 

 

Figure 1.15. A protein biosensor based on the ñaptamer beaconò strategy. Thrombin 

shifts the DNAôs conformational equilibrium to G-quadruplex and produces an increase 

in fluorescence as the donor-quencher groups get farther apart, compared to the stem-loop 

structure. (From reference 51) 

Tan and colleagues also used the aptamer beacon strategy to develop real time 

sensing of thrombin.
52,53

 In addition to using fluorescence quenching, they also used both 

FRET and excimer strategies that allowed for significant fluorescence enhancement upon 

formation of a DNA-thrombin complex. Their aptamer beacon design involved labeling 
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the 5'-end of a 15-mer with an energy acceptor, 6-FAM, and the 3'-end with a coumarin 

group as an energy donor. (Figure 1.16) This modified 15-mer tended to favor a random 

coil conformation in low salt and the absence of thrombin, whereas the equilibrium was 

shifted to the folded TBA G-quadruplex in the presence of thrombin. This conformational 

change resulted in a significant enhancement in the fluorescence signal for 6-FAM as the 

chromophores came closer together in the folded state. These assays were highly sensitive 

giving a detection limit of 112 ± 9 pM for thrombin. 

 

 

Figure 1.16. Structure of a) acceptor-donor TBA and b) schematic showing FRET upon 

binding of thrombin to TBA. (From reference 52) 

In 2003, Nutiu and Li described a strategy for the preparation of fluorescent 

sensors based on their use of so-called ñStructure-Switching Signaling Aptamersò.
54,55

 

These DNA aptamers work by undergoing a major structural change from duplex DNA to 

a DNA-target complex. The starting duplex is formed between a DNA strand that 

contains the aptamer sequence and 2 shorter oligonucleotides; one of the shorter 

oligonucleotides contains a fluorophore and the other short strand contains a quencher. In 

the absence of the thrombin target the aptamer strand binds to the short oligonucleotide 

containing the quencher, bringing it into proximity to the fluorophore and causing 

maximum quenching. Upon addition of the thrombin protein, the aptamer sequence 

releases the short oligonucleotide containing the bound quencher, resulting in a strong 

fluorescence enhancement. (Figure 1.17) 
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Figure 1.17. The Structure-Switching Signaling Aptamer. A DNA duplex composed of 

three strands of DNA places a fluorophore (F) close to a quencher group (Q). Upon 

addition of thrombin, the QDNA piece is released, and the fluorescence increases. (From 

reference 55) 

In 2005, Heyduk and Heyduk took advantage of the fact that thrombin has 2 

different DNA binding epitopes to facilitate the simultaneous co-association of 2 different 

aptamers.
56

 Each aptamer was outfitted with a flexible linker region and a DNA sequence 

that would allow DNA duplex formation and enable simultaneous FRET enhancement. In 

the absence of the thrombin analyte the 2 DNA strands donôt associate because the 

complementary binding region is too short. However, when both sequences are bound to 

thrombin the increased entropy favors duplex formation and subsequent FRET 

enhancement (Figure 1.18). 

 

 

 

Figure 1.18. a) Detection of thrombin by binding 2 different G-quadruplexes at different 

epitope binding sites. b) Association of the 2 strands of DNA on the thrombin surface 

leads to fluorescence quenching. (From reference 56) 
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 Willner and colleagues used thrombinôs 2 binding epitopes to design an 

ingenuous method for the optical detection of thrombin.
57

 Willnerôs group used gold 

nanoparticles functionalized with thiolated aptamers to enable the amplified detection of 

thrombin both in solution and on glass surfaces (Figure 1.19).
58,59

 Reaction of the 

functionalized Au nanoparticles with thrombin in solution led to significant aggregation, 

since thrombinôs two binding epitopes enabled crosslinking of the Au nanoparticles. 

Addition of thrombin led to a significant decrease in the plasmon absorbance for the Au 

nanoparticles. The isolated precipitates were resuspended in solution containing a CTAB 

surfactant and then used to seed nanoparticle growth using HAuCl4 and NADH. This 

catalytic growth of the nanoparticles was monitored by the goldôs increased Plasmon 

absorbance at 530 nm. Furthermore, the enlarged nanoparticles showed a red-shifted 

absorbance at 650 nm that was proposed to originate from a coupled plasmon exciton due 

to contacts between enlarged Au nanoparticles. These solution protocols for Au 

nanoparticle growth were also adapted to enable the optical sensing of thrombin on glass. 

A TBA oligonucleotide containing a siloxane unit was covalently attached to a glass 

surface and thrombin was bound to the resulting monolayer. The Au nanoparticles 

containing the thiolated TBA were then allowed to bind to thrombin through the second 

epitope site. Catalytic growth of the bound Au nanoparticles was then carried out in the 

presence of HAuCl4, CTAB, and NADH. Both absorbance spectra and QCM 

measurements confirmed that the thrombin could be detected in a concentration 

dependant fashion. SEM images also showed that the Au nanoparticles came in contact 

with each other, entirely consistent with the presence of the interparticle absorbance band 

at 650 nm. 

 

 

 



SSUUPPRRAAMMOOLLEECCUULLAARR    FFUUNNCCTTIIOONNAALL    AASSSSEEMMBBLLIIEESS  

  

21 

 

 

 

Figure 1.19. Amplified detection of thrombin based on enlargement of Au nanoparticles. 

(From reference 57) 

 

1.7.3 G-quadruplexes in the electrochemical detection of proteins  

In the past few years a new direction in TBA-based biosensors has been the 

development of methods for the electrochemical detection of thrombin. Some of the 

reported advantages of these electrochemical biosensors are their potential to provide 

high sensitivity, fast response times, low costs, easy fabrication, and the possibility for 

miniaturization. Ikebukoru and colleagues were the first to report on a TBA based 

electrochemical sensor.
60

 Like others, they took advantage of thrombinôs two separate 

binding sites. Fabrication of the device involved immobilizing a thiolated TBA sequence 

onto a gold electrode. A second oligonucleotide that can fold into a G-quadruplex 

structure was covalently modified at its 3'-end with the enzyme glucose dehydrogenase 

(GDH). Addition of thrombin to this solution resulted in formation of a sandwich 

structure wherein the GDH was brought close to the gold electrode. Oxidation of glucose 

by the immobilized GDH enzyme resulted in a measurable electrical current (Figure 

1.20). No current was detected in the absence of thrombin, demonstrating that the GDH 

needs to be close to the Au electrode. Using this electrochemical detection device, 

thrombin at concentrations as low as 1 uM could be detected. 

 



SSUUPPRRAAMMOOLLEECCUULLAARR    FFUUNNCCTTIIOONNAALL    AASSSSEEMMBBLLIIEESS  

 

 

22 

 

 

 
Figure 1.20. Electrochemical detection of thrombin through the coupled oxidation of 

glucose by glucose dehydrogenase. (From reference 60) 

In the last year a flurry of papers from the groups of Hianik, Plaxco, Lee and 

OôSullivan have appeared describing a variety of approaches for the electrochemical 

detection of thrombin.
61-65

 Plaxco and colleagues used a 5'-thiolated DNA oligonucleotide 

containing both the TBA sequence and an electrochemically active group (methylene 

blue) attached to the 3'-end of the DNA.
62

 This modified DNA oligonucleotide was 

attached via its thiol tether to the gold electrode. In the absence of thrombin the DNA 

adopts a conformation such that the electroactive methylene blue label can bind to the 

gold surface and enable electron transfer with the electrode. However, binding of 

thrombin by the folded TBA sequence results in a conformational change that turns off 

electron transfer between the 3'-methylene blue label and the gold electrode. Presumably 

the aptamerôs conformational change significantly increases the electron-tunneling 

distance between the electrode and the electroactive label. This particular sensor, used to 

measure thrombin in blood serum, demonstrated excellent dynamic range of 10-700 nM 

and outstanding sensitivity, such that thrombin at 10-100 nM concentrations could be 

measured from blood plasma (Figure 1.21a). Radi and OôSullivan recently described a 

similar approach wherein they attached a thiolated TBA sequence containing a redox-

active ferrocene group to a gold electrode.
65

 A bifunctional 15-base TBA derivative with 

a ferrocene group and a thiol at its respective 5' and 3' termini was prepared. After 

anchoring this electroactive aptamer to a gold electrode the rest of the gold surface was 

coated with 2-mercaptoethanol to form a mixed monolayer. Cyclic voltammetry (CV), 

differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS) 

were used to characterize this DNA- modified electrode. The modified electrode gave a 
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voltammetric signal due to the redox reaction of the TBAôs ferrocene group. The increase 

in signal intensity upon binding thrombin to the TBA sensor was attributed to a 

conformational transition from random coil to the folded G-quadruplex (Figure 1.21b). In 

this ñsignal-onò system, which contrasts to Plaxcoôs ñsignal-offò system,
62

 the authors 

noted an increased electrochemical signal upon binding thrombin. They suggested that the 

short length of their DNA tether resulted in a conformational change that brings the 

ferrocene label closer to the electrode surface and increases electron transfer. This 

ñsignal-onò electrochemical biosensor was used for the detection of thrombin without the 

need for any special reagents. The sensor had nanomolar detection limit for its target and 

showed little interference from nonspecific proteins. The aptasensor could be easily 

regenerated and reused 25 times without any loss in detection sensitivity.
63  

 

 

Figure 1.21. Electrochemical biosensors for the detection of thrombin a) ñsignal-off 

systemò described for a 35mer oligonucleotide containing the TBA sequence and b) 

ñsignal-onò system. (From reference 62,65) 

 

1.7.4 Biosensors for nucleic acids 

DNA can also be optically detected using TBA-thrombin interactions.
66-68

 Fan and 

colleagues used an electrochemical version of the ñmolecular beaconò approach to detect 

DNA hybridization by measuring the electrochemical signal that accompanied a 

conformational change in the sensor.
68

 Their strategy involved attaching a ferrocene tag 

to a thiolated TBA sequence within a stem-loop DNA structure, followed by subsequent 
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attachment of the labeled DNA to a gold electrode. Hybridization of this sensor with a 

complementary DNA sequence then triggered a conformational change in this surface-

confined TBA sensor, which led to a corresponding change in the electron tunneling 

distance between the Au electrode and the ferrocene label. Using cyclic voltammetry, 

target DNA concentrations as low as 10 pM could be measured using this sensor. In an 

elegant approach toward DNA detection, Willner and colleagues introduced the use of 

ñcatalytic beaconsò.
66-67

 Their method is illustrated in Figure 1.22. The thrombin protein 

was covalently modified with an oligonucleotide containing the TBA sequence.
67

 In the 

absence of a complementary DNA strand the appended TBA sequence folds into a G-

quadruplex and blocks the enzymeôs active site. Addition of a complementary DNA 

strand unfolds the G-quadruplex, resulting in substrate access to the thrombinôs active 

site. Hydrolysis of a fluorophore labeled peptide then results in a readily detectable 

optical signal. 

 

 

 

Figure 1.22. Optical detection of DNA by catalytic activation of thrombin upon 

dissociation of an intramolecular thrombin-TBA complex. (From reference 67) 

 

1.7.5 The use of G-quadruplexes in building nanomachines 

The TBA sequence has also been used as the basis for single molecule systems 

that have been coined ñnanomachinesò or nanomotors.
69-71

 Li and Tan first demonstrated 

that conformational switching of a DNA oligonucleotide between its duplex and its folded 

G-quadruplex forms resulted in a flexing motion.
69

 They used FRET to follow this 
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shrinking and expansion motion in real time. In a similar fashion, Alberti and Mergny 

reported that the conformational equilibrium between DNA duplex and quadruplex 

defines a nanomolecular machine.
70

 Thus, the conformational states of a 21-mer DNA 

oligonucleotide, modified with 5'-fluorescein donor and 3'-rhodamine acceptor groups, 

could be readily detected by using FRET techniques. Switching between the folded 

unimolecular G-quadruplex and a duplex conformation caused a 5-6 nm  displacement 

along the length of the oligonucleotide. This nanomachine could be cycled between its 

closed G-quadruplex state and open duplex state by sequential addition of other DNA 

strands, a so-called "C-fuel" and a "G-fuel". The ñC-fuelò unfolded the unimolecular G-

quadruplex to generate a duplex, while the ñG-fuelò strand was used to liberate the 

labeled 21-mer so that it could refold into a G-quadruplex structure. 

 Simmel and coworkers recently described a nanomachine that can bind and 

release thrombin as it undergoes conformational switching (Figure 1.23).
71 

 

Figure 1.23. A DNA-based nanomachine that binds and releases thrombin. Binding of 

DNA strand Q to TBA-protein complex release thrombin, and addition of complementary 

DNA strand R removes Q and shifts equilibrium back to the TBA-thrombin complex. 

(From reference 71) 

In this DNA-based machine, the TBA sequence was fused to another DNA 

sequence that can partially bind another DNA sequence (Q). Upon addition of the Q DNA 




