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Abstract 

G-quadruplexes represent a versatile sensing platform for the construction of 

label-free molecular detection assays due to their diverse structures that can be 

selectively recognized by G-quadruplex-specific luminescent probes. In this thesis, 

we have explored the applications of the label-free G-quadruplex-based luminescent 

detection platforms for the detection of biomolecules and metal ions. 

Chapter 1 provides an overview of the principles and recent developments of the 

field of luminescent oligonucleotide-based probes, and highlighting in particular the 

use of the “label-free” strategy for the construction of simple and inexpensive sensing 

platforms. 

Chapter 2 introduces the basic experiments performed during the course of this 

thesis, including UV/Vis absorption spectroscopy, luminescence spectroscopy, nuclear 

magnetic resonance, mass spectrometry circular dichroism spectroscopy and 

G-quadruplex fluorescent intercalator displacement assay. 

Chapter 3 describes a G-quadruplex-based switch-on luminescence assay for the 

detection of gene deletion using iridium(III) complex 1 as a G-quadruplex-selective 

probe. Our method is based on the formation of a split G-quadruplex upon 

hybridization of two critically designed quadruplex-forming sequences with the 

mutant DNA sequence, resulting in a “switch-on” luminescence response.  
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Chapter 4 describes a label-free, oligonucleotide-based, switch-on luminescence 

detection method for T4 polynucleotide kinase activity using a 

G-quadruplex-selective luminescent iridium(III) complex 2. The application of the 

assay for screening potential T4 PNK inhibitors is also demonstrated. To our 

knowledge, this is the first metal-based assay for PNK activity that has been reported 

in the literature. 

Chapter 5 describes a label-free oligonucleotide-based luminescence switch-on 

assay for the selective detection of sub-nanomolar Pb
2+

 ions in aqueous solution and 

real water samples. Iridium(III) complex 1 was employed as a G-quadruplex-specific 

luminescent probe and a guanine-rich DNA sequence (PS2.M, 

5-GTG3TAG3CG3T2G2-3) was employed as recognition unit for Pb
2+

 ions. The assay 

could detect Pb
2+

 ions in aqueous media with a limit of detection of 600 pM, and also 

exhibited good selectivity for Pb
2+

 ions over other heavy metal ions. Furthermore, the 

application of the assay for the detection of Pb
2+

 ions in spiked river water samples 

was demonstrated.  

Chapter 6 describes a label-free G-quadruplex-based luminescent switch-on 

assay for the selective detection of micromolar histidine in aqueous solution. 

Iridium(III) complex 8 was employed as a G-quadruplex-specific luminescent probe 

while a guanine-rich oligonucleotide (Pu27, 5-TG4AG3TG4AG3TG4A2G2-3)/cupric 
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ion (Cu
2+

) ensemble was employed as a recognition unit for histidine. The assay could 

detect down to 1 μM of histidine in aqueous media, and also exhibited good 

selectivity for histidine over other amino acids with the use of the cysteine-masking 

agent N-ethylmaleimide. Furthermore, the application of the assay for the detection of 

histidine in diluted urine samples was demonstrated.  

Chapter 7 summarizes the work that was conducted in this thesis, and the future 

outlook of G-quadruplex-based sensing is presented. 
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 ions, the PS2.M oligonucleotide exists in a single-stranded 

conformation. The addition of Pb
2+

 ions induces a structural 

switch to a G-quadruplex structure, which is detected by complex 

1 and transduced into a luminescence response. 
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Figure 5.8 Selectivity of the G-quadruplex-based luminescent Pb
2+

 ion 

assay. The concentration of Pb
2+

 ions was 1.0 µM and the 

149 



xxvii 

  

concentrations of the other metal ions were 10.0 µM. 

Experimental conditions: PS2.M (5 μM) and complex 1 (1 μM) 

in 10 mM Tris–HAc (pH 8.2). 

Figure 5.9 Application of the proposed probe for the analysis of Pb
2+

 ions in 

river water samples. Luminescence spectra of complex 1 (1 μM) 

and PS2.M (5 μM) in 4:1 river water: Tris buffer solution with 0, 

1, 2.5, or 5 nM of Pb
2+

 ions. The recovery values are shown in 

parentheses. 
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Chapter 1 Introduction  

1.1 Oligonucleotide and Luminescence  

The structure of the classical DNA double helix was first proposed by Watson 

and Crick nearly half a century ago. The role of DNA as a passive carrier for the 

transcription and replication of genetic material was cemented in the central dogma of 

molecular biology over the following years. However, breakthrough advances in 

chemistry and biology over the last two decades have vastly expanded the repertoire 

of nucleic acid structure and function with potential application in multiple areas of 

science and technology.
[1]

 Seminal studies in the 1980s and 1990s led to the discovery 

of nucleic acid enzymes
[2]

 and aptamers
[3]

 capable of recognizing specific analytes 

with affinities rivaling those of protein enzymes and antibodies. Furthermore, a range 

of non-canonical nucleic acid structures such as triplex, G-quadruplex and i-motif 

DNA with putative roles in living organisms have been identified (Figure 1.1).
[4]

 

These exciting discoveries have paved the way for the development of an 

extraordinary number and diversity of DNA-based probes.
[5]
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Figure 1.1. A) Structure of the triple-helical DNA; B) Some common unimolecular 

G-quadruplex topologies; C) Structure of i-motif DNA. 

Luminescence is a widely-used technique for sensing and imaging applications.
[6]

 

A wide range of fluorescence or phosphorescence probes are available that exhibit 

changes in lifetime, anisotropy or emission intensity in response to variations in the 

local environment. Furthermore, conventional analytical methods generally require 

expensive instrumentation and/or tedious sample preparation for analysis. In contrast, 

luminescence can offer a convenient “mix-and-detect” methodology while retaining 

high sensitivity and specificity for the targeted analytes. Finally, luminescence is 

readily amenable to high-throughput analysis for the rapid quantitation of a large 

number of samples, while portable spectrofluorometers can facilitate in-field 

luminescence detection in a convenient and inexpensive manner. The introduction 

aims to provide an overview for the principles and recent developments of the field of 

luminescent oligonucleotide-based probes, with the aim of highlighting, in particular, 

the use of the “label-free” strategy for construction of simple and inexpensive sensing 
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platforms. In the context of this introduction, the term “label-free” refers to 

unmodified oligonucleotides that lack covalently-labeled fluorophore and/or quencher 

units.  

1.2 Oligonucleotide-based sensing platforms  

Pioneering research conducted over the last two decades has uncovered the 

tremendous potential and versatility of nucleic acids in sensing applications. In 

contrast to organic chemosensors, which typically require the addition of a significant 

quantity of non-aqueous solvent for dissolution, nucleic acids often possess excellent 

solubility and stability in aqueous solution and biological media. Furthermore, 

functional oligonucleotides compare favourably with protein enzymes or antibodies 

due to their relatively small size, low cost, facile synthesis and modification, good 

thermal stability, reusability and low immunogenicity.
[5]

 Consequently, 

oligonucleotides have received increasing attention for the construction of various 

sensing methodologies. 

Functional oligonucleotides can bind either covalently or non-covalently to small 

molecules, metal ions, proteins and single-stranded DNA/RNAs. Nucleic acid 

aptamers, developed through the systematic evolutions of ligands by exponential 

enrichment (SELEX),
[3]

 have been discovered for a myriad of targets such as proteins 

or small molecules. The target-binding specificity of aptamers has been reported to be 
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comparable or even superior to that for protein enzymes or antibodies. For example, 

the aptamer for the platelet-derived growth factor B chain homodimer (PDGF-BB) 

binds to its cognate target with 370-fold higher affinity compare to platelet-derived 

growth factor A chain homodimer (PDGF-AA). Additionally, the theophylline 

aptamer exhibits 10,000-fold selectivity over closely related analogues such as 

caffeine, which differs only by a single methyl group.
[7]

  

 On the other hand, certain DNA bases can selectively bind to particular metal 

ions. For example, silver(I) ions can stabilize the cytosine-Ag
+
-cytosine mismatch, 

while mercury(II) ions can take part in the thymine-Hg
2+

-thymine interaction. In 

addition, G-quadruplexes that are selective for particular metal cations have been 

reported. Finally, certain enzymes or functional DNA-binding proteins are able to 

discriminate between different nucleic acid conformations or sequences. The strong 

specificities of particular nucleic acid-ligand interactions have enabled the 

development of highly selective oligonucleotide-based sensing platforms for various 

analytes.  

An oligonucleotide-based sensing platform is generally constructed from three 

components: (1) a functional oligonucleotide which is able to interact specifically 

with its target accompanied by the presence or absence of a conformational change, (2) 

a signal transducer, which transforms the recognition event into a measurable signal, 
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and (3) physical instrumentation which converts the signal into a readable output for 

quantitative analysis. For example, the target-responsive conformational change of 

oligonucleotides has been successfully coupled to both optical
[8]

 and electrochemical
[9]

 

systems. In particular, luminescence detection offers a powerful combination of 

simplicity, low cost, rapid response and high sensitivity compared to colorimetric or 

electrochemical methods.   

In general, DNA has been more widely used in oligonucleotide-based sensing 

systems compared to RNA. The latter is readily degraded by RNases present in the 

exogenous environment and is also more prone to hydrolytic cleavage due to its 

additional 2′-hydroxyl group. However, the rich structural diversity of RNAs has 

found application in riboswitches
[10]

 or catalytic RNAs (ribozymes) sensitive to 

specific metal ion cofactors.
[2a, 11]

 A comprehensive discussion of nucleic acid enzyme 

sensors can be found in extensive reviews written by Lu and co-workers.
[5, 12]

   

 Early studies in the field of DNA-based sensing revolved around the molecular 

beacon (MB) strategy, whereby the presence of the targeted analyte would influence 

the spatial arrangement of fluorophore and quencher in the labeled oligonucleotide. 

Subsequent studies have significantly expanded the range of oligonucleotide 

conformations and/or fluorophore/quencher combinations available for the 

construction of DNA-based detection platforms for various analytes. The labeled 
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strategy has enjoyed consistent popularity due to its high target specificity, ease of 

operation, and the wide choice of fluorophore or quenchers available.
[12-13]

 Besides 

fluorescence labeling, a number of strategies based on nanoparticles or radioactive, 

electroactive or chemically-active agents have been devised.
[14]

 Consequently, the 

development of new labeled methods for the luminescent detection of analytes still 

remains an active and important area of research.
[8-9, 13]

  

 The use of covalently-modified nucleic acids, however, entails certain drawbacks. 

The covalent attachment of fluorophore or other labeling agents to the functional 

oligonucleotide may affect the recognition event, potentially interfering with the 

sensitive and selective detection of the targeted analyte.
[15]

 Furthermore, the additional 

labeling or immobilization steps can be costly, tedious and time-consuming. The 

“label-free” concept aims to overcome some of the drawbacks associated with the use 

of covalently-labeled oligonucleotides prevalent in electrochemical and optical 

platforms, as will be discussed in the following section.  

1.3 Label-free oligonucleotide-based sensing using 

luminescent molecules 

 In the label-free approach, luminophores are not covalently attached to the 

nucleic acid backbone but instead interact non-covalently with DNA through a 

number of binding modes such as intercalation, groove-binding, end-stacking or 
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electrostatic interactions. The luminescent molecules used in label-free DNA probes 

are generally non-emissive or only slightly emissive in aqueous solution resulting 

from quenching of the excited state by solvent interactions. However, they show 

enhanced luminescence upon binding to defined DNA structures due to the protection 

of their excited states within the hydrophobic interior of the oligonucleotide.
[16]

 

Consequently, the analyte-induced structure-switching of the functional 

oligonucleotide may be transduced into an optical output using a suitable luminescent 

molecule. One of the potential advantages of the label-free DNA-based approach is 

that the detection can be carried out in homogenous solution without any pre-labeling 

or immobilization step, greatly reducing the time and cost required for performing the 

assay as well.   

 Luminescent molecules for DNA can be generally classified into two major types: 

organic dyes and transition metal complexes. Luminophores that can distinguish 

between various DNA topologies with a differential luminescence response can be 

employed to monitor the target-induced conformational transition of the functional 

oligonucleotide. While organic dyes have been most commonly used for both labeled 

and label-free DNA-based detection assays, luminescent metal complexes also display 

unique advantages that may be beneficial for sensing applications.
[17]
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 Depending on the conformational switching event of the oligonucleotides, the 

luminescent response of the luminophores upon interaction with the oligonucleotides 

can be classified as either “switch-on”, “switch-off” or “ratiometric”. In general, 

switch-on or ratiometric modes are more desirable for sensing applications as the 

switch-off mode of detection may be more susceptible to quenching by biological 

interferences via a range of energy transfer mechanisms. Examples of luminescent 

probes that are able to specifically recognize certain types of DNA are shown in Table 

1.1.  

 In recent years, a number of luminescent label-free detection methodologies have 

been developed for small molecules, metal ions, nucleic acids, and even proteins. In 

the following section, we describe interesting case studies of the label-free strategies 

that have been employed for the construction of luminescent DNA-based detection 

platforms by our group and researchers worldwide. Due to the breath of this field, this 

survey aims not to be exhaustive but rather aims to highlight the advantages offered 

by the versatile combination of structure-specific luminescent probes and functional 

oligonucleotides.  
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Table 1.1 Examples of luminescent organic dyes or metal complexes used as DNA 

probes for the construction of oligonucleotide-based detection methods and their 

corresponding target analyte(s). 

Name Structure  DNA target  Analyte(s)  Refs 

Ethidium 

bromide 

 

dsDNA Thrombin 66 

SYBR green I 

 

dsDNA Hg
2+

 

Ag
+
 

EcoRI  

33  

37  

59 

TOTO-3 

 

dsDNA  Hg
2+ 

 

29 

Hoechst 33258 

 

dsDNA  L-argininamide 70 

DAPI 

 

dsDNA L-argininamide 70 

N-methyl 

mesoporphyrin 

IX (NMM) 

 

G-quadruplex Nucleic acids RNase H  22, 23, 

24  

55 

Protoporphyrin 

IX (PPIX) 

 

G-quadruplex K
+
 44 

[Ru(phen)2(dpp

z)]
2+

 

 

dsDNA Hg
2+

 

K
+
 

ATP 

32, 33 

41  

63 
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Zn-DIGP 

 

G-quadruplex Nucleic acids 

K
+
 

22 

45 

a
 dsDNA = double strand DNA, dppz = dipyrido[3,2-a:2′,3′-c]phenazine, ppy = phenylpyridine, 

biq = biquinoline 

1.3.1 Detection of DNA 

The development of analytical tools for the specific detection of DNA and RNA 

sequences has attracted widespread efforts aimed at rapid genetic profiling and 

disease diagnosis.
[18]

 The classical “molecular beacon” strategy, first reported by 

Tyagi and Kramer in 1996, utilizes doubly-labeled oligonucleotides that become 

fluorescent upon hybridization to target sequences.
[19]

 Other approaches such as 

hybrid-type and multi-component molecular probes for DNA sequence detection have 

also been developed for genetic screening, biochip construction and biosensor 

development, among other applications. Besides luminescence sensing, 

electrochemical
[20]

 or colorimetric signal transduction mechanisms have also been 

employed for DNA sequence detection.
[21]

 However, many of these approaches have 

required the covalent conjugation of oligonucleotides to a signaling component, such 

as organic dyes, quantum dots or gold nanoparticles. This has spurred the 

development of label-free approaches for the construction of luminescent detection 
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platforms that have achieved comparable or even superior sensitivity and selectivity 

for target DNA sequences compared to their labeled counterparts.  

A particular strategy that has been popular with the label-free approach is to use 

non-canonical DNA secondary structures such as the G-quadruplex in conjunction 

with a G-quadruplex-specific luminescent probe molecule. Wang and co-workers 

reported a G-quadruplex-based DNA detection method utilizing the anionic porphyrin 

N-methyl mesoporphyrin IX (NMM) and the cationic 

tetrakis(dicyclohexylguanidino)-zinc-phthalocyanine (Zn-DIGP) as 

G-quadruplex-selective probes (Figure 1.2).
[22]

 In this approach, a bimolecular c-myc 

G-quadruplex is formed from two fragment oligomers (5- 

GCAGACACATC2AGT5GAG3TG4-3 and 5-AG3TG4A2T4CGATAGC2AG2ACA2-3) 

that each contain flanking segments complementary to a target DNA sequence 

(5-T2GTC2TG2CTATCGCTG2ATGTGTCTGC-3). The addition and hybridization of 

the complementary DNA to the system imposes additional conformational constraints 

to the complex, thereby changing the local environment and fluorescence properties 

of the dye molecule. Switch-on and switch-off modes of detection were demonstrated 

with NMM and Zn-DIGP, respectively. These assays had detection limits of 5.4 nM 

with NMM and 3.2 nM for Zn-DIGP, and could discriminate mismatched from 

perfectly matched target DNAs.   
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Figure 1.2. G-quadruplex-based sensing platform for single-stranded DNA with 

switch-off (upper panel) and switch-on (lower panel) detection modes.  

DNA-cleaving enzymes have been used to generate and/or amplify the 

luminescent signal resulting from the conformational change of the oligonucleotide 

probe sequence in response to the target DNA. To this end, Ren and co-workers 

described a label-free, quadruplex-based assay for sensitive DNA detection using 

NMM as a luminescent probe.
[23]

 The initial duplex DNA consists of a probe strand 

(P4: 5-CTCGATCGCACT2A2GA2T3C-3) partially hybridized to a 

G-quadruplex-forming oligomer (P1: 5-G3T4G3A3T2CT2A2GTGCG3T4G3-3) (Figure 

1.3). The addition of the target strand (P5: 5-GA3T2CT2A2GTGCGATCGAG-3) 

forms a more stable P4–P5 duplex which releases P1. The G-quadruplex formed by 

the free P1 is subsequently detected by NMM with a switch-on fluorescence response. 

The detection limit for this system was reported to be 2.3 nM. 
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Figure 1.3. Luminescent switch-on detection of nucleic acid based on the analyte 

induced strand dissociation and subsequent G-quadruplex formation.  

In an interesting variation of this strategy, Qu and co-workers developed a DNA 

detection system that utilizes Exonuclease III (ExoIII) to generate a “strand-cleavage 

cycle” upon target binding, with the release of a G-quadruplex structure at the end of 

each cycle that can be recognized by NMM.
[24]

 A duplex DNA probe is designed to 

contain both a G-quadruplex-forming sequence and a complementary sequence to the 

target DNA at the 3′-overhang (Figure 1.4). The addition and subsequent 

hybridization of the target DNA with the probe forms a blunt terminus that facilitates 

ExoIII digestion from the 3′-terminus, which ultimately releases both the target DNA 

and the G-quadruplex-forming oligomer. The nascent G-quadruplex is detected by 

NMM with a switch-on fluorescence response, while the released target sequence is 

free to bind to another DNA probe, resulting in significant signal amplification. This 

method exhibited very high sensitivity for the DNA target (detection limit = 36 pM), 

which compared favorably to other amplification methods using labeled 
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oligonucleotides.   

 

 

 

 

 

 

 

 

Figure 1.4. Enzyme-assisted G-quadruplex based detection platform for DNA. 

1.3.2 Detection of metal ions 

Metal ions play vital roles in biological and environmental systems, and thus the 

development of metal ion detection systems has been an important goal over the past 

decades. Conventional analytical techniques such as atomic absorption spectrometry 

(AAS), inductively-coupled plasma mass spectrometry (ICP-MS), X-ray fluorescence 

spectrometry and capillary electrophoresis (CE) have been routinely employed for the 

detection of metal ions with high sensitivity (typically ppb).
[25]

 However, such 

methods usually involve expensive and sophisticated instrumentation and/or complex 

sample pre-treatment procedures, and are not amenable for in-field analysis.
[26]

 In 
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recent years, the metal ion-binding properties of nucleic acids have attracted 

increasing attention for the fabrication of luminescent metal ion-sensing platforms. 

The stabilization of certain G-quadruplex topologies is highly dependent on the nature 

of the cation, such as K
+
, Na

+
, Sr

2+
 or Pb

2+
 ions. Furthermore, Ag

+
 and Hg

2+
 ions are 

capable of mediating the formation of stable cytosine-cytosine and thymine-thymine 

mismatched base pairs, respectively. These phenomena have formed the basis for the 

construction of label-free metal ion assays utilizing unmodified DNA oligonucleotides 

and structure-specific luminescent probes. These detection platforms have often 

offered comparable sensitivities for metal ions compared to traditional analytical 

techniques.  

The stabilization of thymine-thymine mismatches by Hg
2+

 ions (T-Hg
2+

-T) has 

been well-documented in the literature,
[27]

 and has been exploited in a variety of both 

labeled and label-free luminescent probes for Hg
2+

 ions.
[12, 28]

 A common mechanism 

of the label-free approach relies on the Hg
2+

-induced conversion of single-stranded 

thymine-rich oligonucleotides into a duplex or hairpin conformation, which can be 

detected by intercalating luminescent probes (Figure 1.5). The groups of Chang
[29]

 

and Liu
[30]

 utilized organic dyes such as TOTO-3 and SYBR Green I for Hg
2+

 ion 

detection. Soon afterwards, our group developed a platinum(II) metallointercalator as 

the first metal-based probe for the detection of Hg
2+

 ions,
[31]

 while the group of Zhang 
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later utilized the “molecular light switch” complex [Ru(phen)2(dppz)]
2+

 for the same 

application.
[32]

 The low nanomolar detection limits for these label-free assays for Hg
2+

 

are comparable to those utilizing the fluorescent-labeled “molecular beacon” 

approach. 

 

Figure 1.5. Label-free luminescent switch-on detection assay for Hg
2+

 and Ag
+
 ions.   

A variation on this theme employs the structural conversion of Watson-Crick base 

pairing into thymine-thymine mismatched base pairing induced by Hg
2+

 ions. The 

intercalating probes [Ru(phen)2(dppz)]
2+

 or SYBR Green I interact less strongly with 

the mismatched T–Hg
2+

–T duplex compared to the Watson-Crick duplex, resulting in 

a luminescence switch-off response to nanomolar Hg
2+

 ions, as reported by the groups 

of Oh
[33]

 and Liu,
[30]

 respectively. Another strategy based on aggregation-induced 

emission of a tetraphenylethene derivative was reported by Ji, Tang and co-workers 
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for the construction of a switch-on sensor for Hg
2+

 ion.
[34]

 The group of Yang 

demonstrated that both switch-on and switch-off modes of Hg
2+

 ion detection can be 

achieved using the minor groove-binding dye 4′,6-diamidino-2-phenylindole 

(DAPI).
[35]

 This assay successfully detected down to 5 and 1.5 nM of Hg
2+ 

ions in the 

switch-off and switch-on modes of detection, respectively.  

 The mechanism for oligonucleotide-based assays for Ag
+
 ions is broadly similar 

to that for Hg
2+

 ions described previously (Figure 1.5). In 2008, Ono and co-workers 

discovered the cytosine–Ag
+
–cytosine mismatch,

[36]
 which provided the foundation 

for a number of label-free oligonucleotide-based luminescent detection methods for 

Ag
+
 ions. For example, the presence of Ag

+
 ions transforms the polycytosine 

oligonucleotide C20 from a random coil conformation into hairpin structure, which 

was detected by SYBR Green I, as reported by Tseng and co-workers.
[37]

 Recently, the 

group of Xu and Xu utilized the monomer-excimer switch of the organic dye 

Thioflavine T (ThT) to probe the random coil-to-hairpin transition induced by Ag
+
 

ions.
[38]

 Both assays were able to detect nanomolar concentrations of Ag
+
 ions. 

By rational design of the DNA structural transition event, the sensitivity of the 

detection platform may be further enhanced due to the differential binding affinity of 

the probe to different DNA structures. Our group developed a G-quadruplex-based 

system that harnessed the Ag
+
-induced quadruplex-to-duplex transition using a 
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specially designed guanine and cytosine-rich oligonucleotide (Figure 1.6).
[39]

 Since 

the platinum(II) complex interacted even more weakly with the G-quadruplex motif 

compared to single-stranded DNA, the background signal was reduced by a factor of 

2 compared to the corresponding random coil-to-quadruplex transition-based system. 

This assay was able to detect down to 20 nM of Ag
+
. 

 

Figure 1.6. G-quadruplex-to-duplex transition for the detection of Ag
+
 ions using a 

platinum(II) metallointercalator. 

The examples described above have utilized a DNA duplex and a luminescent 

intercalator for monitoring of the metal ion-binding event. Alternatively, the metal ion 

specificity of the G-quadruplex motif can be harnessed in conjunction with 

structure-specific DNA probes. Chang and co-workers have reported a 

G-quadruplex-based switch-off probe for K
+
 ions using the probe Oligreen, which is 

selective for single-stranded DNA.
[40]

 The K
+
 ion-induced conversion of the 

ATP-binding aptamer (5-AC2TG5AGTAT2GCG2AG2A2G2T-3) from a random coil 

into a G-quadruplex conformation results in a decrease in fluorescence intensity. An 
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alternative switch-off probe for K
+
 ions was reported by Kim and co-workers by 

utilizing a DNA duplex and the metallointercalator [Ru(phen)2(dppz)]
2+

.
[41]

 These 

assays had detection limits for K
+
 ions of 75 and 50 nM, respectively.  

 To generate switch-on label-free detection platforms for K
+
 ions, Kong and 

co-workers utilized the human telomeric G-quadruplex sequence (5-(G3T2A)3G3-3) 

and the triphenylmethane dye crystal violet (CV) to monitor the topological changes 

induced by the K
+
 ion (Figure 1.7A).

[42]
 On the other hand, the use of other 

G-quadruplex-forming sequences in conjunction with CV generated switch-on 

detection modes for K
+
 ion.

[43]
 A variation of this strategy was reported by Wang, 

Dong and co-workers using the anionic porphyrin dye protoporphyrin IX (PPIX) as a 

parallel G-quadruplex fluorescent probe.
[44]

 The oligonucleotide PS2.M 

(5-GTG3TAG3CG3T2G2-3) adopts an anti-parallel quadruplex structure in Na
+
 

solution, but it gradually converts into a parallel G-quadruplex upon addition of K
+
, 

which is recognized by PPIX (Figure 1.7B). Soon afterwards, Wang and co-workers 

developed a luminescent switch-on probe for K
+
 ions using the c-myc G-quadruplex 

sequence (5-TGAG3TG4AG3TG4A2-3) and Zn-DIGP
[45]

 that can detect K
+
 ions in 

3500 fold excess of Na
+
, which is also a known G-quadruplex stabilizing cation. 
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Figure 1.7. G-quadruplex-based switch-on detection assays for K
+
 ions using 

G-quadruplex selective luminescent probes.  

Besides potassium, other metal ions including Pb
2+ [46]

 and Sr
2+ [47]

 ions have also 

been reported to stabilize the G-quadruplex. Thus, Pb
2+ [48]

 or Sr
2+ [49]

-mediated 

G-quadruplex structures have found use for the detection of these metal ions. For 

example, Qu and co-workers employed single-walled carbon nanotubes (SWNTs) and 

the luminescent dye thiazole orange (TO) in conjunction with the Sr
2+

-dependent 

human telomeric DNA sequence (HTS: 5-AG3T2AG3T2AG3T2AG3-3) for Sr
2+ 

ion 

detection.
[49b]

 In the absence of analyte, HTS is strongly adsorbed onto the SWNT 

surface and the luminescence of TO is low. The addition of Sr
2+

 ions promotes the 

dissociation of HTS from the SWNTs and subsequent G-quadruplex formation, 

thereby enhancing the luminescence signal of the system. The assay was able to 
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selectively recognize Sr
2+ 

ions with a detection limit of ca. 10 nM. 

1.3.3 Detection of nuclease activity 

DNA or RNA cleavage reactions catalyzed by nucleases are essential in a variety 

of fields ranging from biotechnology to pharmacology, as well as in biological 

processes involving replication, recombination, DNA repair, molecular cloning, 

genotyping, and mapping.
[50]

 Currently used methods for the detection of nuclease 

activity including gel electrophoresis, high performance liquid chromatography 

(HPLC), and electrochemical assays
[51]

 tend to be relatively time-consuming, 

laborious and may involve radioisotopic labeling. Consequently, DNA-based 

detection platforms based on fluorescence resonance energy transfer (FRET)
[52]

 or 

label-free strategies have gained popularity in recent years. In the label-free 

oligonucleotide-based approach, the choice of the DNA backbone for nuclease 

activity detection is comparatively flexible. The design of probe sequence mainly 

depends on the function and specificity of the target cleavage enzymes.  

Non-specific nuclease enzymes efficiently degrade the entire DNA or RNA strand 

in a non-selective manner. The use of structure-specific luminescent probes can 

transduce the enzyme digestion event into measurable luminescent output. Ren and 

co-workers reported a DNA-templated ensemble for the label-free and real-time 

fluorescence switch-on detection of S1 nuclease, a widespread multifunctional 
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endonuclease that selectively digests single-stranded DNA or RNA.
[53]

 The authors 

utilized a perylene derivative that is strongly fluorescent in aqueous solution but 

exhibits aggregation-induced quenching upon binding electrostatically to nucleic 

acids. The S1 nuclease-mediated degradation of ssDNA reduces the electrostatic 

interactions between the probe and DNA fragments, resulting in the dissociation and 

release of the fluorescent monomers into the solution (Figure 1.8). This assay was 

able to sense S1 nuclease activity with a detection limit of 0.092 U/mL. Yam and co- 

workers utilized a similar strategy to construct a switch-off platform for nuclease 

activity using the platinum(II) terpyridyl complex.
[54]

 

Figure 1.8. Luminescent switch-on DNA-based detection of nuclease activity using 

PTCDI as an aggregation-induced quenching probe. 

 However, one minor drawback to the use of non-specific, 

electrostatically-binding DNA probes in the label-free strategy is that the system 

becomes susceptible to interference by contaminating nucleic acids of any type. On 
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the other hand, the use of a G-quadruplex motif and a quadruplex-selective probe 

represents a more robust approach as it is less likely for non-canonical structures to be 

present in the sample matrix. Consequently, many of the recent examples described 

for label-free sensing of enzyme activity have been G-quadruplex-based. For example, 

the label-free G-quadruplex DNA detection assay by Ren and co-workers described 

previously was also applied for the detection of uracil-DNA glycosylase (UDG) in the 

same work.
[23]

 The G-quadruplex-forming oligomer P1 was partially hybridized with 

the uracil-containing strand P2 (5-CGCACU2A2GA2U2TC-3). The addition of UDG 

splices uracil from P2, which releases the quadruplex-forming strand P1. The 

G-quadruplex motif subsequently formed is detected by NMM with a switch-on 

fluorescence response (Figure 1.9). The detection limit of this assay for UDG enzyme 

activity was 0.05 U/mL. 

 

 

 

 

 

Figure 1.9. Luminescent switch-on detection of UDG activity based on the analyte 

induced strand dissociation and subsequent G-quadruplex formation.  



24 

  

The same group have also reported a label-free G-quadruplex-based fluorescence 

assay for RNase H activity.
[55]

 The DNA strand of the RNA–DNA hybrid duplex was 

designed as a quadruplex-forming oligomer. The addition of RNase H results in the 

cleavage of RNA strand and the subsequent release of the G-quadruplex-forming 

DNA oligomer, which is detected by NMM with a switch-on fluorescence response 

(Figure 1.10).
[56]

 A detection limit of 0.2 U/mL for RNase H activity was reported. 

 

Figure 1.10. Detection of RNase H activity based on a RNA-DNA hybrid and a 

G-quadruplex selective organic dye.  

Our group developed a G-quadruplex-based switch-on fluorescence assay for 

3′→5′ exonuclease activity.
[57]

 We designed a hairpin DNA substrate containing a 

G-quadruplex-forming sequence at the 5′-terminus 

(5-AG3(T2AG3)3CAGA2G2AT2A(C3TA2)3C3T-3). Enzymatic digestion by 3′→5′ 

exonucleases such as ExoIII occurs specifically from the 3′-terminus but is arrested at 
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the loop region due to the inability of ExoIII to accept single-stranded DNA as 

substrate. Thus, the 5′ guanine-rich sequence is released and folds into a 

G-quadruplex, which is subsequently detected by CV with a switch-on fluorescence 

response (Figure 1.11). The detection limit of the assay for ExoIII was determined to 

be 5 U/mL. We also demonstrated that this assay could be adapted for the real-time 

and high-throughput monitoring of 3→5 exonuclease activity, and further 

demonstrated the detection of the exonucleolytic activity of human TREX1, the major 

3→5 exonuclease in mammalian cells. Importantly, the judicious design of the 

hairpin substrate allowed discrimination for 3→5 exonuclease activity over other 

nucleases such as T7 exonuclease, exonuclease I and DNase I. Subsequently, a 

variation of this enzyme digestion approach was successfully developed as a 

transcription factor inhibitor screening platform.
[58]

 

 

Figure 1.11. Detection of 3′→5′ exonuclease activity exemplified using ExoIII as a 

model enzyme. 
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In 2012, Jin and co-workers reported an assay for the real-time monitoring of 

DNA cleavage by EcoRI using SYBR Green I as a fluorescence probe.
[59]

 In the 

absence of enzyme, the intercalation of SYBR Green I into the duplex substrate 

produces a strong fluorescence response. However, cleavage of the DNA substrate at 

the recognition site by EcoRI produces smaller, less stable fragments that dissociate at 

37 °C, ultimately producing a switch-off fluorescence response (Figure 1.12). This 

assay could sense EcoRI with a limit of detection of 8 U/mL and could potentially be 

adapted for the detection of any restriction enzyme by modification of the recognition 

sequence within the oligonucleotide substrate.  

 

Figure 1.12. Detection of EcoRI activity using SYBR Green I as double-stranded 

DNA-selective luminescent probe 

1.4 Luminescent aptamer-based probes 

Aptamers are target-binding nucleic acid sequences generated via SELEX
[60]

 that 

have recently emerged as promising candidates in diagnostic and therapeutic 
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applications.
[61]

 DNA aptamers are available for a wide variety of different targets 

such as organic dyes, nucleotides, biological cofactors, amino acids, peptides and 

enzymes
[62]

. Aptamers usually undergo a significant conformational change into 

well-defined three-dimensional structures upon binding to their cognate ligands. This 

conformational transition can be effectively monitored by the use of DNA 

structure-selective luminescent molecules that transduce the analyte binding event 

into a luminescence response. In this section, we highlight some interesting examples 

of luminescent aptamer-based probes. The ATP and thrombin aptamers have attracted 

the most attention as model systems for the development and validation of label-free 

aptamer-based assays.  

In early work, the groups of Bai and Fang have employed [Ru(phen)2(dppz)]
2+

 for 

the switch-off detection of a variety of biomolecules such as immunoglobin E (IgE), 

PDGF-BB, thrombin and ATP using a ligand displacement approach (Figure 1.13)
[63]

. 

In the absence of the target molecules, the aptamer existed in a specific 

three-dimensional conformation that interacted efficiently with the ruthenium(II) 

complex, resulting in a strong luminescence response. However, the binding of the 

analyte alters the conformation of the aptamer and displaces the metal complex from 

the DNA thereby producing a decreased luminescence signal. The detection limits for 

IgE, PDGF-BB, thrombin, and ATP were determined to be 0.1, 1.0, 0.01, and 1 nM, 
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respectively. 

 

Figure 1.13. Schematic representation for the luminescent switch-off detection of 

analytes using the ligand displacement approach. 

Ma and co-workers envisaged that switch-on aptamer-based detection method for 

ATP could be developed using a duplex-to-quadruplex conversion strategy.
[64]

 In this 

assay, the ATP aptamer (5-A2C2TG5AGTAT2GCG2AG2A2G2T-3) is initially 

hybridized with its complementary sequence (5-AC2T2C2TC2GCA2TACTC5AG2T2-3) 

and the fluorescence of the G-quadruplex-specific dye CV is weak. However, the 

addition of ATP promotes the dissociation of the duplex. The resulting ATP-aptamer 

complex folds into a G-quadruplex, which is detected by CV with a switch-on 

luminescence response (Figure 1.14A). This assay was able to detect down to 5 µM 

of ATP, which was comparable to other aptamer-based ATP assays, and could further 
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discriminate ATP from other nucleotide analogues and chemical species likely to be 

present in biological samples. Furthermore, the methodology was applied to the 

detection of ATP in HeLa cell extracts. A similar approach was employed by the group 

of Willner utilizing Zn-PPIX in conjunction with the free aptamer for the detection of 

low micromolar ATP.
[65]

 Although these assays exhibited relatively high detection 

limits for ATP, their switch-on mode of detection may make them less susceptible to 

false positive signals arising from the presence of non-specific quenchers in the 

sample matrix.  
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Figure 1.14. G-quadruplex-based aptamer-based detection assay for (A) ATP and (B) 

thrombin. 

The group of Dong have reported a switch-off detection platform for thrombin 

that utilized ethidium bromide (EB) as a duplex probe.
[66]

 Initially, the thrombin 

aptamer (5-G2T2G2TGTG2T2G2-3) is locked into a duplex conformation by a 

complementary DNA sequence, facilitating intercalation and fluorescence emission of 

EB (Figure 1.14B). The addition of thrombin promotes the dissociation of the 

thrombin aptamer from the DNA duplex due to the formation of the thrombin-aptamer 

G-quadruplex motif. The G-quadruplex structure is only weakly bound by EB, 

resulting in a switch-off fluorescence response. A detection limit of 2.8 nM was 
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reported. Later, the group of Jin utilized the thrombin aptamer and CV for the 

label-free detection of thrombin through a single strand-to-quadruplex approach.
[67]

 

The assay was reported to have a detection limit of 8 pM and was selective for 

thrombin over immunoglobin G (IgG) and lysozyme.  

To design a switch-on probe for thrombin, the group of Yan have recently utilized 

the pyrazine derivative TASPI as a luminescent nucleic acid probe.
[68]

 TASPI is 

emissive in aqueous solution but its fluorescence is reduced upon binding to DNA due 

to aggregation-induced quenching. However, the addition of thrombin weakens the 

binding between TASPI and the aptamer, resulting in restoration of the fluorescence 

signal (Figure 1.15A). This method exhibited a detection limit for thrombin of 50 nM, 

and could selectively recognize thrombin over proteins such as trypsin, bovine serum 

albumin and tyrosinase. A similar strategy was employed by Yu and co-workers 

utilizing a cationic perylene tetracarboxylic acid diimide (PTCDI) for the switch-on 

detection of lysozyme. The addition of lysozyme displaces PTCDI from the lysozyme 

aptamer (5-ATCAG3CTA3GAGTGCAGAGT2ACT2AG-3), dissociating and 

restoring the fluorescence of the PTCDI monomers (Figure 1.15B).
[69]

 This method 

achieved a 70 pM detection limit for thrombin, which borders the femptomolar 

sensitivity of the “gold standard” ELISA.  
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Figure 1.15. (A) Switch-on detection of thrombin using TASPI and (B) switch-on 

detection of lysozyme using PTCDI. 

Besides intercalators, minor groove-binding organic dyes such as DAPI and 

Hoechst 33258 can also exhibit a significant switch-on luminescent response upon 

DNA binding. These dyes were utilized by the group of Yang to develop a label-free 
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luminescent assay for the detection of L-argininamide. In the presence of the target 

analyte, the L-argininamide aptamer (5-GA2T2G3CA3CG2TAG2TGAGA2T2C-3) 

forms a AATT-rich stem-loop region which facilitates DAPI or Hoechst 33258 

binding, resulting in a switch-on luminescence response.
[70]

 The detection limits for 

L-argininamide were reported to be 2.5 µM for Hoechst 33258 and 3.8 µM for DAPI, 

and the assays could selectively recognize L-argininamide over amino acids such as 

L-arginine and glycine.  

1.5 Future outlook of luminescent label-free oligonucleotide 

based sensing systems 

The versatility and robustness of functional oligonucleotides have made them 

attractive tools in multiple areas of science and technology. Besides sensing 

applications, oligonucleotides have been utilised for the construction of DNA 

nanomachines
[71]

 and DNA logic gates.
[72]

 These exciting discoveries may pave the 

way for the future development of DNA-driven molecular computers and machines. 

In the context of sensing, oligonucleotides enjoy distinct advantages over protein 

antibodies or organic molecules that have historically received the majority of 

attention in the development of optical sensing platforms. These advantages include 

high thermostability, low cost, ease of production and modification, water solubility, 

and a rich structural polymorphism that can be responsive to a variety of ligands. In 
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particular, the powerful conjunction of functional oligonucleotides with the label-free 

strategy has received growing popularity in the scientific community for the 

construction of simple and inexpensive luminescent sensing assays. 

The sensitivity and selectivity of these luminescent label-free DNA-based probes 

in many cases rival those for optical or electrochemical assays utilizing 

covalently-labeled oligonucleotides. In addition, such systems are inexpensive, easy 

to operate, and do not require additional conjugation or purification steps for 

oligonucleotide modification. Such sensing platforms may warrant further 

investigation in a variety of fields such as point-of-care diagnostics in the clinical 

setting or the routine in-field monitoring of environmental pollutants. While the lack 

of true multiplex capability is a potential drawback of label-free systems, their 

cost-effectiveness and simplicity renders them as strong candidates for most 

single-analyte sensing applications. Another potential issue common to all 

DNA-based systems is the limited cell permeability and biostability of 

oligonucleotides in cellular systems. Researchers in chemical biology and 

biochemistry are persistently developing improved materials or techniques for the 

intracellular delivery of DNA, such as complexation of DNA with delivery agents 

such as nanoparticles, cationic lipids and hydrophilic polymers.
[61, 73]

 Moreover, 

enzymatic degradation of the oligonucleotide probes can be deterred by chemical 
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derivatization of the nucleic acid backbone,
[74]

 though this may stray from the spirit of 

the label-free approach. The label-free approach may also suffer from potential 

interference due to non-specific quenchers in more complex sample matrices such as 

blood sera and cells. Although several oligonucleotide-based assays described here 

have functioned well in diluted biological samples, robust performance in 

unadulterated media is ultimately desirable.
[45, 64, 75]

 We envision that a major future 

direction of oligonucleotide-based probes lies in continual advancements in nucleic 

acid delivery, biocompatibility and robustness with an eventual view towards 

application in the in vivo environment.   

1.6 Scope of this thesis 

This thesis aims to explore the application of the G-quadruplex DNA structure 

and luminescent transition metal complexes for the construction of label-free 

luminescent sensing platforms for biomolecules and metal ions. The G-quadruplex 

structure consists of planar stacks of guanine tetrads stabilized by eight Hoogsteen 

and Watson-Crick hydrogen bonds (N1–O6, N2–N7), with the O6 atoms orientated 

centrally into the ring to form an anionic bipyramidal cage that can coordinate to 

monovalent cations such as Na
+
 or K

+
 (Figure 1.16). The overall G-quadruplex 

structure may be formed from an intramolecular (a single strand folds upon itself) or 

intermolecular (formed by two or more strands) arrangement of guanine-rich 
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oligonucleotides. The π-stacked guanine tetrads are connected by intervening 

variable-length sequences that form loops that are situated on the exterior of the core. 

These may be classified as diagonal, lateral (also called edgewise) or propeller (also 

called double chain-reversal). 
[76]

  

 

Figure 1.16. Chemical structure of a guanine tetrad. 

In contrast to the standard B-form of double-helical DNA, G-quadruplexes show 

a rich diversity in structural topologies that can be sensitive to the number and length 

of the guanine tracts, the lengths of the intervening loop regions, and the character of 

the metal ion in solution.
[77]

 For example, the orientation of the strands may be either 

parallel or antiparallel, or both conformations (termed hybrid) may be present in some 

G-quadruplexes, such as the (3 + 1) G-quadruplex motif in human telomeric DNA.
[78]

 

Furthermore, it has been proposed that up to 26 possible topologies are available for a 

three-loop G-quadruplex.
[79]

 The extensive structural polymorphism of 

G-quadruplexes has rendered them as attractive signal-transducing elements for the 
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development of DNA-based probes.  

In the context of luminescent sensing, transition metal complexes represent viable 

alternatives to organic fluorophores, and they have been widely employed for cellular 

imaging, and molecular sensing.
[80]

 Luminescent transition heavy metal complex 

generally possess salient advantages such as (i) the complex is emissive in the visible 

region with a long luminescence lifetime, allowing its emission to be readily 

distinguished from the background noise arising from fluorescence with the use of 

time-resolved spectroscopy; (ii) the precise and versatile arrangement of co-ligands on 

the octahedral metal centre allows the metal complex to be optimized for selective 

interactions with biomolecules, such as the G-quadruplex; (iii) metal complexes often 

possess interesting photophysical properties that are strongly affected by subtle 

changes of their local environment, facilitating the luminescent visualization of 

G-quadruplex DNA; (iv) the photophysical properties of metal complexes can be 

fine-tuned without the need for lengthy synthetic protocols, due to the modular nature 

of inorganic complex synthesis. Ma, Leung and co-workers have previously employed 

luminescent transitional metal complexes for the detection of mercury(II) and silver(I) 

ions,
[81]

 the transcription factor NF-κB,
[82]

 and β-amyloid.
[83]

 However, the application 

of Group 9 octahedral complexes such as iridium(III) complexes for G-quadruplex 

detection has not been as well explored.  
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Therefore, the primary aims of this thesis are: 

1. The synthesis of novel G-quadruplex-selective luminescent iridium(III) 

complexes. 

2. The development of label-free G-quadruplex-based luminescent detection 

platforms for biomolecules and metal ions using the G-quadruplex-selective 

iridium(III) complexes. 

These objectives are highly important because the accurate detection and 

quantification of the biomolecules and metal ions is critical in a variety of 

biochemical and clinical applications. The presence and levels of certain biomolecules 

or metal ions inside the body can be a cause or a marker of various human diseases. 

For example, variation in nucleic acid sequence can contribute to the occurrence of 

genetic disease, while aberrant levels of certain metal ions are associated with disease 

states and poisoning.  

Conventional detection methods for biomolecules or metal ions typically utilize 

complex instrumentation and/or expensive reagents. Luminescence detection provides 

an optical output and offers the potential for real-time analysis, but most assays have 

employed relatively costly labeled oligonucleotides. Therefore, this thesis aims to 

develop G-quadruplex-based sensing platforms for the detection of biologically 

important analytes that could fulfill unmet needs in medical diagnosis and 
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point-of-care testing. The methods described in this thesis uses only unmodified DNA, 

and are therefore highly simple and cost-effective compared to existing instrumental 

or luminescence techniques.  
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Chapter 2 General Experimental Section  

2.1 General experimental  

Mass spectrometry was performed at the Mass Spectroscopy Unit at the 

Department of Chemistry, Hong Kong Baptist University, Hong Kong (China). 

Deuterated solvents for NMR experiment were purchased from Armar and used as 

received. 
1
H and 

13
C NMR spectra were collected on a Bruker Avance 400 

spectrometer operating at 400 MHz (
1
H) and 100 MHz (

13
C). 

1
H and 

13
C chemical 

shifts were referenced internally to solvent shift (CD3CN:
 1

H, 


C118.7; 

d6-DMSO: 
1
H 


C39.5). Chemical shifts (are quoted in ppm, the 

downfield direction being defined as positive. Uncertainties in chemical shifts are 

typically ±0.01 ppm for 
1
H and ±0.05 for 

13
C. Coupling constants are typically ± 0.1 

Hz for 
1
H-

1
H and ±0.5 Hz for 

1
H-

13
C couplings. All NMR data was acquired and 

processed using standard Bruker software (Topspin).  

2.2 Circular dichroism spectroscopy  

Circular dichroism (CD) spectroscopy has been widely employed to study the 

conformational properties of biomolecules including proteins, dsDNA, i-motif DNA, 

G-quadruplex DNA, ssDNA, by providing signatures of their secondary structures.
[2]

 

In particular, CD spectroscopy has been widely employed to monitor the formation of 

quadruplex DNA structures resulting from addition of analytes or environmental 
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conditions changes such as ionic strength and pH.
[3]

 Furthermore, CD spectroscopy 

can also be used to determine the binding mode and binding affinity between ligands 

and DNA molecules.
[4]

  

In this thesis, CD spectroscopy was used to monitor the structural transitions of 

DNA from ssDNA or dsDNA to G-quadruplex induced by analytes such as 

biomolecules or metal ions. There are two main types of G-quadruplex structures. The 

parallel quadruplex has a characteristic CD positive peak at 260 nm, whereas the 

antiparallel quadruplex has a negative CD peak at 260 nm and a positive peak at 290 

nm.
[2d]

 Hence, the appearance of a characteristic CD peak for parallel or antiparallel 

quadruplexes upon the addition of an analyte would suggest that the analyte was 

capable of inducing the formation of the G-quadruplex structure.
[4]

 In this work, CD 

spectra were recorded on a JASCO-815 spectropolarimeter using 1 cm path length 

quartz cuvettes. Spectra was collected between 220 nm and 335 nm, using 2 cm 

bandwidth, 100 nm min
–1

 scan speed and five scans. The data were baseline corrected 

using CD spectra of buffer alone. 

2.3 Photophysical characterization of iridium(III) complexes 

Luminescence spectra and lifetime measurements for the iridium(III) complexes 

were recorded on a PTI TimeMaster C720 Spectrometer fitted with a 380 nm filter 

and a nitrogen laser with a pulse output 337 nm. Before lifetime measurements, all 
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organic solvents for dissolving the complexes will be degassed by using three cycles 

of freeze-vac-thaw. Error limits were estimated: φ (±10%); τ (±10%); λ (±1 nm). 

Luminescence quantum yields were determined using the method of Demas and 

Crosby
[5]

 [Ru(bpy)3][PF6]2 in degassed acetonitrile as a standard reference solution 

(Φr = 0.062) and calculated according to the following equation (1): 

Φs = Φr(Br/Bs)(ns/nr)
2
(Ds/Dr) (1) 

where the subscripts s and r refer to sample and reference standard solution 

respectively, n is the refractive index of the solvents, D is the integrated intensity, and 

Φ is the luminescence quantum yield. The quantity B was calculated by B = 1 – 10
–AL

, 

where A is the absorbance at the excitation wavelength and L is the optical path 

length. 

2.4 G4-FID assay 

The G-quadruplex fluorescent intercalator displacement (G4-FID) assay is a 

convenient and powerful technique that used to identify selective G-quadruplex DNA 

binders and evaluate the relative binding affinity of a ligand for G-quadruplex DNA 

over duplex DNA.
[6]

 The G4-FID assay is highly simple and rapid, and does not 

require the use of costly fluorescently-labeled oligonucleotides nor sophisticated 

instrumentation and is an isothermal experiment. 
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In this assay, the fluorescent probe thiazole orange (TO), initially bound to 

G-quadruplex DNA or duplex DNA, can be displaced by increasing concentrations of 

a ligand, leading to a reduction in the fluorescence of TO. The relative binding 

affinity of a ligand for G-quadruplex DNA and duplex DNA can be determined by 

comparing the degree of loss of fluorescence upon addition of the ligand. 

In this thesis, the G4-FID assay was employed to determine the relative binding 

affinity of the iridium(III) complexes towards G-quadruplex DNA and duplex DNA. 

Based on the concentration of iridium(III) complex required to produce a 50% loss in 

fluorescence of TO bound to G-quadruplex DNA or duplex DNA, an indication of the 

relative binding affinity of iridium(III) complexes towards the G-quadruplex DNA 

and duplex DNA can be determined. 

The G4-FID assay was performed as previously described.
[6d] 

The G-quadruplex 

DNAs (0.25 μM) in Tris buffered solution (20 mM, pH
 
7.0, 100 mM KCl) were 

annealed by heating the solution at 95 °C for 10 min. The indicated concentration of 

thiazole orange (0.5 μM for
 
G-quadruplex DNAs; 0.5 μM for ds17; 0.75 μM for

 
ds26) 

was
 
added into the annealed DNA solution, and the mixture was incubated for 1 h. 

Emission measurements were taken after addition of each indicated concentration of 

iridium(III) complexes after an equilibration time of 5 min. The fluorescence area was 

converted into percentage of displacement (PD) by using the following equation. PD 
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= 100 − [(FA/FA0) × 100] (FA0 = fluorescence area of DNA-TO complex in the 

absence of iridium(III) complex; FA = fluorescence area in the presence of iridium(III) 

complex). 
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Chapter 3 A highly selective G-quadruplex-based 

luminescent switch-on probe for the detection of gene 

deletion 

3.1 Introduction 

Mutations in the genetic information encoded within the genome can lead to 

abnormalities in the normal functioning of an organism. One type of DNA mutation is 

gene deletion, where a section of DNA or an entire part of a chromosome is missing. 

Gene deletion may lead to the altered expression of gene products, which can be 

manifested as a range of genetic diseases
[1]

 or disease resistances.
[2]

 Due to the 

importance of gene deletion as causative agents and indicators of diseases, the highly 

sensitive and efficient detection of gene deletion is of paramount importance for early 

monitoring of genetic mutation. To date, numerous methods have been developed for 

the selective detection of DNA, including polymerase chain reaction,
[3]

 rolling circle 

amplification
[4]

 and capillary electrophoresis.
[5]

 However, those methods tend to be 

time-consuming, and involve tedious sample preparation, complex operation and/or 

the use of costly instrumentation.
[6] 

Analytical methods based on the G-quadruplex have received significant attention 

due to the versatility and stimulus-responsive structural polymorphism of the 

G-quadruplex motif.
[7]

 The G-quadruplex is a non-canonical DNA secondary structure 



56 

  

consisting of planar stacks of four guanines stabilized by Hoogsteen hydrogen 

bonding.
[8]

 G-quadruplexes that are formed from the association of two separate 

oligonucleotides can be termed bimolecular or “split” G-quadruplexes. Several groups 

have demonstrated that the specific detection of nucleic acid sequences can be 

achieved by the formation of a split G-quadruplex structure upon hybridization of the 

G-quadruplex flanking regions with the target DNA.
[9] 

For example, a catalytic 

DNAzyme based on hemin and a symmetrical split G-quadruplex was demonstrated 

to detect a genetically modified organism.
[10]

 Recently, Wang and coworkers have 

employed the G-quadruplex-selective organic fluorophore N-methylmesoporphyrin 

IX for the detection of hepatitis B virus DNA using the split G-quadruplex.
[11]

 

In the context of luminescent sensing, transition metal complexes represent viable 

alternatives to organic fluorophores, and they have been widely employed for cellular 

imaging, and molecular sensing.
[12]

 This chapter describes the application of the 

cyclometallated iridium(III) complex [Ir(ppy)2(biq)]
+
 (1, where ppy = 

2-phenylpyridine and biq = 2,2′-biquinoline, Figure 3.1) bearing the 2,2-biquinoline 

N-donor ligand as a luminescent probe for the G-quadruplex-based switch-on 

detection of gene deletion. To the best of our knowledge, this is the first example of a 

metal complex-based luminescent switch-on assay for gene deletion sensing that has 

been reported in the literature. The proof-of-concept of the split G-quadruplex-based 
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sensing strategy was demonstrated for the detection of the mutant allele (CCR5-∆32) 

of the chemokine receptor gene. The chemokine receptor CCR5 has been reported to 

be a co-receptor for macrophage-tropic HIV-1 strains, and can be explored by HIV-1 

to gain entry into CD4
+
 T cells. The mutant allele CCR5-∆32 does not produce a 

functional protein, and thus confers resistance against HIV infection.
[2] 

 

 

Figure 3.1. Chemical structure of the luminescent cyclometallated iridium(III) 

complex 1. 

3.2 Results and Discussion  

3.2.1 Principle of the luminescent G-quadruplex-based probe for gene detection 

Figure 3.2 depicts the mechanism of detection of gene deletion, which is based 

on the luminescence enhancement of the iridium(III) complex 1 upon binding to the 

split G-quadruplex. Two short oligonucleotides, P1 and P2, each contain 

complementary regions (black) that are designed to recognize DNA sequences 
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flanking the deletion site of the target gene. Besides the complementary regions, the 

two oligonucleotides also contain pendant guanine-rich overhangs (blue) that can 

form a split G-quadruplex when brought into close proximity. In the presence of 

wild-type DNA (CCR5, gene without deletion), the two oligonucleotide overhangs are 

separated by a large distance. Thus, a split G-quadruplex cannot be formed, which 

results in a diminished luminescence signal. However, in the presence of the mutant 

DNA (CCR5-∆32, gene with deletion), the shorter target sequence allows the two 

G-quadruplex-forming sequences to be brought into closer proximity, promoting the 

formation of the split G-quadruplex. This results in a significant “switch-on” 

luminescence response due to the selective recognition between the iridium(III) 

complex 1 and the nascent split G-quadruplex. 
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Figure 3.2. Schematic representation of the split G-quadruplex-based luminescent 

turn-on detection strategy for gene deletion sensing using the G-quadruplex-selective 

iridium(III) complex 1. The split G-quadruplex-forming regions of the P1 and P2 

sequences are shown in bold type. The deletion region of the wild-type sequence is 

shown in bold type. 

3.2.2 Characterization of complex 1 

The iridium(III) complex 1 was prepared according to a previously reported 

method.
[13]

 As revealed by both absorption and NMR spectroscopy, this complex is 

stable in aqueous solution for 72 h at room temperature. As a proof-of-concept, we 

initially examined the luminescence response of iridium(III) complex 1 towards 

various DNA structures (Figure 3.3). The addition of the intramolecular 

G-quadruplex Pu22
[14]

 to a solution of complex 1 resulted in a significant increase in 
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the luminescence intensity of complex 1 (fold change ~4). By comparison, in the 

presence of an equivalent concentration of double-stranded calf thymus (ct) DNA or 

random single-stranded DNA (Table 3.1), no significant luminescence enhancement 

was observed under the same conditions. This result suggests that complex 1 can be 

utilized as a selective probe for the G-quadruplex structure. 
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Table 3.1. DNA sequences used in gene deletion detection: the bolded sequences 

represent the split G-quadruplex-forming sequences and the underlined represent 

sequences of the deletion site. Sequences are quoted from the 5ʹ end.  

 Sequences 

CCR5-mutant 

DNA (CCR5-D) 

5ʹ-CTCATTTTCCATACATTAAAGATAGTCAT-3ʹ  

CCR5-wild DNA  5ʹ-CTCATTTTCCATACAGTCAGTATCAATTCTGGAAGAATTTCCAGAC

ATTAAAGATAGTCAT-3ʹ     

CCR5-P1 5ʹ-ATGACTATCTTTAATGGGTAGGG-3ʹ 

CCR5-P2 5ʹ-GGGTTGGGCGTATGGAAAATGAG-3ʹ 

CCR5-Dm1 5-CTCAAAAACCATACATTTTTGATAGTCAT-3 

CCR5-Dm2 5-CTCAAAAACCATACATTAAAGATAGTCAT-3 

Pu22 5-GAG3TG4AG3TG4A2G-3 

Random ss DNA 5-ATGCAGCCTGGGAAAGTCCCCTCAACT-3 

CCR5-P1m1 5-ATGACTATCTTTAATGAATAGAA-3ʹ 

CCR5-P2m1 5-AAGTTGAACGTATGGAAAATGAG-3ʹ 

CCR5-P1m2 5-ATGACTATCTTTAATGTTTAGTT-3ʹ 

CCR5-P2m2 5-TTGTTGTTCGTATGGAAAATGAG-3ʹ 

CCR5-P1(a) 5-ATGACTATCTTTAATGGGTTTTGGGG-3ʹ 

CCR5-P2(a) 5-GGGGTTTTGGGCGTATGGAAAATGAG-3ʹ 

CCR5-P1(b) 5-ATGACTATCTTTAATGGGGTTTTGGG-3ʹ 

CCR5-P2(b) 5-GGGTTTTGGGGCGTATGGAAAATGAG-3ʹ 

CCR5-P1(c) 5-ATGACTATCTTTAATGGGTTTTGGG-3ʹ 

CCR5-P2(c) 5-GGGTTTTGGGCGTATGGAAAATGAG-3ʹ 

CCR5-P1(d) 5-ATGACTATCTTTAATTGGGCGGGTTGGGT-3ʹ 

CCR5-P2(d) 5-TGGGTGTATGGAAAATGAG-3ʹ 

CCR5-P1(e) 5-ATGACTATCTTTAATTGGGTAGGGCGGG-3ʹ 

CCR5-P2(e) 5-TGGGTGTATGGAAAATGAG-3ʹ 

CCR5-mutant 

DNA (Δ12) 

5-CTCATTTTCCATACAGTCAGTATCATTTCCAGACATTAAAGATAGTC

AT-3ʹ 

CCR5-mutant 

DNA (Δ20) 

5-CTCATTTTCCATACAGTCAGAGACATTAAAGATAGTCAT-3ʹ 

CCR5-mutant 

DNA (Δ26) 

5-CTCATTTTCCATACAGTCACATTAAAGATAGTCAT-3ʹ 

CCR5-mutant 5-CTCATTTTCCATACAGCATTAAAGATAGTCAT-3ʹ 
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DNA (Δ29) 

CCR5-mutant 

DNA (Δ30) 

5-CTCATTTTCCATACAGATTAAAGATAGTCAT-3ʹ 

CCR5-mutant 

DNA (Δ31) 

5-CTCATTTTCCATACAATTAAAGATAGTCAT-3ʹ 

CCR5 (lengthened 

P1) 

5-ATGACTATCTTTAATGTCTGGAAATTCTTCTGGGATGGG-3ʹ 

CCR5 (lengthened 

P2) 

5-GGGTTGGGTAGAATTGATACTGACTGTATGGAAAATGAG-3ʹ 
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Figure 3.3. Luminescence response of complex 1 (1.5 μM) in Tris buffer (50 mM, pH 

7.0) in the presence of: 25 µM ss DNA; 25 µM Pu22; 25 µM ct DNA. Pu22 was 

annealed in Tris buffer (50 mM, 100 mM KCl, pH 7.0). 
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3.2.3 Luminescent detection of gene deletion in aqueous solution 

The split G-quadruplex-induced folding of oligonucleotides P1 and P2 has been 

previously described in the literature and these sequences were used in our study.
[10]

 

Given the significant luminescence response profile of complex 1 towards 

G-quadruplex DNA, we investigated the interaction of complex 1 with the two split 

G-quadruplex sequences (P1 and P2, each 0.5 μM) incubated with various 

concentrations of mutant DNA (CCR5-D, 0–0.5 μM). Encouragingly, we observed 

that the luminescence intensity of complex 1 was enhanced as the concentration of 

mutant DNA was increased (Figure 3.4), indicating that the two split G-quadruplex 

sequences could form the split G-quadruplex after hybridization with the target DNA. 

The luminescence response of the system to mutant DNA exhibited a linear range 

from 0 to 0.5 M, and the detection limit was estimated to be 0.05 M (S/N >3).  
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Figure 3.4. (a) Emission spectra of complex 1 (1.5 M) with P1 and P2 (each 0.5 M) 

in the presence of increasing concentrations of the mutant DNA (0, 0.05, 0.1, 0.2, 0.3, 

0.4, 0.5 M). (b) Change in luminescence intensity at λ = 638 nm versus mutant DNA 

concentration.  
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On the other hand, almost no luminescence signal enhancement of complex 1 

was observed upon incubation of the wild-type gene (CCR5-W, 0.5 μM) with the two 

split G-quadruplex sequences, suggesting that no split G-quadruplex was formed in 

this system (Figure 3.5). The mutant DNA induced a luminescence enhancement 

around 9-fold higher than that for the wild-type gene at a target DNA concentration of 

0.5 μM (Figure 3.6a), and this difference could be readily observed by eye under 

UV-transillumination (Figure 3.6b).  

 

Figure 3.5. Emission changes of complex 1 (1.5 μM) in 50 mM Tris buffer (pH 7.0) 

containing 20 mM KCl and 150 mM NH4Ac in the presence of: 2.5 µM wild-type 

DNA and 2.5 µM P1, P2. 
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Figure 3.6. (a) Emission spectra of the complex 1 (1.5 M) and CCR5-P1 and P2 

(each 0.5 M) in the presence of the mutant DNA (0.5 M) or wild-type (0.5 M) 

genes. (b) Photograph image of complex 1 with P1 and P2 in the presence of the 

mutant DNA (left) and wild-type (right) genes under UV-transillumination. 
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To further elucidate the mechanism of the selectivity of the assay for mutant 

DNA, we performed a control experiment using lengthened P1 and P2 

oligonucleotides containing extended complementary regions that span the deletion 

site (Figure 3.7). In the modified system, the lengthened split G-quadruplex 

sequences were able to hybridize and induce a luminescence response in the presence 

of wild-type DNA (Figure 3.8). This suggests that the lack of response of the 

deletion-sensing system to wild-type DNA was most likely due to the large spatial 

separation between P1 and P2 which prevented split G-quadruplex formation (Figure 

3.8). Taken together, these observations suggest that the system can effectively 

discriminate between mutant DNA and wild-type genes based on the luminescence 

changes of the iridium(III) complex 1. 
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Figure 3.7. Schematic representation of the split G-quadruplex-based luminescent 

turn-on detection strategy for wild-type DNA sensing using G-quadruplex-selective 

iridium(III) complex 1. 

 

Figure 3.8. Emission spectra of complex 1 (1.5 M) with lengthened P1 and P2 (each 

0.5 M) in the absence (0 M) or presence (0.5 M) of the wild-type DNA. 

 

 

CCR5(lengthened P1): 

5-ATGACTATCTTTAATGTCTGGAAATTCTTCTGGGATGGG-3 

CCR5(lengthened P2): 

5-GGGTTGGGTAGAATTGATACTGACTGTATGGAAAATGAG-3 

CCR5-wild DNA: 

5ʹ-CTCATTTTCCATACAGTCAGTATCAATTCTGGAAGAATTTCCAGACATTA

AAGATAGTCAT-3ʹ  
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To achieve the optimal performance of the assay, we investigated the effect of 

several parameters on the luminescence response of the system, including the 

concentration of complex 1, the concentrations of potassium chloride and ammonium 

acetate salts in the buffer, and the pH of the system. It has been previously reported 

that potassium
[11]

 and ammonium ion
[15]

 concentrations can influence the formation of 

the G-quadruplex, thus indirectly affecting luminescence response of complex 1. To 

investigate this, the two split G-quadruplex sequences were annealed with the 

wild-type or mutant DNA in 50 mM Tris buffer containing different concentrations of 

potassium and ammonium ions. As shown in Figure 3.9, the relative luminescence 

response between the mutant and wild-type DNA (ID/IW) was dependent on the 

concentration of potassium ions, with the highest ID/IW value (~9.0) obtained at 20 

mM KCl. Meanwhile, an ammonium acetate concentration of 150 mM was found to 

give the best discrimination (ID/IW = ~9) between mutant and wild-type DNA (Figure 

3.10). We also examined the effect of complex 1 concentration on the performance the 

system. It was observed that 1.5 μM of complex 1 offered slightly higher ID/IW values 

compared to 0.5, 1, 2 or 2.5 μM of complex 1 (Figure 3.11). Thus, a concentration of 

1.5 μM complex 1 was considered to be optimal for this assay. Finally, the effect of 

pH towards the luminescence response of the assay was also investigated. As shown 

in Figure 3.12, the performance of the system was highest at pH 7.0. Significantly, 
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modest responses (ID/IW > 6) could still be achieved at pH values of 6.5–8.0, 

indicating that the assay could be utilized under a range of pH values around 

physiological conditions. 
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Figure 3.9. Effect of KCl concentration (0, 10, 20, 50 and 100 mM) on the relative 

luminescence response between mutant DNA and wild-type DNA. Experimental 

conditions: P1 and P2 (each 0.5 μM), mutant DNA (0.5 μM) or wild-type (0.5 μM) 

DNA with 1.5 μM complex 1 in 50 mM Tris (pH 7.0) containing 150 mM NH4Ac. 
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Figure 3.10. Effect of NH4Ac concentration (0, 37.5, 75, 150, 300 and 600 mM) on 

the relative luminescence response between mutant DNA and wild-type DNA. 

Experimental conditions: P1 and P2 (each 0.5 μM), mutant DNA (0.5 μM) or 

wild-type (0.5 μM) DNA with 1.5 μM complex 1 in 50 mM Tris (pH 7.0) containing 

20 mM KCl. 
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Figure 3.11. Relative luminescence response between mutant DNA and wild-type 

DNA at various concentrations of complex 1 (0.5, 1, 1.5, 2 and 2.5 μM). 

Experimental conditions: P1 and P2 (each 0.5 μM), mutant DNA (0.5 μM) or 

wild-type (0.5 μM) DNA in 50 mM Tris (pH 7.0) containing 20 mM KCl, 150 mM 

NH4Ac. 
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Figure 3.12 Relative luminescence response between mutant DNA and wild-type 

DNA as a function of pH (6, 6.5, 7, 7.5 and 8). Experimental conditions: P1 and P2 

(each 0.5 μM), mutant DNA (0.5 μM) or wild-type (0.5 μM) DNA with 1.5 μM 

complex 1, 50 mM Tris containing 20 mM KCl, 150 mM NH4Ac. 
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To verify that the luminescence response of complex 1 originated from the 

formation of the split G-quadruplex induced by the mutant DNA (gene with deletion), 

we examined the luminescence response of the complex 1 to two other DNA mutants, 

designated Dm1 and Dm2 (base mutants underlined, Table 3.1), that cannot hybridize 

with the two split G-quadruplex sequences P1 and P2. The results show that the 

emission response of complex 1 was significantly diminished for the other mutants 

(ID/IDm1 and ID/IDm2 = ~9, Figure 3.13). This suggests that the increase in 

luminescence intensity of complex 1 upon incubation with the target DNA is most 

likely due to formation of the split G-quadruplex, indicating that this assay is highly 

selective towards the targeted DNA mutant. Furthermore, a control experiment was 

performed with mutated split G-quadruplex sequences (P1m1, P2m1 and P1m2, P2m2, 

Table S1), which are identical to P1 and P2 with the exception that four guanine 

residues were replaced by other nucleotides. No significant increase in the 

luminescence signal of complex 1 was observed upon incubation of the mutant split 

G-quadruplex sequences with the mutant DNA (ID/IW = ~1.3, Figure 3.14), 

suggesting that the luminescent enhancement of the system was due to the formation 

of the split G-quadruplex. We next examined whether other split G-quadruplex 

sequences could also selectively differentiate between the mutant and wild-type genes. 

Both symmetrical and asymmetrical split G-quadruplex sequences were investigated 
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(Table 3.1), and the results showed that the highest ID/IW value for the assay was 

obtained with the symmetrical split G-quadruplex formed from P1 and P2 (Figure 

3.15).  
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Figure 3.13. Luminescence response of complex 1 (1.5 μM) in the presence of mutant 

DNA (0.5 μM), wild-type gene (0.5 μM), or mutated mutant DNA (0.5 μM). 

Experimental conditions: P1 and P2 (each 0.5 μM) in 50 mM Tris containing 20 mM 

KCl, 150 mM NH4Ac. 
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Figure 3.14. Relative luminescence response between mutant DNA and wild-type 

DNA using P1 and P2, mutated P1m1 and P2m2 or mutated P1m2 and P2m2. 

Experimental conditions: two split G-quadruplex sequences or mutants (each 0.5 μM), 

mutant DNA (0.5 μM) or wild-type (0.5 μM) DNA, with 1.5 μM complex 1, 50 mM 

Tris containing 20 mM KCl, 150 mM NH4Ac. 
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Figure 3.15. Relative luminescence response between mutant DNA and wild-type 

DNA using different split G-quadruplex sequences. Experimental conditions: two split 

G-quadruplex sequences (each 0.5 μM), mutant DNA (0.5 μM) or wild-type (0.5 μM) 

DNA with 1.5 μM complex 1, 50 mM Tris containing 20 mM KCl, 150 mM NH4Ac. 
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We also investigated the effect of the deletion length on the ability of the system 

to distinguish between the wild-type and mutant DNA (Figure 3.16). Consistent with 

the proposed mechanism of the assay, increasing the deletion length of the mutant 

allele from 12 to 32 bases resulted in an improvement of the selectivity ratio ID/IW 

from ca. 1 to 9 (Figure 3.17). Deletions of under 26 bases were insufficient to trigger 

split G-quadruplex formation, resulting in a low luminescence signal (ID/IW = ~1). 

Importantly, the system was able to effectively discriminate between deletion mutants 

differing by only a single base, with a significantly weaker response observed for 

CCR-Δ31 (ID/IW = ~4) compared to the CCR-Δ32 mutant allele (ID/IW = ~9). These 

results show that the system is selective for a deletion length of exactly 32 bases, and 

suggest that specificity for a target sequence of any length could be readily achieved 

by the judicious design of the split G-quadruplex oligonucleotides. 
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Figure 3.16. DNA with different deletion lengths used to investigate the relative 

luminescence response of the system as a function of deletion length (deletions of 32, 

31, 30, 29, 26, 20 and 12 bases compared to the wild-type DNA, deleted bases are 

highlighted in red). 
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Figure 3.17. Relative luminescence response between mutant DNA of different 

deletion lengths (deletion length of 12, 20, 26, 29, 30, 31 and 32 bases) versus 

wild-type DNA (no deletion). Experimental conditions: P1 and P2 (each 0.5 μM), 

mutant DNA with different deletion lengths (0.5 μM) or wild-type DNA (0.5 μM) 

with 1.5 μM complex 1, 50 mM Tris containing 20 mM KCl, 150 mM NH4Ac. 
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3.2.4 Application of the gene deletion detection assay in biological samples 

To evaluate the applicability of the methodology to real samples, the 

luminescence response of the split G-quadruplex-based system in DNA extracts was 

recorded. DNA extracts (0.56 µg/mL) obtained from HeLa cells were mixed with 

either the wild-type or mutant alleles (0.5 μM) under the standard conditions. 

Encouragingly, the luminescence enhancement of the system to the mutant allele was 

around 7-fold higher than that for the wild-type gene in DNA extracts (Figure 3.18), 

suggesting that this assay could potentially be applied in real samples even in the 

presence of endogenous nucleic acids.  
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Figure 3.18. Emission spectra of complex 1 (1.5 μM) and CCR5-P1 and P2 (each 0.5 

μM) in HeLa DNA extracts (0.56 µg/mL) in the presence of mutant DNA (0.5 μM) or 

wild-type DNA (0.5 μM). The luminescent response of the system to mutant and 

wild-type DNA under aqueous buffer conditions are shown together for comparison.  
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3.3 Summary 

In conclusion, we have described the first example of a metal complex-based 

luminescent switch-on assay for the detection of gene deletion. Our method is based 

on the formation of a split G-quadruplex upon hybridization of two critically designed 

quadruplex-forming sequences with the mutant DNA, resulting in a “switch-on” 

luminescence response for the G-quadruplex-selective iridium(III) complex 1. This 

newly developed methodology is highly simple and rapid, and uses unmodified 

oligonucleotides, thus avoiding the relatively high cost for covalent labeling. We 

anticipate that this assay could be adapted to selectively detect any gene deletion 

simply by modification of the complementary flanking regions of the split 

G-quadruplex-forming sequences. 
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3.4 Materials and methods 

3.4.1 Materials 

Reagents were purchased from Sigma Aldrich and used as received. Iridium 

chloride hydrate (IrCl3.xH2O) was purchased from Precious Metals Online. The Tris 

buffer used in the experiment consisted of 50 mM Tris-HCl (pH 7.0) containing 20 

mM KCl and 150 mM NH4Ac. All reagents were used without further purification. 

Milli-Q purified water was used to prepare all solutions. All oligonucleotides were 

synthesized by Techdragon Inc. (Hong Kong, China), and the sequences of the 

single-stranded oligonucleotides were shown in Table 3.1. 

3.4.2 Synthesis of [Ir(ppy)2(biq)]PF6 

[Ir(ppy)2(biq)]PF6 was prepared according to the literature methods without 

modification.
[16]

 

3.4.3 DNA extract preparation 

HeLa cells were grown in culture flask and total DNA was extracted according to 

the manufacturer’s (QIAamp DNA Mini Kit, Qiagen) instruction. The DNA extract 

(0.56 µg/mL) was then mixed with annealed DNA mixtures (0.5 μM P1, 0.5 μM P2, 

0.5 μM mutant DNA; or 0.5 μM P1, 0.5 μM P2, 0.5 μM wild type DNA), and the 

luminescence spectra were recorded after the addition of iridium(III) complex 1 and 

equilibration at 25 °C for 10 min. 
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3.4.4 Emission measurement 

A mixture of P1, P2 (2.5 μL, each 100 μM) and mutant DNA or wild-type DNA 

(2.5 μL, 100 μM) was mixed in hybridization buffer (97.5 μL, 50 mM Tris-HCl 

containing 20 mM KCl and 150 mM NH4Ac, pH 7.0). The mixture was annealed at 

95 °C for 10 min, and was slowly cooled to 25 °C. This stock solution containing 2.5 

μM duplex DNA was stored at –20 °C for further use. In the emission measurement, 

100 μL of the DNA mixture stock solution was diluted with 400 μL of Tris-HCl buffer 

(50 mM, pH 7.0) with 20 mM KCl and 150 mM NH4Ac to obtain a 0.5 μM DNA 

mixture solution in a cuvette, followed by the addition of iridium(III) complex 1 at a 

final concentration of 1.5 μM. The mixture was allowed to equilibrate at 25 °C for 10 

min. Luminescence emission spectra were recorded on a PTI QM-4 

spectrofluorometer at 25 °C. The fluorescence emission intensity at 560–730 nm was 

monitored after excitation of the sample at 390 nm.  
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Chapter 4 Label-free luminescence switch-on 

detection of T4 polynucleotide kinase activity using a 

G-quadruplex-selective probe  

4.1 Introduction 

DNA phosphorylation is an important regulatory process in a variety of cellular 

processes, such as nucleic acid metabolism and DNA damage repair.
[1]

 Polynucleotide 

kinase (PNK) catalyzes the phosphorylation of oligonucleotides at the 5′-hydroxyl end, 

and the catalytic activity of PNK is critical for repairing DNA strand breaks induced 

by endogenous or exogenous agents.
[2]

 Therefore, the accurate detection of PNK 

activity is of considerable importance in biochemical and molecular biology studies. 

Gel-based assays and radioisotopic labeling techniques are widely-used methods 

for the detection of PNK activity.
[2-3]

 However, these approaches tend to be unwieldy, 

time-consuming and may necessitate stringent safety measures to control radiographic 

exposure. In recent years, the use of DNA for the recognition and detection of 

analytes has gained significant attention.
[4]

 Functional oligonucleotides compare 

favourably with protein enzymes or antibodies due to their relatively small size, facile 

synthesis and modification, reusability and low immunogenicity, though their cost and 

variable stability still currently precludes their application to mass-produced 

technologies.
[5]

 In this context, several DNA-based techniques for the detection of 
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PNK activity have been proposed. For example, Wang and co-workers have reported 

a molecular beacon-based approach for the monitoring DNA phosphorylation.
[6]

 Zhao 

and co-workers have utilised a singly-labeled DNA-hairpin probe approach for 

monitoring PNK activity.
[7]

 Alternatively, functional materials such as graphene 

oxide
[8]

 and nanochannel biosensors
[9]

 coupled with labeled DNA have also been 

applied for PNK detection. However, these methods are still limited by the high cost 

of labeled oligonucleotides. The label-free concept eliminates the requirement for 

labeling of DNA, and can provide a low-cost alternative for the DNA-based detection 

of PNK activity. Notable examples include work by Yu and co-workers, who have 

utilised organic dyes to develop label-free assays for PNK activity and other 

biomolecules.
[10]

  

Meanwhile, transition metal complexes have attracted increasing attention for the 

construction of light-emitting devices, cellular imaging probes, and chemical 

sensors.
[4c, 11]

 Certain transition metal complexes are able to recognise specific DNA 

conformations, while the photophysical properties of metal complexes can be readily 

modulated without the need for lengthy synthetic protocols. Furthermore, metal 

complexes emit in the visible region with a long luminescence lifetime, allowing their 

phosphorescent emission to be readily distinguished from background fluorescence by 

the use of time-resolved luminescence spectroscopy. Our group has previously 
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demonstrated that luminescent iridium(III) complexes can be utilized for the selective 

detection of nucleic acid motifs such as G-quadruplex DNA.
[12]

 The G-quadruplex is a 

non-canonical DNA secondary structure
[13]

 that has been widely used as a signal 

transducer in sensing applications in combination with G-quadruplex-selective 

fluorescent probes (both organic and inorganic) or chromogenic DNAzymes.
[14]

 

However, metal complexes have not yet been reported as luminescent probes for the 

detection of PNK activity. In this chapter, we describe the application of the 

cyclometallated iridium(III) complex [Ir(ptpy)2(dpp)]
+
 (2, where ptpy = 

2-(p-tolyl)pyridine; dpp = 2,9-diphenyl-1,10-phenanthroline) (Figure 4.1) as a 

G-quadruplex-selective luminescent probe for the oligonucleotide-based switch-on 

assay for PNK activity. To the best of our knowledge, this is the first example of metal 

complex-based luminescent assay for PNK activity.  

 

 

Figure 4.1. Chemical structure of cyclometallated iridium(III) complex 2. 
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4.2 Results and Discussion 

4.2.1 Principle of luminescent G-quadruplex-based probe for T4 PNK detection 

T4 PNK was chosen as a model enzyme for our G-quadruplex-based detection 

platform. The principle of the assay is depicted in Figure 4.2. Lambda exonuclease (λ 

exo) is a highly processive 5′ → 3′ exonuclease that digests the 5′-phosphorylated 

strand of a duplex DNA substrate, but shows very low enzymatic activity towards 

non-phosphorylated DNA.
[15]

 We therefore designed a hairpin sequence (HG55 = 

5-(C3TA2)3C3TA2TAG2A2GACAG3 (T2AG3)3-3) consisting of a human telomeric 

G-quadruplex-forming sequence (HTS, 5-AG3(T2AG3)3-3) at the 3′-terminus and its 

complementary cytosine-rich sequence at the 5′-terminus connected by a short linker 

region. In the absence of T4 PNK, λ exo does not effectively cleave the 5′-hydroxyl 

end of HG55 and the luminescence of the G-quadruplex-selective iridium(III) complex 

is low due to the weak interaction between the metal complex and hairpin DNA. 

5′-Phosphorylation of HG55 by T4 PNK allows digestion of the 5′-strand by λ exo, but 

the exonuclease is arrested at the linker region due to its inability to accept 

single-stranded DNA as substrate. The 3′-guanine-rich sequence, which is unaffected 

by the digestion, is released and folds into a G-quadruplex in the presence of 

potassium ions. The nascent G-quadruplex is recognized by the iridium(III) complex 

with an enhanced luminescence response, due to the selective interaction between the 
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metal complex and G-quadruplex DNA. Thus, the activity of T4 PNK can be 

evaluated by the switch-on luminescence response of the iridium(III) complex. 

 

Figure 4.2. Schematic representation of the G-quadruplex-based luminescence 

switch-on detection strategy for T4 PNK activity using the G-quadruplex-selective 

iridium(III) complex 2. The hairpin oligonucleotide HG55 consists of a 

3′-G-quadruplex-forming sequence (depicted green), its complementary 5′-sequence 

(depicted blue) and a short linker region (depicted red). 5′-Phosphorylation of HG55 

by T4 PNK coupled with digestion of the 5′-strand by λ exo liberates the 

G-quadruplex motif, which is detected by iridium(III) complex 2 with a switch-on 

luminescent response. 
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4.2.2 Screening of iridium(III) complexes as G-quadruplex-selective probes 

We initially examined the ability of iridium(III) complexes 3–6 (Figure 4.3) to 

interact with different forms of DNA (Table 4.1) by emission titration. Complex 2 

displayed a ca. 5.5-fold enhanced luminescence in the presence of the HTS 

G-quadruplex, while only slight luminescence changes were observed in the presence 

of ssDNA (CCR5-DEL, 5-CTCAT4C2ATACAT2A3GATAGTCAT-3) and 

double-stranded (ds) calf thymus (ct) DNA (Figure 4.4). This result indicates that 

complex 2 is able to discriminate G-quadruplex DNA from duplex or ssDNA. On the 

other hand, complexes 3–6 were found to be non-selective for G-quadruplex DNA 

(Figure 4.4).  
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Figure 4.3. Chemical structures of the other iridium(III) complexes investigated in 

this study. 
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Table 4.1. DNA sequences used in T4 PNK activity detection. 

 Sequence 

CCR5-DEL 5-CTCAT4C2ATACAT2A3GATAGTCAT-3 

HTS 5- AG3(T2AG3)3-3 

HG55 5- (C3TA2)3C3TA2TAG2A2GACAG3(T2AG3)3-3 

HG55m 5- 

A2G2T2AGCGT2AG2AT2ACGGCAGA2G2ATA2C2GTA2TC2TA2CGC

TA2C2T2-3 

ds26 5-CA2TCG2ATCGA2T2CGATC2GAT2G-3 

ds17 

 

5-C2AGT2CGTAGTA2C3-3 

5-G3T2ACTACGA2CTG2-3 
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Figure 4.4. Luminescence response of complexes 2–6 (1 μM) in 20 mM Tris buffer 

(pH 7.0) in the presence of 5 µM ctDNA; 5 µM CCR5-DEL, and 5 µM HTS 

G-quadruplex, respectively. HTS G-quadruplex was pre- annealed in Tris buffer (20 

mM, 100 mM KCl, pH 7.0). 
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The characterization and photophysical properties of the novel iridium(III) 

complex 2 are given in Table 2, Table 3, Figure 4.5 and Figure 4.6.  

Table 4.2. Photophysical properties of complex 2 in CH3CN at 298 K.  

Complex UV/vis absorption Emission 

 λabs [nm]  (ε [dm
3
mol

–

1
cm

–1
]) 

λem [nm] (τ 

[µs]) 

Quantum yield Φ 

2 

 

278 (9.1 × 10
4
), 238 (7.2 

× 10
4
) 

580 (4.452) 0.079 

 

Table 4.3. Photophysical properties of complex 2 in Tris buffered solution in the 

presence and absence of HTS G-quadruplex DNA  

Complex Without HTS G-quadruplex With HTS G-quadruplex 

2 (Quantum 

yield Φ) 

0.0177                          0.0333 
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Figure 4.5. UV/Vis absorption spectra of complex 2 (5 µM) in ACN at 298 K. 

 

Figure 4.6. Normalized excitation and emission spectra of complex 2 (20 µM) in 

acetonitrile solution at 298 K. 
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To further validate the suitability of complex 2 as a G-quadruplex-selective 

probe, we employed G-quadruplex fluorescent intercalator displacement (G4-FID) 

assays to evaluate the selectivity of complex 2 for G-quadruplex DNA. The G4-FID 

assay also showed that complex 2 was able to displace thiazole orange (TO) from 

G-quadruplex DNA (
G4

DC50 = ca. 4 µM, half-maximal concentration of compound 

required to displace 50% TO from DNA) with higher efficacy than from duplex DNA 

(Figure 4.7). To our knowledge, the G-quadruplex-selective affinity of complex 2 has 

not previously been reported in the literature. The differential selectivity of complex 

3–6 towards the G-quadruplex may be due to differences in the nature of the N^N 

ligand, with complex 2 containing the dpp ligand being more able to interact 

effectively with G-quadruplex structures through groove/loop binding or end-stacking 

interactions.  
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Figure 4.7. G4-FID titration curves of DNA duplex ds17, ds26 and HTS 

G-quadruplex in the presence of increasing concentration of complex 2 in Tris-HCl 

buffer. DC50 value is determined by the half-maximal concentration of compound 

required to displace 50% TO from DNA. 
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4.2.3 Principle of luminescent G-quadruplex-based probe for T4 PNK activity 

assay 

The principle of the assay relies on the ability of the iridium(III) complex to 

distinguish between the hairpin substrate HG55 and the HTS G-quadruplex. 

Encouragingly, complex 2 exhibited a 5.3-fold higher luminescence intensity in the 

presence of HTS G-quadruplex compared to HG55 hairpin DNA (Figure 4.8). The 

selectivity of complex 2 for HTS G-quadruplex over HG55 hairpin DNA was even 

greater than that displayed by 7, which was used as a G-quadruplex-selective probe in 

our previous study.
[16]

 Given the promising luminescent behaviour exhibited by 

complex 2, we sought to employ this complex as a G-quadruplex-selective 

luminescent probe for the oligonucleotide-based detection of T4 PNK activity.  
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Figure 4.8. (a) Luminescence response ratio of complex 2 and 7 (1 μM) in 20 mM 

Tris buffer (pH 7.0) in the presence of 5 µM HG55 hairpin DNA and 5 µM HTS 

G-quadruplex, respectively. HTS G-quadruplex was pre-annealed in Tris buffered 

buffer (20 mM, pH 7.0, 100 mM KCl). (b) The structure of complex 7 is also 

displayed. 
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4.2.4 Luminescent assay for T4 PNK activity in aqueous solution 

 We conducted a preliminary experiment to investigate the luminscence response 

of the iridium(III) complex 2 and HG55 to T4 PNK. In the presence of T4 PNK, the 

luminescence intensity of 2 was significantly enhanced. We hypothesize that the 

luminescence enhancement of the system arises from the T4 PNK-catalyzed 

phosphorylation of HG55, followed by λ exo digestion at the 5′-terminus, which 

liberates the G-quadruplex motif that is recognized by 2. To verify the proposed 

mechanism of the assay, we incubated complex 2 with T4 PNK in the absence of 

HG55. However, the presence of T4 PNK induced only minute changes in the 

luminescence of complex 2 (Figure 4.9). We also designed a mutant of hairpin DNA 

sequence (HG55m, 

5-A2G2T2AGCGT2AG2AT2ACG2CAGA2G2ATA2C2GTA2TC2TA2CGCTA2C2T2-3) 

that is unable to form G-quadruplex structures upon cleavage by λ exo. As expected, 

no enhancement in the luminescence of complex 2 was observed in the presence of T4 

PNK (Figure 4.10). The hairpin-to-quadruplex conformational transition of HG55 

induced by T4 PNK and λ exo was confirmed by circular dichroism (CD) 

spectroscopy (Figure 4.11). The CD spectrum of HG55 treated by λ exo alone exhibits 

an intense positive peak at 270 nm and a strong negative peak at 240 nm, which is 

characteristic for duplex DNA. Upon incubation with both λ exo and T4 PNK, the 
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spectrum changes to reveal a positive band at around 290 nm, and a weak negative 

peak at around 240 nm, which showed characteristic signals of G-quadruplex 

consistent with previous reports.
[17]

 These results indicate that the luminescence 

enhancement of the system was due to the selective affinity of complex 2 for the 

nascent G-quadruplex, which was presumably liberated by the 5′-phosphorylation and 

digestion of HG55 by T4 PNK and λ exo digestion, respectively. 

 

 

Figure 4.9. Luminescence response of the system with the complex ([complex 2] = 1 

µM) in the absence of HG55 with increasing concentrations of T4 PNK (0, and 10 

U/mL). 

 

 

 



 109 

 

 

Figure 4.10. Luminescence response of the mutant of hairpin substrate ([HG55m] = 1 

µM, [λ exo] = 10 U/mL, [ATP] = 0.1 mM, T4 PNK reaction time = 60 min) in the 

absence or presence of T4 PNK (2.5 U/mL). 
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Figure 4.11. Circular dichroism (CD) spectra of 4 μM hairpin substrate HG55 in the 

absence (purple) or presence (blue) of 2.5 U/mL T4 PNK recorded in Tris buffer. The 

CD spectrum of HG55 treated by λ exo alone exhibits an intense positive peak at 270 

nm and a strong negative peak at 240 nm, which is characteristic for duplex DNA. 

Upon incubation with both λ exo and T4 PNK, the spectrum changes to reveal a 

positive band at around 290 nm, and a weak negative peak at around 240 nm. 
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To maximize the performance of the T4 PNK activity assay platform, we 

investigated the effect of various parameters on the luminescence response of the 

system to T4 PNK, including the concentrations of HG55, complex 2, ATP, λ exo, and 

the incubation time. It was observed that the luminescence response of the system was 

highest at 1 μM of HG55 (Figure 4.12). A higher concentration of the hairpin substrate 

would result in a higher background signal of the system, while a lower concentration 

of the hairpin substrate results in a lower luminescence enhancement after treatment 

with PNK. Similarly, 0.75 μM of complex 2 offered the highest luminescence 

fold-change response compared to 0.25, 1 or 1.5 μM of complex 2 (Figure 4.13). 

Both lower concentration and higher concentration of complex 2 gave a lower 

luminescence response. Furthermore, the luminescence response of the system was 

highest at 0.1 mM of ATP (Figure 4.14). Higher concentrations of ATP resulted in a 

decreased fold change of the system, which may be partially due to the blockage of 

the PNK binding site for DNA at higher concentrations of ATP.
[6]

 On the other hand, 

10 U/mL of λ exo offered the highest performance (Figure 4.15). Lower 

concentrations of λ exo may not have been able to fully digest the hairpin substrate, 

while higher concentrations of λ exo resulted in a higher background signal of the 

system, leading to a decreased luminescence fold-change response. A time-course 

experiment revealed that the luminescent enhancement of the system reached 
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saturation at approximately 60 min, after which no luminescence enhancement was 

observed (Figure 4.16). After optimization of the reaction conditions, we investigated 

the luminescence response of the system to different concentrations of T4 PNK.  
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Figure 4.12. Relative luminescence intensity at 580 nm of the system ([complex 2] = 

0.75 µM, [T4 PNK] = 2.5 U/mL, [λ exo] = 10 U/mL, [ATP] = 0.1 mM, T4 PNK 

reaction time = 60 min) at various concentrations of the hairpin substrate HG55 (0.25, 

0.5, 1 and 2 µM) in Tris-HCl solution (20 mM, pH 7.0, 50 mM KCl). 
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Figure 4.13. Relative luminescence intensity at 580 nm of the system ([HG55] = 1 µM, 

[T4 PNK] = 2.5 U/mL, [λ exo] = 10 U/mL, [ATP] = 0.1 mM, T4 PNK reaction time = 

60 min) in the presence of different concentrations of complex 2 (0.5, 0.75, 1 and 1.5 

µM) in Tris-HCl solution (20 mM, pH 7.0, 50 mM KCl).   
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Figure 4.14. Relative luminescence intensity at 580 nm of the system ([complex 2] = 

0.75 µM, [T4 PNK] = 2.5 U/mL, [λ exo] = 10 U/mL, [HG55] = 1 µM, T4 PNK 

reaction time = 60 min) at various concentrations of ATP (0.05, 0.1, 0.5, 1 and 2.5 

mM) in Tris-HCl solution (20 mM, pH 7.0, 50 mM KCl). 
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Figure 4.15. Relative luminescence intensity at 580 nm of the system ([complex 2] = 

0.75 µM, [T4 PNK] = 2.5 U/mL, [HG55] = 1 µM, [ATP] = 0.1 mM, T4 PNK reaction 

time = 60 min) at various concentrations of λ exo (2, 5, 10, 15 and 20 U/mL) in 

Tris-HCl solution (20 mM, pH 7.0, 50 mM KCl). 
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Figure 4.16. Relative luminescence intensity at 580 nm of the system ([complex 2] = 

0.75 µM, [T4 PNK] = 2.5 U/mL, [λ exo] = 10 U/mL, [HG55] = 1 µM, [ATP] = 0.1 

mM) at different T4 PNK reaction time (20, 40, 60, and 80 min) Tris-HCl solution (20 

mM, pH 7.0, 50 mM KCl).   
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The system exhibited a ca. 10-fold enhancement in emission intensity at [T4 

PNK] = 2.5 U/mL (Figure 4.17a), with a linear range of detection from 0.05 to 1 

U/mL
 
(Figure 4.17b). The detection limit of this assay for T4 PNK was estimated to 

be 0.05 U/mL at a signal-to-noise ratio (S/N) of 3 (3σ) (Figure 4.18).  

 

Figure 4.17. (a) Luminescence spectra of the 2/HG55 system in response to various 

concentrations of T4 PNK: 0, 0.05, 0.1, 0.25, 0.5, 1, 1.5, 2, and 2.5 U/mL. (b) The 

relationship between luminescence intensity and T4 PNK concentration. Inset: linear 

plot of the change in luminescence intensity at λ = 580 nm vs. T4 PNK concentration.  
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Figure 4.18. Emission spectral traces of complex 2 (0.75 μM) and HG55 (1 μM) upon 

incubation with T4 PNK (0.05 U/mL) in Tris-HCl buffer (20 mM, 50 mM KCl, pH 

7.0), showing a signal-to-noise ratio greater than 3 (3σ). Experimental conditions: 

[complex 2] = 0.75 µM, [λ exo] = 10 U/mL, [HG55] = 1 µM, [ATP] = 0.1 mM, and T4 

PNK reaction time = 60 min. 
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To evaluate the robustness of the system, we investigated the performance of our 

sensing platform for T4 PNK detection in the presence of cellular debris. In a reaction 

system containing 0.5% (v/v) cell extract, 2 system experienced a gradual increase in 

luminescence intensity as the concentration of T4 PNK was increased (Figure 4.19). 

This result demonstrates the potential application of the T4 PNK assay platform for 

real sample analysis. 

 

Figure 4.19. Luminescence spectra of the 2/HG55 system in a reaction system 

containing 0.5% (v/v) cell extract in response to various concentrations of T4 PNK: 0, 

1, 2, and 2.5 U/mL.  
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4.2.5 Application of the luminescent G-quadruplex-based assay for the screening 

of T4 PNK inhibitors 

The utility of this G-quadruplex-based assay for screening potential T4 PNK 

inhibitors was also studied. Here, ADP was chosen a model inhibitor of T4 PNK.
[18]

 

The luminescence signal of the system was diminished in the presence of ADP in a 

dose-dependent manner (Figure 4.20). Furthermore, ADP has no direct quenching 

effect on the luminescence of complex 2 (Figure 4.20). These results demonstrate that 

the proposed method can be further developed as a screening platform for PNK 

inhibitors for potential drug screening applications. 
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Figure 4.20. (a) Relative luminescence intensity of the system in the presence of 

increasing concentrations of ADP (0, 0.4, 0.6, 0.8, 1, and 2 mM). (b) Luminescence 

response of 0.75 µM of complex 2 in the presence or absence of 10 mM of T4 PNK 

inhibitor ADP. 

 

  



 123 

4.3 Summary  

In conclusion, we have synthesized a novel iridium(III) complex 2 as a 

G-quadruplex-selective luminescent probe. A label-free G-quadruplex-based 

luminescent assay for T4 PNK activity has been developed utilising the 

G-quadruplex-selective property of complex 2. Compared to conventional 

radiographic or other luminescent assays, which typically require isotopic or 

fluorescent labeling, our proposed method is simple and cost-effective. A comparison 

of recently reported analytical techniques for PNK activity is presented in Table 4.4. 

Furthermore, the assay could function effectively in diluted cell extract, and could be 

potentially used to screen for T4 PNK inhibitors. We envision that our novel 

switch-on, label-free luminescent detection method for PNK activity could be 

employed as a useful tool in biochemical and biomedical research.  
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Table 4.4. Comparison of detection limit and detection range for PNK activity assays 

recently reported in the literature. 

Method Detection limit Range Signal output Ref. 

Molecular beacon 

DNA probe 

0.002 U/mL 0.002−4 U/mL   fluorescent 6 

Singly labeled 

DNA-hairpin probe 

0.04 U/mL 0.04−10 U/mL   fluorescent   7 

Nanochannel 

biosensor 

0.01 U/mL 0.01−5 U/mL   fluorescent 9 

Singly labeled 

DNA-hairpin probe 

with graphene oxide 

0.001 U/mL 0.001−0.3 U/mL fluorescent 8b 

Perylene probe 0.003 U/mL 0.003−1.6 U/mL fluorescent 10a 

Singly labeled 

DNA-duplex probe 

with graphene oxide 

0.05 U/mL 0.05−10 U/mL fluorescent 8a 

Present study 0.05 U/mL 0.05−2.5 U/mL luminescent  
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4.4 Materials and methods 

4.4.1 Materials 

Reagents, unless specified, were purchased from Sigma Aldrich (St. Louis, MO) 

and used as received. Iridium chloride hydrate (IrCl3.xH2O) was purchased from 

Precious Metals Online (Australia). Lambda Exonuclease (λ exo) and T4 

Polynucleotide Kinase (T4 PNK) were purchased from New England Biolabs Inc. 

(Beverly, MA, USA). All oligonucleotides were synthesized by Techdragon Inc. 

(Hong Kong, China) 

4.4.2 General experimental 

Mass spectrometry was performed at the Mass Spectroscopy Unit at the 

Department of Chemistry, Hong Kong Baptist University, Hong Kong (China). 

Deuterated solvents for NMR experiment were purchased from Armar and used as 

received. Circular dichroism (CD) spectra were collected on a JASCO-815 

spectrometer. 
1
H and 

13
C NMR were recorded on a Bruker Avance 400 spectrometer 

operating at 400 MHz (
1
H) and 100 MHz (

13
C). 

1
H and 

13
C chemical shifts were 

referenced internally to solvent shift (CD3CN:
 1

H, 


C118.7; d6-DMSO: 
1
H 




C39.5). All NMR data was acquired and processed using standard Bruker 

software (Topspin).  
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4.4.3 Photophysical measurement 

Luminescence spectra and lifetime measurements for iridium(III) complexes 

were recorded on PTI TimeMaster C720 Spectrometer fitted with a 380 nm filter and 

a nitrogen laser with a pulse output 337 nm. Before lifetime measurements, all 

organic solvents for dissolving the complexes were degassed by using three cycles of 

freeze-vac-thaw. Error limits were estimated: φ (±10%); τ (±10%); λ (±1 nm). 

Luminescence quantum yields were determined using the method of Demas and 

Crosby
[19]

 [Ru(bpy)3][PF6]2 in degassed acetonitrile as a standard reference solution 

(Φr = 0.062) and calculated according to the following equation: 

Φs = Φr(Br/Bs)(ns/nr)
2
(Ds/Dr) 

where the subscripts s and r refer to sample and reference standard solution 

respectively, n is the refractive index of the solvents, D is the integrated intensity, and 

Φ is the luminescence quantum yield. The quantity B was calculated by B = 1 – 10
–AL

, 

where A is the absorbance at the excitation wavelength and L is the optical path 

length. 

4.4.4 G4-FID assay 

The FID assay was performed as previously described.
[20] 

The HTS 

G-quadruplex DNA (0.25 μM) in Tris-HCl buffer (20 mM Tris, 100 mM KCl, pH
 
7.0) 

were annealed by heating at 95 °C for 10 min. Indicated concentration of thiazole 
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orange (0.5 μM for
 
HTS

 
G-quadruplex DNA; 0.5 μM for ds17; 0.75 μM for

 
ds26) was

 

added and the mixture was incubated for 1 h. Emission measurement was taken after 

addition of each indicated concentration of 2 followed by an equilibration time for 5 

min. The fluorescence area was converted into percentage of displacement (PD) by 

using the following equation. PD = 100 − [(FA/FA0) × 100] (FA0 = fluorescence area 

of DNA-TO complex in the absence of 2; FA = fluorescence area in the presence of 

2). 

4.4.5 Synthesis 

The following complexes were prepared according to (modified) literature 

methods: the precursor complex [Ir2(ptpy)4Cl2]
[21]

, [Ir2(ppy)4Cl2]
[22]

, 

[Ir(ptpy)2(dpp)]PF6 (2), [Ir(ptpy)2(bpy)]PF6 (3)
[23]

, [Ir(ptpy)2(Phen)]PF6 (4), 

[Ir(ptpy)2(dip)]PF6 (5) and [Ir(ptpy)2(BCP)]PF6 (6), [Ir(ppy)2(dpp)]PF6 (7)
[16]

. All 

complexes are characterized by 
1
H-NMR, 

13
C-NMR, high resolution mass 

spectrometry (HRMS) and elemental analysis. 

[Ir(ptpy)2(dpp)]PF6 (2), [Ir(ptpy)2(Phen)]PF6 (3), [Ir(ptpy)2(dip)]PF6 (5) and 

[Ir(ptpy)2(BCP)]PF6 (6). A suspension of [Ir2(ptpy)4Cl2] (0.2 mmol) and 

corresponding N^N ligands 2,9-diphenyl-1,10-phenanthroline (dpp), 

1,10-phenanthroline (Phen), 4,7-diphenyl-1,10-phenanthroline (dip) or 

2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (0.44 mmol) in a mixture of 
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DCM:methanol (1:1, 20 mL) was refluxed overnight under a nitrogen atmosphere. 

The resulting solution was then allowed to cool to room temperature, and filtered to 

remove unreacted cyclometallated dimer. To the filtrate, an aqueous solution of 

ammonium hexafluorophosphate (excess) was added and the filtrate was reduced in 

volume by rotary evaporation until precipitation of the crude product occurred. The 

precipiate was then filtered and washed with several portions of water (2 × 50 mL) 

followed by diethyl ether (2 × 50 mL). The product was recrystallized by 

acetonitrile:diethyl ether vapor diffusion to yield the titled compound. 

[Ir(ptpy)2(dpp)]PF6 (2). Yield: 56%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.74 (d, 

J = 8.3 Hz, 2H), 8.29 (s, 4H), 7.90-7.83 (m, 6H), 7.76-7.58 (m, 4H), 7.00-6.85 (m, 

4H), 6.65 (dd, J = 21.2, 13.7 Hz, 4H), 6.21-6.13 (m, 4H), 1.92 (dt, J = 4.4, 2.2 Hz, 

6H). 
13

C NMR (100 MHz, Acetone-d6) δ 21.9, 120.1, 122.2, 123.0, 124.9, 128.1, 

128.8, 129.9, 131.5, 132.5, 138.8, 139.2, 139.5, 148.2, 149.3, 151.5, 166.9, 169.3. 

HRMS: Calcd. for C48H36IrN4 [M–PF6]
+
: 861.2562 Found: 861.2584. Elemental 

analysis: (C48H36IrN4 + 0.5 H2O) C, H, N: calcd 56.8, 3.64, 5.52; found 56.78, 3.52, 

5.44. 

[Ir(ptpy)2(Phen)]PF6 (4). Yield: 64%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.92 

(dd, J = 8.3, 1.4 Hz, 2H), 8.53-8.41 (m, 4H), 8.19 (d, J = 8.0 Hz, 2H), 8.09 (dd, J = 

8.3, 5.0 Hz, 2H), 8.01-7.80 (m, 4H), 7.64 (d, J = 5.2 Hz, 2H), 7.03-6.89 (m, 4H), 2.15 
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(s, 2H), 2.07 (dt, J = 4.4, 2.2 Hz, 6H). 
13

C NMR (100 MHz, Acetone-d6) δ 168.7, 

152.1, 151.1, 150.1, 147.8, 142.5, 141.0, 139.5, 139.2, 133.4, 132.5, 129.3, 127.8, 

125.7, 124.4, 123.7, 120.3, 21.9. HRMS: Calcd. for C36H28IrN4 [M–PF6]
+
: 709.1939 

Found: 709.1945. Elemental analysis: (C36H28IrN4 + 0.5 H2O) C, H, N: calcd 50.11, 

3.39, 6.49; found 50.17, 3.32, 6.47. 

[Ir(ptpy)2(dip)]PF6 (5). Yield: 54%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.52 (d, 

J = 5.2 Hz, 2H), 8.28 (s, 2H), 8.19 (d, J = 8.1 Hz, 2H), 8.10-7.66 (m, 12H), 7.66 (s, 

2H), 7.73-7.37 (m, 10H), 7.07-6.80 (m, 2H), 2.13 (s, 4H). 
13

C NMR (100 MHz, 

Acetone-d6) δ 21.0, 119.5, 122.9, 123.6, 124.9, 126.2, 127.1, 129.1, 129.4, 129.7, 

129.9, 132.5, 135.9, 138.4, 140.2, 141.7, 147.6, 149.2, 150.7, 150.8, 150.9, 167.9. 

HRMS: Calcd. for C48H36IrN4 [M–PF6]
+
: 861.2569 Found: 860.9312. Elemental 

analysis: (C48H36IrN4 + H2O) C, H, N: calcd 56.3, 3.74, 5.47; found 55.86, 4.06, 6.88. 

[Ir(ptpy)2(BCP)]PF6(6). Yield: 52%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.17 

(dd, J = 8.6, 1.2 Hz, 2H), 8.10 (s, 2H), 7.92 (ddd, J = 8.5, 5.0, 2.1 Hz, 4H), 7.76 (d, J = 

16.2 Hz, 4H), 7.73-7.58 (m, 8H), 7.02 (ddd, J = 7.3, 6.0, 1.4 Hz, 4H), 6.79 (dd, J = 7.9, 

1.1 Hz, 4H), 2.29 (s, 6H), 2.08-1.99 (m, 6H). 
13

C NMR (100 MHz, Acetone-d6) δ 21.0, 

26.9, 119.4, 122.5, 123.1, 124.7, 124.8, 127.8, 128.2, 129.0, 129.7, 132.3, 136.0, 

1138.4, 139.5, 141.0, 148.9, 149.7, 150.1, 150.7, 164.6, 167.9. HRMS: Calcd. for 

C50H40IrN4 [M–PF6]
+
: 889.2882 Found: 889.2908. Elemental analysis: (C50H40IrN4 + 
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H2O) C, H, N: calcd 57.08, 4.02, 5.33; found 56.7, 3.84, 5.29. 

4.4.6 Total cell extract preparation 

The TRAMPC1 (ATCC® CRL2730™) cell line was purchased from American 

Type Culture Collection (Manassas, VA 20108 USA). Prostate cancer cells were 

trypsinized and resuspended in TE buffer (10 mM Tris-HCl 7.4, 1 mM EDTA). After 

incubation on ice for 10 min, the lysate was centrifuged and the supernatant was 

collected.  

4.4.7 Luminescence response of 2 towards different forms of DNA 

The G-quadruplex DNA-forming sequence (HTS) was annealed in Tris-HCl 

buffer (20 mM Tris, 100 mM KCl, pH 7.0) and were stored at –20 °C before use. 

Complex 2 (1 µM) was added to 5 µM of ssDNA, ctDNA or HTS G-quadruplex DNA 

in Tris-HCl buffer (20 mM Tris, pH 7.0). Emission spectra were recorded in 500−730 

nm range using an excitation wavelength of 360 nm.  

4.4.8 Detection of T4 PNK activity 

The random-coil oligonucleotide (HG55, 50 μM) was incubated in Tris buffer (20 

mM, pH 7.0). The solutions were heated to 95 °C for 10 min, cooled to room 

temperature at 0.1 °C/s, and further incubated at room temperature for 1 h to ensure 

formation of the hairpin substrate. The annealed product was stored at –20 °C before 

use. For assaying T4 PNK activity, 50 μL of 1× T4 Polynucleotide Kinase Reaction 
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Buffer (70 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT, pH 7.6) with 10 U/mL λ exo, 

0.1 mM ATP and indicated concentrations of T4 PNK were added to the solution 

containing the hairpin substrate (1 μM). The mixture was heated to 37 °C for 60 min 

to allow the T4 PNK catalyzed phosphorylation coupled with λ exo digestion of HG55 

to take place. The mixture was cooled down and was subsequently diluted using Tris 

buffer (20 mM Tris, 50 mM KCl, pH 7.0) to a final volume of 500 µL. Finally, 0.75 

µM of complex 2 was added to the mixture. Luminescence spectra were collected in 

the range of 500−730 nm using an excitation wavelength of 360 nm. 

For T4 PNK inhibitor screening, the hairpin substrate HG55 was incubated with 

the indicated concentrations of T4 PNK inhibitor ADP and an equal amount of T4 

PNK. The mixture was heated to 37 °C for 60 min and the mixture was cooled to 

room temperature. The mixture was then diluted with Tris buffer (20 mM Tris, 50 mM 

KCl, pH 7.0) with a final volume of 500 µL. 0.75 µM of complex 2 was subsequently 

added to the mixture. Luminescence spectra were collected in the range of 500−730 

nm using an excitation wavelength of 360 nm. 

For the detection of T4 PNK activity in cell extract, 50 μL of 1× T4 

Polynucleotide Kinase Reaction Buffer (70 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT, 

pH 7.6) with 10 U/mL λ exo, 0.1 mM ATP and indicated concentrations of T4 PNK 

were added to the solution containing the hairpin substrate (1 μM) and cell extract. 
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The mixture was heated to 37 °C for 60 min to allow the T4 PNK catalyzed 

phosphorylation coupled with λ exo digestion of HG55 to take place. The mixture was 

cooled down and was subsequently diluted using Tris buffer (20 mM Tris, 50 mM 

KCl, pH 7.0) to a final volume of 500 µL. Finally, 0.75 µM of complex 2 was added 

to the mixture. Luminescence spectra were collected in the range of 500−730 nm 

using an excitation wavelength of 360 nm.  
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Chapter 5 Label-free detection of sub-nanomolar 

lead(II) ions in aqueous solution using a 

G-quadruplex-selective luminescent probe 

5.1 Introduction 

Heavy-metal pollution has received much attention in the media and the scientific 

literature due to the toxic effects of heavy metal ions on human health and the 

environment. The lead(II) ion, as one of the acutely toxic metal ions, is a dangerous 

contaminant which causes adverse health effects to humans, including delayed 

physical and mental developmental in infants and children, kidney disease and high 

blood pressure in adults.
[1]

 Atomic absorption spectrometry (AAS)
[2]

 and inductively 

coupled plasma mass spectrometry (ICP-MS)
[3]

 are widely-used instrumental 

techniques for lead(II) ion detection, but their sophisticated instrumentation and/or 

complicated sample preparation hamper their application for in-field studies. In recent 

years, fluorescent,
[4]

 colorimetric,
[5]

 and electrochemical
[6]

 methods utilizing organic 

fluorescent dyes, oligonucleotides, or lead(II)-dependent RNA cleaving DNAzymes 

have been developed for lead(II) ion detection. 

Certain oligonucleotides undergo conformational changes in the presence of 

particular heavy metal ions. The lead(II) ion is known to induce the structural 

transition of a guanine-rich single-stranded oligonucleotide into a G-quadruplex,
[7]
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which is a non-canonical DNA secondary structure consisting of planar stacks of four 

guanines stabilized by Hoogsteen hydrogen bonding.
[8]

 This feature has been 

previously exploited in the design of Pb
2+

 ions biosensors.
[9]

  

Meanwhile, transition metal complexes have been widely employed for cellular 

imaging and molecular sensing.
[10]

 For example, luminescent metal complexes 

(including ruthenium, iridium and platinum complexes) have been utilized for the 

detection of biomolecules.
[11]

 However, no luminescent metal-based probe for Pb
2+

 

ion has yet been reported. We reasoned that Pb
2+

 ions could be detected and quantified 

by employing a luminescent probe that could monitor the Pb
2+

-induced structural 

transition of single-stranded DNA into a G-quadruplex.  

In Chapter 3, we have reported the cyclometallated iridium(III) complex 

[Ir(ppy)2(biq)]
+
 (1, where ppy = 2-phenylpyridine and biq = 2,2’-biquinoline, Figure 

3.1) as a G-quadruplex-selective probe and have described its application for the 

luminescent detection of gene deletion.
[12]

 In the present chapter, we describe the 

application of complex 1 as a luminescent switch-on probe for the 

G-quadruplex-based detection of sub-nanomolar Pb
2+

 ions in aqueous solution and 

real water samples.  
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5.2 Results and Discussion 

5.2.1. Principle of the luminescent G-quadruplex-based probe for Pb
2+

 ions 

Figure 5.1 depicts the mechanism of the label-free luminescent detection method 

for Pb
2+ 

ions based on the specific interaction between the G-quadruplex-selective 

iridium(III) complex 1 and a Pb
2+

-stabilized G-quadruplex. PS2.M oligonucleotide 

(5-GTG3TAG3CG3T2G2-3, Table 5.1) is a guanine-rich sequence that can be induced 

into an intramolecular G-quadruplex structure in the presence of Pb
2+

 ions.
[13]

 We 

propose that PS2.M exists initially in a single-stranded conformation (ssDNA) in the 

absence of Pb
2+

 ions. The addition of iridium(III) complex 1 to this system results in a 

low luminescence background signal, presumably due to non-radiative decay of the 

excited state of 1 by complex-solvent interactions. In the presence of Pb
2+

 ions, the 

PS2.M oligonucleotide is induced into a G-quadruplex structure that is strongly bound 

by complex 1. This protects the metal complex from the bulk solvent environment and 

results in a switch-on luminescence response.  
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Figure 5.1. Schematic representation of the G-quadruplex-based luminescent turn-on 

detection strategy for Pb
2+

 ions using the G-quadruplex-selective iridium(III) complex 

1. In the absence of Pb
2+

 ions, the PS2.M oligonucleotide exists in a single-stranded 

conformation. The addition of Pb
2+

 ions induces a structural switch to a G-quadruplex 

structure, which is detected by complex 1 and transduced into a luminescence 

response. 

 

Table 5.1. DNA sequences used in the lead ion detection assay. 

 Sequence 

PS2.M 5-GTG3TAG3CG3T2G2-3 

PS2.Mm1 5-GTA2GTA3GCGA2T2G2-3 

PS2.Mm2 5-GT3GTAT2GCGT4G2-3 
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5.2.2 Luminescent detection of Pb
2+

 ions in aqueous solution 

We conducted a preliminary experiment to investigate the luminesence response 

of the iridium(III) complex 1 and PS2.M to Pb
2+

 ions. In the presence of Pb
2+

 ions, the 

luminescence intensity of 1 was significantly enhanced. The performance of this assay 

was optimized by investigating the effect of various parameters on the luminescence 

response of the system to Pb
2+

 ions, including the concentration of complex 1, the 

concentration of PS2.M, and the pH of the system. It was observed that 1 μM of 

complex 1 offered the highest luminescence fold-change response to 1 μM of Pb
2+

 

ions compared to 0.5, 1.5 or 2 μM of complex 1 (Figure 5.2). Similarly, the optimal 

concentration of PS2.M was determined to be 5 μM (Figure 5.3). Finally, we 

observed that the performance of the system was highest at a pH value of 8.2 (Figure 

5.4). As the selective switch-on phosphorescence response of complex 1 in the 

presence of G-quadruplex DNA has been previously demonstrated in our prior 

studies,
[12]

 the emission enhancement of 1 in the present study can be attributed to the 

Pb
2+

-induced formation of the PS2.M G-quadruplex structure. Under the optimized 

conditions, the luminescence intensity of 1 at λmax = 637 nm was significantly 

enhanced as Pb
2+

 ions were added, and reached a 7-fold change in emission intensity 

at [Pb
2+

] = 1 μM (Figure 5.5a). Moreover, the luminescence response of the system to 

Pb
2+

 ions exhibited a linear range of detection from 0 to 2.5 nM (Figure 5.5b) with a 
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detection limit of approximately 600 pM, which is comparable or superior to those of 

previously reported fluorescent Pb
2+

 ion assays.
[4c, 14]
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Figure 5.2. Relative luminescence response of the system in the absence or presence 

of Pb
2+

 ions (1 μM) at various concentrations of complex 1 (0.5, 1.0, 1.5 and 2.0 μM). 

Experimental conditions: 5 μM PS2.M in 10 mM Tris-HAc (pH 8.2). 
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Figure 5.3. Relative luminescence response of the system in the absence or presence 

of Pb
2+

 ions (1 μM) at various concentrations of PS2.M (1.0, 2.5, 5.0 and 7.5 μM). 

Experimental conditions: 1 μM complex 1 in 10 mM Tris-HAc (pH 8.2). 
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Figure 5.4. Relative luminescence response of the system in the absence and presence 

of Pb
2+

 ions (1 μM) as a function of pH (6.4, 7.0, 7.6, 8.2 and 8.8). Experimental 

conditions: 1 μM of complex 1 and 5 μM of PS2.M in 10 mM Tris-HAc. 
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Figure 5.5. (a) Luminescence spectra of the complex 1 (1 μM)/PS2.M (5 μM) system 

in response to various concentrations of Pb
2+

 ions: 0, 600 pM, 1 nM, 2 nM, 2.5 nM, 5 

nM, 10 nM, 50 nM, 100 nM, 250 nM, 500 nM, and 1 μM. Experimental conditions: 

PS2.M (5 μM) and 1 μM complex 1 in 10 mM Tris–HAc (pH 8.2). (b) The 

relationship between the luminescence intensity and Pb
2+

 ions concentration. Inset: 

linear plot of the change in luminescence intensity at λ = 638 nm vs. Pb
2+

 ions 

concentration. 
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To verify that the luminescence response of complex 1 originated from the 

specific interaction of 1 with the Pb
2+

 ion-induced G-quadruplex, we examined the 

luminescent response of the complex to two DNA mutants designated PS2.Mm1 

(5′-GTAAGTAAAGCGAATTGG-3′, Table 5.1) and PS2.Mm2 

(5′-GTTTGTATTGCGTTTTGG-3′, Table 5.1) (base mutants underlined and italicized) 

that cannot form G-quadruplexes. The results show that the emission response of 

complex 1 was significantly diminished for the non-quadruplex mutants 

(IPS2.M/IPS2.Mm1 and IPS2.M/IPS2.Mm2 = ~7, Figure 5.6). This suggests that the increase in 

luminescence intensity of complex 1 upon incubation with the Pb
2+

 ion is most likely 

due to formation of the G-quadruplex. The ssDNA-to-quadruplex transition was 

confirmed by circular dichroism spectroscopy (Figure 5.7).  

 

 



 147 

 

Figure 5.6. Luminescence response of complex 1 (1 μM) in the presence of Pb
2+

 ions 

(1 M) and PS2.M and PS2.M mutants (5 M).  

 

 

Figure 5.7. Circular dichroism spectra monitoring the conformational transition of 

PS2.M (1 M) in the absence and presence of Pb
2+ 

(1 M) ions. 

 

 



 148 

5.2.3 Selectivity of G-quadruplex-based Pb
2+

 ion detection assay 

The selectivity of our approach for Pb
2+

 ions was evaluated by investigating the 

response of the system to other ten common metal ions including K
+
, Ag

+
, Na

+
, Ni

2+
, 

Cr
3+

, Hg
2+

, Zn
2+

, Mg
2+

, Ca
2+

 and Ba
2+

 ions. A significant selectivity for Pb
2+

 ions was 

observed at a 10-fold excess of other heavy metals. The result shows that only Pb
2+

 

ions could significantly enhance the luminescence emission of the complex 1/PS2.M 

system (Figure 5.8). By comparison, no significant changes in emission intensity 

were observed upon the addition of the interfering metal ions. Interestingly, while K
+
 

ions are also known to induce G-quadruplex formation,
[15]

 only a minor decrease was 

observed in the emission of 1 upon the addition of K
+
 ions, which could be attributed 

to structural differences between the K
+
-stabilized and Pb

2+
-stabilized 

G-quadruplexes.
[16]

 These results indicate that the system displays significant 

selectivity for Pb
2+

 ions over the other metal ions, which presumably originates from 

the specific binding between complex 1 and the Pb
2+

-stabilized PS2.M G-quadruplex 

structure. 
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Figure 5.8. Selectivity of the G-quadruplex-based luminescent Pb
2+

 ion assay. The 

concentration of Pb
2+

 ions was 1.0 µM and the concentrations of the other metal ions 

were 10.0 µM. Experimental conditions: PS2.M (5 μM) and complex 1 (1 μM) in 10 

mM Tris–HAc (pH 8.2). 
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5. 3.4 Application of Pb
2+

 ion detection assay in real water samples 

The potential application of our proposed probe for the environmental detection 

of Pb
2+

 ions was evaluated in spiked aquatic water samples collected from the Shing 

Mun River of Hong Kong. The concentration of endogenous Pb
2+

 ions in the river 

sample was below detectable limits as determined using inductively-coupled plasma 

mass spectrometry (ICP-MS). In order to reduce the effect of pH on the assay, 0.4 mL 

of the river water sample was mixed with 0.1 mL of Tris−HAc buffer solution 

containing 1 and PS2.M at final concentrations of 5 μM and 1 μM, respectively. 

Nanomolar concentrations of spiked Pb
2+

 ions could be reliably detected in the river 

water sample with recovery values of 90–94% (Figure 5.9), suggesting that the 

proposed probe could be applied for the sensitive analysis of nanomolar Pb
2+

 in 

environmental matrices.  
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Figure 5.9. Application of the proposed probe for the analysis of Pb
2+

 ions in river 

water samples. Luminescence spectra of complex 1 (1 μM) and PS2.M (5 μM) in 4:1 

river water: Tris buffer solution with 0, 1, 2.5, or 5 nM of Pb
2+

 ions. The recovery 

values are shown in parentheses. 
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5.4 Summary 

In conclusion, we have developed a luminescent G-quadruplex-based assay for 

the rapid and selective detection of sub-nanomolar Pb
2+

 ions in aqueous solution. This 

probe utilizes cyclometalated iridium(III) complex 1, which displays a strong 

phosphorescence response upon binding to the Pb
2+

-stabilized G-quadruplex, but 

exhibits only a weak interaction with single-stranded DNA in the absence of Pb
2+

 ions. 

This probe is sensitive towards Pb
2+

 ions with a detection limit in the sub-nanomolar 

range, and is also selective for Pb
2+

 ions over ten other metal ions. Furthermore, the 

application of the assay for the detection of nanomolar Pb
2+

 ions in spiked river water 

samples was demonstrated. Compared to previously reported DNA-based luminescent 

detection methods, this newly-developed label-free methodology is highly simple and 

rapid, and does not require the use of costly fluorescently-labeled oligonucleotides. 
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5.5 Materials and methods 

5.5.1 Materials 

All oligonucleotides were synthesized by Techdragon Inc. (Hong Kong, China). 

Pb(NO3)2, KCl, NaCl and other used metal salts were of analytical grade and obtained 

from various commercial sources. The Tris buffer used in the experiment consisted of 

10 mM Tris-HAc (pH 8.2). All reagents obtained from commercial suppliers were 

used without further purification. Milli-Q purified water was used to prepare all the 

solutions. 

5.5.2 General experimental 

Mass spectrometry was performed at the Mass Spectroscopy Unit at the 

Department of Chemistry, Hong Kong Baptist University, Hong Kong (China). 

Deuterated solvents for NMR purposes were obtained from Armar and used as 

received. Circular dichroism (CD) spectra were collected on a JASCO-815 

spectrometer. 

5.5.3 Synthesis of [Ir(ppy)2(biq)]PF6 

Ir(ppy)2(biq)]PF6 was prepared using literature methods without modification.
[17]

 

5.5.4 Emission measurement 

The single-stranded oligonucleotide (PS2.M, 5 μM) was incubated with different 

concentrations of Pb
2+ 

ions in Tris buffer (10 mM Tris–HAc, pH 8.2). The solutions 
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were heated to 95 °C for 10 min, cooled to room temperature at 0.1 °C/s, and further 

incubated at room temperature for another 1 h to ensure the formation of 

G-quadruplex. In the emission measurement, the annealed G-quadruplex/Pb
2+

 

solutions were added to a cuvette, followed by the addition of complex 1 at a final 

concentration of 1 μM. Luminescence emission spectra were recorded on a PTI QM-4 

spectrofluorometer at 25 °C. The luminescence emission intensity at 580–730 nm was 

monitored after excitation of the sample at 390 nm.  

5.5.5 Circular dichroism (CD) measurement 

CD spectra were recorded on a JASCO-815 spectropolarimeter using 1 cm path 

length quartz cuvettes. Spectra was collected between 220 nm and 335 nm, using 2 

cm bandwidth, 100 nm min
–1

 scan speed and five scans. The data were baseline 

corrected using CD spectra of buffer alone.  

5.5.6 Real sample analysis 

River water samples collected from Shing Mun River (Hong Kong) were 

pretreated using a syringe filter to remove particulate impurities. 0.4 mL of water 

sample was mixed with 0.1 mL of Tris−HAc buffer, and to the resulting solution was 

added 5 μM of PS2.M and the indicated concentrations of Pb
2+

 ions. The resulting 

solutions were heated to 95 °C for 10 min, cooled to room temperature at 0.1 °C/s, 

and then further incubated at room temperature for another 1 h to ensure 
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G-quadruplex formation. In the emission measurement, the solutions were added to a 

cuvette followed by the addition of complex 1 at a final concentration of 1 μM. 

Luminescence emission spectra were recorded on a PTI QM-4 spectrofluorometer.  
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Chapter 6 A label-free G-quadruplex-based 

luminescent switch-on assay for the selective detection 

of histidine 

6.1 Introduction 

Histidine plays an important role in the growth and repair of tissue, and is also 

involved with the biosynthesis of histamine, an important neurotransmitter that 

mediates a variety of physiological processes.
[1]

 Histidine also regulates the transport 

of metals and is involved with minimizing internal bleeding from microtrauma.
[2]

 The 

deficiency of histidine has been implicated in the pathogenesis of Parkinson’s disease, 

epilepsy and Friedreich’s ataxia.
[3]

 Therefore, the accurate detection and quantification 

of histidine is an important goal for both biochemical and clinical applications. 

Many detection methods for histidine detection have been developed, such as 

capillary electrophoresis,
[4]

 mass spectrometry,
[5]

 and resonance light scattering 

techniques.
[6]

 However, these detection methods are generally costly, time-consuming 

and require the use of sophisticated instrumentation. This has stimulated the 

development of organic chemosensors for the detection of histidine.
[7]

 At the same 

time, rapid advances in the field of DNA nanotechnology over the past years have 

illustrated the potential use of oligonucleotides as attractive recognition units for the 

detection of small molecules, metal ions, proteins and nucleic acids.
[8]

 Nucleic acids 
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offer salient advantages in biosensing applications, such as their relatively small size, 

low cost, facile synthesis and modification, good thermal stability, and reusability.
[9]

 

In recent years, a number of luminescent DNA based assay for histidine has been 

proposed. For instance, Ren and co-workers have developed a single-stranded 

DNA/thiazole orange/Cu
2+

-based ensemble system for the detection of histidine.
[10]

 

Wang, Liu and co-workers have applied a similar approach for the detection of 

histidine using a G-quadruplex/Cu
2+

/N-methylmesoporphyrin ensemble.
[11]

 

Furthermore, a histidine-dependent DNAzyme has also been utilized for the 

construction of fluorescent,
[12]

 colorimetric,
[13]

 and electrochemical
[14]

 platforms for 

histidine detection. These reports demonstrate that DNA oligonucleotides can be 

integrated as useful functional and structural elements for the construction of sensitive 

detection platforms for histidine. 

Given the selective recognition behaviour of iridium(III) complexes towards 

G-quadruplex DNA, we sought to develop a luminescent detection platform for 

histidine using a G-quadruplex-selective iridium(III) complex. In this chapter, we 

reported the synthesis and application of the luminescent cyclometallated iridium(III) 

complex [Ir(bzq)2(dpp)]
+
 (8, where bzq = benzo[h]quinoline and dpp = 

2,9-diphenyl-1,10-phenanthroline, Figure 6.1) as a G-quadruplex-specific structural 

probe for the sensitive detection of histidine in aqueous solution and biological 
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samples. 

 

 

Figure 6.1. Chemical structure of the cyclometallated luminescent iridium(III) 

complex 8. 
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6.2 Results and Discussion 

6.2.1 Principle of the luminescent G-quadruplex-based probe for histidine 

detection 

Figure 6.2 depicts the mechanism of the label-free G-quadruplex-based 

luminescent switch-on assay for histidine. The iridium(III) complex 8 displays 

significantly enhanced luminescence in the presence of the G-quadruplex structure 

formed from Pu27. However, in the presence of Cu
2+

 ions, the Cu
2+

 ion-induced 

conversion of the G-quadruplex motif into single-stranded DNA (ssDNA) weakens 

the interaction between complex 8 and the oligonucleotide, thereby diminishing the 

luminescence of the system.
[15]

 Upon the addition of histidine, the imidazole nitrogen 

of histidine can coordinate with Cu
2+

 ions to form a stable complex.
[16]

 The 

sequestration of Cu
2+

 ions thus preserves the structure of the G-quadruplex motif and 

restores the luminescence of complex 8. As cysteine has also been reported to interact 

with Cu
2+

 ions,
[17]

 we also employed the cysteine masking agent N-ethylmaleimide 

(NEM) to ensure that the system achieves good selectivity for histidine over other 

amino acids.
[18]
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Figure 6.2. Schematic illustration of the G-quadruplex-based assay for the detection 

of histidine using a G-quadruplex-selective iridium(III) complex as a signal 

transducing element. The iridium(III) complex 8/G-quadruplex ensemble is highly 

emissive. The addition of Cu
2+

 unfolds the G-quadruplex DNA Pu27 and reduces the 

luminescence signal of iridium(III) complex 8. Subsequent addition of histidine forms 

stable Cu
2+

–histidine adducts and sequesters Cu
2+

 ions, therefore restoring the 

luminescence signal of the system. 

6.2.2 Characterization of iridium(III) complex 8 

The photophysical properties and characterization of iridium(III) complex 8 are 

given in Table 6.1, Figure 6.3 and Figure 6.4. The emission at 580 nm is 

phosphorescence in nature as revealed by its relatively long emission lifetime (4.843 

µs) in acetonitrile. The complex is stable in aqueous buffered solution as no 

significant change in the absorption spectrum of the complex was observed over 72 h. 
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Table 6.1 Photophysical properties of complex 8
 
in CH3CN at 298 K. 

Complex UV/vis absorption Emission 

 λabs [nm]  (ε [dm
3
mol

–1
cm

–1
]) λem [nm] (τ [µs]) Quantum yield Φ 

8 

 

231 (3.9 × 10
4
), 257 (3.15 × 

10
4
) 304 (2.3 × 10

4
), 379 (sh), 

434 (sh) 

580 (4.843) 0.13 

 

 

Figure 6.3. UV/vis absorption spectra of complex 8 (20 µM) in acetonitrile solution 

at 298 K. 
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Figure 6.4. Normalized excitation and emission spectra of complex 8 (20 µM) in 

acetonitrile solution at 298 K. 

We initially examined the luminescence response of iridium(III) complex 8 

towards various DNA structures (Figure 6.5). The luminescence of complex 8 was 

significantly enhanced in the presence of the G-quadruplex DNA sequence Pu27.
[19]

 A 

maximum 7-fold enhancement in the luminescence of complex 8 was observed in the 

presence of 5 μM of Pu27 G-quadruplex. By comparison, in the presence of an 

equivalent concentration of double-stranded (ds) calf thymus (ct) DNA or 

single-stranded random coiled DNA (Table 6.2), no significant luminescence 

enhancement was observed under the same conditions. This result suggests that 

complex 8 can be utilized as a selective luminescent probe for the G-quadruplex 

structure.  
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Table 6.2. DNA sequences used in histidine detection. 

 Sequence 

ssDNA 5-GAAATTCTTAAGTGCGATCGAG-3 

Pu27 5-TG4AG3TG4AG3TG4A2G2-3 

 

 

Figure 6.5. Luminescence response of complex 8 (1 μM) in 20 mM Tris buffer (pH 

7.0) in the presence of 5 µM ctDNA; 5 µM ssDNA, 5 µM Pu27, respectively. Pu27 

was pre-annealed in Tris buffer (20 mM, 100 mM KCl, pH 7.0).  
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6.2.3 Luminescent detection of histidine in aqueous solution 

Given the selective luminescence response of complex 8 towards G-quadruplex 

DNA, we sought to employ complex 8 as a luminescent G-quadruplex-based probe 

for the detection of histidine, in concert with the Pu27 G-quadruplex/Cu
2+

 ensemble. 

We first investigated the luminescence of the system in response to different 

concentrations of histidine. To maximize the efficiency of the detection system, we 

first incubated the Pu27 G-quadruplex with Cu
2+

 for 2 h prior to addition of histidine 

to ensure full unfolding of the G-quadruplex motif and hence complete quenching of 

the background luminescence signal. A gradual increase in the luminescence of the 

complex 8/G-quadruplex/Cu
2+

 ensemble at 575 nm was observed as the concentration 

of histidine was increased. The performance of this assay was optimized by 

investigating the effect of various parameters on the luminescence response of the 

system to histidine, including the concentration of Cu
2+

 ions and the concentration of 

Pu27 G-quadruplex. It was observed that 50 μM of Cu
2+

 ions offered the lowest 

detection limit for histidine compared to 25, 100 or 250 μM of Cu
2+ 

ions while 

providing a moderate luminescence response (data not shown). Similarly, the optimal 

concentration of the Pu27 G-quadruplex was determined to be 0.5 μM (data not 

shown), as lower concentrations of Pu27 gave a poor luminescence response while 

larger concentrations of Pu27 resulted in a higher detection limit.  
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Under the optimized conditions, the luminescence response of the system to 

histidine exhibited a linear range of detection from 1 to 75 µM (Figure 6.6), with a 

detection limit of approximately 1 µM (Figure 6.7), which is comparable to those of 

previously reported fluorescent histidine detection assays.
[12]

 Furthermore, the 

presence of histidine could be readily observed by naked eye under UV-illumination 

(Figure 6.8). The effect of the divalent metal ion Mg
2+

 on the performance of the 

assay was also investigated. The results showed that the presence of 1 µM of Mg
2+

 

ions had no significant influence on histidine detection (Figure 6.9). 
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Figure 6.6. (A) Emission spectrum of the 8/Pu27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in the presence of increasing 

concentrations of histidine (0, 1, 2.5, 5, 10, 25, 50, 75, 100, 250, and 500 M). (B) 

Luminescence response of three-component ensemble at λ = 575 nm vs. histidine 

concentration. Inset: linear plot of the change in luminescence intensity at λ = 575 nm 

vs. histidine concentration.  
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Figure 6.7. Emission spectral traces of of the complex 8/Pu27 G-quadruplex/Cu
2+

 

ensemble ([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in the presence of 

0 and 1 µM of histidine, showing a signal-to-noise ratio greater than 3. 
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Figure 6.8. Photograph image of the complex 8/G-quadruplex/Cu
2+

 ensemble (1 µM 

of complex 8, 0.5 µM of Pu27, 50 µM of Cu
2+

) in Tris-HCl (10 mM, pH 7.0) in the of 

absence (right) or presence (right) of 500 μM histidine. 
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Figure 6.9. Emission spectrum of the complex 8/Pu 27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in Tris-HCl (10 mM, pH 7.0) 

without and with histidine (500 µM) in the presence of 1 µM of Mg
2+

 ions. 
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A number of control experiments were performed to verify that the luminescence 

response of complex 8 originated from the restoration of the G-quadruplex motif 

induced by the coordination of histidine to Cu
2+

 ions. We first demonstrated that 

complex 8 does not interact directly with Cu
2+

 ions, as up to 100 µM of Cu
2+

 ions 

induced only minute changes in the luminescence of complex 8 (Figure 6.10). We 

also showed that the luminescence change of the complex 8/G-quadruplex ensemble 

in response to 500 μM histidine was negligible in the absence of Cu
2+

 ions (Figure 

6.11). This result is expected because the Pu27 G-quadruplex motif remains intact in 

the absence of Cu
2+

 ions, resulting in a strong luminescence signal from complex 8 

regardless of the presence or absence of histidine. Furthermore, this result provides 

evidence that the restoration in luminescence of the complex 8/G-quadruplex/Cu
2+

 

ensemble upon the addition histidine is most likely due to the sequestration of Cu
2+

 

ions by the formation Cu
2+

–histidine adducts. The G-quadruplex-to-ssDNA 

conformational transition of the Pu27 G-quadruplex induced by Cu
2+

 ions was 

confirmed by CD spectroscopy (Figure 6.12), which showed characteristic signals of 

G-quadruplex consistent with previous reports.
[15, 20]
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Figure 6.10. Luminescence response of the system with the complex alone ([complex 

8] = 1 µM) in the absence and presence of of Cu
2+

 (100 µM). 

 

Figure 6.11. Luminescence response of the system to histidine (0 and 500 µM) in the 

presence of 1 µM of complex 8 and 0.5 µM of Pu27 G-quadruplex. 
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Figure 6.12. Circular dichroism spectra monitoring the conformational transition of 

Pu27 (5 M) in the absence and presence of Cu
2+

 ions (1 and 5 mM). 
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6.2.4 Selectivity of the G-quadruplex-based histidine assay 

The selectivity of our approach to detect histidine was evaluated by investigating 

the response of the system to other common amino acids. In order to eliminate 

interference from cysteine, NEM was used as a masking agent. NEM alkylates 

cysteine and prevents the thiol group of cysteine from reacting with Cu
2+

 ions and 

giving a false positive signal. At 100 µM of amino acids, the luminescence response 

of the system to histidine was significantly stronger than that for the other amino acids 

(Figure 6.13). Unmasked cysteine, homocysteine, and glutathione (GSH) could also 

increase the luminescence intensity of the complex 8/G-quadruplex/Cu
2+

 ensemble 

(Figure 6.14, Figure 6.15, and Figure 6.16), but this effect could be eliminated by 

the introduction of NEM (Figure 6.13). We envisage that the selectivity of the system 

for histidine is due to the high specificity of the interaction between Cu
2+

 and the 

imidazole nitrogen of histidine.  
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Figure 6.13. Relative luminescence intensity change of the sensing ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in the presence of histidine 

(100 µM) or other common amino acids (100 μM) in Tris buffer (10 mM, pH 7.0). In 

order to eliminate the influence of cysteine, homocysteine and GSH, NEM (2 mM) 

was incubated with the sample for 40 min in the premixing procedure. 
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Figure 6.14. Emission spectrum of the complex 8/Pu 27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in Tris-HCl (10 mM, pH 7.0) 

with the increasing concentrations of cysteine (0, 1, 5, 25, 50, 100, and 250 M). 
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Figure 6.15. Emission spectrum of the complex 8/Pu 27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in buffered solution (10 mM 

Tris, pH 7.0) in the presence of homocysteine (0 and 250 M). 

 

 

 

 



181 

 

 

 

Figure 6.16. Emission spectrum of the complex 8/Pu 27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in buffered solution (10 mM 

Tris, pH 7.0) in the presence of GSH (0 and 250 M). 
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6.2.5 Application of histidine detection assay in biological samples 

To evaluate the robustness of the system, the luminescence response of the 

complex 8/G-quadruplex/Cu
2+

 ensemble to histidine in the presence of 0.5 µM of ss 

DNA and ct DNA was evaluated under standard conditions. The luminescence signal 

of the complex 8/G-quadruplex/Cu
2+

 ensemble was enhanced upon increasing 

concentrations of histidine (Figure 6.17), suggesting that the specificity of the 

complex 8/G-quadruplex/Cu
2+

 interaction enabled the effective detection of histidine 

even in the presence of contaminating nucleic acids.  
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Figure 6.17. Emission spectrum of the complex 8/Pu27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in buffered solution (10 mM 

Tris, pH 7.0) containing ss DNA (0.5 M) and ct DNA (0.5 M) in the presence of 

increasing concentrations of histidine (0, 2.5, 5, 10, 25, 50, 100, 250 and 500 M). B) 

Luminescence response of the three-component ensemble at λ = 575 nm vs. histidine 

concentration.  
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We also investigated the performance of our sensing ensemble for the detection 

of histidine under physiological conditions. Urine histidine levels range from 130 to 

2100 µM in healthy humans.
[21]

 A urine sample was collected from a volunteer and 

100-fold diluted using Tris buffer (10 mM Tris, pH 7.0). Encouragingly, the complex 

8/G-quadruplex/Cu
2+

 ensemble system experienced a gradual increase in 

luminescence intensity as the concentration of histidine was increased (Figure 6.18), 

with recovery values of 84 and 88% for for 2.5 and 25 µM of histidine, respectively, 

suggesting that this assay could potentially be further developed as a sensitive 

histidine detection method for biological sample analysis even in the presence of 

competing physiological species.  
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Figure 6.18. Emission spectrum of the complex 8/ Pu27 G-quadruplex/Cu
2+

 ensemble 

([complex 8] = 1 µM, [Pu27] = 0.5 µM, [Cu
2+

] = 50 µM) in 100-fold diluted urine 

sample in the presence of increasing concentrations of histidine (0, 2.5, 5, 10, 25, 50, 

100, 250 and 500 M). B) Luminescence response of the three-component ensemble 

at λ = 575 nm vs. histidine concentration.  

 



186 

 

6.3 Summary 

In summary, we have developed the first example of a G-quadruplex and metal 

complex-based luminescent switch-on assay for the rapid and selective detection of 

histidine in aqueous solution. Our method is based on the highly specific and 

competitive interactions between histidine, Cu
2+

 ions, and the complex 

8/G-quadruplex ensemble. The luminescence of the 8/G-quadruplex/Cu
2+

 ensemble is 

restored in the presence of histidine due to the specific formation of stable Cu(II)–

histidine adducts. This detection platform exhibits a high selectivity towards histidine 

over other common amino acids with the aid of NEM to mask cysteine. Furthermore, 

the application of the assay for the detection of histidine in urine samples was 

demonstrated. The detection limit and linear range of detection for histidine of 

recently reported luminescent, colorimetric and electrochemical assays have been 

summarized in Table 6.3. While our proposed method exhibits a higher detection 

limit for histidine than some of these other assays, their operation may be complicated 

by their requirement for reaction-based mechanisms, use of nanoparticles, or 

enzymatic action. In contrast, our proposed “mix-and-detect” methodology is highly 

simple, cost-effective, and importantly does not require the covalent labeling of 

oligonucleotides, use of nanoparticles, and chemical or enzymatic reactions. 
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Table 6.3. Comparison of detection limit and detection range for histidine assays 

recently reported in the literature. 

Method Detection 

limit 

Range Signal output Ref. 

G-quadruplex-based 

fluorescence assay 
3 nM 3 nM‒10 μM fluorescent 11 

Reaction-based organic 

dye 
76 nM 0.5–100 μM fluorescent 7c 

ssDNA-based 

fluorescence assay 
10 nM 10 nM‒4.4 μM fluorescent 10 

dsDNA-copper 

nanoparticle 
5 μM 5 μM‒4.4 mM fluorescent 12b 

DNAzyme biosensors 300 nM 300 nM‒5 mM electrochemical 14c 

L-histidine-dependent 

DNAzyme 
50 μM 50 μM‒100 mM colorimetric 13 

Present study 1 μM 1 μM‒500 μM luminescent  
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6.4 Materials and methods 

6.4.1 Materials 

Reagents were purchased from Sigma Aldrich (St. Louis, MO) and used as 

received. Iridium chloride hydrate (IrCl3.xH2O) was purchased from Precious Metals 

Online (Australia). All oligonucleotides were synthesized by Techdragon Inc. (Hong 

Kong, China).  

6.4.2 General experimental 

Mass spectrometry was performed at the Mass Spectroscopy Unit at the 

Department of Chemistry, Hong Kong Baptist University, Hong Kong (China). 

Deuterated solvents for NMR experiment were purchased from Armar and used as 

received. 
1
H and 

13
C NMR spectra were collected on a Bruker Avance 400 

spectrometer operating at 400 MHz (
1
H) and 100 MHz (

13
C). 

1
H and 

13
C chemical 

shifts were referenced internally to solvent shift (CD3CN:
 1

H, 


C118.7; 

d6-DMSO: 
1
H 


C39.5). Chemical shifts (are quoted in ppm, the 

downfield direction being defined as positive.  

6.4.3 Photophysical measurement 

Luminescence spectra and lifetime measurements for iridium(III) complex 8 were 

recorded on PTI TimeMaster C720 Spectrometer fitted with a 380 nm filter and a 

nitrogen laser with a pulse output 337 nm. Before lifetime measurements, all organic 
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solvents for dissolving the complexes will be degassed by using three cycles of 

freeze-vac-thaw. Error limits were estimated: φ (±10%); τ (±10%); λ (±1 nm). 

Luminescence quantum yields were determined using the method of Demas and 

Crosby
[22]

 [Ru(bpy)3][PF6]2 in degassed acetonitrile as a standard reference solution 

(Φr = 0.062) and calculated according to the following equation: 

Φs = Φr(Br/Bs)(ns/nr)
2
(Ds/Dr) 

where the subscripts s and r refer to sample and reference standard solution 

respectively, n is the refractive index of the solvents, D is the integrated intensity, and 

Φ is the luminescence quantum yield. The quantity B was calculated by B = 1 – 10
–AL

, 

where A is the absorbance at the excitation wavelength and L is the optical path 

length. 

6.4.4 Synthesis 

The following compounds were prepared according to the reported literature 

method, the precursor complex [Ir2(bzq)4Cl2],
[23]

 and 

2,9-diphenyl-1,10-phenanthroline (dpp)
[24] 

are characterized by 
1
H-NMR, 

13
C-NMR 

and High Resolution Mass Spectrometry (HRMS). 

[Ir(bzq)2(dpp)]PF6 (8). A suspension of [Ir2(bzq)4Cl2] (0.2 mmol) and 

2,9-diphenyl-1,10-phenanthroline (0.44 mmol) in a mixture of DCM:methanol (1:1, 

20 mL) was refluxed overnight under a nitrogen atmosphere. The resulting solution 
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was then allowed to cool to room temperature, and filtered to remove unreacted 

cyclometallated dimer. To the filtrate, an aqueous solution of ammonium 

hexafluorophosphate (excess) was added and the filtrate was reduced in volume by 

rotary evaporation until precipitation of the crude product occurred. The precipiate 

was then filtered and washed with several portions of water (2 × 50 mL) followed by 

diethyl ether (2 × 50 mL). The product was recrystallized by acetonitrile:diethyl ether 

vapor diffusion to yield the titled compound as a yellowish-orange solid. 

Yield: 68%. 
1
H NMR (400 MHz, acetone-d6): 8.89 (d, J = 8.0 Hz, 2H), 8.50-8.44 

(m, 6H), 7.72-7.63 (m, 6H), 7.55-7.52 (m, 2H), 6.95 (dd, J = 8.0 Hz, 4.0 Hz, 2H), 6.70 

(t, J = 8.0 Hz, 2H), 6.43 (bs, 6H), 6.33 (t, J = 7.6 Hz, 4H), 5.06 (dd, J = 7.6 Hz, 4.0 Hz, 

2H) 
13

C NMR (100 MHz, acetone-d6): 167.2, 158.4, 150.8, 149.6, 144.4, 140.3, 139.7, 

139.6, 138.0, 134.6, 131.7, 130.4, 129.8, 129.7, 129.0, 128.7, 128.6, 128.1, 127.4, 

127.3, 124.0, 122.0, 119.5. Maldi-TOF-HRMS: Calcd for C50H32IrN4 [M-PF6]
+
: 

881.2254 Found: 881.2256 

6.4.5 Emission response of 8 towards different forms of DNA 

The G-quadruplex DNA forming sequences (Pu27) were annealed in Tris-HCl 

buffer (20 mM Tris, 100 mM KCl, pH 7.0) and were stored at –20 °C before use. 

Complex 8 (1 µM) was added to 5 µM of ss DNA, ct DNA or G-quadruplex DNA in 
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Tris-HCl buffer (20 mM Tris, pH 7.0) containing 100 mM KCl. Emission spectra 

were recorded in 480−700 nm range using an excitation wavelength of 360 nm.  

6.4.6 Emission titration for the detection of histidine in buffered solution 

In this section, the final concentration of reagent refers to the concentration of 

the reagent at emission measurement. The G-quadruplex forming sequence Pu27 (100 

µM) was first annealed in Tris-HCI buffer (20 mM Tris, 100 mM KCl, pH 7.0). The 

solution was heated to 95 °C for 10 min and then cooled to room temperature at 0.1 

°C/s to ensure formation of the Pu27 G-quadruplex. The annealed product was stored 

at –20 °C before use. A stock solution of the complex 8/Pu27/Cu
2+

 ensemble was 

prepared by adding 5 µL of complex 8 (final concentration 1 µM), 25 µL of 

pre-annealed Pu27 G-quadruplex (final concentration 0.5 µM) and 15 µL of Cu
2+

 

(final concentration 50 µM) to 4855 μL of Tris-HCl buffer (10 mM Tris, pH 7.0) to 

yield a final volume of 4.9 mL. This solution was incubated at 25 °C for 2 h to ensure 

complete unfolding of the G-quadruplex. For emission measurement, 490 μL of the 

8/Pu27/Cu
2+

 stock solution was mixed with 10 μL of histidine (final concentration 0–

500 µM) and the mixture was incubated for a further 2 h. Emission spectra were 

recorded in the 480−700 nm range using an excitation wavelength of 360 nm. For the 

selectivity test against cysteine, homocysteine, and glutathione, the stock solution of 

complex 8/Pu27/Cu
2+

 ensemble was prepared in the same manner. Solutions of 
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masked biothiols were prepared by incubating 1 μL of cysteine, homocysteine, or 

glutathione (final concentration 5 mM) with 9 μL of NEM (final concentration 100 

mM) for at 25 ° for 40 min. For emission measurement, 490 μL of the 8/Pu27/Cu
2+

 

stock solution was mixed with 10 μL of masked cysteine, homocysteine, or 

glutathione (final concentration 100 µM) and the mixture was incubated for a further 

2 h.  

6.4.7 Circular dichroism (CD) measurement 

Circular dichroism spectra were recorded on a OLIS 1000 CD spectropolarimeter 

(OLIS, Jefferson, GA) using 1 cm path length quartz cuvettes. Spectra was collected 

between 220 nm and 310 nm, using 2 cm bandwidth, 100 nm/min scan speed and five 

scans. The data were baseline corrected using CD spectra of buffer alone.  
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Chapter 7 Summary and future outlook 

In this thesis, we have described several G-quadruplex DNA designs and 

G-quadruplex-selective probes that have been utilized for the construction of 

luminescent sensing platforms for biomolecules and metal ions. The unique structural 

features exhibited by the diverse array of G-quadruplex topologies offers the potential 

for highly specific interactions between the luminophore and the functional 

oligonucleotide, which may avoid non-specific interference from single or 

double-stranded nucleic species likely to be present in the biological environment. 

However, it should be noted that such a system may still be potentially affected by the 

large amounts of telomeric DNA present in eukaryotic biological samples, which 

could sequester the luminescent probe and interfere with the signal of the assay. 

Nevertheless, several of the label-free G-quadruplex-based luminescent assays 

described in this thesis have been successfully applied for analyte detection in 

biological media such as cell extracts and urine.   

Towards the future, the selectivity of the label-free DNA-based sensors again 

appears to be a key issue that could be addressed and improved. In many cases, the 

selectivity of the label-free assay may be limited by the relatively modest selectivity 

of the G-quadruplex ligand for the G-quadruplex motif over other conformations such 

as duplex or single-stranded DNA, thereby somewhat negating the potent advantages 
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of sensitivity and selectivity offered by nucleic acid aptamers or other functional 

oligonucleotides. Another drawback of the label-free approach is the lack of true 

multiplex capability that is possible with labeled oligonucleotides.  

An ideal label-free DNA-based sensing system should contain a luminescent 

reporter molecule that displays a selective "switch-on" emission response upon 

binding to G-quadruplex DNA, which is in turn formed from the highly specific 

interaction between a precursor oligonucleotide with its cognate analyte. As many of 

the luminescent G-quadruplex probes used for label-free sensing described in this 

thesis have only recently been discovered, we envision that the further development 

of avid and specific G-quadruplex-binding ligands will allow for the construction of 

more sensitive and selective label-free G-quadruplex-based detection platforms for 

biomolecules and metal ions in the future.
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