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ABSTRACT 

Transition metal complex, especially iridium(III) complex, possesses substantial 

advantages in sensing applications. To date, a series of iridium(III) complex-based 

chemosensors and biosensors have been constructed for the detection of a wide range 

of biologically important analytes, including ions, small molecules, amino acids, 

peptides and proteins. Chapter 1 provides an overview of the general synthetic routes 

and properties of iridium(III) complexes. General strategies for the development of 

iridium(III) complex-based chemosensors and the utilization of iridium(III) complex 

as a DNA probe in biosensors are also reviewed. 

Chapter 2 describes the application of an iridium(III) complex as a switch 

“on-off-on” chemosensor for the detection of both exogenously supplied and 

endogenously generated sulfide ion in vitro, in cellulo and in vivo. The optimized 

probe (1–Fe3+), which coordinates Fe3+ ion to an iridium(III) complex, could achieve 

a limit of detection (LOD) of sulfide ion down to 2.9 µM and establish a linear 

detection range from 10 to 1500 µM. While 1–Fe3+ did not show any luminescence 

response in vitro under a high concentration of thiols, it exhibited a significant 

luminescence enhancement when the concentration of thiols was perturbed in cellulo 

and in vivo. This phenomenon can be explained by the presence of cystathionine 

gamma-lyase (CGL) and cystathionine beta synthase (CBS) in cellulo that could 
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catalyze the conversion of the hydrogen sulfide (H2S) precursors, including cysteine 

and glutathione (GSH), into H2S. The results of this work have been published in a 

peer-reviewed scientific journal (Biosens. Bioelectron, 2017, 94, 575). 

Chapter 3 discusses the adaptation of an oligonucleotide-based Vascular 

endothelial growth factor 165 (VEGF165) biosensor on a portable microfluidic device. 

An iridium(III) complex with an extensive conjugation system was used as a 

long-lived and red-emitting G-quadruplex probe. The polypropylene (PP)-based 

suspended-droplet microfluidic chip allows easy sample introduction, flexible sample 

volume range and valve-free manipulation of a stepwise reaction. We successfully 

assembled all the required components, including a ultraviolet (UV) lamp, a filter, a 

rotatable sample holder and a detector, into a portable box. The device could achieve 

a LOD of VEGF165 down to the picomolar level, which is comparable to the results of 

a conventional fluorometer. The results of this work have been published in a 

peer-reviewed scientific journal (Dalton Trans., 2019, 48, 9824) 

The integration of graphene oxide nanomaterial to an oligonucleotide-based 

isothermal signal amplification system is presented in Chapter 4. Strand 

displacement amplification (SDA) could substantially amplify the signal from the 

target Hepatitis B virus (HBV) gene, while the electron accepting graphene oxide 

could effectively quench the emission of iridium(III) complex and enlarged the 



iv 
 

luminescence fold-enhancement of the system. The system could achieve a LOD for 

the HBV gene down to the picomolar level and was selective for the wild-type HBV 

gene over the single-base mutated HBV gene. The operation mechanism and the 

important rules for the formation of a stable split G-quadruple are detailed in this 

chapter. The results of this work have been submitted to a peer-reviewed scientific 

journal. 

In Chapter 5, the adaptation of SDA on an exonuclease III-assisted 

amplification (EXO) as a quadruple-cycle phosphorescence amplification system is 

reported. A systematic three-round structural optimization campaign was performed 

for the first time to iteratively improve the G-quadruplex selectivity of a large pool of 

iridium(III) complex. The proof-of-principle application of a self-assembly 

tetrahedron nanostructure (TNS)-based aptasensor was demonstrated using a cancer 

biomarker mucin 1 as the target analyte. This TNS-based aptasensor revealed a 57% 

higher luminescence enhancement compared to the conventional dsDNA aptasensing 

approach. The results of this work will be submitted to a peer-reviewed scientific 

journal upon completion of mechanism studies. 

Chapter 6 summarizes the properties, advantages, improvements and 

potentials for the developed iridium(III) complex-based sensors.  
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Chapter 1 

Introduction 

 

1.1 Background 

Biomolecule is a term representing the essential molecules and ions that present in the 

biological processes of an organism, including proteins, lipids, nucleic acids (e.g. 

DNA and RNA) and small molecules. Excess or deficiency of certain types of 

biomolecule can cause diseases. For example, an elevated expression of vascular 

endothelial growth factor 165 (VEGF165) is highly correlated to tumor metastasis, 

while an overexpressed transmembrane glycoprotein mucin 1 (MUC1) has been 

implicated in various epithelial cancers. Meanwhile, certain types of small molecules, 

such as hydrogen sulfide (H2S), could be generated in our body endogenously. 

Aberrant level of the endogenously generated H2S has been implicated in 

neurogenerative disorders like stroke, Parkinson’s disease and Alzheimer’s disease. 

Conventional methods for the monitoring of these biomolecules, including 

electrochemistry, radiometry and immunology, require expensive instrumentation, 

complicated experimental protocol and/or stringent safety measures when handling 

the radio-labelled compounds. Considering these drawbacks, luminescence assays 

have emerged as an alternative modality for the quantification of a variety of 
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biomolecules. However, most of the developed luminescence assays are based on 

organic fluorophores, which are greatly limited by their short emission lifetime and 

poor photostability.  

 Recently, transition metal complex, especially iridium(III) complex, has been 

widely utilized as luminescence probes in sensing applications owning to their 

prominent advantages. First, iridium(III) complex possesses long emission lifetime 

that allows facile differentiation of its emission from the highly autofluorescence 

background using time resolved emission spectroscopy (TRES) technique. Second, 

the large Stoke shift of iridium(III) complex could effectively avoid it from 

self-quenching, which is an issue typically found in organic fluorophores. Third, the 

photophysical (e.g. excitation and emission wavelength, quantum yield) and 

physiochemical (e.g. stability and solubility) properties of iridium(III) complex can be 

readily tuned by varying its auxiliary co-ligands.[1]  

In this thesis, iridium(III) complex was used to construct a number of 

luminescence assays. The term “chemosensor” refers to the iridium(III) 

complex-based luminescence sensor that the target analyte could directly/indirectly 

interact with the complex, interfere its MLCT transition and change its luminescence 

intensity, while the term “biosensor” refers to the oligonucleotide-based platform 

using iridium(III) complex as an G-quadruplex probe. Although both types of the 
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sensors show great promises in sensing applications, there are still several points to be 

considered when choosing between chemosensors and biosensors. For example, 

chemosensors usually require the conjugation of specific functional groups or 

receptor-binding units on the auxiliary co-ligands, which substantially increase the 

overall synthetic difficulty. On the other hand, when biosensor is chosen, strictly 

controlled conditions such as enzymatic reactions and nucleic acid annealing are 

required. To demonstrate the practical applications of iridium(III) complex in 

analytical chemistry, four sensing platforms, both chemosensor and biosensor, for the 

detection a variety of biomolecules and small molecule are reported in this thesis. 

 

1.2. Brief introduction of luminescence iridium(III) complex 

 

Figure 1.1 General structure for the octahedral iridium(III) complex. 

 

Cyclometalated iridium(III) complex generally consists of three parts, including (i) an 

iridium metal core, (ii) two C^N ligands, and (iii) a N^N ligand (Figure 1.1). To date, 
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the most explored type of C^N ligand is 2-phenylpyridine (ppy), which is the simplest 

C^N ligand in which the o-carbon atom and the nitrogen atom at each of the phenyl 

rings coordinate to the iridium(III) metal center. Meanwhile, the most studied N^N 

ligands are 1,10-phenanthroline (phen) and 2,2'-bipyridine (bpy), in which the two 

nitrogen atoms in the ligands coordinate to the iridium(III) metal center.[2] The typical 

synthetic processes for octahedral iridium(III) complex is shown in Figure 1.2. 

 

Figure 1.2 Synthetic route for the chloride-bridged dinuclear iridium(III) dimer and 

the octahedral iridium(III) complex. 

 

 In brief, a chloride-bridged dinuclear iridium(III) dimer is prepared via the 

Nonoyama reaction between an iridium(III) salt and its corresponding C^N ligands. 

The resulting iridium(III) dimer then reacts with the corresponding N^N ligand to 

yield the final complex, which can be further stabilized using different counter ions, 

such as ammonium hexafluorophosphate (NH4PF6) or silver 

trifluoromethanesulfonate (OTF). 
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The photoexcitation and emission of an iridium(III) complex is based on the 

electron transfer in between the highest-occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO). Theoretically, the HOMO of an 

iridium(III) complex is distributed in the π-orbital of the ligands and the t2g and eg (d) 

orbital of the iridium metal center, while the LUMO is localized at the π*-orbital of 

the ligands.[3] Photoexcitation of an iridium(III) complex would promote electron 

transfer between these frontier orbitals, resulting in singlet metal-to-ligand 

charge-transfer (1MLCT; d→π*) and singlet ligand-centered (1LC; π→π*) transition 

states. Afterward, the intramolecular electronic-vibrational relaxation could lead to the 

population to the 3MLCT state. The vibrational relaxation in this state requires 300 fs, 

while the radiative decay of this state to the ground state (GS) requires time in 

nanosecond scale, which is formally phosphorescence.[3a] Importantly, any changes in 

local environment or ligand modifications could tune the MLCT and LC transition 

states, perturbing the photophysical properties of the complex. According to the 

UV-visible absorption spectrum, iridium(III) complex generally exhibits a strong 

absorption peak at around 260 nm and a moderate absorption peak at around 450 nm, 

which are assigned to the promotion of electrons based on the LC and the MLCT 

transition states, respectively.  

 The relaxation of the 3MLCT to its GS for iridium(III) complex generally 
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requires >100 ns, which is at least 10 times longer than that of the organic 

fluorophores, such as coumarin460, rhodamine and thioflavin T. When using a 

long-lived iridium(III) complex as a luminescence probe, TRES or FLIM techniques 

could be used to differentiate its phosphorescence emission from the high-auto 

fluorescence background in biological media. Basically, TRES and FLIM are time 

profiles showing the emission intensity of a sample at different emission wavelengths. 

For TRES, a three-dimensional spectrum showing time, intensity and emission 

wavelength, can be collected. For FLIM, microscope images of different time points 

can be obtained.[1] Therefore, if we record an emission spectrum at a time point after 

the luminescence decay of the auto-fluorescent background, the emission of the 

long-lived iridium(III) complex could become more prominent. The facile 

differentiation of signal from the iridium(III) complex and the interfering substances 

offers tremendous potential for the utilization of iridium(III) complex-based sensing 

platforms in biological applications. 

 

1.3 General strategies for iridium(III) complex-based chemosensor 

Basically, iridium(III) complex-based luminescence chemosensors can be divided into 

three types, including (i) always on, (ii) switch off, and (iii) switch on probes (Figure 

1.3). For the “always on” probes, the luminescence intensity of the probe would not 
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change in the presence of the target analyte.[4] Iridium(III) complex-based “always on” 

probe is commonly used as a long-lived imaging agent to visualize biomolecules e.g. 

receptors, in cellulo and in vivo. Although this approach is simple and sensitive, the 

probe might potentially non-specifically bind to other cellular proteins without being 

washed off by aqueous buffer, leading to a false positive result. These problems are 

usually exacerbated when using “switch off” probes that are prone to be quenched at 

high concentrations of certain ions.  

 

Figure 1.3 General strategies for the designs of iridium(III) complex-based “always 

on”, “switch off” and “switch on” probes. 
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 Notable examples for iridium(III) complex-based “always on” probe include the 

dopamine receptor (DR) imaging probe and the formyl peptide receptor 2 (FPR2) 

imaging probe that developed by our group recently.[5] In these works, iridium(III) 

complexes were conjugated to the target binding units (DR agonist and FPR2 agonist). 

When incubated in cellulo, these complexes could specifically bind to their targets 

and be visualized upon excitation. In contrast to the agonist-conjugated organic 

fluorophores which generally suffer from short emission lifetime, the long-lived  

agonist-conjugated iridium(III) complexes could effectively discriminate their 

emission from the highly autofluorescence biological media. The long-lived 

applications of iridium(III) complex in vitro and in cellulo were demonstrated by our 

group using TRES and FLIM in the reported literatures.[5a, 6] 

“Switch on” probe, which is non-emissive or weakly emissive in the absence of 

the target analyte but become highly emissive after reacting/interacting with the target 

analyte, could effectively avoid the issue of false positive that typically found in both 

the “always on” and “switch off” probes. The principle of iridium(III) complex-based 

“switch on” or “switch off” probes are mostly based on the structural modification on 

the co-ligand of the complex, thereby disturbing the MLCT transition and changing 

the phosphorescence intensity. For example, our group reported a “switch off” probe 

for gamma-hydroxybutyric acid (GHB) based on the interference of electron density 
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in the hydroxyl group of the complex.[7] Meanwhile, our group developed a series of 

iridium(III) complex-based “switch on” probes for the detection of a wide range of 

analytes, such as metal ions, anions, peptides and proteins.[8] For example, our group 

reported a nitro group-conjugated iridium(III) complex as an imaging agent for 

hydrogen sulfide.[9] The reduction of the nitro group on the auxiliary ligand 

substantially disturbs the MLCT transition of the complex, which “switch on” its 

phosphorescence signal. 

Recently, some groups also developed a novel luminescence operation 

mechanism, namely the “on-off-on” probe. This type of indirect probe usually 

requires a luminescent probe and a quencher that interacts with the target analyte. For 

example, our group previously developed an iridium(III) complex-based “on-off-on” 

sensing assay based on the quenching property of gold nanoparticles (AuNPs).[10] The 

emissive iridium(III) complex (on state) could be quenched by the AuNPs (off state). 

Upon the addition of the target analyte, the AuNPs would be degraded, restoring the 

luminescence intensity of the iridium(III) complex. In this thesis, we developed a 

novel iridium(III) complex-based “on-off-on” probe based on the coordination of Fe3+ 

ion on an iridium(III) complex for the detection of both the exogenously supplied and 

endogenously generated sulfide ion in human cells and zebrafishes. This work has 

been published in a peer-reviewed scientific journal. 
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1.4 General strategies for iridium(III) complex as a biosensing probe 

Compared to the iridium(III) complex-based chemosensors, iridium(III) 

complex-based biosensing platform does not require compounds with complicated 

synthetic protocol. G-quadruplex DNA, a secondary structure of the guanine-rich 

nucleic acid, contains square planar guanine tetrads that can be formed by one, two or 

four nucleic acid strand(s). Each guanine tetrad is composed of four guanine bases, 

which associates with each other through Hoogsteen hydrogen bond (Figure 1.4). Two 

or more guanine tetrads, depends on the number of continuous guanine segment on 

the nucleic acid, can stack on each other to form a G-quadruplex. The quadruplex 

structure could be further stabilized in the presence of certain metal ions e.g. 

potassium, sodium and lead(II) ion, which could sit into the central channel in 

between the tetrads. Octahedral iridium(III) complex, which possess extensive 

conjugation systems, could interact strongly with G-quadruplex via pi-pi electrostatic 

interaction. Most of the iridium(III) complexes are weakly emissive in aqueous media 

due to the strong non-radiative solvent decay in water. However, iridium(III) complex 

could be trapped into the loop of the G-quadruplex and be protected in a hydrophobic 

environment, which restores its luminescence intensity. To date, a series of iridium(III) 

complexes with proven selectivity toward G-quadruplex have been developed. Their 

low selectivity toward single-stranded (ss), double-stranded (ds) and triplex DNA can 
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be explained by their specific binding to the loop of G-quadruplex over the groove of 

dsDNA and triplex DNA.  

 

Figure 1.4 Structure of a G-quadruplex tetrad stabilized by a metal ion (left). The 

structure of an anti-parallel G-quadruplex DNA composed of three tetrads (right). 

 

 Based on these unique properties of iridium(III) complex, a lot of 

oligonucleotide-based luminescence sensing assays have been constructed for a wide 

range of analytes, including small molecules, nucleic acids, amino acids, peptides and 

proteins.[6, 11] Basically, oligonucleotide-based luminescence sensing platforms are 

indirect sensing approaches based on the principle of target-triggered formation of 

G-quadruplex, which are usually achieved by using aptamer.  

Aptamer, a nucleic acid generated by systematic evolution of ligands by 

exponential enrichment (SELEX), shows great affinity to a particular type of 

target analytes, ranging from ions to macromolecules.[12] In the presence of the 
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target analyte, an aptamer would undergo conformational change into a 

three-dimensional structure. This property allows the construction of sensing platform 

based on (i) the dissociation of the locked G-quadruplex upon the formation of 

aptamer-target complex (dsDNA locking approach), and (ii) the formation of 

G-quadruplex from the G-rich aptamer upon stabilization by the target analyte (G-rich 

aptamer approach) (Figure 1.5).  

 

Figure 1.5 General strategies for the construction of oligonucleotide-based sensing 

platforms. 

 

 For the first method, a dsDNA consisting of (i) an aptamer, (ii) a G-quadruplex 

forming sequence, and (iii) a complementary locking sequence, would be designed. 
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Initially, the G-quadruplex forming sequence was locked in a rigid dsDNA form. 

Upon the addition of the analyte, the aptamer would fold into a three-dimensional 

structure, releasing the locked G-quadruplex forming sequence, which could then be 

stabilized in the form of G-quadruplex by K+ or Na+ ions and be recognized by an 

iridium(III) complex. For the second approach, the G-rich aptamer itself could fold 

into a G-quadruplex motif in the presence of the target analyte and be recognized by 

an iridium(III) complex. Theoretically, these approaches can be used to detect any 

type of target analyte with available aptamer sequence.  

 In this thesis, we aim to develop several novel oligonucleotide-based biosensors 

for different disease-related biomolecules, including VEGF165, MUC1 and HBV 

nucleic acid. For VEGF165 detection, a simple dsDNA dissociation approach was 

applied on a portable microfluidic device using a camera as the luminescence detector 

for the first time. For HBV nucleic acid detection, graphene oxide was integrated on a 

split G-quadruplex to expand the luminescence enhancement of the sensing system. 

The distance in between the critical positions of the split G-quadruplex was 

extensively investigated for the first time, which generated a set of important rules for 

the design of a stable split G-quadruplex. These works have been finished and 

submitted to a peer-reviewed scientific journal. For MUC1 detection, a tetrahedron 

nanostructure-based aptasensor was developed and adapted on a complicated 
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quadruple-cycle phosphorescence amplification system. In contrast to the simple 

dsDNA aptasensing approach, the newly developed tetrahedron nanostructure-based 

aptasensing approach led to an improved luminescence fold-enhancement. This assay 

has been finished and is currently under mechanism investigation. 
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Chapter 2 

Switch on-off-on phosphorescence probe for the in vivo monitoring of the 

endogenous sulfide generation 

 

2.1 Introduction 

Aqueous sulfides, such as hydrogen sulfide (H2S), are important in many metabolic 

processes and biological signaling pathways. H2S is generated in vivo at low 

concentrations from their precursors, cysteine, homocysteine or glutathione (GSH), by 

cystathionine beta synthase (CBS) and/or cystathionine gamma-lyase (CGL)[13].  Any 

changes in the metabolism of H2S may possibly disturb the pathological signaling 

processes, which may result in diabetes, hypertension, heart failure, atherosclerosis, 

inflammation, cirrhosis, neurodegenerative disease, sepsis, asthma and erectile 

dysfunction [14],[15]. Other than the roles in biological processes, H2S is also known for 

its toxicity to the environment[16]. As such, there is an urgent need for the 

development of new techniques for the monitoring of aqueous sulfide in biological 

and environmental samples. To date, measurement tools for aqueous sulfide, 

especially with in vivo applications, remain scarce [17]. One of the limitations in the 

development of in vivo probe for sulfide ion is their difficulties to function in the 

cellular environment because of the high thiol concentrations in certain cell types [18].   



Chapter 2 

16 
 

Table 2.1 The detection limit (μM) and detection range (μM) of the iridium(III) 

complex-based method and other reference methods for the detection of sulfide ions. 

Method Detection limit (μM) Detection range (μM) 

UV-Visible Absorption[19] 20 20-1000 

Amperometric[20] 0.3 1.25-112.5 

Fluorescence probe[21] 0.11 0.11-100 

Fluorescence probe[22] 2.0 2.0-15 

The current work 2.9 2.9-1500 

 

Most recently, several studies on the development of luminescence sulfide 

probes have been reported. Notable examples include the copper(II) ion coupling 

chemosensor, in which the Cu(II) ion from the quenched Cu(II) ion-dimer could be 

sequestered by H2S, which restores its luminescence intensity[23]. These approaches 

are generally limited by their low synthetic yield, complicated synthetic procedures 

and narrow detection range[24]. While methods based on amperometric and UV-visible 

absorption techniques display a lower limit of detection (LOD), they generally show a 

narrower linear detection range compared to the Fe(III) ion coupling-iridium(III) 

complex method that reported in this work (Table 2.1).  

Luminescent transition metal complex have emerged as a sophisticated 



Chapter 2 

17 
 

alternative to the conventional organic fluorophores owning to their ability to 

dynamically monitor the intracellular ions and metabolites[25],[26]. Transition metal 

complexes, especially iridium(III) complex, possess a number of prominent 

advantages that enable them to be used in practical applications. For example, the 

photophysical and physiochemical properties of an iridium(III) complex could be 

readily tuned by simple synthetic procedures. Their large Stoke shift and long-lived 

properties could not only avoid them from self-quenching, but also enable their 

phosphorescence signal to be readily differentiated from the highly auto-fluorescence 

background using TRES.[27],[28] 

 

Scheme 2.1 The processes of electron transfer between an iridium(III) complex and 

Fe3+ ion. 

 

In this work, complex 1 (on state), a highly emissive iridium(III) complex, 

interacts with Fe3+ ion to form 1–Fe3+ (off state), a weakly emissive iron(III) 

ion-coupling iridium(III) complex that could be selectively “switch on” by sulfide ion 
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(on state) was developed as a switch “on-off-on” probe for the in vitro, in cellulo and 

in vivo measurement of both the exogenously and endogenously generated sulfide ion. 

This sensing platform is based on the emission quenching of iridium(III) complex by 

Fe3+, which could be selectively sequestered by sulfide ion to restore the 

luminescence signal. The mechanistic studies of the metal ion-based quenching of 

metal complexes, including iridium(III) complex and ruthenium(II) complex, is 

depicted in Scheme 2.1[29],[30]. The electron accepting Fe3+ ion allows a readily 

transfer of electron from the electron donating complex to Fe3+ ion, generating Fe2+ 

that could be further oxidized by the complex back to Fe3+. The continuous redox 

cycle quenches the luminescence of iridium(III) complex until the addition of sulfide 

ion, which could selectively react and sequester the Fe3+ ion from the system[29b, 31]. 

The generation of Fe2S3 could stop the continuous quenching mechanism and restore 

the luminescence intensity of the system (Scheme 2.2). We believe that the quenching 

effect of Fe3+ ion on iridium(III) complex could be attributed to the non-emissive 

property of iridium(III) complex in its oxidized form.18 The utility of 1–Fe3+ for the 

monitoring of sulfide generation in cells and in zebrafish were also demonstrated. 
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Scheme 2.2 Mechanism of the switch “on-off-on” probe 1–Fe3 for the detection of 

sulfide ion. 

 

2.2 Materials and Methods 

2.2.1 Materials 

Cysteine, glutathione (GSH) and sodium sulfide (Na2S) were purchased from Sigma 

Aldrich (St. Louis, MO). All aqueous solutions used in this work were prepared using 

doubly distilled water (18.2 MΩ cm-1). Unless specified, all other reagents used in this 

work were purchased from Sigma Aldrich (St. Louis, MO) 

 

2.2.2 Synthesis of complex 1-10 

The complexes were prepared according to the modified procedure listed in section 

1.2. All complexes were characterized using 1HNMR, 13CNMR, high resolution mass 

spectrometry (HRMS) and Elemental analysis.  
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Complex 1. (Yield: 43%) 1H NMR (400 MHz, Acetone-d6) δ 8.48–8.45 (d, J = 8.8 Hz, 

2H), 8.29–8.27 (d, J = 8.8 Hz, 2H), 7.97–7.91 (m, 4H), 7.75 (s, 2H), 7.68–7.57 (m, 

10H), 7.54 – 7.47 (m, 4H), 7.45–7.41 (t, J = 8.0 Hz, 2H), 7.13 –7.09 (t, J = 8.7 Hz, 

2H), 6.94 (dd, J = 8.1, 1.7 Hz, 2H), 6.46 (s, 2H), 2.32–2.25 (m, 4H), 2.06 (s, 6H), 

0.89–0.85 (t, J = 7.6 Hz, 6H) 13C NMR (400 MHz, Acetone-d6) δ171.83, 164.73, 

151.27, 149.87, 149.67, 148.53, 147.44, 144.68, 140.58, 136.75, 133.71, 131.27, 

130.47, 130.42, 130.01, 129.98, 128.50, 128.16, 128.12, 127.60, 127.17, 125.02, 

124.81, 123.33, 118.20, 25.03, 15.45. HRMS: Calcd. for C60H48N4IrPF6 [M–PF6]
+: 

1017.3508, found: 1017.3528; elemental anal. (C60H48N4IrPF6) C, H, N: calcd: 62.01, 

4.16, 4.82; found: 62.36, 4.39, 4.94. 

 

Complex 2. (Yield: 40%) 1H NMR (400 MHz, Acetone-d6) δ 8.77 – 8.65 (m, 4H), 

8.52 – 8.38 (m, 4H), 8.22 (d, J = 8.1 Hz, 2H), 8.12 – 8.02 (m, 4H), 7.77 (d, J = 8.1 Hz, 

2H), 7.33 (d, J = 8.9 Hz, 2H), 7.24 (t, J = 8.0 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 6.86 (t, 

J = 8.8 Hz, 2H), 6.58 (d, J = 1.7 Hz, 2H), 2.29 (q, J = 7.6 Hz, 4H), 0.83 (t, J = 7.6 Hz, 

6H); 13C NMR (101 MHz, Acetone-d6) δ 206.21, 171.19, 151.98, 149.65, 148.48, 

147.76, 147.50, 144.82, 140.82, 139.52, 135.06, 131.65, 131.20, 129.92, 128.85, 

128.33, 127.64, 127.22, 125.06, 123.83, 118.81, 29.32, 15.37; HRMS: Calcd. for 

C46H36IrN4 [M–PF6]
+: 837.2567 Found: 837.2555. elemental anal. (C46H36N4IrPF6) C, 

H, N: calcd: 56.26, 3.70, 5.71; found: 55.87 3.39, 5.29. 
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Complex 3. Reported[32]
 

Complex 4. Reported[33]
 

Complex 5. Reported[32] 

Complex 6. Reported[32] 

Complex 7. Reported[34] 

Complex 8. Reported[35] 

Complex 9. Reported[36] 

Complex 10. Reported[37] 

 

2.2.3 Cell imaging with varying concentrations of Na2S and the Na2S precursor 

HeLa cells were incubated with 1 (10 µM) and Fe3+ (1.8 mM) at 37 °C for 1 h. 

Various concentrations of Na2S (0, 3, 10, 30 and 100 μM) or various concentrations 

(100, 200 µM) of GSH or cysteine were added to the growth medium at 37 °C and 

further incubated for 1 h [38]. The microscopic images were recorded upon excitation 

at 405 nm [39]. 

 

2.2.4 Imaging of zebrafish  

Zebrafish (both male and female) were kept in a tank at 28 °C for 12 h with light and 

for 12 h in dark. In the morning, light stimulation was given to trigger egg spawning 
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and almost all the eggs were immediately fertilized. The zebrafish (3 days old) was 

kept in E3 embryo media containing NaCl (15 mM), CaCl2 (1 mM), MgSO4 (1 mM), 

KCl (0.5 mM), Na2HPO4 (0.05 mM), KH2PO4 (0.15 mM), NaHCO3 (0.7 mM) and 

methylene blue (5%), pH = 7.5. The zebrafish was either incubated with 1 (10 μM), 

Fe3+ (1.8 mM) and Na2S (3, 10, 30, 100 μM) or 1 (10 μM), Fe3+ (1.8 mM) and 

cysteine or GSH (100 μM, 200 μM) in the embryo media at 301 K for 2 h. Upon 

washing with the embryo media, microscopic images of the zebrafish were obtained 

at TRITC channel of a fluorescence microscopy. 

 

Table 2.2 Photophysical properties of complex 1 (10 μM) in acetonitrile at 298 K. 

Complex Quantum 

yield 

λexc / nm λemi / nm Lifetime 

/μs 

UV-vis absorption λabs / 

nm (ε / dm3mol–1cm–1) 

1 0.6546 293 573 4.654 238 (5.11 × 104), 289 

(4.61 × 104) 
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2.3. Results and Discussion 

2.3.1 Structure-activity relationship of 1‒10 

 

 

Figure 2.1 (a) Chemical structures of complexes 1‒10. (b) Fold quenching of 1‒10 in 

1.5 mM of Fe3+ ion. (c) Fold enhancement of 1‒10 in 1.5 mM of Fe3+ ion and 1.5 mM 

of Na2S.  

 

Complexes 1‒10, all stabilized in PF6
– counter ion, were synthesized according to the 

modified methods[32]. Anny Slama-Schwok et al. believed that the quenching 

mechanism of iridium(III) complexes in the presence of Fe3+ ion is attributed to the 
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oxidation of either the metal center or the co-ligands of the complex.15 To verify the 

quenching mechanism, a random iridium(III) complex library (1‒10) incorporated 

with various co-ligands were used to verify the quenching mechanism of Fe3+ ion on 

the complexes (Figure 2.1a). The result shows that the quenching effect of Fe3+ ion 

exerted on all the complexes, suggesting that the quenching of iridium(III) complex is 

associated with the oxidation of the iridium metal center instead of the co-ligands 

(Figure 2.1b). Complex 1, an iridium(III) complex bearing 

2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (dmdpphen) as the N^N ligand and 

2-(4-ethylphenyl)quinolone (epq) as the C^N ligand, shows the largest quenching 

effect in Fe3+. Next, we also investigated the luminescence restoration ability of the 

complexes in the presence of 1.5 mM of Na2S, where complex 1 again displays the 

highest restoration, with a ca. 6.97-fold enhancement (Figure 2.1c). A brief 

structure-activity relationship (SAR) is concluded based on the luminescence 

quenching and restoration properties of complexes 1‒10. First, complex 2 having the 

same C^N ligands as complex 1, but with phenanthroline (phen) as the N^N ligand 

led to an inferior restoration, suggesting that the methyl and phenyl groups on the 

N^N ligand of 1 might be determinant for the luminescent recovery. Meanwhile, the 

stronger luminescence restoration of 1, when compared to 3, 5 and 8, which possess 

similar N^N ligands, again illustrates the importance of having the epq C^N ligand. 
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Furthermore, 5 and 6 bearing the 2-phenylbenzothiazole C^N ligand is not beneficial 

to the luminescent recovery. Finally, the absence of quenching and restoration in 4 

and 9, with phen as the N^N ligand, and 1-phenylpyrazole (ppyr) and 2,2′-Bipyridine 

(bpy) as their C^N ligands, indicates that the smaller C^N and N^N ligands did not 

improve the results. 

 

Table 2.3 The relationship between the structures for 1‒10 and their Fe3+-quenching 

and sulfide-restoring effects 

Complex IFe/I0 (Fe3+ quenching) I/IFe (restoring) 

1, 2 <0.3 5.16-6.93 

4 0.27 1.80 

3, 5, 7, 8 0.3-0.5 2.04-3.72 

6, 9, 10 >0.5 1.18-1.51 

 

 The relationship between the chemical structure of 1‒10 and their selectivity 

towards Fe3+ ion and sulfide ion are tabulated in Table 2.3. The result shows that 

complexes that are readily quenched in Fe3+ ion generally have higher restoring 

ability in sulfide ion. The only exceptions to this were 3 and 4, which show high 

emission quenching in Fe3+ but with weak restoring power in Na2S. This can be 
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explained by the ppyr C^N ligand on 3 and 4, which is believed to be selective to the 

Fe3+ion but not to the S2- ion. We hypothesize that the additional nitrogen atoms in 

ppyr offer electrostatic dipole that allows them to interact with the positively charged 

Fe3+ ion more strongly to result in a more prominent quenching. At the same time, this 

electrostatic diploe might also exert repulsion on the negatively charged S2- ion, 

limiting S2- to approach to and sequester the Fe3+, resulting in a weaker emission 

restoration. 

 

Figure 2.2 Emission spectra of complex 1 in acetonitrile 

 

2.3.2 Photophysical properties of complex 1 

We next studied the photophysical properties of complex 1. As shown in Figure 2.2, 

upon excited at 310 nm, complex 1 exhibited emission at 573 nm. The large Stoke 

shift (280 nm) could effectively avoid self-quecnhing that typically an issue of 

organic flurophores. Meanwhile, the UV-visible spectrum shows that complex 1 
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exhitbits the maximum absorption peaks at 293 nm and 352 nm, which could be 

assigned to the promotion of electrons at ligand centered (LC) and metal-to-ligand 

charge transfter (MLCT) states, respectively. Complex 1 shows a lifetime of 4.7 μs 

(Table 2.2), which allows its emission to be readily differentiated from the highly 

auto-fluororescecne biological media using time-resolved emission spectroscopy 

(TRES) technique. In terms of stability, complex 1 was highly stable in the soluion 

[d6]DMSO/D2O (v:v = 9:1) and acetonitrile/H2O (9:1) at 298 K for at least seven days, 

as demonstrated in the HNMR (Figure 2.3) and UV/Vis spectrum (Figure 2.4), 

respectively. The advantage of using iridium(III) compplex as a luminescence probe 

in sensing applications were also demonstrated by its high quantum yield (65%) 

recorded in acetonitrile (Table 2.2) 

 

Figure 2.3 Aromatic region of the 1H NMR spectra of 1 (5 mM) in [d6]DMSO/D2O 

(v/v = 9/1) at 298 K over 7 days. 



Chapter 2 

28 
 

 

Figure 2.4 UV/Vis absorption spectra of 1 (50 μM) in acetonitrile/H2O (v/v = 9/1) at 

298 K over 7 days. 

 

2.3.3 Quenching mechanism of complex 1 

 

Figure 2.5 Emission spectrum of 1 (10 μM) in the presence (1.5 mM) and absence (0 

mM) of Fe2+ ion. 
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As discussed, we believe that the Fe3+ ion-based quenching of iridium(III) complex is 

owning to the readily transfer of electron from the metal center of an iridium(III) 

complex to Fe3+ ion. To verify this mechanism, we investigated the ability of Fe2+ ion, 

a reduced form of Fe3+ ion, to oxidize and quench the iridium(III) complex (Figure 

2.5). While 1.5 mM of Fe3+ ion could elicit a significant quenching on 1, the same 

concentration of Fe2+ ion could only result in a slight quenching on 1, verifying that 

the electron accepting property of Fe3+ ion might be critical for the quenching 

mechanism. 

 

Figure 2.6 (a) Luminescence image of 1–Fe3+ in the absence and presence of Na2S (1.5 mM) 

under UV light illumination (365 nm). (b) Emission spectra of 1–Fe3+ (10 μM) in the 

presence of Fe3+ (1.5 mM), and in the presence of both Fe3+ and Na2S (1.5 mM). (c) Emission 

spectra of 1, 1 and Na2S (1.5 mM), Fe3+ (1.5 mM), Fe3+ (1.5 mM) and Na2S (1.5 mM), or 

Na2S (1.5 mM). 
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2.3.4 Sensing ability of 1–Fe3+ toward sulfide ion 

Notably, the luminescence difference of 1–Fe3+ in the presence and absence of sulfide 

ion can be readily observed by our naked eyes when illuminated excited at 302 nm 

under a UV lamp (Figure 2.6a). As shown in Figure 2.6b, complex 1 was initially 

emissive in a solution of DMSO/water (v:v = 9:1), which we named it as the “on” 

state. In the presence of Fe3+ ion, the continuous electron transfer between 1 and Fe3+ 

ion led to a significant quenching on 1 and turned “off” the emission. Upon the 

addition of Na2S, the Fe3+ ion that took part in the quenching of 1 was sequestered, 

stopping the electron transfer and recovering the luminescence of 1, which restores 

the “on” state. Control experiments were also carried out to confirm the absence of 

direct interaction between 1 and Na2S, which verified the role of Fe3+ ion in this 

luminescence sensing system (Figure 2.6c). 
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Figure 2.7 (a) Luminescence of 1 in the presence of various metal ions illuminated 

uner UV illumination at 302 nm. (b) Emission spectra of 1 (10 μM) with or without  

1.5 mM metal ions (Li+, Ca2+, Na+, Ba2+, Zn2+, Hg2+, Pb2+, Ni2+, K+, Ag+, Cu2+, Fe3+, 

Cs2+, Sn2+ and Cd2+). (c) The quenching fold of 1 in 1.5 mM of 15 different metal 

ions.  

 

2.3.5 Metal ion choice as emission quencher 

To select the most effective quenching ion, the quenching effects of a series of metal 

ions, including Li+, Ca2+, Na+, Ba2+, Zn2+, Hg2+, Pb2+, Ni2+, K+, Ag+, Cu2+, Fe3+, Cs2+, 
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Sn2+ and Cd2+, on 1 were investigated.[40] The result shows that only Fe3+ and Cu2+ 

could quench the emission of 1, while other metal ions generally elicit a slight 

luminescence enhancmenet of 1 (Figure 2.7). The selective quenching of Fe3+ and 

Cu2+ can be explained by their electron accepting power, which are not possessed by 

other metal ions in this test.  

As Cu2+ ion could elicit a moderate quenching effect on 1, we also studied the 

the ability of 1–Cu2+ to quantify Na2S. In contrast to 1–Fe3+, the probe 1–Cu2+ using 

Cu2+ ion as the emission quencher exhibits a further quenched luminescence in the 

presence of 1.5 mM of Na2S (Figure 2.8), suggesting the specific reaction between 

Na2S and Fe3+ ion[41] Taking together, Fe3+ ion was selected as the most efficient 

quencher, owning to its relatively lower toxicity compared to Cu2+ ion, promising 

quenching effect and its specific interaction to sulfide ion. 

 

Figure 2.8 Emission spectra of 1 (10 μM) in the presence of Cu2+ (1.5 mM), in the 

presence of both Cu2+ and Na2S (1.5 mM). 
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2.3.6 Optimization of the important parameter for 1–Fe3+ 

To obtain the best performance of 1–Fe3+, several important parameters, including the 

molar equivalents of 1 to Fe3+ ion and the composition of the sensing media, were 

optimized. The maximal luminescence restoration of 1–Fe3+ was acheived when the 

molar ratio of complex to Fe3+ ion was equal to 1:180 (Figure 2.9a). Considering the 

effect of aqueous solvent decay to iridium(III) complex, solvent composing of 

different water ratio were used. The sensing power of 1–Fe3+ diminished in an 

increasing ratio of water, with the highest luminescence restoration found in a solvent 

composing of DMSO/H2O (9:1, v/v) (Figure 2.9b).  

 

Figure 2.9 (a) Luminescence enhancement of 1–Fe3+ upon the addition of different 

equivalent ratios of 1 and Fe3+ (1:Fe3+ = 1:0, 1:10, 1:30, 1:50, 1:80, 1:100, 1:120, 

1:140, 1:160, 1:180, 1:200). (b) Luminescence enhancement of 1–Fe3+ in the presence 

of different ratios of DMSO and H2O in the solvent (DMSO:H2O = 9:1, 8:2, 7:3, 6:4, 

5:5).  
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2.3.7 Detection of sulfide ion by 1–Fe3+ 

2.3.7.1 Detection of in vitro sulfide ion 

After optimization, the ability of 1–Fe3+ to detect various concentration of Na2S (0.01 

to 2.5 mM) in DMSO/H2O (v:v = 9:1) was investigated (Figure 2.10a and 2.10b). The 

result shows that the luminescence signal of 1–Fe3+ increased in an increasing 

concentration of Na2S, reaching a maximum fold enhancement of 11.6 folds at 1.5 

mM of Na2S. The platform could achieve a LOD of sulfide ion down to 2.9 µM at 

signal-to-noise ratio (S/N) of 3 and established a linear range at low concentrations 

ranging from 0.01 to 0.1 mM (Figure 2.11a) and at high concentration ranging from 

0.1 mM to 1.5 mM (Figure 2.11b).  
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Figure 2.10 (a) Emission spectra of 1–Fe3+in various concentrations of Na2S in a 

solution of DMSO:H2O (v:v = 9:1). (b) Linear plot of the luminescence enhancement 

at λ = 573 nm as a function of the concentrations of Na2S (RSD<0.3%). 

 

Since 1–Fe3+ could be potentially applied in in vivo study, we repeated the calibration 

experiment in the presence of 5% (v/v) human serum in DMSO:H2O (v:v = 9:1). As 

shown in Figure 2.12, the luminescence of 1 could be effectively quenched by Fe3+ 

and gradual restored in the presence of an increasing concentrations of Na2S (Figures 

2.12a and 2.12b). Overall, 1–Fe3+ could achieve a LOD for sulfide ion down to 6.75 

µM at a signal-to-noise ratio (S/N) of 3 and established a linear range from 0.02 to 1.0 
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mM (Figures 2.12c and 2.12d). The LOD achieved by 1–Fe3+ in both DMSO/H2O 

(v:v = 9:1) and 5% human serum demonstrated the potential of 1–Fe3+ to serve as a 

monitoring tool for sulfide ion in vivo.  

 

Figure 2.11 The linear range for sulfide ion detection at (a) 0.01 mM to 0.1 mM, and 

(b) 0.1 mM to 1.5 mM. 
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Figure 2.12 (a) Emission spectrum of 1–Fe3+ upon the addition of various 

concentrations of Na2S in DMSO:H2O (9:1, v/v) with 5% human serum. (b) Linear 

plot of luminescence intensity enhancement at λ = 573 nm against Na2S concentration. 

(c) Linear range sulfide ion detection from 0.02 to 0.1 mM, and (d) Linear range 

sulfide ion detection from 0.1 to 1.0 mM. 

 

 

Figure 2.13 (a) Luminescence fold enhancement of 1–Fe3+ at 573 nm in 1.5 mM of 

Na2S or other interfering anions (Na2S2O4, KOH, NaHCO3, KBr, Na2S2O2, NaI, KCl, 

K2CO3, CH3COONa, Na2HPO4, NH4SCN, KH2PO4, NaN3, NaNO2 and KF). (b) 

Luminescence fold enhancement of 1–Fe3+ at 573 nm in 1.5 mM of thiol (cysteine or 

GSH), or in a mixture of thiol (1.5 mM) and Na2S (1.5 mM). 
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The selectivity of 1–Fe3+ was studied by measuring its luminescence restoration 

in response to 15 different anions including KOH, Na2S2O4, NaI, KBr, NaHCO3, 

Na2S2O2, KCl, K2CO3, Na2HPO4, CH3COO-Na+, KH2PO4, NH4SCN, NaN3, KF and 

NaNO2
[42] (Figure 2.13a). The weak luminescence restoration of 1–Fe3+ to the tested 

interfering ions (1.5 mM) illustrates the high selectivity of 1–Fe3+ towards the sulfide 

ion over other anions. To date, a significant bottleneck for the development of in vivo 

sulfide probe is the problems of thiol interference in the intracellular regions. As 

shown in Figure 2.13b, the selectivity of 1–Fe3+ to thiol species, including GSH and 

cysteine, were investigated. The result shows that 1.5 mM of thiols could only slightly 

increase the luminescence intensity of 1–Fe3+, while an addition of the same 

concentration of Na2S could restore the luminescence and give a restoration of 11.6 

folds (Figure 2.13b). The selectivity and competition experiments not only 

demonstrate the potential of 1–Fe3+ to overcome the limitations of the conventional 

molecular probes, but also demonstrate its feasibility as a promising in vitro and in 

vivo probe for the detection of Na2S in a background with high thiol concentration. 
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Figure 2.14 The cytotoxicity profile of 1 against the growth of the HeLa cells and 

LO2 cells at different concentrations (0.01–100 μM) on 24 h incubation. 
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2.3.7.2 Cell imaging of sulfide ion using 1–Fe3+ 

 

Figure 2.15 Quenching effect of Fe3+ ion to 1 in HeLa cells. (a) Microscopic images 

of live HeLa cells showing 1 in the presence of 0.1, 0.2, 0.6, 1.2, 1.8 and 2.4 mM of 

Fe3+ ion (up). Brightfield images confirm the cells viability throughout the imaging 

experiments (down) (b) Plot of the luminescence intensity (%) of 1 against the 

concentration of Fe3+ in mM. Scale bar = 15 μm. 
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Figure 2.16 (a) Microscopic images of HeLa cells showing different incubation time 

of Fe3+ on 1 (0, 10, 25, 50, 70, 90, 120 min) (up). Brightfield images confirm the cells 

viability throughout the imaging experiments (down) (b) Kinetic plot of the 

luminescence intensity (%) of 1 in 1.8 mM Fe3+ as a function of incubation time (min). 

Scale bar = 15 μm. 

 



Chapter 2 

42 
 

 

Figure 2.17 (a) Microscopic images of HeLa cells showing the luminescence of 

1–Fe3+ in the presence of a serial concentrations of aqueous sulfide (0, 3, 10, 30 and 

100 μM). (b) Microscopic images of HeLa cells showing the luminescence of 1–Fe3+ 

in the presence of 100 or 200 μM cysteine or GSH. Scale bar = 15 μm. 
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Before studying the ability of 1–Fe3+ to quentify sufide ion in cellulo, XTT assay was 

performed to assess the cytotoxicity of 1 towards the LO2 normal cells and the HeLa 

cancer cells. Encouragingly, 1 was only slightly toxic to the growth of LO2 and HeLa 

cells, showing an IC50 values of >100 μM and 85.11 µM, respectively (Figure 2.14). 

These IC50 value were at least 8 times higher than the concentration (10 µM) used in 

this work, demonstrating the safety of 1 as an in vivo probe. After preincubating HeLa 

cells with 1 at 298 K for 1 h, an intense yellow luminescence could be observed in the 

intracellular region of the HeLa cells[39].  

As the optimized conditions for in cellulo studies may not be the same as 

that of the in vitro studies, we next assessed the effect of different influential 

factors, such as the concentration of Fe3+ ion and its incubation time, on the 

platform. The luminesence of 1 decreases when the concentrations of Fe3+ 

increased from 0.1 mM to 2.4 mM. (Figure 2.15a). We also quantized the 

luminescence intensity of the intracelluar regions to clearly reveal the trend of 

quecnhing (Figure 2.15b). The result shows that 1.8 mM of Fe3+ ion could elicit 

the largest quenching effect in cellulo and was used as the optimized 

concentration of Fe3+ ion in the subsequent studies. Kinetic experiemnt of 1–Fe3+ 

with different incubation times (0, 10, 25, 50, 70, 90, 120 min) were carried out, 

with the maximum quenching effect achieved at 50 minutes (Figure 2.16).  
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We next investigated the ability of 1–Fe3+ to detect sulfide ion by extraneously 

replacing the culture medium with fresh medium containing a serial concentrations of 

Na2S (0, 3, 10, 30 and 100 μM) [38]. As shown in figures 2.17a and 2.18, the 

luminescence intensity of the intracellular regions increases in the presence of an 

increasing concentration of Na2S supplement, with a maximum luminescence 

restoration of 1–Fe3+ acheived at 40 minutes (Figures 2.19a and 2.19b). The 

brightfield images of the live HeLa cells verify the viability of the cells throughout the 

imaging experiments (Figure 2.15a, 2.16a and 2.17a) [43]. The result demonstrates the 

efficiency of 1 as a promising non-toxic imaging probe for low sulfide concentrations 

in cellulo. 

  

Figure 2.18 Plot of the luminescence intensity (%) of 1–Fe3+ as a function of [Na2S] 

in μM. 
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2.3.7.3 Detection of in vivo endogenous sulfide production in live cell 

 

Figure 2.19 (a) Microscopic images of HeLa cells showing 1–Fe3+ incubated with 30 

µM of Na2S for 0, 10, 25, 50, 70, 90, 120 min. (b) Kinetic plot of the luminescence 

intensity (%) of 1–Fe3+ in the presence of 30 μM Na2S
 as a function of incubation 

time. Scale bar = 15 μm. 
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Other than the exogeneous supplement of sulfide ion, the ability of 1–Fe3+ to 

measure the sulfide ion that generated endogenously in cellulo and in vivo were 

investigated. To trigger the endogenous biosynthesis of sulfide ion, cysteine and GSH, 

the precursors of sulfide ion were incubated with 1–Fe3+. The elevated concentrations 

of the precursors are expected to be catalyzed by the H2S catalyzing enzymes CGL or 

CBS in cellulo to produce H2S that could be subsequently detected by 1–Fe3+. The 

result shows that the addition of various concentrations (100 and 200 µM) of cysteine 

and GSH could result in a significant recovery of the luminescence signal of 1–Fe3+, 

with a signal more obvious in 200 µM of the precursors (Figure 2.17b). The absence 

of luminescence enhancement upon the addition of high concentrations of cysteine 

and GSH (1.5 mM) in vitro suggests that CGL and CBS were crucial to catalyze the 

precursors of H2S in cellulo, resulting in the different results observed in Figures 

2.13b and 2.17b. This demonstrates the potential of 1–Fe3+ to be used as a promising 

monitoring tool for the elucidation of sulfide-related signaling pathways in cellulo and 

in vivo. 
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Figure 2.20 (a) Microscopic image showing the quenching effect of a serial 

concentrations of Fe3+ ion (0, 10, 20, 50, 100, 200 and 300 µM) on 1 in zebrafish 

embryos after preincubating 1 with the indicated concentration of Fe3+ ion at 298 K 

for 1 h (b) Plot of the luminescence intensity (%) of 1 as a function of [Fe3+] in μM. 

Scale bar = 500 μm. 
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2.3.7.4 In vivo detection of the endogenously generated sulfide ion in live 

zebrafish 

 

Figure 2.21 (a) Luminescence imaging of zebrafish in 1 and 200 μM Fe3+ with 

different incubation time: 0, 10, 20, 40, 60, 90, 120 min. (b) Kinetic plot of 

luminescence intensity (%) of 1 in 200 μM Fe3+ as a function of incubation time. 

Scale bar = 500 μm. 
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Figure 2.22 (a) Microscopic images of zebrafish preincubated with 1–Fe3+ and 

varying concentrations of Na2S (0, 1, 3, 10, and 100 μM) for 1 h (b) Plot of the 

luminescence intensity (%) of 1–Fe3+ as a function of [Na2S] in μM. Scale bar = 500 

μm. 
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Figure 2.23 (a) Microscopic images of zebrafish preincubated with 1–Fe3+ and 30 µM 

of Na2S with different incubation time (0, 10, 20, 40, 60, 90 and 120 min) (b) Plot of 

the luminescence intensity (%) of 1–Fe3+ as a function of incubation time. Scale bar = 

500 μm. 
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Figure 2.24 Microscopic images of zebrafish that incubated with A) fresh medium; B) 

1; C) 1–Fe3+ ; D) 1–Fe3+ and cysteine; E) 1–Fe3+ and GSH, where the concentrations 

for 1 was 10 µM, Fe3+ ion was 1.8 mM, cysteine and GSH were 100 µM. Scale bar = 

500 μm. 

Encouraged by the promising cell imaging resutls, we aimed at investigating the 

functionality of 1–Fe3+ in live zebrafish. Zebrafish, an animal model that is frequently 

used to study human diseases, is commonly chosen as an imaigng model owning to its 

transparent morphology and rapid growth rate [44]. As an in vivo system may possess 

different internal environment from an in cellulo system, the equivalent ratio between 

1 and Fe3+ ion must be optimized again when using zebrafish as the model. After 

preincubating the zebrafish embryos with 1 at 298 K for 1 h, the medium was 

replaced by a serial concentrations of Fe3+. Microscopic images were collected at 75 

hpf. The luminescence intensity of the zebrafish embryos gradually quenched with an 

increasing concentration of Fe3+ ion, with a maximum quenching reached at 200 µM 
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in 60 min (Figures 2.20 ans 2.21). When adding an increasing concentration of suflide 

ion (0, 1, 3, 10, 30 and 100 µM) to the optimized 1–Fe3+ system, an increasing 

luminescence intensity was observed with a maximum intensity reached at 100 μM in 

60 min (Figures 2.22 and 2.23). Finally, we also aimed at demonstrating the potential 

of this probe to visualize the endogenously generated sulfide ion in vivo by perturbing 

the precsuors, cysteine and GSH, in the zebrafish embryos. Upon pretreating the 

embryos with 1, an intense yellow luminescence was observed (Figures 2.24A and 

2.24B). The luminescence was diminished upon the addition of 200 µM of Fe3+ ion 

(Figure 2.24C) and recovered upon the addition of both the Na2S biosynthetic 

precursors. This phenomenon can be attributed to the catalyzation of cysteine and 

GSH into sulfide ion in the cells of the zebrafish embryos (Figures 2.24D and 2.24E).  

 

2.4 Conclusion  

In this work, we successfully developed a switch “on-off-on” probe for the detection 

of both the exogenous supplement and endogenous generation of sulfide ion in cellulo 

and in vivo. The luminescence of 1 could only be quenched effectively by Fe3+ ion 

and be restored in the presence of sulfide ion. 1–Fe3+ could achieve a LOD for sulfide 

ion down to 2.9 µM at a S/N ratio of 3 and establish a linear detection range from 

0.01 to 1.5 mM. The probe 1–Fe3+ gives a gradual luminescence restoration in the 
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presence of a serial concentrations of sulfide ion in cellulo and in vivo. While 1–Fe3+ 

shows no response to high thiol concentration in vitro, it displays a strong 

luminescence recovery at low thiol concentration in cellulo and in vivo, demonstrating 

its capability for the detection of the endogenously generated sulfide ion that 

produced by the conversion of the precursors by CGL and CBS. We anticipate that 

further optimization of 1–Fe3+could potentially generate a new probe capable for 

monitoring the concentration of sulfide ion in situ, offering a new avenue to the 

elucidation mechanism of sulfide-related signaling pathway. 
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Chapter 3 

A portable oligonucleotide-based microfluidic device for the detection of 

VEGF165 in a three-step suspended-droplet mode  

 

3.1 Introduction 

Vascular endothelial growth factor (VEGF) is a type of glycosylated signal protein 

produced by cells that regulates angiogenesis and vasculogenesis.[45] Overexpressed 

VEGF165 is implicated in the proliferation, invasion and migration of cancers. In the 

family of VEGF protein, VEGF165 is regarded as the most abundant isoform.[46] The 

clinical importance of VEGF165 urged the development of a sensitive, selective and 

convenient assay for the quantification of VEGF165. Over the past years, aptamers 

have been extensively used to construct simple systems for the sensitive detection of a 

variety of biomolecules.[47] To date, a number of luminescent aptasensor for VEGF165 

in aqueous media have been reported.[48] For instance, the quantum dot-based 

luminescent VEGF165 aptasensor reported by Willner et al.[48e] and the nicking 

enzyme-based signal amplified VEGF165 aptasensor reported by Fan et al.[48c] While 

these techniques are generally sensitive and selective, their requirements of 

complicated conjugations, the uses of expensive instrumentations, narrow linear 

detection range and limitations for in situ studies, greatly limited their practical 
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applications (Table 3.1).[49] Although some microfluidic devices have been reported 

for the detection of different biomolecules,[50] the use of a conventional CCD camera 

or fluorescence microscope substantially restricts the in situ applications of these 

systems.[51] In the traditional microfluidic devices which requires a micropump to 

introduce reaction solutions throughout the channels, system setup could be 

complicated.[52] On the other hand, the disposable droplet-based digital microfluidic 

device are relatively complex, expensive and eco-unfriendly. Therefore, our primary 

goal in this work is to develop a novel oligonucleotide-based VEGF165 sensing assay 

and investigate its adaptation on a portable suspended droplet-based microfluidic 

device.  

 

Table 3.1 Table comparing the method reported in this work and other reference 

methods for the detection of VEGF165. 

Strategy LOD Linear Range 

Fluorescein-labelled aptasensor with peptide 

nucleic acid[49b] 

5 nM 5 nM – 50 nM 

Nicking endonuclease-assisted signal 

amplification of a fluorescence aptasensor[48c] 

5 pM 5 pM –200 nM 

Quantum dot-conjugated fluorescence 1 nM 1-10 nM 
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aptasensor[48e] 

Fluorescence polarization of 

fluorescein-labelled aptamer[49a] 

0.32 nM 0.32–5.0 nM 

Iridium(III) complex-based label free 

aptasensor on a SD-based  microfluidic 

device 

0.33 nM 1-100 nM 

 

 Over the past decade, long-lived oligonucleotide-based assays using octahedral 

transition metal complexes, especially iridium(III) complex, as a signal transducer for 

G-quadruple DNA have been widely investigated due to their promising 

advantages.[53] First, the photophysical and physiochemical properties of the 

complexes can be readily tuned by the variation of the auxiliary ligands using a facile 

synthetic route.[8b, 54] Second, iridium(III) complex generally possesses a lifetime of 

hundred nanoseconds, which is at least 10 times longer than that for organic 

G-quadruplex transducer (e.g. THT) and organic dyes (e.g. Rhodamine, Thaizole 

orange and Coumarin460). The long-lived property of iridium(III) complex allows 

facile differentiation of its emission from the highly auto-fluorescence biological 

media.[1, 55] The large Stokes shift possessed by iridium(III) complex can also 

effectively avoid it from self-quenching.[56] Considering the advantages of iridium(III) 
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complex over the conventional organic fluorophores, we herein utilized a known 

red-emitting iridium(III) complex as a G-quadruplex transducer. 

 Oligonucleotide-based sensing assays usually constructed by two approaches, 

namely (i) the double-stranded DNA locking system, and (ii) the hairpin DNA locking 

system. Both the systems consist of a G-quadruplex forming region (>25 bases), the 

aptamer region (>25 bases) and the blocking region (>10 bases).[32] However, in a 

hairpin DNA locking system, all the components should be arranged in a single 

nucleic acid strand. The cost of a ssDNA is substantially increased when the DNA is 

longer than 60 nucleotide bases. Therefore, we herein developed a new sensing 

approach utilizing the dsDNA locking system, which allows the separation of the 

three components into two parts and lowers the overall cost of the system. 

Moreover, the SD-based system reported in this work possess three distinct mixing 

zones, namely the sample zone, the reaction zone and the detection zone, which 

allows separate mixing of the sample solution at a specified time. In contrast to 

conventional microfluidic chips, the SD-based open-channel system allow easy 

introduction of sample solutions, flexible volume range (up to 200 µL) and pump-free 

manipulation for multiple reaction steps. In addition, the chip materials must be 

selected based on the conditions of the platform. The term “SD-based microfluidic” 

was coined by Ren et al. recently and the idea was employed by his group to construct 
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a portable microfluidic-based metal ion sensing assay. However, the paper-based chip 

utilized in the previous publication for metal ion detection could not be applied to 

assays with long time reactions (> 20 min) or with biological samples. Otherwise, 

liquid samples may potentially permeate the paper and the components of paper may 

also cause contamination,[57] which limit the practical applications of paper-based 

chips on the assays for biomolecules e.g. VEGF165. On the other hand, anti-fouling 

plastic materials with high thermal stability have emerged as promising alternatives 

for sensing assays that require droplet driving and high temperature oligonucleotide 

annealing processes. As such, we selected polypropylene (PP), a cheap, thermally 

stable and hydrophobic material, as the substrate for the SD microfluidic chip. The 

suspended droplet could be driven throughout the open channels using the 

combination of surface tension and gravity. By controlling the orientation of the chip, 

the liquid SD on the chip could be migrated from the sample zone to the detection 

zone without using a micropump, which substantially lowers the overall cost of the 

microfluidic device. At the final stage of this work, all the compartments, including a 

UV lamp, a filter, a PP-based SD chip, a rotatable chip holder and a camera, were 

assembled into a portable device. The feasibility of the device to quantify VEGF165 in 

aqueous media and in a solution of sheep red blood cells were investigated. 
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3.2 Experimental section 

3.2.1 Materials 

VEGF165 was purchased from Sino Biological. Oligonucleotides were purchased from 

IGE Biotechnology. All aqueous solutions used in this work were prepared using 

doubly distilled water (18.2 MΩ cm-1). Poly(dimethylsiloxane) (PDMS) prepolymer 

(RTV 615) and PP were purchased from Momentive Performance Materials 

(Waterford, NY) and Orient Hongye Chemical Co., Ltd. (Shandong, China), 

respectively. Teflon™ PFA 416HP was purchased from DuPont (Wilmington, DE). 

UV-LED light module and optical filter were from Shenzhen Fuji Technology co., 

LTD.  

 

3.2.2 Detection of VEGF165 using the locked aptamer in a duplex substrate  

ON1 and ON2 (100 μM each) were heated in a 20 mM Tris-HCl (pH = 7.0) at 95 °C 

for 10 min and slowly cooled to 25 °C. To ensure the complete formation of the 

double-stranded structure, the mixture was kept at room temperature for 1 h. The 

indicated concentrations of VEGF165 and ON1−ON2 duplex were incubated in a 100 

μL solution of a 20 mM Tris-HCl buffer solution (pH = 7.0) at 298 K for 1 h. After 

that, 399 μL of Tris-HCl buffer (20 mM Tris, 50 mM KCl, pH 7.0) was added to the 

mixture. Finally, 1 μL of 1 (1 μM) was added and emission spectra of the complex 
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were measured in the range of 550−750 nm upon excitation at 360 nm. The final 

concentration of VEGF165 indicated in the main text were calculated taking 500 μL as 

the final volume. 

 

3.2.3 Detection of VEGF165 using the G-rich aptamers 

The indicated concentrations of VEGF165 and the G-rich aptamer (S4 or S5) was 

mixed and added to 100 μL of a solution of 20 mM Tris-HCl buffer (pH = 7.0). The 

mixture was then incubated at 30 °C for 1 h. After incubation, the samples were added 

to 399 μL of a solution of 20 mM Tris-HCl buffer (pH = 7.0). Finally, complex 1 (1 

μM) was added and emission spectra were measured in a range of 550−750 nm with 

an excitation at 360 nm. All the oligonucleotide sequences used in this project is 

outlined in Table 3.3. The final concentration of VEGF165 indicated in the main text 

were calculated taking 500 μL as the final volume. 

 

3.2.4 Synthesis of complex 1 

Complex 1 was synthesized according to a modified literature method[58].  

Complex 1: Reported[11b] 
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3.2.5 Fabrication of the suspending-droplet (SD) chip 

The SD chips in this work were fabricated entirely with polypropylene (PP), which is 

inherently hydrophobic and water impermeable. First, AutoCAD 2015 was employed 

to design a positive-relief Teflon master, which was fabricated using the reported 

thermo-molding method.[59] Then, a negative polydimethylsiloxane (PDMS) mold 

was cased from the Teflon master. For fabricating the PDMS mold, PDMS 

prepolymer was mixed with the curing agent in a ratio of 10:1. The mixture was then 

poured into the Teflon master and cured at 80 °C for 30 min. Next, the PDMS layers 

were carefully peeled off from the Teflon master and attached to flat glass substrates. 

Finally, a PP chip was fabricated by thermo-molding using the PDMS mold. In brief, 

the PP substrate was sandwiched between a PDMS mold and a flat glass slide. The 

sandwich was then embossed at 180 °C for 2 min under 0.24 MPa. The 

microstructure-covered regions become superhydrophobic, and the flat regions remain 

hydrophobic.  

 

3.2.6 Preparation of the portable detection device 

The portable device was prepared based on the principle reported in our previous 

work using a modified operation program.[57] A CCD camera was used to capture the 

optical signals after passing through a filter. 
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3.2.7 Preparation of the SD chip 

The chip includes zone 1, 2 and 3. DNA solution (100 μM), Tris buffer, and complex 

1 (5 μM) were loaded on zone 1, 2 and 3, respectively. After that, the chip was kept at 

4 °C until the solution was dried on the reservoir. The chip was stored at 4 °C or -20 

°C before use. 

 

3.2.8 Detection procedure using the portable microfluidic device 

In a series of tests, 200-μL sample solution with different concentrations of VEGF 

was added to the reaction zone and the chip was put in the card slot of the device. 

After a programed thermal process driven by a self-regulated heater (heating at 30 °C 

for 40 min in sample zone), the device was tilted 45° clockwise. In this way, the liquid 

sample flowed to the reaction zone and reacted with Tris buffer at room temperature 

for 5 min. Finally, the device was tilted 90° anticlockwise, and the liquid sample 

flowed to the detection zone and was illuminated under the UV-LED light. A CCD 

camera was used to capture the emitted light from the sample and the results were 

analyzed using Image J, a free software.  
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Table 3.2 Photophysical properties of complex 1 (10 μM) in acetonitrile at 298 K. 

Complex Quantum 

yield 

λexc / 

nm 

λemi / 

nm 

Lifetime 

/μs 

UV-vis absorption λabs / 

nm (ε / dm3mol–1cm–1) 

1 0.1056 370 637 3.57 268 (6.409 × 104), 370 

(2.351 × 104) 

 

Table 3.3 DNA sequences for ON1, ON2, blocking DNA (with 12, 14, 16 and 18 

locking bases), S4, S5, ssDNA, dsDNA and other G-quadruplex DNAs. 

 Sequence (5’ → 3’) 

ON1 AGGGAGGGCGCTGGGCCCCCCGGGTTGTCCCGTCTTCCAGACAAG

AGTGCAGGGA 

ON2 AAGACGGGACAACCCGGGGGGCCCAGC 

ON2-L14 GGAAGACGGGACAACCCGGGGGGCCCAGC 

ON2-L16 CTGGAAGACGGGACAACCCGGGGGGCCCAGC 

ON2-L18 GTCTGGAAGACGGGACAACCCGGGGGGCCCAGC 

S4 TGTGGGGGTGGACGGGCCGGGTAGA 

S5 CACTGTTGTGGGGGTGGACGGGCCGGGTAGA 

ssDNA  
CCAGTTCGTAGTAACCC 

dsDNA 

CCAGTTCGTAGTAACCC 

GGGTTACTACGAACTGGG 

ckit87-up 
AGGGAGGGCGCTGGGAGGAGGG  

PS2.M 
GTGGGTAGGGCGGGTTGG  
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Pu22  
TGAGGGTGGGGAGGGTGGGGAA  

ckit1 
GGGAGGGCGCTGGGAGGAGGG  

ckit2 
GGGCGGGCGCGAGGGAGGGG 

HTS 
TTAGGGTTAGGGTTAGGGTTAGGG  

 

3.3 Results and Discussion 

 

Scheme 3.1 (a) Schematic diagram for the VEGF165 sensing assay using a dsDNA 

locking approach. 

 

Figure 3.1 (a) Chemical structure for complex 1. (b) Luminescence fold enhancement 

of 1 over G-quadruplex DNAs (PS2.M, ckit87up, ckit1, ckit2, HTS and Pu22), 

ssDNA and dsDNA. 
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3.3.1 Photophysical properties of 1 

 

Figure 3.2 Emission spectra of 1 (10 μM) in acetonitrile. 

 

Figure 3.3 Absorption spectrum of 1 (10 μM) in acetonitrile. 

 

Complex 1, an iridium(III) complex consisting of a 2,2'-biquinoline (biq) N^N ligand 

and two 2-phenylpyridine (ppyr) C^N ligands is as shown in Figure 3.1a. We 



Chapter 3 

66 
 

investigated the photophysical properties of 1 (10 μM) in 20 mM Tris-HCl buffer (pH 

= 7.4) using fluorometry and UV-visible spectrophotometry. 1 exhibits a maximum 

emission at 637 nm when excited at 370 nm (Figure 3.2), giving a Stoke shift of 267 

nm that could avoid 1 from self-quenching. The UV-visible spectrum shows that 1 

displays a strong and moderate absorption bands at 268 and 370 nm (Figure 3.3 and 

Table 3.2), which can be corresponded to the promotion of electron in ligand-centre 

(π–π*) and metal-to-ligand charge-transfer (MLCT) transition states, respectively. The 

promising quantum yield (10.56%) of 1 in acetonitrile also demonstrates the potential 

of 1 as a powerful luminescence agent for sensing applications (Table 3.2).  

One of the important properties of iridium(III) complex is their long-lived emission 

that allows their signals to be discriminated from the interfering media, such as in a 

solution of human serum or human blood, using the TRES technique. When excited at 

370 nm, complex 1 gives an emission lifetime of 3.7 μs, which is at least 100 times 

longer than that of organic fluorophores. The stability of a sensing probe in aqueous 

solution is also an important issue to be considered. Encouragingly, 1 was stable in a 

solution of [d6]DMSO/D2O (v/v = 9/1) and a solution of acetonitrile/20 mM Tris-HCl 

(pH = 7.4)  (v/v = 8/2) at 298 K for at least 3 days, as demonstrated by the absence 

of peak shift in the 3-day 1H NMR spectra (Figure 3.4) and the absence of significant 

absorbance diminishing in the 3-day UV/Vis spectrum (Figure 3.5).  
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Figure 3.4 1H NMR spectra of 1 (5 mM) after incubating in [d6]DMSO/D2O (v:v = 

9:1) at 298 K for 1, 2 and 3 day(s) at 298 K. 

 

 

Figure 3.5 UV/Vis absorption spectra of 1 (10 μM) after incubating in acetonitrile/20 

mM Tris-HCl (pH=7.4) (v:v = 8:2) at 298 K for 1, 2 and 3 day(s). 



Chapter 3 

68 
 

The luminescence response of 1 toward different types of DNA conformations, 

including G-quadruplexes, ssDNA and dsDNA, were investigated. While 1 shows 

luminescence enhancement toward several types of G-quadruplexes, including PS2.M, 

c-kit2 and Pu22, it displays only a weak luminescence enhancement in ssDNA and 

dsDNA (Figures 3.1b and 3.6). This can be explained by the absence of G-quadruplex 

loops in ssDNA and dsDNA to protect iridium(III) complex from aqueous solvent 

decay. As shown in Figure 3.1b, 1 shows a 4.3, 3.7 and 3.4 folds of luminescence 

enhancement in 5 μM of PS2.M, Pu22 and ckit2, respectively. The promising 

G-quadruplex selectivity of 1 allows it to be a useful probe for the construction of 

oligonucleotide-based sensing platform. 

 

Figure 3.6 Emission spectra of 1 in 5 μM of different DNA conformations, including 

ssDNA, dsDNA, PS2.M, ckit87up, ckit1, ckit2, Pu22 and HTS. 
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3.3.2 Oligonucleotide-based switch on assay for the detection of VEGF165 

 

Figure 3.7 (a) Emission spectra of the system in the absence or presence of VEGF165. 

(b) Photograph showing the luminescence intensity of the system in the absence (left) 

or presence (right) of VEGF165 (150 nM). (c) Control experiment showing the 

luminescence fold-changes of the system with or without the DNA system. (d) 

Luminescence fold-changes of the system in various concentrations of ON1-ON2 (0.5, 

1 µM) or with various number of locking bases (12, 14, 16 and 18) in 150 nM of 

VEGF165. 

 

In this work, we proposed two sensing platform for VEGF165, including (i) dsDNA 

locking approach, and (ii) G-rich ssDNA approach. The mechanism for the dsDNA 

locking approach is depicted in Scheme 3.1. The DNA sequence for the 

oligonucleotide used in this work is outlined in Table 3.3. Initially, the aptamer (pink) 
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and G-rich (blue) sequences are locked by the complementary locking sequence 

(green) in a duplex structure. In the presence of VEGF165, the formation of the 

VEGF165-aptamer complex would de-stabilize the duplex structure and separate the 

locking sequence (green) from the G-rich sequence. In a buffer containing high 

concentration of K+ ion (50 mM), the G-rich sequence would be stabilized in the form 

of a G-quadruplex motif, which could be recognized by the G-quadruplex selective 

probe 1. This scheme could achieve a luminescence enhancement of 2.95-fold in 150 

nM of VEGF165 (Figure 3.7a). The luminescence changes could be readily observed 

by naked eyes under UV illumination at 302 nm (Figure 3.7b). A control experiment 

was performed to verify the proposed mechanism by testing the function of the 

ON1-ON2 duplex system. The result shows that 1 did not exhibit any luminescence 

enhancement in the absence of the ON1-ON2 system (Figure 3.7 c), suggesting the 

absence of direct interaction between 1 and VEGF165.  

 

Scheme 3.2 Schematic diagram for the oligonucleotide-based VEGF165 detection. 
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Meanwhile, we also noted that some G-rich aptamers for VEGF165 could undergo 

conformational changes into the G-quadruplex structure in the presence of VEGF165.  

In this work, S4 and S5, G-rich aptamers for VEGF165, were employed to construct a 

long-lived phosphorescence sensing assay for VEGF165 (Scheme 3.2). The G-rich 

aptamers S4 and S5 could selectively bind to VEGF165 and trigger the formation of 

G-quadruplex motifs. The generated G-quadruplex could partially protect 1 from 

solvent decay and restore its luminescence intensity. The result shows that 150 nM of 

VEGF165 could only elicit a 1.4-fold of luminescence enhancement (Figure 3.8). 

Compared to scheme 3.1, the lower sensitivity of this scheme to VEGF165 could be 

explained by its higher initial luminescence intensity in the absence of VEGF165. We 

believed that a portion of the G-rich aptamers were able to fold into G-quadruplex 

motifs in aqueous buffer even in the absence of VEGF165. Based on these results, we 

selected scheme 3.1 for the detection of VEGF165 in our subsequent studies. 

 

Figure 3.8 Luminescence fold-enhancement of scheme 3.2 after adding 1, 2 or 5 μM 

of aptamers S4 or S5 in the presence of 150 nM VEGF165. 
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3.3.3 Optimization of the oligonucleotide-based sensing platform 

After selecting scheme 3.1 as the optimal detection scheme for VEGF165, we next 

optimized the performance of the scheme by studying the effects of various influential 

factors, including the concentration of ON1-ON2 and the number of locking bases. As 

shown in Figure 3.7d, a maximum luminescence enhancement was reached at 1 μM 

of the ON1-ON2 system. The number of locking bases for the duplex substrate is also 

critical for both the successful dissociation of the duplex in the presence of VEGF165 

and the stable locking of the duplex state in the absence of VEGF165. Encouragingly, 

the substrate locked with 12 nucleic acid bases shows a luminescence enhancement of 

ca 2.95-fold in 150 nM of VEGF165 (Figure 3.7 d). However, the result shows that the 

substrates locked with 16 and 18 nucleic acid bases did not elicit any luminescence 

enhancement, suggesting that the ON1-ON2 substrates with 16 or 18 locking bases 

existed in a stabilized duplex form even in the presence of 150 nM of VEGF165. 
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3.3.4 Quantification of VEGF165 in the optimized assay 

 

Figure 3.9 (a) Emission spectra of the system in various concentrations of VEGF165 in 

20 mM Trsi-HCl buffer. (b) Plot showing the luminescence fold enhancement of the 

system in a function of various concentrations of VEGF165 in 20 mM Trsi-HCl buffer. 

(c) Emission spectra of the system in various concentrations of VEGF165 in a solution 

of 0.5% (v/v) of sheep red blood cells. (d) Luminescence fold-enhancement of the 

system in 100 nM VEGF165 or 10-folds higher concentration of the interfering 

substances. 
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After optimizing the influential parameters of the system, calibration experiment was 

performed in 20 mM Tris-HCl buffer. Upon the addition of an increasing 

concentrations of 20 mM Trsi-HCl buffer (20 pM to 100 nM), the system shows a 

gradual luminescence enhancement, reaching a maximum response at 100 nM of 

VEGF165 (Figures 3.9a and 3.9b). The system could achieve a LOD down to 20 pM 

for VEGF165 and established a linear detection range for VEGF165 at low 

concentrations (100 pM to 500 pM) (Figure 3.10a) and high concentrations (1 nM to 

50 nM) (Figure 3.10b). Interestingly, the steeper slope appears in Figure 3.10a could 

be explained by the high initial concentration of the duplex substrate, which could be 

readily recognized by VEGF165, leading to a more prominent luminescence 

enhancement. In contrast, a large portion of the ON1-ON2 duplex had been 

dissociated at a high concentration of VEGF165. Therefore, a further increase in the 

concentration of VEGF165 would not lead to such a prominent enhancement, resulting 

in a gentler slope in Figure 3.10b. 
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Figure 3.10 Linear plot of the system in (a) low concentrations (100 pM to 500 pM) 

and (b) high concentrations (1 to 50 nM) of VEGF165 in 20 mM Tris-HCl buffer (50 

mM KCl, pH= 7.4). 

 

 

Figure 3.11 Linear plot of the system in the presence of various concentration (500 

pM-50 nM) of VEGF165 in 0.5 % (v/v) of sheep red blood cell solution. 

 

As a potential VEGF165 monitoring tool in biological media, the platform must 

show feasibility in an aqueous solution mixing with biological fluid. In this work, 
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calibration experiment was repeated in a solution composing of 0.5% of sheep red 

blood cell. Remarkably, the system could monitor the concentrations of VEGF165 

accurately (Figure 3.9c) and establish a linear detection range from 500 pM to 50 nM 

(Figure 3.11). While the addition of 100 nM of VEGF165 could elicit a ca. 2.7-fold of 

luminescence enhancement, the addition of 10-fold higher concentration of other 

interfering substances, including Mg2+, Cs+, Na+, Ca2+, OH-, CO3
2-, Cl-, glycine, 

glutathione and glucose, did not result in any observable luminescence changes. The 

promising selectivity of this platform could be attributed to the high affinity of the 

aptamer to VEGF165 (Figure 3.9d). 

 

3.3.5 Principle of the PP-based SD chip 

Real-time monitoring techniques for biologically important molecules are highly 

desirable for clinical industries. To achieve the goal of real-time VEGF165 monitoring, 

we next adapted the developed platform to a portable microfluidic system. The the 

developed VEGF165 sensing platform in this work is comprised of three stages, 

including (i) the interaction of the ON1-ON2 duplex with VEGF165, (ii) the 

stabilization of the G-quadruplex motif in a buffer of K+ ion, and (iii) the interaction 

of 1 and the released G-quadruplex.  
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Figure 3.12 (a) The process for fabricating the SD microfluidic chip. (b) The 

configuration of the PP-based SD microfluidic chip. The reservoir and channels are 

hydrophobic, while the rest of the chip is superhydrophobic (c) Diagram illustrating 

the three-step migration of the SD based on the chip orientation. 

 

The incubation time for each of the steps is critical to consider when adapting the 

platform on a microfluidic device. To operate in a similar way to a testing strip, the 

chip developed herein should not only be able to hold all the required reagents, but 

could also introduce the reagents in a specific time point. As such, discrete reservoirs 

that inter-connected by channels are desired to drive the reagents throughout the chip 

at an indicated time point. For the typical microfluidic device that designed with a 

microchannel system, a sophisticated micropump must be involved to migrate the 

reagents throughout the system, which conflicts with our primary goal of developing a 

portable, simple and low-cost sensing device. To solve the problem, we proposed a 
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novel PP-based SD microfluidic chip, which enable the SD to be driven over the chip 

based on the chip orientation. 

 

Figure 3.13 (a) Principle for the detection of VEGF165 (b) Layout structure of a SD 

chip set on a rotor. (c) Picture showing the sealed detection device and the openable 

window for sample introduction. 

 

The required reagents, including ON1-ON2 duplex, K+ ion and complex 1, were 

pre-loaded and dried on the sample, reaction and detection zones, respectively (Figure 

3.12b). After fixing the chip on a rotatable chip holder, the sample with unknown 

concentrations of VEGF165 would be introduced to the sample zone. The developed 

SD chips could realize the stepwise reactions by manipulating the suspended droplet 
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by varying the orientation of the chip at an indicated time point. (Figure 3.12c).  

To effectively drive the suspended droplets throughout the chip, PP was used to 

construct a superhydrophobic array of micropost to guide and confine the droplets by 

the combination of surface tension and gravity. The chip fabrication could be 

completed in a two-step molding process (Figure 3.12a). First, a master stamp was 

used to prepare a PDMS daughter stamp based on the reported method of Ren et al.[59] 

Teflon polymer, a non-sticking material to be used in the master stamp, could reduce 

the adhesion strength between PDMS and the stamp. The PDMS mold was peeled off 

from the master stamp and served as a template to thermally produce the PP mold 

based on a reported method of Ren et al.[59] In contrast to the paper-based chip 

previously reported by Ren et al., the PP-based chip reported in this work is 

anti-fouling and water impermeable in nature, which avoid liquid residues after 

migration and any possible liquid absorption problems that typically found in 

paper-based chip. 

In this work, the ON1-ON2 duplex solution was pre-loaded and dried on the 

surface of the PP substrate in the sample zone. Initially, the dried duplex substrate was 

completely immobile. When sample solution with an indicated concentration of 

VEGF165 was loaded on the sample zone in a horizontal orientation, the dried duplex 

was dissolved to recover its mobility. After solvation, VEGF165 could interact with the 
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aptamer on ON1-ON2 to form a VEGF165-aptamer complex via a combination of 

hydrophobic interaction, electrostatic interaction and the complementary shape, which 

dissociated the duplex structure and released the G-rich sequence. After 40 min, the 

chip holder would rotate 45o clockwise and remained for 5 min to drive the droplet to 

the reaction zone, where the solvated K+ ion could stabilize the released G-quadruplex 

conformation. The chip finally rotated 90o anti-clockwise to drive the droplet to the 

detection zone containing the dried G-quadruplex probe 1 that recognized the  

released G-quadruplex (Figure 3.12c). 

Overall, the superhydrophobic surface tension offered by the PP substrate could 

effectively guide the droplet throughout the three zones, while the controllable 

orientation offered by the rotatable chip holder could drive the droplet toward the next 

zone by gravity. By an unique combination of surface tension and gravity, the droplet 

could be migrated from zone 1 to 2 to 3 effectively, but not in reverse direction.  

 

3.3.6 Design of the portable device 

To date, most of the reported platforms for VEGF165 detection are limited by their 

requirement of heavy instrumentation and their inability for in situ analysis. Therefore, 

our primary goal in this work is to adapt our developed VEGF165 sensing platform on 

a portable microfluidic device. In this work, we replaced all the required components 
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of a conventional fluorometer by some portable and cheaper components. For 

example, the excitation light source and the detector of fluorometer were replaced by 

a portable UV lamp and a camera. The UV lamp, filter, rotatable chip holder (Figure 

3.13b), and the camera were assembled into a single compartment.  

The operation mechanism of the device is depicted in Figure 3.13a. Upon the 

suspended droplet reached the detection zone and dissolved the dried complex 1, the 

complex could recognize the released G-quadruplex motifs and trap into the loop of 

the motifs. After 1 min, the UV lamp with an excitation of 302 nm will turn on and 

excite the complex, which will emit at 640 nm. The emission, after passing through 

the filter, will be detected by the camera. As shown in 3.13c, the portable device could 

be sealed inside a protecting case. The chip was then fixed onto the holder and the 

sample solution was loaded on zone 1. During the operation, the window should be 

closed to avoid any external interferences. The portable device, which weighs less 

than 1 kg, could be driven by a battery. 

 

3.3.7 Monitoring of VEGF165 using the portable system 

After assembling all the components into the device, we finally performed the 

calibration experiment for VGEF165 in the developed device. Various concentrations 

of VGEF165 (0 to 100 nM) were introduced to the reaction zone on the SD chip and 
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the device could be operated automatically. In brief, the device remained horizontal 

for 40 min to allow time for the interaction of the solvated duplex with VGEF165 in 

zone 1. After that, 5 min was allowed for the solvated K+ ion to stabilize the 

G-quadruplex motifs in zone 2. When the suspended droplet reached zone 3, 5 s was 

allowed for the solvated complex 1 to recognize the released G-quadruplex. 

 

Figure 3.14 (a) Luminescence image of the suspended droplet on zone 3 in 0, 1, 10, 

50 and 100 nM of VEGF165 captured by a CCD camera. (b) Plot of the analyzed 

luminescence intensity of the suspended droplet as a function of various 

concentrations of VEGF165.  
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As shown in Figure 3.14a, the luminescence images of the suspended droplet in zone 

3 were captured by a CCD camera and the intensity was further analyzed using 

ImageJ. After intensity analysis, the luminescence difference became more obvious 

and the droplet images clearly turned from dark to bright in an increasing 

concentration of VEGF165. After quantifying the luminescence intensity, we 

established a linear detection range from 1 to 100 nM for VEGF165 (Figure 3.14b). 

Encouragingly, the result using this newly developed portable device is comparable to 

the previous result using a fluorometer (Figure 3.7a), suggesting the applicability of 

this portable PP-based SD microfluidic device on the detection of biomolecules. We 

anticipate that further optimization of the device could potentially act as a VEGF165. 

monitoring tool to be used in medical institutes and regulatory authorities.  

 

3.4 Conclusions 

In this work, we successfully developed a phosphorescence oligonucleotide-based 

sensing platform for the detection of VEGF165 in a solution of sheep red blood cells. 

When using a traditional fluorometer, the platform could selectively detect VEGF165 

and achieve a LOD for VEGF165 down to the picomolar level. We next developed a 

PP-based SD microfluidic system that allows flexible volume range, simple sample 

introduction and valve-free manipulation. A sophisticated stepwise reaction system 
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was designed using the anti-fouling PP as the substrate material, which avoids the 

limitations of liquid residues and water absorption in long time reactions. The 

combination of superhydrophobic surface tension and gravity allows the suspended 

droplet to be driven from zone 1 to 3 precisely. We successfully fabricated a portable 

device by assembling all the portable components, including a UV lamp, a rotatable 

chip holder, a filter and a CCD camera, into a microfluidic device. After analyzing the 

image intensity using ImageJ, the device could achieve a LOD for VEGF165 down to 

0.33 nM and establish a linear range from 1 to 100 nM in aqueous solution. We 

anticipate that the developed portable PP-based SD microfluidic device holds great 

promise as an in situ sensing device for VEGF165 in both medical institutes and 

regulatory authorities. 
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Chapter 4 

An isothermal long-lived phosphorescence amplification system integrated with 

graphene oxide and a stable split G-quadruplex protector as an ultrasensitive 

“off-on” biosensor for the HBV gene 

 

4.1 Introduction 

Hepatitis B, an infectious disease caused by the hepatitis B virus (HBV), can be 

classified into acute and chronic infections.[60] Most healthy adults that are infected by 

HBV are able to get rid of the virus without any problems. However, some adults and 

over 90% of infants are unable to eliminate the virus after six months, and are 

diagnosed as having chronic infection.[61] Over 25% of chronic HBV infections may 

eventually lead to cirrhosis and liver cancer.[62] To date, about one-third of the world 

population has been infected with HBV at one point in their lives, including an 

estimated 400 million who have chronic infections, causing over 750,000 deaths 

annually.[63] HBV virus can be readily transmitted by exposure to infectious body 

fluids.[60a] To control the spread of HBV and to enable effective treatment, the 

development of an effective diagnostic approach for the early stage of HBV is of great 

importance. 

Conventional diagnostic techniques for HBV infection, including 
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electrochemistry[64], chemiluminescence[65], radiometry[66] or surface-enhanced 

Raman scattering (SERS)[67] require expensive instrumentation, stringent safety 

measures and/or complicated protocols. These drawbacks have stimulated the 

development of optical techniques as alternative sensing modalities due to their 

prominent advantages, including simplicity, non-radioactivity, low cost and high 

sensitivity.[68] For example, quantum dot (QD)-based nanosensors,[69] 

fluorophore-conjugated nanoparticles aggregation systems[70] and silver nanocluster 

systems[71] have been developed for the luminescent detection of HBV nucleic acid. 

However, a variety of limitations inherent to organic fluorophores and nanocluster 

systems, including short lifetime, short emission wavelength and poor photostability, 

are still major issues to be addressed. Consequently, the successful development of a 

red-emitting and long-lived system with high photostability will be a tremendous 

breakthrough for HBV diagnosis. 

Octahedral transition metal complexes, especially iridium(III) complexes, have 

been widely considered as an alternative to conventional organic dyes and nanoprobes, 

owning to their many desirable properties including facile synthesis, large Stokes 

shifts and excellent target recognition.[1] Importantly, the long-lived phosphorescence 

of iridium(III) complexes can be readily differentiated from a highly autofluorescent 

background via time-resolved emission spectroscopy (TRES).[2] Over the past decade, 
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octahedral iridium(III) complexes have been widely utilized as sensing probes for 

G-quadruplexes (GQ) owning to their excellent selectivity for GQ over 

single-stranded (ss) or double-stranded (ds) DNAs.[72] Meanwhile, GQ that are formed 

by associating two separated GQ fragments can be termed as “split’’ GQs, which have 

been exploited to construct sensors via inserting an analyte binding arm to each half 

of the split GQ. For example, our group reported a highly selective split GQ-based 

“switch on” platform for the detection of gene deletion[11c, 73], while Kolpashchikov et 

al. demonstrated the ability of split GQs to visualize single nucleotide 

polymorphisms.[74]  

Graphene oxide (GO), a carbon nanomaterial possessing remarkable resonance 

energy accepting power, can non-covalently interact with ssDNA via pi–pi stacking 

interactions. However, GO only weakly interacts with dsDNA, GQs and 

aptamer-analyte complexes owning to their three-dimensional topologies and high 

rigidity.[75] This unique feature of GO has been used to construct GO-based platforms 

in the literature. Notable examples include the GO-based fluorescence aptasensor 

developed by Pang et al.[76] and the GO-based fluorescence miRNA sensor developed 

by Kim et al.[77]. These works harnessed the excellent electron-accepting power and 

strong ssDNA adhering properties of GO to quench the bound fluorophore-labelled 

ssDNA. Upon the addition of the target analyte, the hybridized dsDNA or the 
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three-dimensional aptamer-analyte structures would be unbound from the 

electron-accepting GO, restoring the luminescence intensity of the fluorophore.  

 

 

Scheme 4.1: Schematic diagram for the isothermal amplified detection of HBV gene. 

 

To date, several amplification approaches have been developed to improve the 

sensitivity and selectivity of for nucleic acid-based fluorescence assays. Although the 

utilization of polymerase chain reaction (PCR) is common for DNA amplification, its 

complicated thermal cycling steps and the requirement for expensive instrumentation 

have substantially limited its practical applications.[78] Recently, isothermal 

amplification techniques, such as strand displacement amplification (SDA) and rolling 

circle amplification (RCA), have been developed to amplify nucleic acids under mild 

conditions.[79] In this work, we report an isothermal GO-assisted phosphorescence 
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restoration system based on the hybridization of a strand displacement-amplified 

HBV gene and the analyte binding arm of a split GQ (Scheme 4.1). The hybridization 

between the analyte DNA, G1 and G2, which involves a rigid dsDNA and a 

three-dimensional GQ structure, could return to its free form and protect the probe 

from being quenched in the GO system, resulting in a restoration of phosphorescence 

signal. Moreover, a systematic optimization campaign was used to identify the best 

red-emitting and long-lived iridium(III) complex to use as the phosphorescence 

restoring probe in the GQ-GO system. Finally, the length of nucleic acid bases in 

between the critical positions of the split GQ hybridization was modulated by setting 

rules on the proximity and flexibility of the split GQ system. To the best of our 

knowledge, this is the first optimized split GQ-based phosphorescence amplification 

assay for HBV gene. 

 

4.2 Experimental section 

4.2.1 Materials and reagents 

The oligonucleotides reported in this work (Table 4.2) were synthesized and purified 

by IGE technology (Guangzhou, China) and Sangon Biotech (Shanghai) Co., Ltd. 

Klenow fragment polymerase, nicking endonuclease Nb.BbvCI, deoxyribonucleoside 

5′-triphosphate mixture (dNTPs) and NEB2 buffer were purchased from New England 
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Biolabs (Beijing, China). Graphene oxide (4 mg/mL) dispersion was purchased from 

Sigma Aldrich (St. Louis, MO). All aqueous solutions used in this work were 

prepared using doubly distilled water (18.2 MΩ cm-1). 

 

4.2.2 Synthesis of complexes 1-5, 1a-1f, 2a  

Complexes 1-5, 1a-1f, 2a were prepared according to the literature methods.[80]  

Complex 1: reported[81] 

Complex 2: reported[82] 

Complex 3: reported[83] 

Complex 4: reported[11b] 

Complex 5: reported[84] 

Complex 1a: reported[80] 

Complex 1b: reported[85] 

Complex 1c: reported[86] 

Complex 1d: reported[84] 

Complex 1e: reported[11a] 

Complex 1f: reported[82] 
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Complex 2a (yield: 49%): 1H NMR (400 MHz, acetone-d6) δ 8.97 (d, J = 8.8 Hz, 2H), 

8.84 (d, J = 8.7 Hz, 2H), 8.61 (dd, J = 2.9, 0.6 Hz, 2H), 8.08 – 7.99 (m, 4H), 7.55 (t, J 

= 8.1 Hz, 2H), 7.46 (dd, J = 8.0, 1.0 Hz, 1H), 7.27 – 7.19 (m, 2H), 7.12  (dd, J = 2.4, 

0.4 Hz, 2H), 6.87 (td, J = 7.2, 1.2 Hz, 2H), 6.67 (td, J = 7.5, 1.2 Hz, 2H), 6.57 (d, J = 

2.9 Hz, 2H), 6.01 (dd, J = 7.6, 1.1 Hz, 2H). 13C NMR (101 MHz, acetone-d6) δ 161.01, 

149.47, 143.23, 142.24, 140.90, 134.02, 132.21, 132.14, 130.64, 129.98, 129.74, 

129.20, 129.15, 127.24, 124.10, 122.44, 113.02, 109.46. HRMS: calcd. for C36H26IrN6 

[M–CF3O3S]+: 734.8630 Found: 734.8621 Anal. (C36H26IrN6–CF3O3S) C, H, N: calcd 

50.28, 2.96, 9.51; found 50.28, 3.08, 9.60. 

 

4.2.3 Circular dichroism (CD) spectroscopy 

CD spectroscopy was performed by a JASCO-815 spectropolarimeter using a quartz 

cuvette with 1 cm path length. CD spectra was recorded from 325 nm to 225 nm with 

100 nm min–1 scan speed, 2 cm bandwidth, and 1 nm data pitch. CD spectra of buffer 

alone was used as the baseline for all the samples. 

 

4.2.4 Detection of HBV gene 

Strand displacement amplification was performed according to a modification of the 

reported literature.[87] In brief, 500 nM templates (T0) and primer (C0) were reacted 
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with 0.4 mM dNTPs, Nb.BbvCI (2.2 U/μL) and Klenow fragment polymerase (2.125 

U/μL) in NEB2 buffer containing Tris-HCl (10 mM), NaCl (50 mM), MgCl2 (10 mM), 

DTT (1 mM) at pH = 7.9 in a 50 μL system. Next, split GQ1 (G1) and split GQ2 (G2) 

were added to the mixture and incubated at 37 °C for 45 min to ensure the complete 

hybridization of the amplified HBV gene and the analyte binding arm of the split GQ. 

10 μL of GO binding buffer containing MgCl2 (5 mM), 20 mM Tris-HCl at pH = 7.4 

and 5 μL of GO were added to the mixture and incubated at 37 °C for 10 min. The 

mixture was then added to 384 μL of 20 mM Tris-HCl (75 mM KCl). The final 

concentration specified in this work was calculated in a total volume of 500 μL. 

Iridium(III) complex 2a (1 μM) was added to the reaction mixture. A quartz 

fluorescence cell with 1 cm optical path length was used. Emission spectra were 

measured between 500 nm and 750 nm with excitation at 340 nm. 

 

4.3 Results and discussion 

4.3.1 Selection of the best phosphorescence restoring probe for split GQ in GO 

To develop an efficient sensing system, we require a phosphorescence probe that is 

weakly emissive when bound to GO and is highly emissive in GQ. The scheme for the 

phosphorescence restoration in GQ-GO is depicted in Part 3 of Scheme 4.1. In the 

absence of the analyte DNA, the split GQ sequence would exist in ssDNA form and 
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bind strongly to GO. Owning to the peculiar electron accepting power of GO, 

electrons from iridium(III) complexes could be readily transferred to GO. Iridium(III) 

complex, in its oxidized form, is weakly emissive.[8b] When the initial emission of a 

luminescence probe is lowered, its subsequent fold-enhancement upon restoration 

would be substantially enlarged. Upon the addition of the analyte DNA, the 

hybridization between the analyte DNA and the analyte binding arm of the 

GO-bounded split GQ would bring the two flanking GQ sequences into close 

proximity, forming a stable GQ structure. The analyte DNA-split GQ hybridization 

that consists of a rigid dsDNA and a three-dimensional GQ could hardly interact with 

the GO system and unbound to its free form. As a result, the quenched iridium(III) 

complexes was trapped into the loop of the GQ and be protected in a hydrophobic 

environment. The isolation of the GQ-trapped iridium(III) complex from the electron 

accepting GO eventually stopped the electron transfer and restored the 

phosphorescence emission. 
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Table 4.1 Photophysical properties of complex 2a (10 μM) at 298K in acetonitrile. 

Complex Quantum 

yield 

λexc / nm λemi / 

nm 

Lifetime 

/ns 

UV-vis absorption λabs / nm 

(ε / dm3mol–1cm–1) 

2a 0.30 340 620 114 215 (4.797 × 104), 266 (4.466 

× 104), 368 (1.722× 104) 

 

Table 4.2 The oligonucleotide sequences used in this work. 

 Sequence (5’→ 3’) 

ds17.1 CCAGTTCGTAGTAACCC 

ds17.2 GGGTTACTACGAACTGG 

PS2.M GTGGGTAGGGCGGGTTGG 

ds26 CAATCGGATCGAATTCGATCCGATTG 

Pu22 TGAGGGTGGGGAGGGTGGGGAA 

Pu27 TGGGGAGGGTGGGGAGGGTGGGGAAGG 

ckit87-up AGGGAGGGCGCTGGGCCCCCCGGG 

22AG AGGGTTAGGGTTAGGGTTAGGG 

c-kit1 GGGAGGGCGCTGGGAGGAGGG 

c-kit2 GGGCGGGCGCGAGGGAGGGG 
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G1 GGGTTGGGCTGCACGATT 

G2 CAAATTGAAGGGTAGGG 

HBV-T0 CAAATTGAATGCACGATTCCTCAGCGAGGAGTTGGGGGAG

GAGATT 

HBV gene AATCTCCTCCCCCAACTCCTC 

HBV-A0 AATCGTGCATTCAATTTG 

HBV-A1 AATCGTGCACTTCAATTTG 

HBV-A2 AATCGTGCACCTTCAATTTG 

HBV-G1-0 GGGTTGGGTGCACGATT 

HBV-G1-1 GGGTTGGGCTGCACGATT 

HBV-G1-2 GGGTTGGGCCTGCACGATT 

HBV-G2-0 CAAATTGAAGGGTAGGG 

HBV-G2-1 CAAATTGAATGGGTAGGG 

HBV-G2-2 CAAATTGAATTGGGTAGGG 

1B-mutated HBV AATCTCCTCCCCCAACTCCTA 

2B-mutated HBV AATCTCCTCCCCCAACTCCAA 

3B-mutated HBV AATCTCCTCCCCCAACTCAAA 

Note: The bold base(s) represents the extra base(s) for distance studies. 
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Based on our previously established structure-activity relationships, complexes 

with the 2,2'-biquinoline (biq) N^N ligand usually possess excellent GQ selectivity. In 

this work, we first investigated a series of iridium(III) complexes incorporated with 

the biq N^N ligand and with C^N ligands containing functional groups with different 

methylation, conjugation and electronic states (Figure 4.1, Part 4 in Scheme 4.1). 

When the complex was added to a mixture containing the split GQ and GO (GQ-GO 

system), the tendency of the complex to be protected in GQ or to interact with GO 

will determine the fold enhancement of the system. Complex 1, bearing the 

electron-rich 1-phenylpyrazole (ppyr) C^N ligand, produced a 3.2-fold 

phosphorescence restoration in the GQ-GO system, suggesting the importance of 

electron transfer in the quenching mechanism of GO-iridium(III) complexes. 

Complex 1 showed superior phosphorescence restoration compared to complex 4, 

which contains the simpler 2-phenylpyridine (ppy) C^N ligand. The inferior 

phosphorescence enhancement of complex 2, which contains the 

4-(pyridin-2-yl)benzaldehyde (CHO-bpy) N^N ligand, suggests that the 

electron-withdrawing aldehyde group may stabilize the iridium(III) complex in GO, 

weakening the quenching effect of GO and lowering the fold-enhancement. 

Furthermore, the incorporation of methyl and benzyl groups in complexes 3 and 5 

were not beneficial to the restoration of the phosphorescence signal.  



Chapter 4 

97 
 

 

Figure 4.1 Selection of phosphorescence split GQ probe with the highest restoration 

property in GO. (a) Chemical structures of complexes 1-5, 1a-1f, 2a. (b) Schematic 

diagram and diagrammatic bar array showing the phosphorescence restoration of the 

GQ probes. 

 

 After identifying ppyr as the best C^N ligand, we next assessed a series of 

complexes (1a-1f) that incorporated with ppyr as the C^N ligand but carried different 

N^N ligands. Compared to complex 1a with the simplest N^N ligand 

1,10-phenanthroline, complex 1b containing the phen ligand with two extra methyl 

groups orientated inward showed an improved phosphorescence restoration. However, 

complex 1c with excessive methyl groups showed lower phosphorescence restoration, 

suggesting that it was insufficiently protected by the GQ and remained quenched in 
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the GO system. The inferior restoration of 1d containing the N^N ligand 

4,4'-dinonyl-2,2'-bipyridine (dnbpy) compared to its parent complex 1e containing the 

bpy ligand suggests that long-chain alkylation does not improve binding to GQ. 

Encouragingly, complex 1f with extensive conjugation system showed a 2.9-fold of 

phosphorescence restoration, indicating the importance of having an electron-rich 

conjugation system in GQ-GO.  

 

Figure 4.2 Aqueous solubility test for 2a with (a) PF6
–, or (b) OTf– as the counterion. 

The blue lines represent the absorbance and the soluble concentrations of the 

respective samples. 

 

Although complex 1 with ppyr as C^N ligand and biq as N^N ligand was still the 

best phosphorescence restoring probe, the low aqueous solubility of iridium(III) 

complexes is still a major challenge encountered in oligonucleotide-based sensing 

platforms. The physiochemical properties of iridium(III) complexes, especially 
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solubility, are highly associated with the type of counter ions. For example, 

hexafluorophosphate (PF6) anion confers a better stabilizing effect, while 

trifluoromethanesulfonate (OTf) improves aqueous solubility. To achieve a desirable 

concentration of probe in aqueous solution, complex 2a, a new iridium(III) complex 

possessing the same structure as 1 but with OTf as the counter ion, was synthesized. 

Complex 2a could elicit a comparable phosphorescence restoration as 1 in the 

GQ-GO system, while possessing a solubility of at least 8 times higher than that of 1 

(Figure 4.2). Overall, the complex screening campaign furnished complex 2a, an 

iridium(III) complex with excellent solubility, as the best phosphorescence restoration 

probe in the GQ-GO system. 
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Figure 4.3 Purity analysis of 2a using high performance liquid chromatography 

(HPLC). The purity for 2a is 95.3% in acetonitrile. 
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Figure 4.4 Emission spectrum of complex 2a in 20 mM Tris-HCl buffer (pH = 7.4). 

 

4.3.2 Photophysical properties of complex 2a 

 

Figure 4.5 Absorption spectrum for complex 2a (10 μM) in 20 mM Tris-HCl buffer 

(pH = 7.4). 
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Complex 2a, with purity >95% (Figure 4.3), was synthesized by a modification of 

reported literature.[88] Complex 2a was characterized using 1HNMR, 13CNMR, HRMS 

and elemental analysis. We first investigated the photophysical properties of 2a by 

recording its emission spectrum in 20 mM Tris-HCl buffer (pH = 7.4). As shown in 

Figure 4.4, the extensive conjugation system in the N^N ligand of 2a successfully 

shifted its emission into the red-emitting region at λmax = 620. The resulting red-shift 

is approximately 50-100 nm compared to typical iridium(III) complexes with similar 

structures. The large Stoke shift (280 nm) of 2a, which is around 10 times larger than 

those exhibited by organic fluorophores, helps to avoid self-quenching. In the 

absorption spectrum (Figure 4.5), 2a exhibited maximum absorption bands at 215 and 

266 nm and a moderate peak at 368 nm (Table 4.1), which are assigned to the 

ligand-centre (π–π*) and metal-to-ligand charge-transfer (MLCT) transitions, 

respectively. The large quantum yield (30.46%) of 2a in acetonitrile renders it as a 

promising luminescence probe for sensing applications (Table 4.1). Finally, complex 

2a was stable in 20 mM Tris-HCl/acetonitrile (v/v = 2/8) and D2O/DMSO-d6 (v/v = 

2/8) for at least 5 days, as demonstrated using the UV-visible spectroscopy (Figure 

4.6) and the NMR spectroscopy (Figure 4.7), respectively.  
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Figure 4.6 1H NMR spectra of complex 2a (5 mM) in [d6]DMSO/D2O (v/v = 9/1) at 

298 K over 5 days. 

 

Figure 4.7 UV-Vis absorption spectra of 2a (5 μM) in acetonitrile/ 20 mM Tris-HCl 

buffer (pH=7.4) (v/v = 4/1) at 298 K over 5 days. 
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Figure 4.8 Lifetime measurement of 2a. Inlet: Y-axis log scale shows that the decay is 

nearly monoexponetial. 

 

Figure 4.9 Time-resolved spectroscopy of 2a. Emission spectrum of 2a in Cou460 

when recorded at (a) 0 ns and (c) 20 ns after excitation pulse. Emission spectrum of 

2a in RhoB when recorded at (a) 0 ns and (c) 20 ns after excitation pulse. 
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 The lifetime of 2a was 114 ns in 20 mM Tris-HCl buffer (pH = 7.4), which is at 

least 10 times longer than organic fluorophores that typically exhibit lifetime of 5-10 

ns (Figure 4.8). To verify the long-lived property of 2a, we recorded the time-resolved 

emission spectrum of 2a in the presence of different interfering fluorescent substances. 

Coumarin 460 (Cou460) and Rhodamine B (RhoB), organic dyes that emit at around 

460 nm and 600 nm respectively, were selected as they overlap with the tail and peak 

of the emission of 2a respectively. As shown in Figure 4.9a, the emission of 2a was 

partially perturbed by the strong emission signal of Cou460 when the spectrum was 

recorded 0 ns after the excitation pulse. However, when the spectrum was recorded 

with a 20 ns delay, the signal of Cou460 was eliminated and the emission of 2a 

become more prominent (Figure 4.9c). Meanwhile, when we measured the emission 

of the 2a-RhoB mixture without any time delay, RhoB substantially interfered the 

emission of 2a, causing its signal to apparently blue-shift to 600 nm (Figure 4.9b). 

However, this phenomenon was avoided when we set the time gate to 20 ns after the 

excitation pulse (Figure 4.9d).  
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Figure 4.10 Emission spectra for the luminescence enhancement of 2a toward 

different G-quadruplex topologies, ssDNA and dsDNA. 

 

Figure 4.11 (a) Relative luminescence enhancement of 2a in the presence of 5 µM of 

ssDNA, dsDNA and different GQ topologies. (b) Displacement of TO in PS2.M and 

Pu27 in the presence of 0, 1, 2, 3, 4, 5 and 6 µM of 2a. Melting profiles of (c) F21T 

dsDNA and (d) F10T GQ DNA in various concentrations of 1 (0, 1, 3, 5, 7 and 10 

µM). 
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 We next investigated the GQ selectivity of 2a in the presence of different GQ 

topologies, ssDNA and dsDNA. As shown in Figures 4.10 and 4.11a, 2a was selective 

towards Pu22, PS2.M and split GQ structures over other GQs, ssDNA and dsDNA. At 

the same concentration of DNAs, 2a shows a 11.2-, 9.7- and 8.9-fold of 

phosphorescence enhancement in the presence of split GQ, Pu22 and PS2.M, 

respectively.  

To further verify the binding of 2a to GQ, the G-quadruplex fluorescence 

intercalator displacement (G4-FID) assay was performed. Thiazole orange (TO), an 

organic dye that binds tightly to the GQ structures, was used as a GQ-binding 

standard in this experiment. As shown in Figures 4.11b and 4.12, 5 μM of 2a could 

displace over 50% of TO from Pu27 and PS2.M GQ, suggesting the excellent GQ 

binding affinity of 2a towards these GQ topologies. Meanwhile, a fluorescence 

resonance electron transfer (FRET) assay was also performed to study the stabilizing 

effect of 2a on GQ and dsDNA. As shown by the melting profiles (Figures 4.11c and 

4.11d), 7 μM of 2a could increase the melting temperature of GQ for 20 °C while the 

same concentration of 2a did not change the melting temperature of dsDNA.  
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Figure 4.12 G4-FID for 2a in 20 mM Tris-HCl buffer (pH = 7.4). (a) Emission 

spectrum for TO-PS2.M in the presence of 0-6 μM of 2a. (b) Emission spectrum for 

TO-Pu27 in the presence of 0-6 μM of 2a. 

 

4.3.3 Relationship between the “xyz” distances and GD formation 

As depicted in Scheme 4.1, a split GQ can only be formed when the split GQ-forming 

sequences are brought into close proximity. In another words, the distances between 

the split GQs, in terms of up and down (Y and Z positions), or narrow and wide (X 

position), could affect the stability, flexibility, loop arrangement and strand segment 

of the GQ.  

GQ structures can adopt different arrangements, such as parallel GQs, 

anti-parallel GQs and hybrid (3+1) GQs, each displaying unique circular dichroism 

(CD) spectral signatures. Herein, we designed 20 sets of combinations of split GQ 

sequences, including 18 sets of split GQ sequences with different “xyz” distances and 

two sets of controls (Figure 4.13a, Part 2 in Scheme 4.1). G1 and G2, with Y and Z = 

0, 1 or 2 nucleic acid bases, were hybridized with the analyte DNAs having Z = 0, 1, 
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2 nucleic acid bases. As shown in Figures 4.13a and 4.14, sample sets 2, 4, 6-8, 10, 

12-13 and 15-16 generally exhibited CD spectral signatures at ca. 238-245 min, 

264-274 max and 289-295 max, which are consistent to the spectral signatures of the 

hybrid (3+1) GQ topology (245 min, 265 max and 295 max).  

Importantly, the results show that an overly long (sets 3, 5, 9, 17 and 18) “xyz” 

distance is not beneficial to the formation of the split GQ. Somewhat surprisingly, an 

overly short (set 1) “xyz” distance is also unfavorable. We reason that while close 

proximity is required for a stable GQ formation, an insertion of 1-2 nucleic acid bases 

in between the critical positions (x/y/z) of the GQ hybridization could improve the 

flexibility and the overall stability of the GQ system. 

 

Figure 4.13 Relationship between “xyz” distances and GD formation. (a) The number 

of nucleic acid bases inserted at xyz positions of the split DNA, the CD spectral 

values, and the calculated Length of for A and Area B for 20 sets of samples. The 

red-highlighted values under Length of A and Area B represent the suggested 
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distances for an optimal split GQ formation (b) Diagram showing the location of 

Length of A and Area B. The red and green dots represent the starting locations of the 

G-rich sequences on G1 and G2 (c) Luminescence restoration of sets 1-20, C1 and C2 

in GQ-GO system (left). Schematic diagram showing the interaction between GO and 

GQ with different “xyz” distances (right). 

When the analyte DNA was replaced by a random ssDNA (set C1), the CD 

spectral signature shifted to ca. 251 min, 267 min, 280 max and 293 max, indicating 

the absence of hybrid GQ formation. The CD spectrum of a random dsDNA was also 

recorded (set C2), where the spectral signatures shifted to ca. 233 min, 253 min, 270 

max and 281 max. The spectral signature at ca. 253 min in set C2 suggested that the 

additional peaks at ca. 251-259 in sets 1-18 were the signal from the rigid dsDNA 

hybridization of G1, G2 and the analyte DNA. 
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Figure 4.14 CD spectra for sample sets 1-18, C1 and C2 in the absence or presence (2 

µM) of the analyte DNA (with x = 0, 1, 2). 
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After confirming the optimal “xyz” distances via CD spectroscopy, we next 

investigated the phosphorescence restoration of 2a for sets 1-18, C1 and C2 in the GO 

system (Figure 4.13c). Encouragingly, the phosphorescence results were consistent 

with the results of the previous CD studies, with sets 2, 4, 6, 8, 10, 12, 15 and 16 

having the highest phosphorescence restoration in GO. Set 8, a set having a “xyz” 

distance of “010”, formed the most stable GQ structure which led to a 3.2-fold 

phosphorescence enhancement in GO. Compared with set 1 with a “xyz” distance of 

“000” giving a 1.5 fold enhancement, we believed that the additional nucleic acid 

base at the “y” position of G2 (set 8) offered some degree of flexibility for the 

interaction of the G-rich sequences on G1 and G2 and improved the stability of the 

split GQ. 

The “xyz” distances can be expressed in terms of (i) Length of A: distances 

between the split GQ and the analyte DNA, and (ii) Area B: distances between the 

G-rich sequences of G1 and G2. The above results indicate that the Length of A 

should be laid in an optimal range of between 0 and 1 to ensure the flexibility of the 

system, while Area B should be within a particular value (≤0.5) to ensure the 

proximity between G1 and G2 (Figure 4.13b and 4.13c). We identified set 8, with a 

“xyz” distance of “010” as the best distance for the subsequent experiments. 

 



Chapter 4 

113 
 

4.3.4 SDA-assisted detection of HBV gene in GQ-GO system 

SDA is a versatile signal amplification method for nucleic acid-based assays. In this 

work, the HBV gene was added to a system containing SDA template DNA (T0), 

nicking enzyme (Nb.BbvCI), DNA polymerase (Klenow fragment), and 

deoxyribonucleoside triphosphate (dNTP). The template DNA, T0, can be divided 

into three sections, namely (i) the HBV gene binding site, (ii) the nicking site, and (iii) 

the analyte DNA generation site. The presence of HBV gene will trigger SDA to 

generate an unlimited amount of the analyte DNA at the nicking site. The generated 

analyte DNA could bind to the analyte binding arms on G1 and G2, bringing the 

flanking G-rich sequences on G1 and G2 into close proximity. As G1 and G2 exist in 

the form of dsDNA, they interact weakly with GO and are in the “free” form. The 

subsequent addition of K+ ion could elicit the formation of the split GQ. Upon the 

addition of 2a, the stable GQ could protect 2a from being quenched by the 

electron-accepting GO and restore its phosphorescence signal.  
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Figure 4.15 Optimization of the GQ-GO system. Luminescence enhancement of the 

system with (a) various concentrations of 2a (0.5, 1, 1.5 and 2 µM), (b) various 

concentrations KCl (25, 50, 75 and 100 mM), (c) different incubation times (15, 30, 

45 and 60 min). 

 

 

Figure 4.16 Quenching effect of GO on 2a. (a) Emission spectrum of 2a in various 

concentrations of GO (0, 0.02, 0.04, 0.06, 0.1 and 0.15 mg/mL). (b) Linear plot 

showing the luminescence intensity of 2a against different concentrations of GO. 
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Figure 4.17 Luminescence enhancement of 2a in GQ-GO system in the absence (0 

mg/mL) or presence (0.1 mg/mL) of GO. 

 

 

Figure 4.18 Optimization of the conditions in SDA. (a) Luminescence enhancement 

of the SDA-assisted GQ-GO system in the presence of (a) various concentrations of 

the nicking enzyme Nb.BbVCI (0, 0.7, 1.2, 1.7 and 2.2 U/µL), (b) different incubation 

time (1, 1.5, 2, 2.5 and 3 h) and (c) various concentrations of the DNA polymerase 

enzyme Klenow Fragment (0, 0.875, 1.5, 2.125 and 2.75 U/µL). 
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Figure 4.19 (a) Linear plot for the phosphorescence restoration of 2a when various 

concentration of the analyte DNA was added in the GQ-GO system. (b) Emission 

spectrum of the SDA-assisted GQ-GO system in the presence of 300 nM of HBV 

gene. Luminescence fold-enhancement of the SDA-assisted GQ-GO system in (c) 20 

mM Tris-HCl buffer, pH = 7.4, (d) 1% of human serum and (e) 1% of sheep RBC. (f) 

Comparison of performance between the SDA-assisted GQ-GO system and the simple 

GQ-GO system in the presence of 300 nM of HBV gene. 
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 To optimize the parameters of the GQ-GO system (Part 3 in Scheme 4.1), we 

first investigated the concentration of 2a, K+ ions, split GQ and the incubation time 

for the hybridization of G1, G2 and the analyte DNA (Figure 4.15). The result shows 

that the phosphorescence restoration of 2a reached its maximum when 2 μM of the 

split GQ (G1 and G2) were incubated with the analyte DNA for 45 min, followed by 

the addition of 75 mM of KCl and 1 μM of 2a. We further verified the quenching 

ability of GO on 2a by conducting a calibration experiment. As shown in Figure 4.16, 

the phosphorescence intensity of 2a decreased as the concentration of GO increased 

from 0.02 to 0.1 mg/mL. The importance of GO was further verified in Figure 4.17, 

where a 24% higher phosphorescence restoration of 2a was found in the GQ-GO 

system over the GQ system. Upon the addition of an increasing concentration of the 

analyte DNA to the split GQ system, the phosphorescence restoration of 2a increased 

accordingly, achieving a limit of detection (LOD) of the analyte DNA at 0.1 μM 

(Figure 4.19a).  

 After optimizing Parts 2-4 of the system, we next optimized the overall 

performance by introducing SDA to the system (Figure 4.18). The performance of 

SDA is highly dependent on the concentrations of the nicking and DNA polymerase 

enzymes. As shown in Figure 4.18, 2.125 U/μL of Klenow fragment and 2.2 U/μL of 

Nb.BbvCI produced the highest phosphorescence restoration. Meanwhile, we 



Chapter 4 

118 
 

investigated the phosphorescence restoration of 2a over different SDA incubation 

time (0, 0.5, 1, 1.5, 2, 2.5 and 3 h). The result shows that 2.5 h of SDA time led to the 

highest fold-enhancement of 2a. The applicability of the SDA-assisted GQ-GO 

system for the detection of HBV gene was verified by its 3.0-fold phosphorescence 

restoration in the presence of 300 nM of HBV gene (Figure 4.19b). Upon addition of 

an increasing concentration of HBV genes (20 pM to 500 nM), the phosphorescence 

intensity of the system increased accordingly (Figure 4.19c). A limit of detection 

(LOD) as low as ~20 pM of HBV gene can be achieved by this system, at sigma=3 

with a linear range established at both low concentration (50 pM to 10 nM) (Figure 

4.20a) and high concentration (10 nM to 300 nM) (Figure 4.20b).  

 

 

Figure 4.20 Linear plots for the luminescence enhancement of 2a in the SDA-assisted 

GQ-GO system against (a) low concentrations of HBV gene (0.01, 0.05, 5 and 10 nM) 

and high concentrations of HBV gene (10, 50, 100 and 300 nM). 
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Considering the potential application of the system in biological media, we also 

performed the calibration experiments in human serum and in the presence of sheep 

red blood cells (RBCs). The system could achieve a LOD of 0.91 nM and 12.3 nM in 

1% of human serum (Figures 4.19d and 2.21) and 1% of sheep RBCs (Figures 4.19e 

and 4.22). When comparing the SDA-assisted GQ-GO system to the unassisted 

GQ-GO system at the same concentration of target DNA (300 nM), the SDA-assisted 

system produced a 211% higher restoration of phosphorescence signal (Figure 4.19f). 

The feasibility of the system in human serum and sheep red blood cells suggests that 

the application of SDA to an optimized GQ-GO phosphorescence system offers 

tremendous potential for practical applications. 

 

Figure 4.21 Linear plots for the luminescence enhancement of 2a in the SDA-assisted 

GQ-GO system containing 1% of human serum against various concentrations of 

HBV gene (2, 10, 50 and 100 nM). 
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Figure 4.22 Linear plots for the luminescence enhancement of 2a in the SDA-assisted 

GQ-GO system containing 1% of sheep RBC against various concentrations of HBV 

gene (20, 50 and 100 nM). 

 

  Furthermore, the system was highly selective for the wild-type HBV gene over 

other interfering anions, cations, proteins and a series of mutant HBV genes (Figure 

4.23a). Encouragingly, the result shows that the SDA-assisted GQ-GO system could 

effectively distinguish the wild-type HBV gene from the mutant HBV gene differing 

by only one nucleotide base (Figure 4.23b). The luminescence difference in the 

presence of the wild-type HBV gene or the HBV gene with 1-3 bases of mutation 

could be readily observed by the naked eye upon illumination under UV lamp. After 

modulating the contrast ratio using a mobile phone, the luminescence difference 

become more prominent (Figure 4.23c).  
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Figure 4.23 Relative luminescence enhancement of the SDA-assisted GQ-GO system 

in 300 nM of HBV gene over (a) 5-fold higher concentrations of other interfering 

anions, cations and protein or (b) the same concentration of the 1, 2 and 

3-base(s)-mutated HBV gene. (c) Photograph showing the luminescence difference of 

the system with or without 300 nM of the wild type HBV gene or with 1/2 

/3-base(s)-mutated HBV gene under a UV lamp. 

 

4.4 Conclusion 

Hepatitis B, a highly prevalent and infectious disease caused by HBV virus, has been 

a major global health issue over the past decades and new methods for the early 

detection of HBV infection are urgently needed. In this work, we developed a 
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SDA-assisted optimal GQ-GO system for the accurate quantification of the HBV gene. 

We systematically optimized the auxiliary ligands for a series of iridium(III) 

complexes to identify 2a as the most effective red-emitting phosphorescence restoring 

probe in the GQ-GO system. CD and phosphorescence spectroscopy were used to 

investigate the effect of changing the number of nucleic acid bases at the critical 

positions of the split GQ hybridization system. Important rules on the proximity and 

flexibility of a stable split GQ system, expressed in terms of area, were developed as a 

guidance for designing split GQs. After optimization, this approach could achieve a 

LOD as low as ~20 pM for HBV gene in aqueous buffer and was selective for the 

wild-type HBV gene over the interfering anions, cations, proteins and the 3-base HBV 

gene mutants. We also demonstrated the ability of this system to quantify HBV gene 

in the presence of human serum and sheep RBCs. Encouragingly, the SDA-assisted 

GQ-GO system could result in a 211% higher phosphorescence restoration of 2a over 

the GQ-GO system. We anticipate that further optimization of the SDA-assisted 

GQ-GO system could open up new avenues for the development of new diagnostic 

tools for the early stage of hepatitis B. 
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Chapter 5  

Nanostructure-based nucleic acid dissociation and its quadruple-cycle 

phosphorescence amplification using a systematically modified luminophore 

 

5.1 Introduction  

Oligonucleotide-based biosensing systems have received wide attention by virtue of 

their unique replication property and the compatibility of rational amplification 

techniques.[89] Aptamer, a single-stranded nucleic acid obtained through systematic 

evolution of ligands by exponential enrichment (SELEX),[12a, 90] can undergo 

conformational changes from single-stranded to various tertiary structures upon 

specific binding to its target molecule, including ions, nucleic acids, small organic 

molecules and large proteins.[91] In the commonly-employed double-stranded 

aptamer-based sensing (“aptasensing”) design, oligonucleotides that are 

complementary to the initially hybridized aptamer strands would become dissociated 

upon ligand binding and be subsequently converted into a measurable readout.[11a, 92] 

While such strategies are relatively simple, recent studies have shown that the 

incorporation of nucleic acid amplification techniques could substantially improve the 

overall sensitivity.[93] Polymerase chain reaction (PCR) is a powerful technique that is 
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widely used for nucleic acid amplification, but this technique is generally of limited 

use in sensing applications due to its reliance on complicated thermal cycling steps 

and expensive instrumentation, as well as limitations on the range of biomolecular 

targets that can be used.[94] Strand-displacement amplification (SDA) and 

rolling-circle amplification (RCA) are alternative amplification techniques that have 

been used for genetic tests,[87, 95] after the classic exploration of 

nicking-polymerization reaction by Galas’s group.[96] Kankia and co-workers also 

devoted much effort on the quadruplex priming amplification approach, which allows 

self-dissociation of G-quadruplex after primer extension.[97] These techniques are 

simple, easily-controlled, cost-effective and do not require any complicated 

instrumentation. Besides isothermal amplification techniques, enzyme-assisted 

amplification is also a powerful strategy for amplifying the readout of 

oligonucleotide-based assays. For example, Plaxco and coworkers developed an 

exonuclease III-aided ultrasensitive amplified fluorescence approach for DNA 

detection,[98] while Yang and coworkers designed a RCA-coupled T7 

exonuclease-assisted amplification system for the detection of miRNA.[99] 

In recent years, DNA-based nanomaterials have presented exciting opportunities 

for biosensing strategies owing to their excellent biocompatibility, versatility and 

stability. The tetrahedron nanostructure (TNS) is a three-dimensional, interlocked 
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DNA nanostructure that can be formed by a one-step annealing process. TNS 

possesses multiple molecular modification sites that can enable the introduction of 

functional molecules at the vertexes, edge overhangs, or in the cage-like structure of 

TNS. Based on these properties, TNS-based biosensing platforms have been 

developed for the detection of microRNA, enzyme, antigen, drug molecule and cancer 

cells.[100] These approaches mostly rely on the modification of TNS, such as the 

incorporation of nucleic acids, aptamers, peptides, and various low-molecular-weight 

drugs to TNS, thereby yielding a selective, biocompatible and highly stable 

system.[101]  For example, labelling TNS vertices with fluorescent dyes have 

generated “switch-on” or “always-on” imaging systems,[100a] aptamer/peptide 

overhang on TNS edges allows selective target delivery in cellulo,[101a] while 

thiol-labelled TNS allows efficient immobilization of DNA systems for 

electro-sensing applications.[102] 

To date, most TNS-based aptasensors have been employed in the field of 

electrochemistry, while its application as in vitro luminescence sensors are less 

explored, in spite of its great potenital in luminescence sensing. For instance, Chen’s 

group has developed a fluorescence dye-labelled TNS system for ultrasensitive 

detection of viral DNA.[100c] Ju and co-workers developed another fluorescence 

dyes-labeled TNS, in combination with sequences sensitive to methyltransferase, as a 
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“switch-on” luminescence probe for the monitoring of DNA methyltransferase 

activity [103]. When compared with a comparable probe using more flexible 

double-stranded DNA (dsDNA), their results showed that the stable and more rigid 

TNS system exhibited better performance for Dam MTase detection, which attributed 

to the better dispersion and well-defined spacing system provided by TNS. 

Mucins, a family of heavily glycosylated proteins, are produced by the epithelial 

tissues of most animals. Among the membrane mucins, mucin 1 (MUC1) has been 

extensively studied in relation to its pathological implication in various disease 

processes, including cancers.[104] MUC1 is a large cell-surface mucin glycoprotein 

with extensive O-linked glycosylation in its extracellular domain, which consists of a 

region with nearly identical amino acid-repeats.[76] The glycolyzed domain has been 

shown to concentrate growth factors nearby the receptors of cancer cells and increase 

their growth rate. MUC1 also inhibits anti-tumor immune responses by preventing the 

interaction between immune cells and cancer cell receptors through steric 

hindrance.[105] Overexpression of MUC1 has been implicated in a number of cancers, 

including colorectal, breast, lung, gastric, prostate, pancreatic and ovarian 

carcinomas.[106] Therefore, the development of sensing platform for accurate 

determination of MUC1 holds tremendous significance for cancer diagnosis.[107] 

Over the past years, transition metal complexes has been widely developed as 
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selective probes for various biomolecules, including DNA, protein, peptides and 

amino acids.[11b, 108] Transition metal complexes possess a number of salient 

advantages that make them excellent candidates for luminescence sensing 

applications. First, their photophysical properties and interaction with biomolecules 

can be fine-tuned by the variation of co-ligands. Second, the triplet excited state of 

transition metal complexes confers them with a large Stokes shift and long-lived 

phosphorescence. This allows facile differentiation of phosphorescence signals from 

highly auto-fluorescent background using time-resolved spectroscopy (TRES) 

technique, and could also avoid self-quenching that is typically an issue for organic 

fluorophores [1]. To date, transition metal complexes have been widely explored as 

selective probes for specific DNA conformations. For example, 

dipyrido[3,2-a:2’,3’-c]phenazine-conjugated transition metal complexes have been 

widely utilized as selective probes for dsDNA,[109] while other octahedral transition 

metal complexes such as iridium(III) complexes have been found to be selective for 

G-quadruplex DNA.[72] Our group has previously reported a series of iridium(III) 

complexes as selective probes for G-quadruplexes and established preliminary 

structure-activity relationships using a random library of iridium(III) complexes.[32, 

110] 

In this work, we have developed the first quadruple-cycle phosphorescence 



Chapter 5 

128 
 

amplification (QPA) method based on the combination of strand displacement 

amplification (SDA) and exonuclease III-assisted amplification (EXO). An aptamer 

was incorporated into a highly stable, biocompatible and well-dispersed TNS system 

to form an aptamer-TNS (Apt-TNS) system. Furthermore, in contrast to the previous 

studies using random screening libraries, a systematic three-round structural 

optimization campaign (Sys3R) was first developed to iteratively improve the 

G-quadruplex-selectivity of a large iridium(III) complex library, based on the 

optimization of alkylation, conjugation, electronic and steric properties of their 

auxiliary ligands. We then employed the Sys3R-assisted Apt-TNS-based QPA sensing 

platform for the tumor biomarker MUC1 as a “proof-of-principle” demonstration of 

the power of this approach (Scheme 5.1a). 

 

5.2 Experimental 

5.2.1 Materials and reagents 

The oligonucleotides used in this work (Table 5.2) were synthesized and purified by 

IGE technology (Guangzhou, China). Nicking endonuclease Nb.BbvCI, Klenow 

fragment polymerase, exonuclease III, deoxyribonucleoside 5′-triphosphate mixture 

(dNTPs) were purchased from New England Biolabs (Beijing, China). MUC1 was 

synthesized by China Peptide (Beijing, China). All aqueous solutions were prepared 
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with Milli-Q water (18.2 MΩ cm−1). Other reagents, unless specified, were purchased 

from Sigma Aldrich (St. Louis, MO). 

 

5.2.2 Synthesis of iridium(III) complexes 

Complexes 1-12, 1a-1e, 2a-2b were prepared according to the literature methods. 

Complex 1: Reported[11b] 

Complex 2: Reported[111]  

Complex 3: Reported[80] 

Complex 4: Reported[112] 

Complex 5: Reported[113] 

Complex 6: Reported[83] 

Complex 7: Reported[86] 

Complex 8: Reported[80] 

Complex 9: Reported[84] 

Complex 10: Reported[80] 

Complex 11: Reported[114] 

Complex 12: Reported[115] 

Complex 1a: Reported[116] 

Complex 1b: Reported[83] 
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Complex 1c: Reported[11a] 

Complex 1d: Reported[11a] 

Complex 1e: Reported[83] 

 

Complex 2a: (Yield: 71%) 1H NMR (400 MHz, DMSO-d6) δ 8.47 (s, 2H), 8.35 – 8.28 

(m, 2H), 8.10 (d, J = 5.2 Hz, 2H), 7.96 (d, J = 8.4 Hz, 2H), 7.95 – 7.88 (m, 4H), 7.47 

(d, J = 5.9 Hz, 2H), 7.30 (dd, J = 8.3, 2.0 Hz, 2H), 7.05 (t, J = 7.4 Hz, 2H), 6.26 (d, J 

= 2.0 Hz, 2H), 2.94 (s, 6H). 13C NMR (101 MHz, DMSO) δ 165.58, 152.69, 150.26, 

149.18, 149.13, 145.67, 143.39, 139.18, 133.14, 130.56, 127.70, 127.13, 125.43, 

124.84, 124.50, 124.34, 120.58, 18.73. MALDI-TOF-HRMS: Calcd. for 

C36H26Br2IrN4 [M–PF6]
+: 867.0133 Found: 867.0180. Anal.: (C36H26Br2IrN4PF6 + 

0.5H2O) C, H, N: calcd. 42.37, 2.67, 5.49; found 42.24, 2.60, 5.47.  

Complex 2b: Yield: 54%. 1H NMR (400 MHz, Acetone-d6) δ 8.61 (d, J = 5.3 Hz, 2H), 

8.39 – 8.33 (m, 2H), 8.31 (s, 2H), 8.07 (d, J = 5.3 Hz, 2H), 8.03 – 7.94 (m, 4H), 7.85 

(dt, J = 5.7, 1.2 Hz, 2H), 7.73 – 7.62 (m, 10H), 7.32 (dd, J = 8.4, 2.0 Hz, 2H), 7.11 

(ddd, J = 7.3, 5.8, 1.4 Hz, 2H), 6.53 (d, J = 2.0 Hz, 2H). 13C NMR (100 MHz, 

Acetone-d6) δ 206.16, 167.43, 153.40, 152.10, 151.96, 150.61, 148.35, 144.50, 140.06, 

136.60, 134.75, 130.74, 130.68, 130.45, 130.01, 128.25, 127.70, 127.21, 126.73, 

125.78, 125.13, 121.43, 30.42, 30.23, 30.04, 29.85, 29.65, 29.46, 29. HRMS 
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[C46H30IrN4Br2]
+ calculated: 996.0449, found: 996.0440. Anal. (C46H30Br2IrN4PF6) C, 

H, N: calculated: 48.65, 2.66, 4.93; found: 49.20, 3.05, 5.00. 

 

5.2.3 Quadruple cycles of signal amplification 

1.25 μM templates (T1 and T2) and variable amounts of primer (TNS5) were reacted 

with 0.4 mM dNTPs, Nb.BbvCI (0.3 U/μL) and Klenow fragment polymerase (0.16 

U/μL) in NEBuffer 2 (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 

pH 7.9). The mixture was incubated at 37 °C for around 120 min. 25 mM KCl was 

added to the mixture before heat termination. After that, the reaction was heated at 75 

°C for 15 min. Next, hairpin DNA (H1) was annealed at 37 °C for at least 1 h to 

ensure the complete formation of hairpin structure. 1 μM of H1 and exonuclease III 

(80 units) were added to the mixture and incubated at 37 °C for 90 min. The mixture 

was added to a 20 mM Tris-HCl buffer (50 mM KCl) solution. Complex 2a (1 μM) 

was then added to the reaction mixture. Emission spectra were measured between 450 

nm and 650 nm with excitation at 320 nm. For SDA, the luminescence enhancement 

was measured in 50 μL using a 100 μL microcuvette. For EXO and QPA, the final 

concentration of the ssDNA reported in the main text was calculated in a total volume 

of 500 μL. The mechanism and DNA design in QPA was based on the modified 

protocol of the reported literatures.[87, 95] 



Chapter 5 

132 
 

For the detection of MUC1, the indicated concentrations of MUC1 were added to 

300 nM of Apt-TNS and incubated for 15 min. After that, QPA were carried out as 

stated in “method” section of the main text. The final concentration of MUC1 

specified in the main text was calculated in a total volume of 500 μL. The optical path 

length of the quartz fluorescence cell was 1.0 cm. 

 

5.2.4 Preparation and characterization of Apt-TNS 

Apt-TNS was prepared with DNA strands TNS1, TNS2, TNS3, TNS4 and TNS5 

(Supporting Information, Table 5.2) according to a reported protocol. Briefly, five 

strands of equimolar quantities were mixed and dissolved in TM buffer (20 mM Tris, 

50 mM MgCl2, pH 8.0) to a final concentration of 6 μM. The resulting mixture was 

heated at 95 °C for 10 min and rapidly cooled to 4 °C for 20 min. The assembled TNS 

could be stored at 4 °C for 1 week. Atomic force microscopy (AFM) was used to 

verify the synthesis and morphology of Apt-TNS according to the reported 

method.[100a, 100b] In brief, Apt-TNS (20 nM) was diluted in TM buffer (prepared using 

double distilled water) at a final volume of 200 μL. An aliquot of the diluted Apt-TNS 

solution (10 μL) was added on the freshly cleaved mica. The solution was allowed to 

dry slowly in room temperature for 30 min. A Bruker MultiMode 8 Atomic Force 

Microscope (tapping mode) was used for the AFM measurement. 
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Table 5.1: Photophysical properties of complex 2a (10 μM) 

Complex Quantum 

yield 

λexc / 

nm 

λemi / 

nm 

Lifetime 

/ns 

UV-vis absorption λabs / 

nm (ε / dm3mol–1cm–1) 

2a 0.13 320 520 507 270 (4.808 × 105),  

370 (1.674 × 105) 

 

Table 5.2 Oligonucleotide sequences in this work 

 Sequence (5’→ 3’) 

TNS1 CCACGCAGTTGATCCTTTGGATACCCTGGTTTACGCTTCGATATTG

CTTGCTACAGTAGATGGTCAGTCTCGGATCCAACATGCGTGG 

TNS2 CCACGCAGTTGATCCTTTGGATACCCTGGTTCAAGCAATAAGGAG

TGTGAAGCGCATAGAAGTAGCTAGTTATCTGAGACTACTGTAG 

TNS3 CCACGCAGTTGATCCTTTGGATACCCTGGTTTCACACTCCACGAA

GCGTACCACGCATGAGATACATGACAAGTCAGAACTATGCGCT 

TNS4 CTCAGATAACTAGCTACTATCAGACTTGTCATGTATCATGGATCCG

AGACTGACCA 

TNS5 TCAACTGCGT 

E1 TCAACTGCGTGGGTAGAAAA 

H1 CGTGGGTAGGGCGGGTTGGGTCTACCCACGCAGTTGA 
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H2 GTGGGTAGGGCGGGTTGGGTCTACCCACGCAGTTGA 

H3 GCGTGGGTAGGGCGGGTTGGGTCTACCCACGCAGTTGA 

H4 GTGGGTAGGGCGGGTTGGGTCTACCCACGAATCAGTTGA 

T1 AACCCAACCCGCCCTACCCAACCTCAGCACGCAGTTGACCTCAG

CACGCAGTTGA 

T2 AACCCAACCCGCCCTACCCAACCTCAGCTTCTACCCACGCAGTTG

ACCTCAGCACGCAGTTGA 

A1 CCACGCAGTTGATCCTTTGGATACCCTGGTT 

ds17.1 CCAGTTCGTAGTAACCC 

ds17.2 GGGTTACTACGAACTGG 

PS2.M GTGGGTAGGGCGGGTTGG 

ds26 CAATCGGATCGAATTCGATCCGATTG 

TBA GGTTGGTGTGGTTGG 

Pu22 TGAGGGTGGGGAGGGTGGGGAA 

ckit87-up AGGGAGGGCGCTGGGCCCCCCGGG 

22AG AGGGTTAGGGTTAGGGTTAGGG 

c-kit1 GGGAGGGCGCTGGGAGGAGGG 

c-kit2 GGGCGGGCGCGAGGGAGGGG 
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Plas24 GGGTTCAGGGTTCAGGGTTCAGGG 

Triplex-T TTTTTTTTTTTTTTTTTTTT 

Triplex-A AAAAAAAAAAAAAAAAAAAA 
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5.3 Results and discussion 

 

Figure 5.1 Identification of selective G-quadruplex probe(s) using the Sys3R 

technique (a) Structures for complexes 1−12, 1a−1e, 2a−2b with different alkylation, 

conjugation, steric and electronic properties. (b) Diagrammatic bar array 

representation of the luminescence enhancement ratio of the complexes 1−12, 1a−1e, 

2a−2b with PS2.M G-quadruplex over ssDNA or dsDNA 
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5.3.1 Systematic three-round structural optimization campaign 

As an efficient Sys3R, we first synthesized an initial library of 12 iridium(III) 

complexes (1−12, Figure 5.1a) bearing the simple 2-phenylpyridine as their C^N 

ligands, which has been observed to confer satisfactory G-quadruplex-induced 

luminescence enhancement in our previous studies. Without any substituents on the 

C^N ligand, the effect of varying the structure of the N^N ligand on luminescent 

changes induced by G-quadruplex could then be clearly investigated. A series of N^N 

ligands with different substituents were chosen to study the effect of alkylation, 

conjugation, electronic-withdrawing and electron-donating properties on the 

G-quadruplex-induced luminescence enhancement. The luminescent response of 

complexes 1−12 toward various DNA conformations, including G-quadruplex, 

single-stranded DNA (ssDNA) and dsDNA was investigated (Figure 5.1b). Among 

these complexes, complex 1 which contains the N^N donor 2,2’-biquinoline (biq) 

displayed the highest luminescent enhancement for G-quadruplex DNA. Moreover, it 

showed ca. 4.8 and 3.9-fold higher luminescence enhancement ratios (I/I0) for 

G-quadruplex DNA over ssDNA and dsDNA, respectively. Based on these results, a 

brief structure activity relationship could be established. The phenanthroline 

(phen)-based N^N ligands of complexes 2−3 contain two more methyl groups than 

the phen N^N ligand of complex 10. Complexes 2−3 showed comparable or slightly 
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improved luminescence enhancement when compared with 10, indicating that 

methylation may be an important determinant for binding with G-quadruplex. 

However, extensive methylation (7) or excessively bulky alkylation (9) did not 

improve the luminescence enhancement. Meanwhile, comparing complex 10 with 

complex 5 suggested that the phen N^N ligand is superior to 

5,5'-dimethyl-2,2'-bipyridine (dmbpy) on G-quadruplex induced luminescence. 

Furthermore, while the presence of oxygen (4) groups detracted from the protection of 

G-quadruplex, the presence of chlorine (6) led to slightly improved luminescence 

enhancement versus the parent complex 10. Extensively conjugated N^N ligands such 

as 2,2'-biquinoline (biq) (1) and 4,7-diphenyl-1,10-phenanthroline (4,7-dpphen) (12) 

conferred superior luminescence enhancement. Importantly, the position of the phenyl 

rings in the N^N ligand was critical for G-quadruplex induced luminescence, with the 

outward-facing phenyl rings in 12 being more optimal than the inward-facing phenyl 

groups of 8. However, adding methyl groups to the conjugated N^N system of 12, 

giving complex 11, detracted from the protection of G-quadruplex. Taken together, 

these results suggested that the alkylation status, steric and electronic effects of the 

substituents are all important determinants of G-quadruplex binding activity.  

After identifying that biq was the best N^N ligand, we next assessed a series of 

iridium(III) complexes (1a−1e, Figure 5.1a) with biq as the primary N^N ligand, but 
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different C^N ligands. The results showed that methylation in the C^N ligands (1e) 

was not beneficial for the luminescence enhancement induced by G-quadruplex. 

Extensively conjugated systems in the C^N ligands (1b and 1d) also failed to improve 

the luminescence enhancement. The addition of fluorine group to the C^N ligand (1c) 

led to inferior enhancement of luminescence intensity. The most optimal substituent 

was a bromine group (1a), which substantially improved the G-quadruplex selectivity 

of the iridium(III) complex. Complex 1a showed a ca. 7.0 and 6.4-fold of 

luminescence enhancement for G-quadruplex DNA over dsDNA and ssDNA, 

respectively. Although we separately identified the best C^N and N^N ligands for 

selected parents compounds, the combined effects of different C^N and N^N ligands 

could possibly vary the binding affinity of the complexes toward G-quadruplex. 

Therefore, we further aimed to optimize the binding properties of the lead complex 1a 

by incorporating the top N^N ligands (4,7-dmphen and 4,7-dpphen) obtained in the 

first round of screening. Encouragingly, complex 2a bearing 4,7-dmphen as the N^N 

ligand shows a further improved luminescence enhancement in G-quadruplex, with ca. 

9.0 and 7.6-fold luminescence enhancement selectivity ratios for G-quadruplex DNA 

over dsDNA and ssDNA, respectively. Furthermore, the weak G-quadruplex binding 

of complex 2b, which incorporated with the second best N^N ligand in the first-round 

screening, gave a luminescence enhancement of only 1.4-fold, suggesting that the 
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combined effects of N^N and C^N ligands may operate synergistically rather than 

additively. 
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Scheme 5.1 (a) Comprehensive illustration of the design and functionalities of the 

Sys3R-assisted Apt-TNS-based QPA system. (b) Working mechanism of the 

Apt-TNS-based QPA system using the target epithelial tumor marker MUC1. The 

inner table shows the sequences and functions of different regions on the template 

DNAs. 

 

Overall, our newly developed Sys3R technique furnished a candidate iridium(III) 

complex 2a with the most optimal combination of N^N and C^N ligands for 

G-quadruplex binding affinity and selectivity. In contrast to those reported iridium(III) 

complexes that identified through random screening technique, Sys3R technique 
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could generate candidate complex with at least 2 times higher G-quadruplex 

selectivity ratio. Furthermore, when compared to the traditional G-quadruplex 

selective organic fluorophores, 2a offers advantages include large Stokes shift and 

long phosphorescence lifetime. 

 

Figure 5.2 Purity check of 2a using high performance liquid chromatography 

(HPLC). 
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Figure 5.3 Emission spectrum of complex 2a in 20 mM Tris-HCl buffer (pH = 7.4). 

 

Figure 5.4 Absorption spectrum for complex 2a (10 μM) in 20 mM Tris-HCl buffer 

(pH = 7.4). 
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5.3.2 Investigation of the selected G-quadruplex probe 2a 

We next studied the photophysical properties of complex 2a (Table 5.1), which was 

synthesized in high purity (>95%) as demonstrated by high-performance liquid 

chromatography (HPLC) (Figure 5.2). The photophysical properties of 2a was 

investigated in a 20 mM Tris-HCl buffer (pH = 7.4). When excited at 320 nm, 

complex 2a gave a strong emission at 520 nm (Figure 5.3). The large Stokes shift 

(200 nm) of 2a is around three times larger than that exhibited by the commonly used 

G-quadruplex organic dye, thioflavin T (THT),[117] which could allow 2a to 

effectively avoid self-quenching. In the absorption spectrum (Figure 5.4), 2a 

exhibited a maximum and moderate absorption bands at 270 nm and 353 nm, which 

could be assigned to the electron transition in ligand-center (π–π*) and 

metal-to-ligand charge transfer (MLCT) states, respectively. Notably, 2a shows a 13% 

quantum yield in acetonitrile, which demonstrated its promise as an ideal 

luminescence sensing probe. Importantly, 2a displays remarkable stability in a 

[d6]DMSO/D2O (v:v = 9:1) solution or an acetonitrile/20 mM Tris-HCl (pH = 7.4) 

(v:v = 8:2) solution at 298 K for at least 7 days, as verified by 1H NMR spectroscopy 

(Figure 5.5) and UV/Vis spectroscopy (Figure 5.6), respectively. We also investigated 

the cytotoxicity of 2a on human normal cells using MTT assay (Figure 5.7). 2a shows 

an IC50 value of 18.4 μM and >100 μM on normal liver cells (LO2) and normal 
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kidney cells (HEK293), respectively, indicating the low cytotoxicity of 2a.  

 

Figure 5.5 1H NMR spectra of complex 2a at 5 mM in [d6]DMSO/D2O (v:v = 9:1) at 

298 K over 7 days. 

 

Figure 5.6 UV-Vis absorption of complex 2a (5 μM) acetonitrile/20 mM Tris-HCl 

buffer (pH=7.4) (v:v = 4:1) at 298 K over 7 days. 
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Figure 5.7 Cytotoxicity profile of 2a against the growth of the LO2 cells and 

HEK293 normal cells at different concentrations (0.1−100 μM) after incubated for 12 

h. 

 

Meanwhile, 2a shows a monoexponentially decayed lifetime of 507.17 ns, which 

is over 50 times longer than organic fluorophores, such as THT and coumarin 460 

(Cm-460) that typically exhibit lifetimes ranging from 5 to 10 ns (Figure 5.8). The 

result highlights the great potential of 2a as a selective G-quadruplex 

phosphorescence probe with the ability to avoid interference from short-lived 

autofluorescence backgrounds by using TRES. To validate this hypothesis, THT and 

Cm-460, which possess similar emission wavelengths as 2a, were employed as the 

luminescent matrix interferents. As shown in Figure 5.9a, Cm-460 exhibited a strong 

emission peak at 480 nm, which partially overlapped with the weaker emission peak 

of 2a at 520 nm when the time gate was set to 0 ns after the excitation pulse. In 
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contrast, when the spectra were recorded with a 20 ns delay after the excitation pulse, 

the short-lived fluorescence of Cm-460 was eliminated, and the characteristic 

emission of complex 2a with a weaker emission peak at 480 nm and the emission 

peak at 520 nm became evident (Figure 5.9b).  

 

Figure 5.8 Lifetime measurement of 2a. Inlet: Y-axis log scale shows that the decay is 

nearly monoexponetial. 

 

To further verify this hypothesis, we measured the emission responses in a 

mixture contains both 2a and Cm-460 for comparison (Figure 5.9c). Encouragingly, 

the emission of the mixture exhibited the same as the spectrum in Figure 5.9a, while 

the emission of 2a alone exhibited the same as that in Figure 5.9b. Meanwhile, we 

also investigated if TRES technique could be used to discriminate the luminescence of 
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2a from THT at a high concentration of G-quadruplex DNA. When luminescence 

spectra were recorded immediately after excitation pulse, the emission of THT at 490 

nm completely overlapped with the emission of 2a, turning the doublet emission peak 

of 2a into a singlet peak (Figure 5.9d). However, the short-lived fluorescence of THT 

was effectively eliminated if the emission spectrum was measured 20 ns after the 

excitation (Figure 5.9e) and the result was again verified in Figure 5.9f. 

 

 

Figure 5.9 Long-lived phosphorescence property of complex 2a. Time-resolved 

fluorescence spectra of complex 2a in the presence of Cm-460 at (a) delay = 0 ns and 
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(b) delay = 20 ns or with THT in the presence of of G-quadruplex (5 μM) at (d) delay 

= 0 ns and (e) delay = 20 ns. (c, f) Emission responses of 2a, organic dyes, or a 

mixture of 2a and organic dyes for comparison.  

 

The luminescence enhancement of 2a toward different DNA conformations, including 

ssDNA, dsDNA, triplex DNA and G-quadruplex DNA, were investigated 

Encouragingly, 2a generally showed luminescence enhancement in the presence of 

most types of G-quadruplexes, such as PS2.M, ckit-1, ckit-2, ckit87up, HTS and Pu22 

(Figure 5.10a and 5.10b). Complex 2a showed the highest response to PS2.M over the 

other types of G-quadruplexes, with a ca. 9.1-fold luminescence enhancement in the 

presence of 5 μM of PS2.M. Therefore, the PS2.M G-quadruplex was selected to 

construct the sensing platform in our subsequent studies. Surprisingly, while most of 

the iridium(III) complexes with extensive conjugation systems show promising 

luminescence enhancement in c-kit89up,[11a] 2a only exhibited ca. 3.1-fold of 

luminescence enhancement at 5 μM of ckit87up. Furthermore, complex 2a did not 

show enhancement in the presence of dsDNA, ssDNA and triplex DNA, with I/I0 

under <1.5-fold at 5 μM of DNA. It should also be noted that 2a shows no 

luminescence enhancement in the presence of ds26, a hairpin DNA, which renders it a 

suitable candidate for our EXO amplification approach since it would not respond to 
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the locked G-rich hairpin substrate. The inferior binding of 2a to dsDNA and triplex 

DNA is owning its octahedral structure, which prevents it from intercalating into 

dsDNA and triplex DNA, but readily binds to the loops of G-quadruplex DNAs. This 

loop binding shield the metal center of the iridium(III) complex, suppressing the 

nonradiative decay of the excited state in an aqueous environment and leading to 

enhanced 3MLCT emission. 

 

 

Figure 5.10 G-quadruplex selectivity of complex 2a. (a) Emission response and (b) 

fold-change (I/I0) of complex 2a (1 μM) in dsDNA, ssDNA, triplex DNA, or various 

G-quadruplexes (5 μM) in 50 mM of K+ ion. Melting profile of (c) 0.2 μM of F10T 

dsDNA and (d) 0.2 μM of F21T G-quadruplex DNA in complex 2a (0 to 10 μM). 
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Figure 5.11 G4-FID mapping of complex 2a. 

 

To further evaluate the G-quadruplex binding ability of 2a, G-quadruplex fluorescent 

intercalator displacement (G4-FID) assay and fluorescence resonance energy transfer 

(FRET) melting assay were performed. The G4-FID result showed that 4 μM of 2a 

could displace over 50% of thiazole orange (TO) from G-quadruplex moiety (Figure 

5.11). In addition, 5 μM of 2a could increase the melting temperature (ΔTm) of F21T 

G-quadruplex by about 10 °C (Figure 5.10d), while the same concentration of 2a only 

increased the ΔTm of F10T dsDNA by 1.5 °C (Figure 5.10c). This indicates that the 

stabilizing effect of 2a was ca. 6-fold stronger on G-quadruplex DNA over dsDNA.  
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5.3.3 Principle of the quadruple-cycle phosphorescence amplification. 

To imitate the single-stranded DNA dissociation from a well-spacing Apt-TNS 

nanoplatform, the QPA system was first prepared by introducing the primer DNA 

(TNS5), template DNAs (T1 and T2), dNTP, DNA polymerase and nicking enzyme 

Nb.BbvCI into the system (Scheme 5.1b). T1 and T2 were designed with four regions, 

including region I that allows the hybridization of primer DNA (TNS5), region II that 

provides a nicking site for Nb.BbvCI and region III that contains C-rich sequence. For 

region IV, T1 and T2 contain sequences complementary to TNS5 itself or to DNA 

specific for EXO (E1), respectively. The addition of TNS5 initiates the nicking 

polymerization displacement cycles, leading to unlimited extension and nicking of 

DNA at the recognition site of Nb.BbvCI. As a result, TNS5 strands (cycle 1), G-rich 

strands (cycle 2) and E1 strands (cycle 3) were generated through unlimited SDA 

cycles. The enrichment of TNS5 could further hybridize with other T1 and T2 DNAs 

and trigger more cycles of SDA reactions.  

Meanwhile, E1 contains sequence that complementary to the sequence of the 

G-rich hairpin dsDNA (H1). The E1-H1 hybridization could open up the caged H1 

and form a recessed 3’ terminal at H1, which subsequently trigger EXO (cycle 4). 

Exonuclease III could catalyze the stepwise removal of oligonucleotide from the 

recessed 3’ terminal of H1, releasing G-rich DNA and regenerating E1 for opening up 
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other H1 DNA. In the presence of 50 mM KCl, the G-rich DNAs generated in SDA 

and EXO cycles would be stabilized in the form of G-quadruplex structure, which 

could be recognized by the G-quadruplex probe 2a, leading to luminescence 

enhancement.  

 

Figure 5.12 Optimization of the SDA system. Fold enhancement of the system (a) 

after incubated for 90, 120 and 150 min, (b) with 2.5, 3.5 and 4.5 μM of template 

DNA (T1 + T2). 

 

5.3.4 Verification and optimization of the amplification system 

The incubation time is critical to discriminate various concentrations of primer DNA. 

Insufficient incubation time would lead to an incomplete SDA cycle, while prolonged 

incubation would lead to non-specific SDA on systems without primer DNA. As 

shown in Figure 5.12a, the highest luminescence enhancement was obtained when the 

SDA system was incubated for 150 min. We next optimized the concentration of 



Chapter 5 

154 
 

template DNA on the system. The result shows that 2.5 μM (1.25 μM of T1 and 1.25 

μM of T2) of template DNAs could result in the highest luminescence enhancement 

(Figure 5.12b).  

Furthermore, the conditions for EXO, including the number of locked bases on 

the hairpin DNA, concentrations of the hairpin DNA, exonuclease III, K+ ion and 

iridium(III) complex, were also optimized. The results indicated that the hairpin 

structure having nine locked bases (H1) displayed a higher luminescence 

enhancement compared to the hairpin having eight (H2) or ten (H3) locked bases 

when E1 was used as the target DNA (Figure 5.13). Encouragingly, mutant hairpin H4 

did not elicit any luminescence enhancement, indicating that the dissociation of H1 

was due to the strand E1 that complementary to the locked hairpin structure. As 

shown in Figure 5.13, 1 μM of H1, 80 units of exonuclease III, 50 mM of K+ ions and 

1 μM of 2a resulted in the most promising luminescence enhancement. As TNS5 that 

possesses a similar sequence to E1 is present in the QPA system, we also investigated 

the ability of TNS5 to open up the G-rich H1.  
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Figure 5.13 Optimization of the EXO system. Luminescence enhancement of the 

system with (a) different numbers of locked bases, (b) various concentrations of the 

hairpin DNA (0.5, 1, 1.5, 2 and 3 μM), (c) various concentrations of exonuclease III 

(0, 40, 60, 80 and 100 units), (d) concentration of 2a (0.5, 1, 1.5 and 2 μM), and (e) 

concentrations of K+ ion (25, 50, 75 and 100 mM). 

 

The result shows that TNS5 could not elicit any luminescence enhancement, 

suggesting that TNS5 did not trigger EXO to generate G-quadruplex (Figure 5.14). 

We also verified the transition of DNA conformation induced by TNS5 and E1 using 

circular dichroism (CD) spectroscopy (Figure 5.15). In the presence of E1, the CD 

spectrum exhibits a positive and negative bands at 260 nm and 235 nm, respectively, 

while the presence of TNS5 did not elicit any spectral change. This phenomenon can 

be explained by the stepwise removal of nucleotide base from the 3’ terminal of TNS5 
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by exonuclease III due to the recessed 3’ terminal at TNS5 upon hybridization. In 

contrast, E1 was designed with a 3’ overhang upon hybridizing with H1, avoiding 

removal by exonuclease III enzyme, which allows the amplified generation of 

G-quadruplex DNA. 

 

 

Figure 5.14 Fold enhancement of the EXO system in E1 (300 nM), TNS5 (300 nM) 

or MUC1 (30 μM). 

 

 

Figure 5.15 CD spectra of EXO with or without (a) E1 (300 nM) or (b) TNS5 (300 

nM). 
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Figure 5.16 (a) Luminescence spectrum of 2a in E1 (1 μM) after incubated for 0, 5, 

10, 15 and 30 min. (b) The relationship between the luminescence difference (I/I0) 

against different incubation time. 

 

 

Figure 5.17 Luminescence enhancement of SDA, EXO and QPA systems. 

 

 



Chapter 5 

158 
 

 

Figure 5.18 Relationship between the luminescence enhancement of the system and 

the concentration of the target DNA (TNS5). Inlet: linear plot of the quadruple 

amplification system in the range of 50 pM to 1 nM. 

 

The result also indicates that the luminescence enhancement of the system was 

attributed to the specific binding between 2a and the G-quadruplex motif, which is 

generated by the E1-H1 hybridization and the subsequent EXO. To confirm that H1 

was stable in hairpin structure in the optimized conditions, H1 was incubated in 50 

mM of K+ ion over 30 min and the luminescence signal was recorded. The result 

shows that H1 did not dissociate and form the G-quadruplex structure even when 

incubated at the optimized K+ ion concentration for 30 min, as indicated by the steady 
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luminescence response of the G-quadruplex probe 2a (Figure 5.16). 

After optimization, we investigated the overall luminescence enhancement of the 

system combining both SDA and EXO approaches. As shown in Figure 5.17, the QPA 

system resulted in a nearly 3-fold luminescence enhancement with a linear range 

established from 50 pM to 1 nM (Figure 5.18). Inspired by the promising results, we 

aim to construct a sensitive sensing platform based on the dissociation of ssDNA upon 

target binding. 

 

Figure 5.19 Characterization of Apt-TNS. (a) PAGE imaging (6%) was used to verify 

the formation of the tetrahedral structure. Lane 1: TNS1 + TNS2 + TNS3 + TNS4 + 

TNS5; Lane 2: TNS1 + TNS2 + TNS3 + TNS4; Lane 3: TNS1 + TNS2 + TNS4; Lane 

4: TNS1 + TNS4; Lane 5: TNS4. AFM images showing the Apt-TNS (25 nM) 

dispersed on mica. (b) scale bar = 1.0 μm and (d) scale bar = 200 nm. 3D AFM 

images of Apt-TNS (25 nm). (c) 5 μm x 5 μm and (e) 1 μm x 1 μm.  
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5.3.5 Characterization and properties of Apt-TNS 

TNS, a self-assembled DNA structure possessing dispersed and well-defined spacing 

properties, was used to construct an aptasensor in this work. The self-assembled 

Apt-TNS comprises of three 58-base ssDNAs with a 30-base aptamer DNA 

(TNS1−TNS3), a 56-base ssDNA (TNS4) and an aptamer-locking DNA (TNS5) 

(Table 5.2, strand TNS1−TNS5). Each ssDNA strand composes a triangular face of 

the DNA tetrahedron by hybridizing to the other three ssDNA strands at the shared 

edges, while the locking strands TNS5 hybridized with the aptamer overhangs in the 

three adjacent faces. While TNS1−TNS3 comprise of overhang aptamers each on 

their 5’ terminals, TNS4 was not designed to carry any long overhang to increase the 

overall stability of the Apt-TNS structure. To confirm the successful assembly of 

Apt-TNS, native polyacrylamide gel electrophoresis (PAGE) was applied to identify 

their electrophoretic mobility (Figure 5.19a).  
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Figure 5.20 Stability of the TNS system in the absence (lane 1) or presence (land 2) 

of exonuclease III (80 units in 50 μL) after incubated for 15 min. 

 

As shown in Figure 5.19a, the migrating speed of bands decreased as the number 

of DNA strands increases from one to five. The clear band verifies the successful 

self-assembly process of Apt-TNS. The system was shown to be stable under 

biological condition (Figure 5.20). Meanwhile, the structure, size and height 

distribution of Apt-TNS was further verified by AFM (Figure 5.19b-4e). As presented 

by the AFM image, the Apt-TNS was approximately 3.4 nm in height and manifested 

as dispersed and uniform triangular particles, which is consistent with the theoretical 

edge length of the DNA tetrahedron. These results further confirm the successful 

assembly of the designed DNA tetrahedron.  
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5.3.6 Proof-of-concept application on MUC1 detection 

Given the encouraging results of the QPA system using 2a as G-quadruplex probe, we 

employed 2a to construct a TNS-based QPA system and demonstrated the 

proof-of-concept application of the system using MUC1. The proposed MUC1 

sensing platform is depicted in Scheme 5.1b. We believe that the overhangs on the 

Apt-TNS system initially exist in the form of dsDNA. In the presence of MUC1, the 

locked strand (TNS5) on the well dispersed Apt-TNS system was dissociated due to 

the formation of an aptamer complex between MUC1 and the aptamer on TNS1−3, 

which triggers the SDA reactions and the subsequent EXO reactions. These generated 

G-quadruplex DNAs that could be recognized by 2a, leading to luminescence 

enhancement.  
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Figure 5.21 Proof-of-concept application on MUC1 detection. (a) Photograph of the 

Apt-TNS-based QPA system illuminated under a UV lamp at 302 nm with (right) or 

without (left) of MUC1 (30 μM). (b) Fold enhancement of the system with or without 

the DNA system. (c) The linear plot of luminescence enhancement (I/I0) at 520 nm 

against various concentrations of MUC1. (d) Preliminary investigation of the fold 

enhancement of 2a in 30 μM of MUC1 using dsDNA or TNS-based QPA system. 
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Figure 5.22 Relative luminescence enhancement of the system upon the addition of 

MUC1 (20 μM) or 2-folds higher concentration of other interfering substances. 

 

 

Figure 5.23 Comparison of luminescence enhancement between the TNS-based EXO 

and TNS-based QPA systems in the presence of MUC1 (30 μM). 
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The feasibility of this sensing platform was demonstrated by the introduction of 

30 μM of MUC1 to the optimized amplification system. After incubation, K+ ion was 

added to stabilize the generated G-quadruplex, which could “turn on” the 

luminescence of complex 2a. Encouragingly, the luminescence enhancement upon the 

addition of MUC1 was obvious to be observed by naked eyes upon illumination by a 

UV lamp at 302 nm (Figure 5.21a). We also performed a series of control experiments 

to verify the proposed mechanism. In the absence of the DNA system, 2a did not 

show any luminescence changes, suggesting that the previous result was owning to 

the specific interaction of 2a and the G-quadruplex generated in the amplification 

system (Figure 5.21b). Meanwhile, we also demonstrated that MUC1 did not interact 

directly with H1 (Figure 5.14), indicating that the specific interaction between MUC1 

and its aptamer on the Apt-TNS system was necessary to the dissociation of TNS5 

and the subsequent amplification cycles. 

We next examined the changes of luminescence signal in an increasing 

concentration of MUC1. Encouragingly, 2a showed an luminescence enhancement 

upon the addition of more MUC1. The system displayed a nearly 3-fold luminescence 

enhancement at 30 μM of MUC1 and established a linear detection range from 0.3 

μM to 30 μM (Figure 5.21c). Furthermore, this approach could achieve a detection 

limit of MUC1 down to 130 nM at S/N of 3. The selectivity of this assay was also 
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tested by adding MUC1 and 2-fold higher concentration of 13 other interfering 

substances. The results revealed that the luminescence signal of the system could only 

be enhanced by MUC1, while other interferents could only elicit less than ca. 1.3-fold 

of luminescence enhancement (Figure 5.22). These results suggest the excellent 

selectivity of the system for MUC1 over other substances, which presumably 

attributed to the high affinity of the aptamer to MUC1. 

 

Scheme 5.2 Proposed mechanism for the tetrahedron nanostructure-based EXO 

amplification system 

 

Furthermore, we also repeated the detection of MUC1 using the TNS-based EXO 

amplification method (Scheme 5.2). The result shows that the TNS-based QPA system 

leads to an approximately 25% higher luminescence enhancement (Figure 5.23) 
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compared to the TNS-based EXO system. Furthermore, the performances using a 

typical dsDNA probe was also examined for comparison (Figure 5.21d). The system 

was treated with 30 μM MUC1 under the same conditions as of Apt-TNS system. The 

result demonstrated that the Apt-TNS system shows a 57% higher luminescence 

enhancement (I/I0) ratio compared to the Apt-dsDNA system. We hypothesize that the 

inferior luminescence enhancement for dsDNA-based QPA system (I/I0 = 1.08) may 

attribute to the weaker interaction between MUC1 and the randomly dispersed 

aptamer. After this experiment, we also believe that there might be some unexplored 

mechanism on the interaction between MUC1 and the complicated DNA system, 

which subject to deep investigations. We anticipate that further verification of this 

mechanism offers tremendous potential for those scientific researchers who work in 

the fields of Biochemistry, Analytical Chemistry and Nucleic Acid Chemistry. 

 

5.4 Conclusions 

We herein developed a Sys3R technique for the identification of a novel iridium(III) 

complex as a selective G-quadruplex probe. Complex 2a, an iridium(III) complex 

possessing a long lifetime, large Stokes shift, and excellent G-quadruplex selectivity, 

was chosen as the G-quadruplex probe. In this work, we developed the first QPA 

amplification method based on the combination of SDA and EXO, and successfully 
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adapted it on a Apt-TNS system. The proof-of-concept applicability of the 

Sys3R-assisted Apt-TNS on the QPA system was successfully demonstrated using 

MUC1 as the target biomolecule. The system was selective toward MUC1 over 13 

other interferents. Notably, the TNS-based QPA system demonstrated a 25% and 57% 

improvement of luminescence enhancement over TNS-based EXO and dsDNA-based 

QPA systems, respectively, suggesting that the well-spacing tetrahedron 

nano-system-based QPA method have potential for practical applications over single 

amplification and conventional double-stranded aptasensing methods. 
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Chapter 6 

Summary and outlook 

 

In this thesis, several luminescence iridium(III) complex-based sensing assays for the 

disease-related biomolecules, including VEGF165, HBV nucleic acid and MUC1, have 

been developed. These assays were constructed based on the adaptation of iridium(III) 

complex, a type of fluorophore that generally possess long-lived phosphorescence, 

large Stoke shift and tuneable photophysical properties, on a well-designed 

oligonucleotide system. 

Among these biosensors, the developed VEGF165 assay allows facile detection of 

the target molecule on a microfluidic device, which could be further coupled to a 

portable diagnostic system for a wide range of biomolecules. This technique, although 

is not yet “mature”, could not only enjoy the advantage of automation, but could also 

reduce the total sample volume required. While many prior publications contain the 

keyword “microdroplet”, our device works under a clearly different operating 

mechanism. The concept “suspending-droplet (SD)-based microfluidic device” 

describes the flow of liquid droplet on the top surface of a microfluidic chip based on 

the combination of gravity, superhydrophobic force and surface tension. This type of 

device could precisely control the flow of liquid droplets in a pump-, electrode-, valve 
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and light-free manner. We anticipate that the adaptation of the long-lived iridium(III) 

complex and the well-designed oligonucleotide system on a portable microfluidic 

device could potentially serve as a novel monitoring technique for different 

biomarkers in medical institutes.  

Although the microfluidic-assisted assay confers high portability to the system, it 

is not compatible to those signal amplification approaches for oligonucleotide-based 

system, including SDA, RCA and EXO. The adaptation of these amplification 

approaches to oligonucleotide system could substantially improve the overall 

sensitivity. For example, this thesis also reports a SDA-assisted amplified detection of 

the HBV gene. In this work, GO, a type of nanomaterial with strong electron 

accepting power, was used as a quenching agent to expand the luminescence 

fold-enhancement. Encouragingly, the sensitivity of this assay could achieve a LOD 

down to the picomolar level. Other than the nanomaterial-assisted single amplification 

system, this thesis also reports a quadruple-cycle amplification system, combining 

SDA and EXO, to improve the sensitivity of the system without the usage of 

nanomaterials. The SDA-EXO system could achieve a LOD comparable to the 

GO-based SDA system.  

In the VEGF165 assay, we reported a dsDNA-based aptasensor that have been 

extensively studied in the prior works. The development of aptasensing assays 
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utilizing other approaches remains scarce. Recently, there are a few reported 

TNS-assisted luminescence assays for in vitro sensing applications. Some studies 

believe that the adaptation of TNS could substantially improve the sensitivity of the 

luminescence system, owning to the higher rigidity and the well-defined spacing of 

TNS. Considering its novelty and promising applications, we herein investigated the 

applicability of a TNS-based aptasensor for the detection of an important biomarker 

MUC1. The result shows that the adaptation of TNS on the aptasensing platform led 

to a larger fold-enhancement compared to the conventional dsDNA platform. 

However, the detailed mechanism for this is still pending deep investigation. We 

expect that further exploration and verification of this special mechanism will offer 

new avenue for the development of other complicated oligonucleotide-based 

platforms in the future. 

Other than biosensors, we also developed an iridium(III) complex-based “on off 

on” probe for the detection of the endogenously generated sulfide ion. From a 

chemical perspective, “Fe3+ ion-assisted quenching” is a new mechanism for sulfide 

detection. However, the intermolecular mechanism of quenching/dequenching using 

external Fe3+ ion has some limitations as it requires three components to achieve a 

response, which complicates data interpretation. For the bright side, most of the 

reported luminescence sensing assays only focuses on the detection of the 
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exogenously supplied target molecules that neglected the fact that the generation of 

molecules in vivo are based on a series of signaling pathway and enzymatic reactions. 

As such, the conditions for the endogenously produced target molecule, e.g. the 

presence of by-product that may potentially affect the sensing assay, might not be the 

same as it would be if we exogenously supplied the target molecule. To imitate the 

environment, we supplied the precursors of sulfide ion, cysteine and GSH, and 

measured the concentration of the endogenously generated sulfide ion in cellulo and 

in vivo. This approach allows the quantification of sulfide ion in the “real” 

environment, which could potentially function as a chemical probe for the monitoring 

of sulfide ion in situ in the future.  
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