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Abstract 

Luminescent transition metal complexes have arisen as viable alternatives to 

organic dyes for sensory applications due to their notable advantages. This thesis 

aimed to synthesize different kinds of Ir(III) complexes, explore their interactions 

with DNAs and investigate their application for the construction of label-free 

oligonucleotide-based sensing platforms. A series of Ir(III) complexes 

incorporating a variety of C^N and N^N donor ligands were synthesized and were 

shown to exhibit G-quadruplex-selective binding properties via emission titration, 

UV/vis titration, fluorescence resonance energy transfer melting and 

G-quadruplex fluorescent intercalator displacement experiments. These 

G-quadruplex-selective Ir(III) complexes were utilized as signal transducers to 

monitor the conformational changes of oligonucleotides in label-free 

oligonucleotide-based luminescent detection platforms for metal ion (Sr
2+

), small 

molecules (GSH and ATP), protein (human neutrophil elastase) and enzyme 

activities (polymerase, hepatitis C virus NS3 helicase). 
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Illustrations 

 

Fig. 1.1 (A) Structure of the triple-helical DNA; (B) Some common 

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

Fig. 2.1 Chemical structure of cyclometallated iridium(III) complex 2.1. 

Fig. 2.2 (A) Emission spectrum of the complex 2.1 (2 M) and T2 (5 M) in 

the presence of increasing concentrations of Sr
2+

 ions (0, 0.01, 0.1, 0.5, 

0.75, 1, 2, 3, 5, 7, 10 and 20 M). (B) Luminescence repsonse of 

complex 2.1 (2 M) and T2 (5 M) at λ = 638 nm with increasing 

concnetrations of Sr
2+

. Inset: linear plot of the change in intensity at λ = 

638 nm versus Sr
2+

 concentration. Error bars represent the standard 

deviations of the results from three independent experiments. 

Fig. 2.3 Photograph image of 2.1 and T2 (5 M) in Tris buffer (20 mM, pH 7.0) 

in the absence (left) or presence (right) of 10 M Sr
2+

 ions. 

Fig. 2.4 Relative luminescence intensity of complex 2.1 (2 M) and T2 (5 M) 

in the presence of Sr
2+

 (0.1, 1, 5, 10 µM) or 10-fold excess of groups 

1–3 of metal ions (1, 10, 50, 100 μM; group 1: Ti
3+

, K
+
, Mg

2+
, Li

+
; 

group 2: Na
+
, Ba

2+
, Ni

2+
, La

3+
; group 3: Ca

2+
, Cr

3+
, Zn

2+
, Al

3+
) in Tris 

buffer (20 mM, pH 7.0).  

Fig. 2.5 Intensity of complex 2 M 2.1 and 5 M T2) in the presence of Sr
2+

 

ions (5 M) or 100-fold excess of common ions in sea water (K
+
, Ca

2+
, 

Na
+
 and Mg

2+
). Error bars represent the standard deviations of the 

results from three independent experiments. 

Fig. 2.6 Relative luminescence intensity of complex 2.1 (2 M) in the presence 

of Sr
2+

 ions (0.1, 1, 5 and 10 M) and T2 or T2 mutants (5 M).  



 

Error bars represent the standard deviations of the results from three 

independent experiments. 

Fig. 2.7 Sr
2+

 ion determination in sea water sample collected from Lamma 

Island, Hong Kong. Sr
2+

 ions (0.01, 0.1, 1, 3, 7, 10 and 20 M) were 

spiked into sea water samples, and the emission spectra were recorded 

with complex 2.1 (2 μM) and T2 (5 μM). Inset: Change in intensity at λ 

= 638 nm versus Sr
2+

 concentration in sea water samples. Error bars 

represent the standard deviations of the results from three independent 

experiments. 

Fig. 2.8 Time course of luminescence response of the system which contains 

various concentrations of Sr
2+ 

(0–10 μM) and T2 (5 μM) in diluted sea 

water sample upon addition of 2.1 (2 μM) at 25 °C. 

Fig. 3.1 Chemical structures of cyclometallated iridium(III) complex 3.1–3.3. 

Fig. 3.2 Luminescent emission response of complex 3.1 (1 μM) in the presence 

of 5 µM of single stranded DNA (ssDNA), calf-thymus DNA (ctDNA) 

or various G-quadruplexes (HTS, H21, Pu22 and Pu27).  

Fig. 3.3 Relative intensity change at 585 nm of the system ([aptamer duplex] = 

1 µM, [HNE] = 30 nM) in the presence of varying concentration of 

complex 3.1 (1, 3 and 6 µM) in aqueous buffered solution (20 mM Tris, 

pH 7). Error bars represent the standard deviations of the results from 

three independent experiments. 

Fig. 3.4 Relative intensity change at 585 nm of the system ([3.1] = 3 µM, 

[HNE] = 42 nM) in the presence of varying concentrations of aptamer 

duplex (0.1, 0.5 and 1 µM) in aqueous buffered solution (20 mM Tris, 

pH 7.0). Error bars represent the standard deviations of the results from 



 

three independent experiments. 

Fig. 3.5 Luminescence response of the system ([3.1] = 3 µM and [aptamer 

duplex] = 0.5 µM) in the presence of increasing concentrations of HNE 

(0, 0.04, 0.12, 0.6, 1.5, 3, 4.5, 6, 18 and 30 nM) in aqueous buffered 

solution (20 mM Tris, pH 7.0). 

Fig. 3.6 Luminescent intensity of the system at 585 nm vs. concentration of 

HNE. Inset: linear plot of the change in luminescence intensity at λ = 

585 nm vs. concentration of HNE. Error bars represent the standard 

deviations of the results from three independent experiments. 

Fig. 3.7 Photograph image of the system ([3.1] = 3 µM, [aptamer duplex] = 0.5 

µM) in Tris buffer (20 mM, pH 7.0) in the presence (left) or absence 

(right) or 6 nM HNE. 

Fig. 3.8 Luminescence response of the system ([3.1] = 3 µM and [HNE 

aptamer] = 1 µM) in the presence of increasing concentration of HNE 

(0, 6, 18, 30 and 42 nM) in aqueous buffered solution (20 mM Tris, pH 

7.0). Inset: luminescent intensity of the system at 585 nm vs. 

concentration of HNE. 

Fig. 3.9 Luminescence response of the system with the metal complex alone 

([3.1] = 3 µM) in the presence of increasing concentrations of HNE (0, 

30 and 60 nM) in aqueous buffered solution (20 mM Tris, pH 7.0).  

Fig. 3.10 Relative luminescence intensity of the system ([3.1] = 3 µM, 

[hybridized HNE aptamer] = 0.5 µM) in the presence of 3 nM HNE or 

1 mM KCl or NaCl in Tris buffer (20 mM, pH 7.0). Error bars 

represent the standard deviations of the results from three independent 

experiments. 



 

Fig. 3.11 Relative luminescence intensity of the system ([3.1] = 3 µM, 

[hybridized HNE aptamer] = 0.5 µM) in the presence of 5 nM HNE or 

10-fold excess of other common proteins (50 nM) in Tris buffer (20 

mM, pH 7.0). 

Fig. 3.12 Emission spectrum of complex 3.2 (1 µM) in the presence of 5 µM of 

ss DNA, ct DNA or various G-quadruplexes.  

Fig. 3.13 (A) Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 

1 µM, [PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in the presence of increasing 

concentrations of Cys (0, 0.1, 0.3, 0.5, 1, 1.5, 2, 2.5, 3 and 4 M). B) 

Luminescence response of three-component ensemble at λ = 583 nm 

vs. Cys concentration. Inset: linear plot of the change in luminescence 

intensity at λ = 583 nm vs. Cys concentration. Error bars represent the 

standard deviations of the results from three independent experiments. 

Fig. 3.14 Stern-Volmer plot (I0 / I) of the 3.2/G-quadruplex ensemble in the 

presence of (A) 0.5 µM, (B) 5 µM, (C) 10 µM, (D) 100 µM, (E) 500 

µM and (F) 1000 µM Hg
2+

 at λ = 583 nm vs. Cys concentration. Error 

bars represent the standard deviations of the results from three 

independent experiments. 

Fig. 3.15 Emission spectral traces of of the 3.2/G-quadruplex/Hg
2+

 ensemble 

([3.2] = 1 µM, [PS2.M] = 5 µM, [Hg
2+

] = 0.5 µM) in the presence of 

(A) 0, 5 and 10 nM Cys, (B) 0 and 10 nM GSH, showing a 

signal-to-noise ratio greater than 3. 

Fig. 3.16 Photograph image of the 3.2/G-quadruplex/Hg
2+

 ensemble (1 µM of 

3.2, 5 µM of PS2.M, 1 µM of Hg
2+

) in Tris buffer (20 mM, pH 7.0) in 

the presence (left) or absence (right) of 2 μM cysteine. 



 

Fig. 3.17 Time course of luminescence response of the 3.2/G-quadruplex/Hg
2+

 

ensemble ([3.2] = 1 µM; [PS2.M] = 5 µM; [Hg
2+

] = 1 µM) in the 

presence of 1 µM Cys or GSH. 

Fig. 3.18 Stern-Volmer plot of the 3.2/G-quadruplex ensemble ([3.2] = 1 µM; 

[PS2.M] = 5 µM; [Hg
2+

] = 500 µM) in the presence of (A) increasing 

ratio of GSH/GSSG; (B) increasing ratio of Cys/Cys-Cys; (C) change 

of luminescence intensity of the three component ensemble ([3.2] = 1 

µM; [PS2.M] = 5 µM; [Hg
2+

] = 500 µM) in the presence of 500 µM 

Cys, GSH, Cys-Cys or GSSG. Error bars represent the standard 

deviations of the results from three independent experiments. 

Fig. 3.19 Relative luminescence intensity of the 3.2/G-quadruplex ensemble 

([3.2] = 1 µM; [PS2.M] = 5 µM) with or without 1 µM Hg
2+ 

ions in the 

presence of increasing concentrations of Cys (0, 0.25, 0.5, 1, 1.5, 2, 2.5 

and 3 µM).  

Fig. 3.20 Stern-Volmer plot (I0 / I) of the 3.2/G-quadruplex ensemble in the 

presence of (A) 0.5 µM, (B) 1 µM, (C) 5 µM, (D) 10 µM, (E) 100 µM, 

(F) 500 µM and (G) 1000 µM Hg
2+

 at λ = 583 nm vs. GSH 

concentration. Inset: linear plot of the change in luminescence intensity 

at λ = 583 nm vs. GSH concentration. 

Fig. 3.21 Relative luminescence intensity of 3.2/G-quadruplex ensemble ([3.2] = 

1 µM; [PS2.M] = 5 µM) in the presence or absence of 1 µM Hg
2+ 

ions 

in the presence of increasing concentrations of GSH (0, 0.25, 0.5, 1, 1.5 

and 2 µM). 

Fig. 3.22 Relative luminescence intensity of the sensing ensemble ([3.2] = 1 µM, 

[PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in the presence of Cys or GSH (0.5, 



 

1, 1.5 µM) or 10-fold excess of other common amino acids (5, 10, 15 

μM) in Tris buffer (20 mM, pH 7.0). 

Fig. 3.23   Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 

µM, [PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in buffered solution (20 mM 

Tris, pH 7.0) containing ssDNA (5 M) and ctDNA (5 M) in the 

presence of increasing concentrations of Cys (0, 0.1, 0.3, 0.5, 1, 1.5 and 

2 M). B) Luminescence response of three-component ensemble at λ = 

583 nm vs. Cys concentration. Inset: linear plot of the change in 

luminescence intensity at λ = 583 nm vs. Cys concentration.  

Fig. 3.24   Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 

µM, [PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in buffered solution (20 mM 

Tris, pH 7.0) containing ssDNA (5 M) and ctDNA (5 M) in the 

presence of increasing concentrations of GSH (0, 0.1, 0.3, 1, 1.5, 2, 2.5 

and 3 M). B) Luminescence response of three-component ensemble at 

λ = 583 nm vs. GSH concentration. Inset: linear plot of the change in 

luminescence intensity at λ = 583 nm vs. GSH concentration.  

Fig. 3.25   Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 

µM, [PS2.M] = 5 µM, [Hg
2+

] = 500 µM) in 50-fold diluted urine 

sample in the presence of increasing concentrations of Cys (0, 100, 

300, 400, 500, 600, 700, 800, 900, 1000, 1200 and 1500 M). B) 

Stern-Volmer plot of the three-component ensemble at λ = 583 nm vs. 

Cys concentration.  

Fig. 3.26   Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 

µM, [PS2.M] = 5 µM, [Hg
2+

] = 500 µM) in 50-fold diluted urine 

sample in the presence of increasing concentrations of GSH (0, 100, 



 

200, 300, 400, 500, 600, 700, 800, 900, 1000, and 1200 M). B) 

Stern-Volmer plot of the three-component ensemble at λ = 583 nm vs. 

GSH concentration.  

Fig. 3.27 Emission spectrum of 3.3 (1 µM) in the presence of 5 µM of ssDNA 

(CCR5-DEL), ctDNA or G-quadruplexes (Pu27, PS2.M). 

Fig. 3.28 Relative intensity at λ = 535 nm of 3.3 (1 µM) in the presence of 5 µM 

of PS2.M and various PS2.M mutant sequences. 

Fig. 3.29 Relative intensity change of the system ([P2] = 3 µM, [dNTP] = 100 

µM) at λ = 535 nm using various concentrations of 3.3 in Tris-HCl 

buffer (25 mM Tris, pH 7.0) with the same concentration of T4 pol (12 

U/mL). 

Fig. 3.30 (A) Emission spectrum of the system ([3.3] = 1 M, [P1] = 3 M, 

[dNTP] = 100 M) in the presence of increasing concentrations of T4 

pol (0, 0.6, 3, 12, 18, 24, 30 U/mL). Inset: linear plot of the change in 

luminescence intensity at λ = 535 nm vs. T4 pol concentration. Error 

bars represent the standard deviations of the results from three 

independent experiments. (B) Photograph image of the system in the 

presence (right) or absence (left) of T4 pol recorded in aqueous buffer 

(25 mM Tris, pH 7.0). 

Fig. 3.31 Relative luminescence intensity of the system ([3.3] = 1 M, [P1] = 3 

M, [dNTP] = 100 M) in the presence of T4 pol (18 U/mL), Exo I 

(200 U/mL), Exo III (1000 U/mL) or T7 Exo (100 U/mL) in Tris-HCl 

buffer (25 mM Tris, pH 7.0). Control experiments were performed with 

3.3 (1 μM) and T4 pol (18 U/mL) only or with 3.3 (1 M) in the 

presence of P1 (3 M) and T4 pol (18 U/mL) without dNTP substrates. 



 

Fig. 3.32 Emission spectrum of 3.3 (1 µM) in the presence of 3 µM of P2 with 

and without annealing in the presence of 50 mM potassium ions. 

Fig. 3.33 Relative intensity at λ = 535 nm of 3.3 (1 µM) in the presence of 3 µM 

of P2 and Pcontrol in Tris-HCl buffer (25 mM Tris, pH 7.0). 

Fig. 3.34 Relative intensity change of the system ([P2] = 3 µM, [3.3] = 1 µM, 

[dNTP] = 100 µM) in the presence of 30 U/mL T4 pol and Taq pol in 

Tris-HCl buffer (25 mM Tris, pH 7.0). 

Fig. 4.1 Schematic illustration of the G-quadruplex-based assay for the 

detection of ATP.  

Fig. 4.2 Emission spectrum of the 2.1/duplex system in response to various 

concentrations of ATP: 0, 1, 2, 5 and 10 mM. λex = 360 nm. 

Fig. 4.3 Chemical structure of cyclometallated iridium(III) complexes 4.1. 

Fig. 4.4 Luminescence response of complex 4.1 (1 μM) in the presence of 5 μM 

of single stranded DNA (ssDNA), calf-thymus DNA (ctDNA) or 

various G-quadruplexes (HTS, H21). λex = 360 nm. 

Fig. 4.5 G4-FID titration curves of the ATP G-quadruplex in the presence of 

increasing concentration of complex 2.1 and 4.1 in Tris-HCl buffer (50 

mM Tris, pH 7.0, 100 mM KCl). DC50 value is determined by 

half-maximal concentration of compound required to displace 50% TO 

from DNA. 

Fig. 4.6 Emission spectrum of the 4.1/duplex (wild-type/mutant) system in 

response to various concentrations of ATP: 0, 1, 2, 5 and 10 mM. λex = 

360 nm. 

Fig. 4.7 Emission spectrum of the 4.1 upon addition of 5 and 10 mM ATP. λex = 

360 nm. 



 

Fig. 4.8 Relative luminescence intensity of the system (A) ([dsDNA] = 2 µM, 

[ATP] = 5 mM) in the presence of different concentrations of complex 

4.1 (0.25, 1, 3 and 5 µM) in aqueous buffered solution (50 mM Tris, 

pH 7.2). (B) ([complex 4.1] = 1 µM, [ATP] = 5 mM) at various 

concentrations of the dsDNA (0.25, 0.5, 1.5 and 3 µM) in aqueous 

buffered solution (50 mM Tris, pH 7.2). Error bars represent the 

standard deviations of the results from three independent experiments.

  

Fig. 4.9 (A) Emission spectrum of the 4.1/duplex system ([4.1] = 1 μM, 

[dsDNA] = 0.25 μM) in the presence of increasing concentrations of 

ATP (0, 2.5, 10, 50, 100, 500, 1000, 2500 and 5000 μM). λex = 360 nm. 

(B) Luminescence response of the system vs. log [ATP]. Inset: linear 

plot of the change in luminescence intensity of the system vs. ATP 

concentration. 

Fig. 4.10 Luminescence fold change of the system for 1 mM of ATP, 10 mM of 

uridine 5′-triphosphate (UTP), guanosine 5′-triphosphate (GTP), 

cytidine 5′-triphosphate (CTP), adenosine 5′-diphosphate (ADP), 

adenosine 5′-monophosphate (AMP), 300 mM NaCl, 2% glucose and 

0.05% serum albumin (SA).  

Fig. 4.11 Emission spectrum of the 4.1/duplex system ([4.1] = 1 μM, [dsDNA] = 

0.25 μM) in the presence of increasing concentrations of ATP (0, 2.5, 

10, 50, 100, 500, 1000 and 2500 μM) in whole cell extracts. λex = 360 

nm. 

Fig. 4.12 Thermal difference spectrum of ON1 G-quadruplex resulting from the 

difference between the absorbance recorded at 95 °C and 20 °C.  



 

Fig. 4.13 Chemical structures of iridium(III) complexes 4.2 and 4.3. 

 

Fig. 4.14 Luminescence responses of complex 2.1, 3.1–3.2, 4.2–4.3 (1 µM) in 

the presence of increasing concentrations of ON1 G-quadruplex (left). 

 

Fig. 4.15 Plot of D/Δεap vs. concentration of DNA of complex 4.2 (20 µM) for 

calculating the intrinsic binding constant (K). Absorbance of 4.2 at 325 

nm was used for calculation. Intrinsic binding constant of 1 to Pu27 

G-quadruplex = 4.50 × 10
5
 M

–1
; ds17 duplex DNA = 7.26 × 10

4
 M

–1
; 

ssDNA = 4.76 × 10
4
 M

–1
. 

 

Fig. 4.16 Scatter plot showing the melting profile of 200 nM F21T G-quadruplex 

DNA in the absence of 4.2 (black rectangle) and with increasing 

concentration of 4.2: 1:1 (blue triangle) and 1:2 (red circle). The effect 

of stabilization of F21T by acetonitrile was also examined but the 

effect is minimal (data not shown). 

 

Fig. 4.17 Scatter plot showing the melting profile of 200 nM F10T 

double-stranded DNA in the absence of 4.2 (black rectangle) and with 

increasing concentration of 4.2: 1:1 (blue triangle) and 1:2 (red circle). 

The effect of stabilization of F10T by acetonitrile was also examined 

but the effect is minimal (data not shown). 

 

Fig. 4.18 G4-FID titration curves of DNA duplex ds17, ds26 and G-quadruplexes 

(Pu22, Pu27 and HTS) in the presence of increasing concentration of 



 

complex 4.2 in Tris-HCl buffer (50 mM Tris, pH 7.0, 100 mM KCl). 

DC50 value is determined by half-maximal concentration of compound 

required to displace 50% TO from DNA. 

 

Fig. 4.19 Emission spectrum of complex 4.2 (1 µM) in the presence of 5 µM of 

ssDNA, ctDNA or various G-quadruplexes.  

 

Fig. 4.20 Luminescence response of the system ([4.2] = 1 µM, [duplex substrate] 

= 0.5 µM) with or without 5 U/mL UDG. 

 

Fig. 4.21 Luminescence intensity of the system ([4.2] = 1 µM, [UDG] = 5 U/mL) 

in the presence of duplex substrate or ON1m-ON2 duplex. Error bars 

represent the standard deviations of the results from three independent 

experiments. 

 

Fig. 4.22 Luminescence response of the system with the complex alone ([4.2] = 

1 µM) in the presence of increasing concentrations of UDG (0, 10, 20 

and 30 U/mL). 

 

Fig. 4.23 Non-denaturing gel electrophoresis of samples in 20% polyacrylamide 

gel. Lane 1 contains 15 μM ON1. Lane 2 contains 10 μM ON2. Lanes 

3 contains 15 μM ON1-ON2 duplex substrate without UDG. Lane 4 

contains 15 μM ON1-ON2 duplex substrate with 5 U/mL UDG. 

 

Fig. 4.24 Circular dichroism (CD) spectrum of blank (red) or 5 U/mL UDG 



 

(blue) recorded in Tris buffer (50 mM Tris, pH 7.0). 

Fig. 4.25 Circular dichroism (CD) spectrum of 2.5 μM ON1-ON2 duplex 

substrate in the absence (red) or presence (blue) of 5 U/mL UDG 

recorded in Tris buffer.  

Fig. 4.26 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL) in the presence of different 

concentrations of 4.2 (0.25, 0.5, 1, 2 and 3 µM) in aqueous buffered 

solution (50 mM Tris, 20 mM KCl, 150 mM NH4OAc, pH 7.0). Error 

bars represent the standard deviations of the results from three 

independent experiments. 

Fig. 4.27 Relative luminescence intensity at 585 nm of the system ([4.2] = 0.5 

µM, [UDG] = 2.5 U/mL) at various concentrations of the duplex 

substrate (0.25, 0.5, 1.5 and 3 µM) in aqueous buffered solution (50 

mM Tris, pH 7.0). Error bars represent the standard deviations of the 

results from three independent experiments. 

Fig. 4.28 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL, [4.2] = 0.5 µM) at various 

concentrations of KCl ([KCl] = 0, 20, 50, 100 mM). Error bars 

represent the standard deviations of the results from three independent 

experiments. 

Fig. 4.29 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL, [4.2] = 0.5 µM) at various 

concentrations of NH4OAc ([NH4OAc] = 0, 50, 150, 300 mM). Error 

bars represent the standard deviations of the results from three 

independent experiments. 



 

Fig. 4.30 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL, [4.2] = 0.5 µM) by varying 

the pH of the buffered system (50 mM Tris, 20 mM KCl, 150 mM 

NH4OAc). Error bars represent the standard deviations of the results 

from three independent experiments. 

Fig. 4.31 Luminescence intensity of the 4.2 at 585 nm vs. concentration of UDG 

(0, 0.02, 0.05, 0.1, 0.25, 0.5, 1, 2, 3, 5 and 10 U/mL). Inset: linear 

regression of the luminescence intensity of 4.2 at λ = 585 nm vs. 

concentration of UDG. Error bars represent the standard deviations of 

the results from three independent experiments. 

Fig. 4.32 Photograph image of the system in the presence (left) or absence (right) 

of UDG recorded in aqueous buffer (50 mM Tris, 20 mM KCl, 150 

mM NH4OAc, pH 7.0). 

Fig. 4.33 Luminescence response of the system ([duplex substrate] = 1.5 µM, 

[4.2] = 0.5 µM) treated with UDG (2.5 U/mL) or 10-fold excess of 

ExoIII, ExoI or T7 (25 U/mL) at 37 °C for 30 min (left). 

Fig. 4.34 Relative luminescence intensity of the system in the presence of 

increasing concentrations of UGI (0, 0.125, 0.25, 0.5, 0.75, 1, 2 and 3 

U/mL) (right). Error bars represent the standard deviations of the 

results from three independent experiments. 

 

Fig. 4.35 Luminescence response of 0.5 µM of 4.2 in the presence (green line) or 

absence (red line) of 5 U/mL UGI. 

 

Fig. 4.36 Chemical structures of the iridium(III) complexes 4.4 and 4.5. 



 

Fig. 4.37 Luminescence enhancement of complex 2.1, 4.4 and 4.5 (1 µM) in the 

presence of 5 µM of ssDNA, dsDNA or various G-quadruplexes. 

Fig. 4.38 Luminescence enhancement of complex 4.4 is shown as a function of 

loop size (A) 5-side loop, (B) central loop and (C) 3-side loop (in 

nucleotides). 

Fig. 4.39 Diagrammatic bar array representation of the luminescence 

enhancement selectivity ratio of complexes 2.1, 4.4 and 4.5 for 

G-quadruplex DNA over dsDNA. 

Fig. 4.40 Relative luminescence intensity of the system (A) ([4.4] = 0.5 µM, 

[duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) at various Endo IV 

reaction times (5, 10, 20, 30 and 60 min). (B) ([4.4] = 0.5 µM, [duplex 

DNA] = 2 µM, [Endo IV] = 20 U/mL) at various UDG reaction times 

(5, 10, 20 and 30 min). (C) ([4.4] = 1 µM, [Endo IV] = 20 U/mL) at 

various concentrations of the duplex DNA (0.5, 1, 2 and 3 µM). (D) 

([duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) in the presence of 

different concentrations of complex 4.4 (0.25, 0.5, 1 and 2 µM). (E) 

([4.4] = 0.5 µM, [duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) in the 

presence of different concentrations of KCl (20, 50, 100 and 200 mM). 

(F) ([4.4] = 0.5 µM, [duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) in 

the presence of different buffer pH values (6, 7, 8 and 9). 

Fig. 4.41 (A) Emission spectrum of the 4.4/duplex system ([4.4] = 0.5 μM, 

[duplex DNA] = 2 μM, reaction temperature of Endo IV = 37°C) in the 

presence of 0, 0.2, 0.5, 1, 1, 5, 10 and 20 U/mL of Endo IV. (B) 

Luminescence response of the system vs. Endo IV concentration. Inset: 

linear regression of the luminescence intensity vs. Endo IV 



 

concentration. 

Fig. 4.42 Emission spectrum of 4.4 upon addition of 10 and 20 U/mL of Endo 

IV.  

Fig. 4.43 Emission spectrum of complex 4.4 with P1U-P2 or P1mut-P2 duplex in 

response to 20 U/mL of Endo IV. 

Fig. 4.44 Luminescence response of the system ([duplex DNA] = 2 µM, 

[complex 4.4] = 0.5 µM) treated with Endo IV (10 U/mL) or 2-fold 

excess of Exo I, λ exo, dam Meth, DNase I, Exo III and T7 (20 U/mL) 

at 37 °C for 30 min. 

Fig. 5.1 Chemical structures of the luminescent Ir(III) complexes 5.1–5.17 that 

were synthesised and evaluated in this study. 

Fig. 5.2 Diagrammatic bar array representation of the luminescence 

enhancement selectivity ratio of complexes 5.1–5.7 for PS2.M 

G-quadruplex DNA over dsDNA (ds17) and ssDNA (CCR5-DEL). 

Fig. 5.3 Diagrammatic bar array representation of the luminescence 

enhancement selectivity ratio of complexes 5.7–5.17 for PS2.M 

G-quadruplex DNA over dsDNA (ds17) and ssDNA (CCR5-DEL). 

Fig. 5.4 Emission spectrum of the system with complex 5.9 alone ([complex 

5.9] = 1 µM) in the absence and presence of helicase (0.9 µM).  

Fig. 5.5 G4-FID titration curves of DNA duplex ds17 and Pu27 G-quadruplex 

in the presence of increasing concentration of complex 5.9 in Tris-HCl 

buffer. DC50 value is determined by the half-maximal concentration of 

compound required to displace 50% TO from DNA. 

Fig. 5.6 (A) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the 

absence and presence of 5.9 (5 μM). (B) Melting profile of F10T 



 

dsDNA (0.2 μM) in the absence and presence of 5.9 (5 μM). 

Fig. 5.7 Emission spectrum of complex 5.9 (1 μM) in the presence of helicase 

(0.9 μM) and ON1m/ON2 duplex mutant (0.25 M).  

Fig. 5.8 Relative luminescence response of 5.9/G-quadruplex ensemble upon 

the addition of 0.8 µM HCV NS3 helicase.  

Fig. 5.9 Relative luminescence response of the system in the absence or 

presence of helicase (0.9 μM) at various concentrations of complex 5.9 

(0.25, 0.5, 1 and 2 μM). 1 μM of complex 5.9 offered the highest 

luminescence fold-change response compared to 0.25, 0.5 or 2 μM of 

complex 5.9.   

Fig. 5.10 Relative luminescence response of the system in the absence or 

presence of helicase (0.9 μM) at various concentrations of duplex DNA 

(0.125, 0.25, 0.5, and 1 μM). It was observed that the luminescence 

response of the system was highest at 0.25 μM of duplex DNA.  

Fig. 5.11 Relative luminescence response of the system in the absence or 

presence of helicase (0.9 μM) at various concentrations of ATP (0.2, 

0.5, 1, and 2.5 mM). It was observed that the luminescence response of 

the system was highest at 1 mM of ATP.  

Fig. 5.12 (A) Luminescence spectra of the 5.9/G4-quadruplex system in response 

to various concentrations of helicase: 0, 0.09, 0.18, 0.27, 0.36, 0.45, 

0.54, 0.72, and 0.9 μM. (B) The relationship between luminescence 

intensity at λ = 571 nm and helicase concentration. Inset: linear plot of 

the change in luminescence intensity at λ = 571 nm vs. helicase 

concentration.  

Fig. 5.13 (A) Luminescence response of the system with helicase or S1, Endo, 



 

DpnI, ExoI, EcoRI, RNase, DNase and SSB. (B) Luminescence spectra 

of the 5.9/G-quadruplex system in a reaction system containing 0.5% 

(v/v) cell extract in response to various concentrations of helicase: 0, 

0.18, 0.36, 0.54, 0.72, and 0.9 μM. (C) Relative luminescence intensity 

of the system in the presence of increasing concentrations of 

ciprofloxacin: 0, 1, 2.5, 5, 10, and 20 μM. (D) Emission spectra of 

complex 5.9 in the absence and presence of 20 μM of ciprofloxacin. 

(E) Relative luminescence response of the 5.9/G-quadruplex ensemble 

upon the addition of 20 µM ciprofloxacin. (f) Luminescence response 

of the system treated with 0.8 µM helicase and 10 µM of suramin, 

TBBT and ciprofloxacin. 

Fig. 5.14 (A) Relative luminescence response of complex 5.9 in the absence and 

presence of 10 μM of suramin and TBBT. (B) Relative luminescence 

response of the 5.9/G-quadruplex ensemble upon the addition of 10 μM 

of suramin and TBBT. 

Scheme 2.1 Schematic representation of the G-quadruplex-selective probe for the 

detection of Sr
2+

 ions. Sr
2+

 ion induces conformational change of 

oligonucleotide T2 from a random coil structure to an intermolecular 

G-quadruplex, allowing the interaction of complex 2.1 with the 

G-quadruplex and resulting in increased emission intensity at λ = 638 

nm. 

Scheme 3.1 Schematic representation of the duplex-to-quadruplex platform for the 

detection of human neutrophil elastase (HNE). Complex 3.1 is weakly 

emissive in either aqueous solution or in the presence of 

double-stranded DNA containing the HNE aptamer. The addition of 



 

HNE induces the dissociation of the DNA duplex and the released 

HNE aptamer folds into a G-quadruplex motif. Complex 3.1 interacts 

strongly with the HNE-aptamer ensemble, resulting in an enhanced 

luminescence response. 

Scheme 3.2 Schematic representation of the single-stranded aptamer-based 

approach for the detection of human neutrophil elastase (HNE). 

Scheme 3.3 Schematic illustration of the G-quadruplex-based assay for the 

detection of Cys using 3.2 as signal transducing element. The 

3.2/G-quadruplex ensemble is highly emissive. Addition of Hg
2+

 

quenches the luminescent signal of 3.2. Subsequent addition of Cys 

forms stable Cys-Hg
2+

 adducts and sequesters Hg
2+

 ions, therefore 

restoring the luminescent signal of the system. 

Scheme 4.1 Schematic diagram of the UDG activity assay based on a duplex 

substrate and G-quadruplex selective luminescent probe. U and A 

denote uracil and adenine nucleobases, respectively. 

Scheme 4.2 Schematic illustration of the G-quadruplex-based assay for 

endonuclease IV activity detection. 

Scheme 5.1 Schematic diagram of the luminescent switch-on assay to monitor the 

duplex-DNA unwinding activity of helicase using a 

G-quadruplex-selective probe. 
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Chapter 1 

Introduction 

 

1.1 Introduction 

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

Watson and Crick nearly half a century ago.
1-3

 The role of DNA as a 

passive carrier for the transcription and replication of genetic material 

was cemented in the central dogma of molecular biology over the 

following years. However, breakthrough advances in chemistry and 

biology over the last two decades have vastly expanded the repertoire 

of nucleic acid structure and function with potential application in 

multiple areas of science and technology.
4
 Seminal studies in the 1980s 

and 1990s led to the discovery of nucleic acid enzymes
5, 6

 and 

aptamers
7, 8

 capable of recognizing specific analytes with affinities 

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

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

and i-motif DNA with putative roles in living organisms have been 

identified (Fig. 1.1).
9
 These exciting discoveries have paved the way 

for the development of an extraordinary number and diversity of 
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DNA-based probes.
10

 Luminescence is a widely-used technique for 

sensing and imaging applications.
11

 A wide range of fluorescence or 

phosphorescence probes are available that exhibit changes in lifetime, 

anisotropy or emission intensity in response to variations in the local 

environment. Furthermore, conventional analytical methods generally 

require expensive instrumentation and/or tedious sample preparation 

for analysis. In contrast, luminescence can offer a convenient 

“mix-and-detect” methodology while retaining high sensitivity and 

specificity for the targeted analytes. Finally, luminescence is readily 

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

large number of samples, while portable spectrofluorometers can 

facilitate in-field luminescence detection in a convenient and 

inexpensive manner.  
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Fig. 1.1 (A) Structure of the triple-helical DNA; (B) Some common unimolecular 

G-quadruplex topologies; (C) Structure of i-motif DNA. 
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1.2 Oligonucleotide-based sensing platforms 

Pioneering research conducted over the last two decades has uncovered 

the tremendous potential and versatility of nucleic acids in sensing 

applications. In contrast to organic chemosensors, which typically 

require the addition of a significant quantity of non-aqueous solvent for 

dissolution, nucleic acids often possess excellent solubility and stability 

in aqueous solution and biological media.
12-14

 Furthermore, functional 

oligonucleotides compare favourably with protein enzymes or 

antibodies due to their relatively small size, low cost, facile synthesis 

and modification, good thermal stability, reusability and low 

immunogenicity.
10

 Consequently, oligonucleotides have received 

increasing attention for the construction of various sensing 

methodologies. 

     Functional oligonucleotides can bind either covalently or 

non-covalently to small molecules, metal ions, proteins and single 

stranded DNA/RNAs. Nucleic acid aptamers, developed through the 

systematic evolutions of ligands by exponential enrichment,
7, 8

 have 

been discovered for a myriad of targets such as proteins or small 
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molecules. The target-binding specificity of aptamers has been reported 

to be comparable or even superior to that for protein enzymes or 

antibodies. For example, the aptamer for the platelet-derived growth 

factor B chain homodimer binds to its cognate target with 370-fold 

higher affinity compare to platelet-derived growth factor A chain 

homodimer. Additionally, the theophylline aptamer exhibits 

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

which differs only by a single methyl group.
15

  

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

particular metal ions. For example, silver(I) ions can stabilize the 

cytosine-Ag
+
-cytosine mismatch, while mercury(II) ions can take part 

in the thymine-Hg
2+

-thymine interaction. In addition, G-quadruplexes 

that are selective for particular metal cations have been reported. 

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

to discriminate between different nucleic acid conformations or 

sequences. The strong specificities of particular nucleic acid-ligand 

interactions have enabled the development of highly selective 

oligonucleotide-based sensing platforms for various analytes.  
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     An oligonucleotide-based sensing platform is generally 

constructed from three components: (1) a functional oligonucleotide 

which is able to interact specifically with its target accompanied by the 

presence or absence of a conformational change, (2) a signal 

transducer, which transforms the recognition event into a measurable 

signal, and (3) physical instrumentation which converts the signal into 

a readable output for quantitative analysis. For example, the 

target-responsive conformational change of oligonucleotides has been 

successfully coupled to both optical
16

 and electrochemical
17

 systems. In 

particular, luminescence detection offers a powerful combination of 

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

colorimetric or electrochemical methods.   

     In general, DNA has been more widely used in 

oligonucleotide-based sensing systems compared to RNA. The latter is 

readily degraded by RNases present in the exogenous environment and 

is also more prone to hydrolytic cleavage due to its additional 

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

found application in riboswitches
18-20

 or catalytic RNAs (ribozymes) 

sensitive to specific metal ion cofactors.
5, 21

 A comprehensive 
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discussion of nucleic acid enzyme sensors can be found in extensive 

reviews written by Lu and co-workers.
10, 22

   

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

the molecular beacon strategy whereby the presence of the targeted 

analyte would influence the spatial arrangement of fluorophore and 

quencher in the labeled oligonucleotide.
23

 Subsequent studies have 

significantly expanded the range of oligonucleotide conformations 

and/or fluorophore/quencher combinations available for the 

construction of DNA-based detection platforms for various analytes. 

The labeled strategy has enjoyed consistent popularity due to its high 

target specificity, ease of operation, and the wide choice of fluorophore 

or quenchers available.
22, 24

 Besides fluorescence labeling, a number of 

strategies based on nanoparticles or radioactive, electroactive or 

chemically-active agents have been devised.
25

 Consequently, the 

development of new labeled methods for the luminescent detection of 

analytes still remains an active and important area of research.
16, 17, 26

  

     The use of covalently-modified nucleic acids, however, entails 

certain drawbacks. The covalent attachment of fluorophore or other 
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labeling agents to the functional oligonucleotide may affect the 

recognition event, potentially interfering with the sensitive and 

selective detection of the targeted analyte.
27

 Furthermore, the additional 

labeling or immobilization steps can be costly, tedious and 

time-consuming. The “label-free” concept aims to overcome some of 

the drawbacks associated with the use of covalently-labeled 

oligonucleotides prevalent in electrochemical and optical platforms, as 

will be discussed in the following section. 

1.3 Label-free oligonucleotide-based sensing using luminescent 

molecules 

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

the nucleic acid backbone but instead interact non-covalently with 

DNA through a number of binding modes such as intercalation, 

groove-binding, end-stacking or electrostatic interactions. The 

luminescent molecules used in label-free DNA probes are generally 

non-emissive or only slightly emissive in aqueous solution resulting 

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

they show enhanced luminescence upon binding to defined DNA 
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structures due to the protection of their excited states within the 

hydrophobic interior of the oligonucleotide.
28

 Consequently, the 

analyte-induced structure-switching of the functional oligonucleotide 

may be transduced into an optical output using a suitable luminescent 

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

approach is that the detection can be carried out in homogenous 

solution without any pre-labeling or immobilization step, greatly 

reducing the time and cost required for performing the assay as well.   

     Luminescent molecules for DNA can be generally classified into 

two major types: organic dyes and transition metal complexes. 

Luminophores that can distinguish between various DNA topologies 

with a differential luminescence response can be employed to monitor 

the target-induced conformational transition of the functional 

oligonucleotide. While organic dyes have been most commonly used 

for both labeled and label-free DNA-based detection assays, 

luminescent metal complexes also display unique advantages that may 

be beneficial for sensing applications.
29, 30

 These include their (i) high 

luminescence quantum yield, (ii) long phosphorescence lifetime that 

allows their emission to be distinguished from a fluorescent 
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background, (iii) large Stokes shift for effective discrimination of 

excitation and emission wavelengths, (iv) sensitivity of their emissive 

properties to subtle changes in the local environment, and (v) modular 

synthesis that allows facile synthesis of analogues for fine-tuning of 

their chemical and/or photophysical properties. 

     Depending on the conformational switching event of the 

oligonucleotides, the luminescent response of the luminophores upon 

interaction with the oligonucleotides can be classified as either 

“switch-on”, “switch-off” or “ratiometric”. In general, switch-on or 

ratiometric modes are more desirable for sensing applications as the 

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

biological interferences via a range of energy transfer mechanisms. 

1.4 Luminescent transition metal complexes as DNA probe 

Early DNA-based sensors typically employed labeled oligonucleotides 

that are covalently conjugated with donor/acceptor or 

fluorophore/quencher pairs. However, fluorescent labeling can be 

relatively costly and laborious, and may adversely impact the 

behaviour of the functional oligonucleotide.
24

 In the label-free 
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approach, luminescent probes are not covalently conjugated to the 

nucleic acid backbone, but instead interact non-covalently with DNA 

via intercalation, groove-binding, end-stacking or electrostatic 

interactions. Both organic dyes and metal complexes have found use 

for the development of label-free G-quadruplex-based detection 

platforms.
31, 32

 Compared with using labeled oligonucleotides, the 

label-free approach is more time-saving and cost-effective as the 

expensive, tedious pre-labeling or immobilization steps are avoided. 

Additionally, the labeling of an oligonucleotide with a fluorophore may 

disrupt the interaction between the oligonucleotide with its cognate 

target. Notably, the label-free assays developed by our group have, in 

many cases, achieved detection limits comparable to those using 

labeled oligonucleotides. However, one drawback of the label-free 

approach is the lack of true multiplex capability, as the proximity of 

different luminophores with their respective oligonucleotides cannot be 

precisely controlled.  

     Luminescent transition metal complexes have arisen as viable 

alternatives to organic dyes for sensory applications due to their 

notable advantages.
33-41

 Firstly, metal complexes generally emit in the 
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visible region with a long phosphorescence lifetime, allowing them to 

be readily distinguished from a fluorescent background arising from 

endogenous fluorophores in the sample matrix by the use of 

time-resolved fluorescent spectroscopy. Secondly, the precise and 

versatile arrangement of co-ligands on the metal centre allows the 

interactions of metal complexes with biomolecules to be fine-tuned for 

maximum selectivity and sensitivity. Thirdly, these metal complexes 

often possess interesting photophysical properties that are strongly 

affected by subtle changes in their local environment. For example, 

Pt(II)
42-44

 and Ru(II)
45-48

 complexes have been extensively investigated 

as “molecular light switches” for nucleic acids, including G-quadruplex 

DNA. However, luminescent complexes based on the Ir(III) center 

have been comparatively less explored. We presume that the enhanced 

luminescence of the complex in the presence of G-quadruplex DNA 

was due to the selective interaction of complex to the G-quadruplex. 

This shields the metal centre from solvent interactions and suppresses 

non-radiative decay of the excited state, thus enhancing its 
3
MLCT 

emission. 
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1.5 Objectives 

This thesis devoted to synthesize different kinds of Ir(III) complexes, 

investigate their interaction with DNAs and their application in 

label-free oligonucleotide-based sensing platform. 
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Chapter 2 

Utilization of iridium(III) complex in G-quadruplex-based 

luminescent switch-on probe for the detection of strontium(II) ion 

 

2.1 Introduction 

Luminescent metal complexes have received considerable attention in 

photochemistry,
1, 2

 organic optoelectronics
3, 4

 and luminescent 

sensing.
5-10

 In the realm of luminescent sensing, transition metal 

complexes offer several distinctive advantages which render them 

suitable candidates as selective probes for the G-quadruplex. Firstly, 

most transition metal complexes exhibit emission in the visible region 

with a long phosphorescence lifetime, allowing them to be readily 

distinguished from background fluorescence arising from endogenous 

fluorophores in the sample matrix. Secondly, the precise and versatile 

arrangement of co-ligands on the metal centre allows metal complexes 

to interact selectively with biomolecules. Third, these metal complexes 

often possess interesting photophysical properties, which are strongly 

affected by subtle changes of their local environment and facilitate the 

luminescent visualization of G-quadruplex DNA. Lastly, the 
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photophysical properties of metal complexes can be fine-tuned without 

the need for lengthy synthetic protocols due to the modular nature of 

inorganic complex synthesis. In recent years, square-planar 

platinum(II) complexes,
6, 11, 12

 zinc porphyrins
13, 14

 and ruthenium(II) 

polypyridyl complexes
15-18

 have been previously reported as 

metal-based luminescent probes of G-quadruplex DNA. The common 

luminescent switch-on mechanism for these complexes upon binding to 

G-quadruplex is thought to be suppression of non-radiative decay of 

the excited state emission of the complex by explicit quenching agent 

such as singlet O2 and water. Although a variety of luminescent heavy 

metal complexes were found to seletively recognize the G-quadruplex 

DNA, the application of Group 9 octahedral complexes such as 

iridium(III) for G-quadruplex detection, to our knowledge, has been 

comparatively less explored.  

     Our group has recently reported the discovery and application of 

novel complex 2.1 (Fig. 2.1) as a luminescent “switch-on” probe for 

the detection of gene deletion using a bimolecular “split” 

G-quadruplex-based system.
19

 Thus, we were interested to explore 

whether the G-quadruplex-selective luminescent response of 2.1 could 
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be applied to detect other types of relevant G-quadruplexes for 

potential sensing applications. 

     Alkaline earth metal ions play essential roles in the regulation of 

various biological processes. For example, Ca
2+

 ions are involved with 

neurotransmitter release, the contraction of cardiac muscle, the 

development of skeletal muscle and as cofactors of enzymes regulating 

the blood clotting cascade.
20, 21

 The Sr
2+

 ion, as a congener of Ca
2+

, also 

plays an important role in bone growth and the prevention of bone 

fractures.
22

 However, evidence has suggested that excess strontium 

beyond a threshold concentration could lead to cardiac and 

neurological disorders,
23

 as cells uptake both Ca
2+

 and Sr
2+

 due to their 

similar properties. Therefore, a selective and reliable detection method 

for Sr
2+

 ions is of significant interest to the scientific community. 

     A number of techniques have been developed for the accurate 

determination of strontium, including atomic absorption/emission 

spectroscopy (AAS/AES),
24, 25

 inductively-coupled plasma mass 

spectrometry (ICP-MS)
26, 27

 and X-ray fluorescence spectroscopy 

(XRF).
28, 29

 However, these techniques require time-consuming and 
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extensive sample pre-treatment procedures and involve the use of 

sophisticated instrumentation. In recent years, small molecule 

fluorescent probes
30-32

 and a nanoparticle-based colorimetric
33

 and 

spectroscopic
34

 methods have been reported for the sensitive detection 

of Sr
2+

 ions. Alternative methods using ion-selective electrodes for the 

selective detection of Sr
2+

 have also been proposed.
35-38

 However, the 

fluorescent organic probes and colorimetric methods reported thus far 

have displayed relatively poor selectivity for Sr
2+

 over other alkali earth 

metal ions, while ion-selective electrodes tend to be costly to 

manufacture and modify for small-scale applications.  

     There have been substantial reports of luminescent DNA probes 

for the detection of analytes such as DNA
39-44

 and metal ions.
45

 In 

particular, the G-quadruplex is a non-canonical DNA structure formed 

from guanine-rich sequences that comprises planar stacks of four 

guanine bases stabilized by Hoogsteen hydrogen bonding and 

monovalent cations.
46, 47

 Interestingly, certain divalent ions have also 

been reported to induce or stabilize the G-quadruplex motif 

structure.
48-50

 Hardin et al. and Chen have demonstrated that certain 

telomeric DNA sequences can be induced to form G-quadruplex 
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structures in the presence of Sr
2+

 ions.
51, 52

 Recently, Qu et al.
53

 have 

utilized human telomeric G-quadruplex DNA 

(5-AG3T2AG3T2AG3T2AG3-3), single-wall carbon nanotubes and 

thiazole orange (TO) to devise a platform for the detection of Sr
2+

 in a 

buffered system. We report herein the application of iridium(III) 

complex 2.1 as a luminescent G-quadruplex-selective probe for the 

oligonucleotide-based sensing of Sr
2+

 ions in aqueous buffer and sea 

water samples.  

2.2 Result and Discussion 

The mechanism of the G-quadruplex-based method for Sr
2+

 

determination using Ir(III) complex 2.1 as a luminescent probe is 

depicted in Scheme 2.1. In the absence of Sr
2+

, the Tetrahymena 

telomeric sequence
 
T2 (5-G4T2G4T2G4T2G4-3) adopts a random coil 

structure. Complex 2.1 interacts weakly with single-stranded DNA, and 

the resulting emission signal is low, presumably due to non-radiative 

decay of the excited state by complex-solvent interactions. The 

addition of Sr
2+

 induces the formation of a tetramolecular 

G-quadruplex structure, which is strongly bound by complex 2.1. The  
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Fig. 2.1 Chemical structure of cyclometallated iridium(III) complex 2.1. 

 

 

 

 

 

Scheme 2.1 Schematic representation of the G-quadruplex-selective probe for the 

detection of Sr
2+

 ions. Sr
2+

 ion induces conformational change of oligonucleotide 

T2 from a random coil structure to an intermolecular G-quadruplex, allowing the 

interaction of complex 2.1 with the G-quadruplex and resulting in increased 

emission intensity at λ = 638 nm. 

  



Chapter 2 

22 
 

metal complex is protected from the solvent environment, resulting in a 

“switch-on” increase in the luminescence intensity of 2.1 in response to 

Sr
2+

 ions. For maximum efficiency, the DNA was annealed after the 

addition of Sr
2+

 ions to ensure that the folding response of the 

oligonucleotides to the analyte would not be limited by kinetic barriers 

to interconversion. 

 The luminescence intensity of 2.1 with T2 increased with Sr
2+

 

concentration, and reached saturation at 10 M of Sr
2+

 ions in buffered 

solution. A 7.2-fold increase in luminescence intensity was observed 

with T2 at saturating concentrations of Sr
2+

 ions (Fig. 2.2). A linear plot 

(R
2
 = 0.97) of the luminescece intentsity against the concentration of 

Sr
2+

 in the range of 0–1 μM was shown in Fig. 2.2B. The detection 

limit of this assay at a signal-to-noise ratio of 3 was 12.6 nM. In 

addition, the luminescence enhancement is readily observable by the 

naked eye under UV-irradiation (Fig. 2.3). This results indicated the T2 

DNA folded into a G-quadruplex structure mediated by Sr
2+

 and the 

recognition event can be transduced into measurable luminescent signal 

by complex 2.1.  
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Fig. 2.2 (A) Emission spectrum of the complex 2.1 (2 M) and T2 (5 M) in the 

presence of increasing concentrations of Sr
2+

 ions (0, 0.01, 0.1, 0.5, 0.75, 1, 2, 3, 5, 

7, 10 and 20 M). (B) Luminescence repsonse of complex 2.1 (2 M) and T2 (5 

M) at λ = 638 nm with increasing concnetrations of Sr
2+

. Inset: linear plot of the 

change in intensity at λ = 638 nm versus Sr
2+

 concentration. Error bars represent 

the standard deviations of the results from three independent experiments. 

 

 

 

 

 

 

Fig. 2.3 Photograph image of 2.1 and T2 (5 M) in Tris buffer (20 mM, pH 7.0) in 

the absence (left) or presence (right) of 10 M Sr
2+

 ions. 
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 The selectivity of this detection method for various concentrations 

of Sr
2+

 ions over twelve different metal ions (K
+
, Li

+
, Na

+
, Ba

2+
, Ni

2+
, 

Ca
2+

, Zn
2+

, Mg
2+

, La
3+

, Cr
3+

, Al
3+

 and Ti
3+

) was evaluated. At 0.1–10 

µM of Sr
2+

 ions, the luminescence response of the system was 

significantly stronger than that for ten-fold excess concentrations of 

twelve other metal ions (Fig. 2.4). Furthermore, a significant selectivity 

for Sr
2+

 was observed even at a 100-fold excess of other common ions 

naturally occurring in sea water, including K
+
, Na

+
, Ca

2+ 
and Mg

2+
 ions 

(Fig. 2.5). These results demonstrate the surprisingly high selectivity of 

our system towards Sr
2+ 

ions over other metal ions including its 

congeners Ca
2+

, Mg
2+

 and Ba
2+

. We conceive that the high specificity 

of the system was, at least in part, due to the fact that the ionic radius of 

Sr
2+

 ions fit well into the central ion channel of the G-quadruplex 

structure of T2, allowing the subsequent recognition of 2.1, and 

therefore lead to significant enhancement of the luminescence signal. 

In fact, Chen
52

 demonstrated in his reported that K
+
 and Na

+
 ions, 

which the ionic radii are substantially deviated from Sr
2+

, are less 

effective in stabilizing the T2 G-quadruplex structure. This further 

corroborates the present experiment results.   
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Fig. 2.4 Relative luminescence intensity of complex 2.1 (2 M) and T2 (5 M) in 

the presence of Sr
2+

 (0.1, 1, 5, 10 µM) or 10-fold excess of groups 1–3 of metal 

ions (1, 10, 50, 100 μM; group 1: Ti
3+

, K
+
, Mg

2+
, Li

+
; group 2: Na

+
, Ba

2+
, Ni

2+
, 

La
3+

; group 3: Ca
2+

, Cr
3+

, Zn
2+

, Al
3+

) in Tris buffer (20 mM, pH 7.0).  

 

 

Fig. 2.5 Intensity of complex 2 M 2.1 and 5 M T2) in the presence of Sr
2+

 ions 

(5 M) or 100-fold excess of common ions in sea water (K
+
, Ca

2+
, Na

+
 and Mg

2+
). 

Error bars represent the standard deviations of the results from three independent 

experiments. 
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     To verify that the luminescence response of complex 2.1 

originated from the specific interaction with the Sr
2+

 ion-induced 

G-quadruplex, we examined the luminescent response of the complex 

to two DNA mutants designated T2m1 

(5-GCAGTTGCAGTTGCAGTTGCAG-3) and T2m2 

(5-GAAGTTGAAGTTGAAGTTGAAG-3) (base mutants underlined) 

that cannot form G-quadruplexes. No significant luminescence 

enhancement was observed at Sr
2+

 concentrations from 0.01 to 10 M 

(Fig. 2.6), suggesting the “switch-on” response of 2.1 is not due to the 

direct interaction of the complex with the Sr
2+

 ions. 

 Finally, we examined the applicability of our method for testing 

real water samples collected from Lamma Island, Hong Kong. A 

syringe filter was used to remove any suspended particles or biological 

matter from the water sample. The filtered samples were spiked with 

known concentrations of Sr
2+

, and the emission spectra were recorded 

upon the addition of T2 and complex 2.1. The luminescence response 

of 2.1 in the real water sample was comparable with that in aqueous 

buffer (Fig. 2.7). Additionally, the luminescence signal of 2.1 upon the 

addition of annealed T2 and Sr
2+

 attained steady-state within 5 min  
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Fig. 2.6 Relative luminescence intensity of complex 2.1 (2 M) in the presence of 

Sr
2+

 ions (0.1, 1, 5 and 10 M) and T2 or T2 mutants (5 M). Error bars represent 

the standard deviations of the results from three independent experiments. 

 

 

 

Fig. 2.7 Sr
2+

 ion determination in sea water sample collected from Lamma Island, 

Hong Kong. Sr
2+

 ions (0.01, 0.1, 1, 3, 7, 10 and 20 M) were spiked into sea water 

samples, and the emission spectra were recorded with complex 2.1 (2 μM) and T2 

(5 μM). Inset: Change in intensity at λ = 638 nm versus Sr
2+

 concentration in sea 

water samples. Error bars represent the standard deviations of the results from three 

independent experiments. 
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at room temperature (Fig. 2.8). The results showed that our Sr
2+

 

detection system can also be applied to a complex solution matrix 

including real water samples. 
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Fig. 2.8 Time course of luminescence response of the system which contains 

various concentrations of Sr
2+ 

(0–10 μM) and T2 (5 μM) in diluted sea water 

sample upon addition of 2.1 (2 μM) at 25 °C. 
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2.3 Experimental section 

2.3.1 Materials 

Reagents were purchased from Sigma Aldrich and used as received. 

Iridium chloride hydrate (IrCl3▪xH2O) was purchased from Precious 

Metals Online. All oligonucleotides were synthesized by Techdragon 

Inc. (Hong Kong, China) 

 Sequence 

T2 5-G4T2G4T2G4T2G4-3  

T2m1 5-GCAGT2GCAGT2GCAGT2GCAG-3 

T2m2 5-GA2GT2GA2GT2GA2GT2GA2G-3 

 

2.3.2 General experiment 

Mass spectrometry was performed at the Mass Spectroscopy Unit at the 

Department of Chemistry, Hong Kong Baptist University, Hong Kong 

(China). Melting points were determined using a Gallenkamp melting 

apparatus and are uncorrected. Deuterated solvents for NMR purposes 

were obtained from Armar and used as received.  

     1
H and 

13
C NMR were recorded on a Bruker Avance 400 

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

13
C). 

1
H and 

13
C chemical shifts were referenced internally to solvent shift (CD3CN: 
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1H, 
C118.7; d6-DMSO: 1H 

C39.5). Chemical 

shifts (are quoted in ppm, the downfield direction being defined as 

positive. Uncertainties in chemical shifts are typically ±0.01 ppm for 

1
H and ±0.05 for 

13
C. Coupling constants are typically ± 0.1 Hz for 

1
H-

1
H and ±0.5 Hz for 

1
H-

13
C couplings. The following abbreviations 

are used for convenience in reporting the multiplicity of NMR 

resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, 

broad. All NMR data was acquired and processed using standard 

Bruker software (Topspin). Emission spectra were recorded on a PTI 

QM4 spectrometer. 

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

The following complexes were prepared according to the reported 

literature method, the precursor complex [Ir2(ppy)4Cl2], and 

[Ir(ppy)2(biq)]PF6 (2.1),
 
and characterized by 

1
H-NMR,

13
C-NMR and 

HRMS.
19

 

2.3.4 Complex 2.1 as molecular probe for oligonucleotide based 

Sr
2+

 detection 

5 μM of oligonucleotides (T2 or mutants) and indicated concentrations 

of Sr
2+

 ion were added into Tris-HCl buffer (20 mM Tris, pH 7.0). The 
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solutions were heated to 95 °C for 10 min, and were cool to room 

temperature at 0.1 
o
C/s. The pre-annealed solution was added into 400 

μL Tris-HCl buffer followed by addition of complex 2.1 at a final 

concentration of 2 μM. Emission spectra were recorded in the 550–750 

nm range, after equilibration at 25.0 
o
C for 10 min. Excitation 

wavelength = 390 nm. 

2.3.5 Assay selectivity 

5 μM of oligonucleotides (T2) and 10 M of each ion (total 12 ions 

classified in three groups) were added into Tris-HCl buffer (20 mM 

Tris, pH 7.0) to make up a total volume of 100 L. The solutions were 

heated to 95 °C for 10 min, and were cool to room temperature at 0.1 

o
C/s. The pre-annealed solution was added into 400 μL Tris-HCl buffer 

followed by the addition of complex 2.1 at a final concentration of 2 

μM. Emission spectra were recorded in the 550–750 nm range, after 

equilibration at 25.0 
o
C for 10 min. Excitation wavelength = 390 nm. 

2.3.6 Real sample analysis 

     Discrete grab samples from the 1 m below the water surface and 

1 m above the sea floor were collected by Van Dorn sampler. For 

estimating of average water quality condition and eliminating the 
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contamination by soil splashing, composite samples are obtained by 

mixing equal volumes of discrete grab samples. For reducing or 

eliminate trace element adsorption and hydrolysis, 2 mL 6 M HCl was 

added into the sample. Water samples were stored in polyethylene 

vessels and kept in the dark refrigerator to reduce any possible 

microorganism activities.  

Sea water samples collected from Lamma Island, Hong Kong were 

pretreated using a syringe filter to remove particulate impurities. 

Indicated concentrations of Sr
2+

 were then spiked into the water 

samples (100 μL). 5 μM of T2 was added into the sea water samples. 

The resulting solutions were heated to 95 °C for 10 min, and were cool 

to room temperature at 0.1 °C/s. The pre-annealed water sample was 

added into 400 μL Tris-HCl buffer followed by the addition of complex 

2.1 at the final concentration of 2 μM. Emission spectra were recorded 

in the 550–750 nm range, after equilibration at 25.0 °C for 10 min. 

Excitation wavelength = 390 nm. 

2.4 Conclusion 

In summary, we have developed a label-free, G-quadruplex 

DNA-based switch-on detection methodology for Sr
2+

 ions in aqueous 
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solution. This system is based on telomeric sequence T2 and iridium(III) 

complex 2.1, which exhibits a strong emission signal when bound to 

G-quadruplex DNA. The formation of G-quadruplex induced by Sr
2+

 

ions is recognized by complex 2.1 with a switch-on luminescence 

response. The detection system is highly selective and could 

discriminate Sr
2+

 over other common metal ions, including its 

congeners Ca
2+

 and Ba
2+

. Our system is advantageous over other 

conventional methods due to its simple and low-cost nature and 

switch-on luminescence response.  Our detection strategy is less 

sensitive than a recently reported ion-imprinted AuNPs composites
34

 

for detection of alkali earth metal ions, which achieves an excellent 

detection limit towards Sr
2+

 in femtomolar range. This assay, however, 

requires relative tedious preparation protocol and expensive with the 

use of Au-coated electrode. Compared to this method, our approach, 

thus, is more convenient and cost-effective. Moreover, our detection 

method is able to detect nanomolar Sr
2+

 without any signal 

amplification and distinguish Sr
2+

 from the complex sample matrix 

such as sea water in a readily usable format. 
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Chapter 3 

Exploration of the luminescence response of 2.1 like iridium(III) 

complexes towards DNA and the application in G-quadruplex-based 

luminescent detection of protein, small molecule and enzyme activity  

 

3.1 Introduction 

Luminescent heavy metal complexes have recently attracted tremendous 

attention for the construction of light-emitting devices,
1-3

 sensory 

applications
4-7

 and cellular imaging studies.
8, 9

 In particular, metal 

complexes have been widely employed as structural probes for DNA. 

Due to their modular synthesis, the photophysical and DNA-binding 

properties of metal complexes can be readily fine-tuned without the need 

for lengthy synthetic sequences. Furthermore, many transition metal 

complexes exhibit a long phosphorescent lifetime in the visible region 

that may be resolved from the endogenous fluorescence of biological 

samples by use of time-resolved luminescent spectroscopy. As a result, 

platinum(II)
4, 10, 11

 and ruthenium(II)
12-15

 complexes have been extensively 

investigated as “molecular light switches” for nucleic acids, including 

G-quadruplex DNA. However, complexes based on the iridium(III) metal 



Chapter 3 

40 
 

center have been comparatively less explored.
16, 17

  

     Encouraged by the successful application of 2.1 in metal ion 

detection, we anticipate that it could be utilized for protein, small 

molecule even enzyme activity detection with appropriate design of DNA 

sequence. On the other hand, only one iridium(III) complex was reported 

as the G-quadruplex selective probe. As the consequence, we synthesize a 

series of iridium(III) complexes 3.1–3.3 and investigate their 

luminescence response towards different kinds of DNA structure. 

Complex 3.1–3.3 were also applied in G-quadruplex-based luminescent 

detection for protein (human neutrophil elastase, HNE), small molecule 

(cysteine, cys) and enzyme activity (polymerase) detection to 

demonstrate the potential application of iridium(III) complex for 

oligonucleotide-based detection platform construction.  

     HNE is a serine protease that is able to degrade a variety of 

structural and functional proteins such as collagen, fibronectin, laminin, 

and proteoglycan.
18

 This facilitates the transportation of neutrophilic 

granulocytes towards the inflammatory region and promotes the wound 

healing process.
19

 However, the overproduction of HNE can lead to the 

destruction of normal tissues and thus has been implicated in the   
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Fig. 3.1 Chemical structures of cyclometallated iridium(III) complex 3.1–3.3. 
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pathogenesis of various auto-immunological disorders such as 

rheumatoid arthritis, idiopathic pulmonary fibrosis, emphysema, and 

adult respiratory distress syndrome.
20

 Therefore, it is important to develop 

accurate and selective detection platforms for this biomarker in order to 

diagnose and prevent the progression of HNE-related diseases.  

     The design of simple DNA-based assays for the detection of metal 

ions
21, 22

 and biomolecules
23

 has arisen as an active area of research in 

recent years.
24

 Nucleic acids exhibit a diverse range of structural 

topologies that are highly responsive to the presence of external stimuli. 

The target-driven “structure-switching” event can be conjugated to a 

signal transduction element to produce a recognizable output, such as 

luminescent, colorimetric, or optical signals. In particular, the discovery 

of nucleic acid aptamers via the systematic evolution of ligands by 

exponential enrichment (SELEX)
25, 26

 has stimulated the development of 

DNA-based probes for a wide variety of targets ranging from small 

molecules
27, 28

 to whole cells.
29

 Furthermore, nucleic acids often possess 

excellent water solubility in aqueous solution and biological media due to 

their polyanionic nature, in contrast to small-molecule chemosensors that 

typically require the addition of a significant quantity of organic solvent 
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for dissolution. Finally, nucleic acids can be readily prepared in an 

efficient and cost-effective manner via automated synthesis, which could 

greatly reduce the cost of DNA-based sensing applications. 

     Jayasena and co-workers reported the discovery of the HNE 

aptamer using SELEX.
30

 Upon interaction with HNE, the aptamer folds 

into a G-quadruplex conformation. This aptamer is highly specific to the 

HNE over other biological relevant proteins. Subsequently, Yu and 

co-workers made use of the highly selective HNE aptamer to construct a 

molecular beacon-based approach for the detection of HNE by employing 

a HNE aptamer doubly-labeled with fluorophore and quencher moieties.
31

 

However, one drawback to this approach is the relatively high cost of 

labeled oligonucleotides, which could limit the widespread adoption of 

the assay for the routine detection of HNE. 

     Cysteine (Cys), homocysteine (Hcy) and glutathione (GSH) are 

biological thiols that play vital roles in maintaining cellular functions. 

GSH is the most abundant thiol in animal cells and is involved in 

regulating redox homeostasis in the cellular environment, while 

Cys/Cys-Cys redox ratio largely determines the value of the human 

plasma redox state. Aberrations in the ratios of cellular thiol redox pairs 



Chapter 3 

44 
 

have been implicated in the development of various diseases such as 

psoriasis, cardiovascular disease and cancer.
32, 33

 Therefore, the 

development of sensitive detection methods for biothiols has been an 

active area of research in recent years. 

     Existing analytical methods for the sensitive detection of biothiols 

include liquid chromatography,
34, 35

 capillary electrophoresis,
36

 

voltammetry
37

 and flow injection.
38

 However, these methods generally 

require the use of expensive instrumentation and tedious preparation 

protocols, thus limiting the scope of their application. Recently, Ren and 

co-workers have reported a single-stranded DNA/thiazole orange/Hg
2+

 

ensemble for the sensitive fluorometric detection of Cys,
39

 while Hepel 

and co-worker have utilized a doubly labelled T-Hg
2+

-T mismatched 

“molecular beacon” for the detection of Cys based on fluorescent 

resonance energy transfer (FRET).
40

 A number of DNA-based fluorescent 

logic gates for the detection of Cys or GSH have also been reported.
41-44

 

These reports demonstrate that DNA oligonucleotides can be integrated 

as useful functional and structural elements for the construction of 

sensitive “switch-on” luminescent platforms for the detection of Cys or 

GSH. 
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     DNA polymerases play an important role in various cellular 

processes including DNA replication, DNA repair, genetic recombination, 

reverse transcription and maintenance of genome stability.
45

 The 

proofreading function of DNA polymerase is critical in preventing 

mutations that cause cancer.
46

 The fidelity of DNA polymerase depends 

on its ability to incorporate the appropriate nucleotides into the growing 

DNA strand.
47

 

 Traditional methods for the detection of DNA polymerase 

proofreading ability include gel-based assays and radioisotopic labeling.
48, 

49
 However, these methods are generally time-consuming, labor-intensive 

and require necessary safety measures to control radioactive exposure. 

This has stimulated the development of luminescent-based methods for 

the detection of polymerase proofreading activity. For example, 

intrinsically fluorescent nucleotide analogues such as 2-aminopurine 

(2-AP), which are incorporated into the extension product by DNA 

polymerase, have been extensively employed to study polymerase 

proofreading activity in vitro.
50, 51

 However, these methods suffer from 

low specificity due to the ability of 2-AP to form thermodynamically 

stable base pairs with cytosine. Moreover, some DNA polymerases are 
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able to selectively discriminate the 2-AP:T base pair from the normal A:T 

base pair. Recently, Zhao and co-workers have employed a 

singly-labelled fluorescent probe for the detection of polymerase 

proofreading activity that overcomes some of the aforementioned 

drawbacks.
52
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3.2 Result and Discussion 

3.2.1 A G-quadruplex-selective luminescent switch-on probe for the 

detection of sub-nanomolar human neutrophil elastase     

The characterization of the novel cyclometallated iridium(III) complex 

3.1 are given in the appendix A. We investigated the luminescence 

response of 3.1 towards various types of nucleic acids including 

single-stranded DNA (ssDNA), calf-thymus DNA (ctDNA) and 

G-quadruplexes. The DNA sequences used in this study were summarized 

in experimental section. Since complex 3.1 is very hydrophobic in 

aqueous solution, it was first dissolved in acetonitrile prior to the analysis. 

Aliquot of indicated concentration of complex 3.1 was then added to the 

buffer solution for subsequent measurement. Complex 3.1 was weakly 

emissive in Tris buffer solution (20 mM Tris, 50 mM KCl, pH 7.0). Upon 

the addition of various G-quadruplexes, the luminescence response of 

complex 3.1 was significantly enhanced with a maximum 8.5-fold 

increase in the luminescence intensity at λ = 585 nm, which the 

luminescence emission is slightly blue-shifted compared to that in the 

“G-quadruplex free” state (ca. 600 nm). However, only a slight change in 

the luminescence signal of 3.1 was observed in the presence of ssDNA or 
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ctDNA (Fig. 3.2). Interestingly, we found that the excited state lifetime of 

complex 3.1 increased from 3.99 µs to 4.65 µs upon binding to Pu22 

G-quadruplex structure. Collectively, these demonstrated that upon the 

binding to G-quadruplex structure, the photophysical properties and also 

the luminescence response of complex 3.1 are altered due to the change 

in local environment.   

     We sought to develop an oligonucleotide-based switch-on 

methodology for the detection of HNE using complex 3.1. As depicted in 

Scheme 3.1, the HNE aptamer is initially hybridized with a partially 

complementary strand and the weak binding of complex 3.1 to the DNA 

duplex results in a weak luminescent signal. Since the HNE aptamer has a 

very high-affinity binding to HNE (Kd = 17 nM),
30

 the addition of HNE 

could induce the dissociation of the duplex conformation and promotes 

the formation of the HNE protein-HNE aptamer ensemble. The strong 

interaction of complex 3.1 with the G-quadruplex motif formed from 

HNE aptamer results in an enhanced luminescence response, possibly due 

to the protection of the non-rediative decay of its 
3
MLCT excited state 

emission by the G-quadruplex motif from complex-solvent interaction. 

     To optimize the performance of the proposed assay, we investigated  
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Fig. 3.2 Luminescent emission response of complex 3.1 (1 µM) in the presence of 5 

µM of single stranded DNA (ssDNA), calf-thymus DNA (ctDNA) or various 

G-quadruplexes (HTS, H21, Pu22 and Pu27).  

 

 

 

Scheme 3.1 Schematic representation of the duplex-to-quadruplex platform for the 

detection of human neutrophil elastase (HNE). Complex 3.1 is weakly emissive in 

either aqueous solution or in the presence of double-stranded DNA containing the 

HNE aptamer. The addition of HNE induces the dissociation of the DNA duplex and 

the released HNE aptamer folds into a G-quadruplex motif. Complex 3.1 interacts 

strongly with the HNE-aptamer ensemble, resulting in an enhanced luminescence 

response. 
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the effect of the concentration of DNA and complex 3.1 on the 

luminescence response of the system to HNE. Initially, the concentration 

of the HNE aptamer-containing duplex was set at 1 μM while the 

concentration of complex 3.1 was varied. The luminescence enhancement 

of the system in response to HNE attained a maximum response at [3.1] = 

3 μM, beyond which the sensitivity was reduced (Fig. 3.3). Similarly, the 

optimal concentration of the DNA duplex was determined to be 0.5 μM at 

a metal complex concentration of 3 μM (Fig. 3.4).   

     Under the optimal conditions, we investigated the application of the 

proposed assay for the detection of HNE in buffered solution. The HNE 

aptamer was initially annealed with its partially complementary sequence 

before the addition of complex 3.1 or HNE in order to reduce the 

background signal arising from the free aptamer. The luminescence 

response of the system was enhanced upon the addition of HNE with a 

3.5-fold increase in luminescence intensity at [HNE] = 30 nM (Fig. 3.5). 

A linear relationship was observed between the luminescence intensity of 

3.1 and the HNE concentration (R
2
 = 0.98) in range of 0.04–6 nM of 

HNE (Fig. 3.6). Furthermore, the luminescence enhancement of the 

system upon the addition of nanomolar HNE could be readily observed  
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Fig. 3.3 Relative intensity change at 585 nm of the system ([aptamer duplex] = 1 µM, 

[HNE] = 30 nM) in the presence of varying concentration of complex 3.1 (1, 3 and 6 

µM) in aqueous buffered solution (20 mM Tris, pH 7). Error bars represent the 

standard deviations of the results from three independent experiments. 

 

 

Fig. 3.4 Relative intensity change at 585 nm of the system ([3.1] = 3 µM, [HNE] = 42 

nM) in the presence of varying concentrations of aptamer duplex (0.1, 0.5 and 1 µM) 

in aqueous buffered solution (20 mM Tris, pH 7). Error bars represent the standard 

deviations of the results from three independent experiments. 
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Fig. 3.5 Luminescence response of the system ([3.1] = 3 µM and [aptamer duplex] = 

0.5 µM) in the presence of increasing concentrations of HNE (0, 0.04, 0.12, 0.6, 1.5, 3, 

4.5, 6, 18 and 30 nM) in aqueous buffered solution (20 mM Tris, pH 7.0). 

 

 
 

 

Fig. 3.6 Luminescent intensity of the system at 585 nm vs. concentration 

of HNE. Inset: linear plot of the change in luminescence intensity at λ = 

585 nm vs. concentration of HNE. Error bars represent the standard 

deviations of the results from three independent experiments. 
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by the naked eye under UV-illumination (Fig. 3.7). Taken together, these 

results demonstrate that this system could be used for the sub-nanomolar 

detection of HNE in aqueous solution. The range of detection and 

detection limit is comparable to the ELISA for the detection of HNE. 

While our approach is less sensitive than the molecular beacon based 

approach reported by Yu and coworkers,
31

 our method is simple, 

cost-effective, and does not require the covalently labeling of 

oligonucleotides.  

 We also investigated the performance of a system using the free HNE 

aptamer instead of the aptamer duplex (Scheme 3.2). However, the 

luminescence enhancement of this system was significantly less 

pronounced. We presume that the ability of the free aptamer to fold into a 

G-quadruplex conformation in the absence of HNE resulted in an 

increased background signal and a lowered sensitivity of the system (Fig. 

3.8). To rule out the possibility that the enhanced response of complex 3.1 

is due to the direct interaction between complex 3.1 and HNE, a control 

experiment was performed in the absence of the HNE aptamer. The 

results showed that no luminescence enhancement was observed in upon  
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Fig. 3.7 Photograph image of the system ([3.1] = 3 µM, [aptamer duplex] = 0.5 µM) 

in Tris buffer (20 mM, pH 7.0) in the presence (left) or absence (right) or 6 nM HNE. 

 

 

 

Scheme 3.2 Schematic representation of the single-stranded aptamer-based approach 

for the detection of HNE. 
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Fig. 3.8 Luminescence response of the system ([3.1] = 3 µM and [HNE aptamer] = 1 

µM) in the presence of increasing concentration of HNE (0, 6, 18, 30 and 42 nM) in 

aqueous buffered solution (20 mM Tris, pH 7.0). Inset: luminescent intensity of the 

system at 585 nm vs concentration of HNE. 
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the addition of HNE in the absence of DNA (Fig. 3.9). This result is 

consistent with our proposed mechanism which is based upon the 

selective interaction of complex 3.1 with the HNE-aptamer ensemble.   

 Since certain monovalent cations such as K
+
 and Na

+
 could promote 

the formation of G-quadruplex of some quadruplex forming 

sequences.
53-55

 Therefore we evaluated the impact of these cations to the 

luminescence response of our assay. Millimolar concentration of KCl or 

NaCl was added to the system which contains complex 3.1 and HNE 

aptamer, but without NHE protein. Surprisingly, only ca. 10% of 

luminescence enhancement was observed in the presence of 1 mM KCl or 

NaCl when compared to the system with 3 nM HNE (Fig. 3.10). This 

suggested that the G-quadruplex stabilizing ions such as K
+
 and Na

+
 

cannot sufficiently trigger the dissociation of the NHE aptamer from the 

hybridized duplex structure.  

 The selectivity of the system towards common proteins in blood 

serum such as immunoglobulins (IgG, IgM, IgA) and bovine serum 

albumin (BSA) was also evaluated under the optimized conditions. The 

relative luminescence response of the system to HNE (5 nM) was 

significantly higher than that for 10-fold excess of the immunoglobulins 
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or BSA (50 nM) (Fig. 3.11). This selectivity could be attributed to 

specific nature of the HNE-aptamer interaction and the inability of the 

interfering proteins to induce dissociation of the aptamer duplex. 
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Fig. 3.9 Luminescence response of the system with the metal complex alone ([3.1] = 

3 µM) in the presence of increasing concentrations of HNE (0, 30 and 60 nM) in 

aqueous buffered solution (20 mM Tris, pH 7.0). 

 

 

 

 

Fig.3.10 Relative luminescence intensity of the system ([3.1] = 3 µM, [hybridized 

HNE aptamer] = 0.5 µM) in the presence of 3 nM HNE or 1 mM KCl or NaCl in Tris 

buffer (20 mM, pH 7.0). Error bars represent the standard deviations of the results 

from three independent experiments. 
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Fig. 3.11 Relative luminescence intensity of the system ([3.1] = 3 µM, [hybridized 

HNE aptamer] = 0.5 µM) in the presence of 5 nM HNE or 10-fold excess of other 

common proteins (50 nM) in Tris buffer (20 mM, pH 7.0). 
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3.2.2 A luminescent G-quadruplex switch-on probe for the highly 

selective and tunable detection of cysteine and glutathione 

The luminescence response of 3.2 upon addition of various types of DNA 

was first investigated by emission titration experiments. Complex 3.2 was 

weakly emissive in aqueous buffered solution (20 mM Tris, pH 7.0). 

However, the luminescence of 3.2 was significantly enhanced in the 

presence of the various G-quadruplex DNA sequences (PS2.M, Pu27 and 

Pu22). A maximum 5-fold enhancement was observed in the 

luminescence signal of 3.2 at 5 μM of the PS2.M G-quadruplex. On the 

other hand, the addition of ssDNA or ctDNA did not induce significant 

changes in the luminescence of 3.2 (Fig. 3.12). We presume that the 

enhanced luminescence of the complex in the presence of G-quadruplex 

DNA is due to effective end-stacking interaction of the planar and 

aromatic 2,9-diphenyl-1,10-phenanthroline (dpp) moiety of 3.2 to the 

end-termini of G-quadruplex. This shields the metal centre from solvent 

interactions and suppresses non-radiative decay of the excited state, thus 

enhancing 
3
MLCT phosphorescence. 
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Fig. 3.12 Emission spectrum of complex 3.2 (1 µM) in the presence of 5 µM of 

ssDNA, ctDNA or various G-quadruplexes.  
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     Encouraged by the selective luminescence response of 3.2 to 

G-quadruplex DNA, we sought to employ 3.2 as a luminescent 

G-quadruplex-based probe for the detection of Cys and GSH. As depicted 

in Scheme 3.3, the PS2.M oligonucleotide adopts a G-quadruplex 

secondary structure in the presence of K
+
, and the 3.2/G-quadruplex 

ensemble is strongly emissive. Addition of Hg
2+

, a well-known 

fluorescence quencher, results in significant quenching of the 

luminescence signal of 3.2 presumably due to various electron-transfer 

mechanisms from 3.2 to Hg
2+

 such as ground-state complexation and 

spin-orbit coupling.
56

 However, Cys can effectively sequester Hg
2+ 

ions 

by the formation of the strong Hg(II)−S bond, resulting in the restoration 

of the luminescence signal of the 3.2/G-quadruplex ensemble. Therefore, 

this probe can function as a luminescent switch-on probe for biological 

thiols such as Cys and GSH. Furthermore, this G-quadruplex-based 

system may be able to mitigate issues of non-specific binding and 

inconsistent luminescence arising from the presence of interfering DNA 

species in the sample matrix. 

     To examine the feasibility of this detection strategy for biothiols, an 

emission titration experiment was performed in the presence of 1 µM of  
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Scheme 3.3 Schematic illustration of the G-quadruplex-based assay for the detection 

of Cys using 3.2 as signal transducing element. The 3.2/G-quadruplex ensemble is 

highly emissive. Addition of Hg
2+

 quenches the luminescent signal of 3.2. Subsequent 

addition of Cys forms stable Cys-Hg
2+

 adducts and sequesters Hg
2+

 ions, therefore 

restoring the luminescent signal of the system. 
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Hg
2+

. To maximize the efficiency of the detection system, we first 

incubated the 3.2/G-quadruplex ensemble with Hg
2+

 for 3 h prior to 

addition of Cys to ensure full formation of the 3.2/G-quadruplex 

ensemble and complete quenching of the background luminescence. A 

gradual increase in the luminescence intensity of the 3.2/G-quadruplex 

ensemble at 583 nm was observed at 25 °C as the concentration of Cys 

was increased (Fig. 3.13). Furthermore, the detection range of Cys can be 

effectively tuned by varying the initial concentrations of Hg
2+

 ions. At 

each tested concentration of Hg
2+

 ions, a maximum deduction of about I0 

/ I = 0.8 was observed at saturating concentrations of Cys in Stern-Volmer 

plots (Fig. 3.14). The limit of detection for Cys was estimated to be 5 nM 

at [Hg
2+

] = 0.5 μM (Fig. 3.15). Furthermore, the presence of Cys could be 

readily observed by naked eye under UV-illumination (Fig. 3.16). A 

time-course experiment revealed that the luminescence signal of the 

system reached steady-state within 5 min upon addition of Cys at 25 °C 

(Fig. 3.17). 

     We investigated the effect of altering the ratio of the redox pairs 

(Cys/Cys-Cys and GSH/GSSG) on the luminescence of the 

three-component ensemble. The luminescence response of the system  
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Fig. 3.13 (A) Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 

µM, [PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in the presence of increasing concentrations of 

Cys (0, 0.1, 0.3, 0.5, 1, 1.5, 2, 2.5, 3 and 4 M). (B) Luminescence response of 

three-component ensemble at λ = 583 nm vs. Cys concentration. Inset: linear plot of 

the change in luminescence intensity at λ = 583 nm vs. Cys concentration. Error bars 

represent the standard deviations of the results from three independent experiments. 
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Fig. 3.14 Stern-Volmer plot (I0 / I) of the 3.2/G-quadruplex ensemble in the presence 

of (A) 0.5 µM, (B) 5 µM, (C) 10 µM, (D) 100 µM, (E) 500 µM and (F) 1000 µM 

Hg
2+

 at λ = 583 nm vs. Cys concentration. Error bars represent the standard deviations 

of the results from three independent experiments. 
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Fig. 3.15 Emission spectral traces of of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 

1 µM, [PS2.M] = 5 µM, [Hg
2+

] = 0.5 µM) in the presence of (A) 0, 5 and 10 nM Cys, 

(B) 0 and 10 nM GSH, showing a signal-to-noise ratio greater than 3. 

 

 

 

Fig. 3.16 Photograph image of the 3.2/G-quadruplex/Hg
2+

 ensemble (1 µM of 3.2, 5 

µM of PS2.M, 1 µM of Hg
2+

) in Tris buffer (20 mM, pH 7.0) in the presence (left) or 

absence (right) of 2 μM cysteine. 

 

 
 

Fig. 3.17 Time course of luminescence response of the 3.2/G-quadruplex/Hg
2+

 

ensemble ([3.2] = 1 µM; [PS2.M] = 5 µM; [Hg
2+

] = 1 µM) in the presence of 1 µM 

Cys or GSH. 
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was enhanced as the Cys/Cys-Cys or GSH/GSSG ratio was increased (Fig. 

3.18A and B). The addition of GSSG or Cys-Cys alone elicited only 

minute change of the luminescence of the system (Fig. 3.18C). 

     To test whether Cys alone would influence the luminescence of the 

3.2/G-quadruplex ensemble, we repeated the experiment in the absence of 

Hg
2+

 ions. The luminescence intensity of the 3.2/G-quadruplex ensemble 

was not affected by up to 3 µM of Cys under the tested conditions, 

indicating that the observed emission enhancement of the detection 

system is likely due to the release of Hg
2+

-induced quenching by Cys (Fig. 

3.19). We also investigated the application of this system for the detection 

of GSH under the same experimental conditions. Intriguingly, a 

maximum deduction of I0 / I of about 0.6–0.7 was observed at saturating 

concentrations of GSH under the seven Hg
2+

 concentrations tested (Fig. 

3.20). Similar to the previous results with Cys, the addition of GSH 

yielded no changes in the luminescence spectra of the 3.2/G-quadruplex 

ensemble in the absence of Hg
2+

 ions (Fig. 3.21).  

   We next investigated the selectivity of this detection platform for Cys 

and GSH over other common amino acids. At 0.5–1.5 µM of Cys or GSH, 

the luminescence response of the system was significantly stronger than  



Chapter 3 

69 
 

Fig. 3.18 Stern-Volmer plot of the 3.2/G-quadruplex ensemble ([3.2] = 1 µM; [PS2.M] 

= 5 µM; [Hg
2+

] = 500 µM) in the presence of (A) increasing ratio of GSH/GSSG; (B) 

increasing ratio of Cys/Cys-Cys; (C) change of luminescence intensity of the three 

component ensemble ([3.2] = 1 µM; [PS2.M] = 5 µM; [Hg
2+

] = 500 µM) in the 

presence of 500 µM Cys, GSH, Cys-Cys or GSSG. Error bars represent the standard 

deviations of the results from three independent experiments. 

 
Fig. 3.19 Relative luminescence intensity of the 3.2/G-quadruplex ensemble ([3.2] = 1 

µM; [PS2.M] = 5 µM) with or without 1 µM Hg
2+ 

ions in the presence of increasing 

concentrations of Cys (0, 0.25, 0.5, 1, 1.5, 2, 2.5 and 3 µM).  
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Fig. 3.20 Stern-Volmer plot (I0 / I) of the 3.2/G-quadruplex ensemble in the presence 

of (A) 0.5 µM, (B) 1 µM, (C) 5 µM, (D) 10 µM, (E) 100 µM, (F) 500 µM and (G) 

1000 µM Hg
2+

 at λ = 583 nm vs. GSH concentration. Inset: linear plot of the change 

in luminescence intensity at λ = 583 nm vs. GSH concentration. 
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Fig. 3.21 Relative luminescence intensity of 3.2/G-quadruplex ensemble ([3.2] = 1 

µM; [PS2.M] = 5 µM) in the presence or absence of 1 µM Hg
2+ 

ions in the presence 

of increasing concentrations of GSH (0, 0.25, 0.5, 1, 1.5 and 2 µM). 

 

 

 

  



Chapter 3 

72 
 

that for a ten-fold excess of other amino acids (Fig. 3.22). We envisage 

that the selectivity of the system for Cys and GSH arises due to the high 

specificity of the Hg(II)–S interaction between Hg
2+

 and the thiol group 

of Cys and GSH. Amino acids without thiol functional groups could not 

effectively remove Hg
2+

 ions from the 3.2/G-quadruplex ensemble.  

     In order to test the robustness of the system, we investigated the 

ability of this assay to detect Cys and GSH in buffered solution (20 mM 

Tris, pH 7.0) containing 5 µM of ssDNA and ctDNA in addition to 5 µM 

of G-quadruplex DNA. The luminescence signal of the ensemble in the 

presence of 1 µM Hg
2+

 exhibited a linear response with increasing 

concentrations of Cys and GSH (Fig. 3.23 and 3.24). These results 

suggest that the specificity of the 3.2/G-quadruplex interaction could be 

utilized for the detection of biothiols even in the presence of 

contaminating nucleic acids. We also investigated the performance of our 

sensing ensemble for the detection of Cys/GSH under physiological 

conditions. As abnormal level of Cys in urine related to several kinds of 

disease, urine sample was collected from a volunteer and 50-fold diluted 

using Tris buffer (20 mM Tris, pH 7). Various concentrations of Cys/GSH 

were then spiked into the sample. Our results indicated that the ensemble 
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experienced a gradual increase in luminescence intensity as the 

concentration of Cys/GSH was increased. Millimolar levels of Cys/GSH 

could be detected by the system using [Hg
2+

] = 500 µM (Fig. 3.25 and 

3.26). These results suggest that our assay could potentially be further 

developed as a sensitive Cys/GSH detection method for biological sample 

analysis.  
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Fig. 3.22 Relative luminescence intensity of the sensing ensemble ([3.2] = 1 µM, 

[PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in the presence of Cys or GSH (0.5, 1, 1.5 µM) or 

10-fold excess of other common amino acids (5, 10, 15 μM) in Tris buffer (20 mM, 

pH 7.0). 

 

Fig. 3.23 Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 µM, 

[PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in buffered solution (20 mM Tris, pH 7.0) 

containing ssDNA (5 M) and ctDNA (5 M) in the presence of increasing 

concentrations of Cys (0, 0.1, 0.3, 0.5, 1, 1.5 and 2 M). B) Luminescence response 

of three-component ensemble at λ = 583 nm vs. Cys concentration. Inset: linear plot 

of the change in luminescence intensity at λ = 583 nm vs. Cys concentration. 
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Fig. 3.24 (A) Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 

µM, [PS2.M] = 5 µM, [Hg
2+

] = 1 µM) in buffered solution (20 mM Tris, pH 7.0) 

containing ssDNA (5 M) and ctDNA (5 M) in the presence of increasing 

concentrations of GSH (0, 0.1, 0.3, 1, 1.5, 2, 2.5 and 3 M). (B) Luminescence 

response of three-component ensemble at λ = 583 nm vs. GSH concentration. Inset: 

linear plot of the change in luminescence intensity at λ = 583 nm vs. GSH 

concentration.  
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Fig. 3.25 Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 µM, 

[PS2.M] = 5 µM, [Hg
2+

] = 500 µM) in 50-fold diluted urine sample in the presence of 

increasing concentrations of Cys (0, 100, 300, 400, 500, 600, 700, 800, 900, 1000, 

1200 and 1500 M). B) Stern-Volmer plot of the three-component ensemble at λ = 

583 nm vs. Cys concentration.  

 

Fig. 3.26 Emission spectrum of the 3.2/G-quadruplex/Hg
2+

 ensemble ([3.2] = 1 µM, 

[PS2.M] = 5 µM, [Hg
2+

] = 500 µM) in 50-fold diluted urine sample in the presence of 

increasing concentrations of GSH (0, 100, 200, 300, 400, 500, 600, 700, 800, 900, 

1000, and 1200 M). B) Stern-Volmer plot of the three-component ensemble at λ = 

583 nm vs. GSH concentration.  
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3.2.3 A highly sensitive G-quadruplex-based luminescent switch-on 

probe for the detection of polymerase 3′ to 5′ proofreading activity  

We first investigated the luminescence response of 3.3 towards various 

types of nucleic acids, including ssDNA, dsDNA and G-quadruplexes 

using fluorescence spectroscopy. Complex 3.3 was weakly emissive in 

Tris buffer solution (25 mM Tris, pH 7.0). Upon the addition of 

G-quadruplex DNA (Pu27 or PS2.M), the emission of 3.3 was 

significantly enhanced at λ = 535 nm, while only a slight change in 

luminescence was observed in the presence of ssDNA or ctDNA (Fig. 

3.27). We presume that the enhanced luminescence of 3.3 in the presence 

of G-quadruplex DNA may be due to the effective hydrophobic 

interactions that can be formed between the aromatic bathocuproine 

moiety and the end-termini and/or the groove regions of the 

G-quadruplex. Binding of the metal complex to the G-quadruplex 

structure shields the metal centre from solvent interactions, thereby 

suppressing non-radiative decay of the excited state and enhancing triplet 

state phosphorescence.  

     To further confirm that the luminescent enhancement of 3.3 

originated from its specific interactions with the G-quadruplex motif, we  
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Fig. 3.27 Emission spectrum of 3.3 (1 µM) in the presence of 5 µM of ssDNA, 

ctDNA or G-quadruplexes (Pu27, PS2.M).  
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studied the luminescence of 3.3 in the presence of mutant PS2.M 

sequences each containing a single guanine-to-adenine substitution. 

These mutant sequences are unable to form G-quadruplex structures as 

they lack a critical guanine residue in one of the guanine tetrads. The 

results showed that no significant enhancement was observed for these 

mutant sequences, which suggests that the luminescence of 3.3 can be 

attributed to highly specific interactions with G-quadruplex structures 

rather than through non-selective interactions with guanine-rich 

oligonucleotide sequences (Fig. 3.28). 

     Encouraged by the selective luminescence response of 3.3 to 

G-quadruplex DNA, we sought to employ 3.3 as a luminescent 

G-quadruplex-based probe for the detection of DNA polymerase 

proofreading activity. The proposed mechanism of the polymerase 

proofreading assay is illustrated in Scheme 3.4. The template P1 

(5′-CCAACCCGCCCTACCCACACAGTGGGTAGGA-3′) contains 

self-complementary regions that facilitate the formation of a partial 

hairpin configuration. However, the presence of the adenine nucleotide at 

the 3′-terminus yields a mismatched A:C base pair in the stem region. T4 

pol possesses 3′ to 5′ proofreading activity and is able to excise the  
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Fig. 3.28 Relative intensity at λ = 535 nm of 3.3 (1 µM) in the presence of 5 µM of 

PS2.M and various PS2.M mutant sequences. 
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mismatched 3′-AMP and replace it with dGMP. This allows chain 

extension to occur in the presence of sufficient dNTPs, forming a 

double-stranded product containing four-guanine tandem repeats (P2: 

5′-CCAACCCGCCCTACCCACACAGTGGGTAGGGCGGGTTGG-3′). 

After annealing in the presence of K
+
 ions, a G-quadruplex structure is 

formed that can be recognized by 3.3. The binding of 3.3 to G-quadruplex 

DNA leads to a significantly enhanced emission at λ = 535 nm.  

     In order to attain a maximum luminescent response of the system, 

we investigated the effect of the concentration of 3.3 on the luminescence 

response of the assay to T4 pol. The optimal concentration of 3.3 was 

found to be 1 M for this study, as the sensitivity of the system was 

reduced at higher concentrations of 3.3 (Fig. 3.29). The optimized 

conditions were employed for the detection of T4 pol in aqueous buffered 

solution (25 mM Tris, pH 7.0). As shown in Fig. 2A, a strong increase in 

the emission intensity of 3.3 was observed with increasing concentrations 

of T4 pol, with a luminescence enhancement (I / I0) of ca. 8.6-fold at 30 

U/mL of T4 pol. A linear relationship was observed between the 

luminescence intensity of 3.3 and the T4 pol concentration (R
2
 = 0.997) 

in the range of 0–30 U/mL of T4 pol (Fig. 3.30A). The proposed assay  
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Fig. 3.29 Relative intensity change of the system ([P2] = 3 µM, [dNTP] = 100 µM) at 

λ = 535 nm using various concentrations of 3.3 in Tris-HCl buffer (25 mM Tris, pH 

7.0) with the same concentration of T4 pol (12 U/mL). 

 

 

 

Fig. 3.30 (A) Emission spectrum of the system ([3.3] = 1 M, [P1] = 3 M, [dNTP] = 

100 M) in the presence of increasing concentrations of T4 pol (0, 0.6, 3, 12, 18, 24, 

30 U/mL). Inset: linear plot of the change in luminescence intensity at λ = 535 nm vs. 

T4 pol concentration. Error bars represent the standard deviations of the results from 

three independent experiments. (B) Photograph image of the system in the presence 

(right) or absence (left) of T4 pol recorded in aqueous buffer (25 mM Tris, pH 7.0). 
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has a high sensitivity for T4 pol, with a detection limit of 0.408 U/mL at a 

signal-to-noise ratio of three (3). Furthermore, the presence of T4 pol in 

this assay could be readily observed by the naked eye under 

UV-illumination (Fig. 3.30B). To rule out the possibility that the 

luminescence enhancement of the assay was not due to the direct 

interaction between 3.3 and T4 pol, a control experiment was performed 

with T4 pol in the absence of the DNA template and dNTP. Only a 

negligible enhancement in emission intensity was observed under these 

conditions (Fig. 3.31), indicating that the luminescence of 3.3 is not 

significantly affected by any direct interactions with T4 pol. Another 

control experiment was performed with a system containing 3.3, P1 and 

T4 pol, but without dNTPs (Fig. 3.31). The lack of significant 

luminescence enhancement of 3.3 in this system can be attributed to the 

lack of chain extension in the absence of nucleotide substrates, therefore 

preventing the synthesis of the G-quadruplex-folding region of the 

nucleotide.  

     To investigate the conversion of the duplex chain extension product 

into a G-quadruplex structure in the presence K
+
 ions, the luminescent 

signal of the system with or without annealing of the reaction product was   
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Fig. 3.31 Relative luminescence intensity of the system ([3.3] = 1 M, [P1] = 3 M, 

[dNTP] = 100 M) in the presence of T4 pol (18 U/mL), Exo I (200 U/mL), Exo III 

(1000 U/mL) or T7 Exo (100 U/mL) in Tris-HCl buffer (25 mM Tris, pH 7.0). Control 

experiments were performed with 3.3 (1 μM) and T4 pol (18 U/mL) only or with 3.3 

(1 M) in the presence of P1 (3 M) and T4 pol (18 U/mL) without dNTP substrates. 
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compared (Fig. 3.32). The results showed that the luminescence signal of 

the chain extension product was much higher with annealing compared to 

without annealing. This result suggests that while the oligonucleotide 

may be able to fold into a G-quadruplex motif in the presence of K
+
 ions, 

the kinetic stability of the duplex configuration hindered efficient 

G-quadruplex formation. After separation of the strands by heating, the 

extension product was able to fold into a G-quadruplex conformation in 

the presence of K
+
 ions. 

     To investigate the proofreading detection ability of this platform, 

we designed a product sequence PControl 

(5'-CCAACCCGCCCTACCCACACAGTGGGTAGGACGGGTTGG-3') 

that would be formed if the polymerase exhibited no proofreading activity 

but instead extends the mismatched primer end. No significant 

luminescence enhancement was observed when PControl was incubated 

with complex 3.3 (Fig. 3.33). This suggests that the system is capable of 

distinguishing between extension products generated with or without 

polymerase 3′ to 5′ proofreading activity.  

     The selectivity of the assay towards other common exonucleases 

used in DNA-based assays such as Exonuclease I (Exo I), Exonuclease III  
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Fig. 3.32 Emission spectrum of 3.3 (1 µM) in the presence of 3 µM of P2 with and 

without annealing in the presence of 50 mM potassium ions. 

 

 

 

Fig. 3.33 Relative intensity at λ = 535 nm of 3.3 (1 µM) in the presence of 3 µM of 

P2 and Pcontrol in Tris-HCl buffer (25 mM Tris, pH 7.0). 
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(Exo III) and T7 Exonuclease (T7 Exo) was evaluated. The relative 

luminescence response of the system to T4 pol (18 U/mL) was 

significantly higher than that for 5-fold to 50-fold excess amounts of the 

other enzymes (Fig. 3.31). We also investigated the response of our 

detection platform to the low-fidelity polymerase, Taq DNA polymerase 

(Taq pol). The luminescence enhancement of the system in the presence 

of Taq pol is significantly lower than that with T4 pol, which has a higher 

fidelity under the same conditions (Fig. 3.34). This result demonstrates 

that our detection platform is potentially able to discriminate between 

polymerases with different proofreading activity. 
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Fig. 3.34 Relative intensity change of the system ([P2] = 3 µM, [3.3] = 1 µM, [dNTP] 

= 100 µM) in the presence of 30 U/mL T4 pol and Taq pol in Tris-HCl buffer (25 mM 

Tris, pH 7.0). 
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3.3 Experimental section 

3.3.1 Materials 

Reagents were purchased from Sigma Aldrich (St. Louis, MO) and used 

as received. Iridium chloride hydrate (IrCl3∙xH2O) was purchased from 

Precious Metals Online (Australia). All oligonucleotides were synthesized 

by Techdragon Inc. (Hong Kong, China).  

DNA sequences: 

 Sequence 

PS2.M 5-GTG3TAG3CG3T2G2-3  

ss DNA 5-CTCAT4C2ATACAT2A3GATAGTCAT-3 

Pu22 5-TGAG3TG4AG3TG4A2-3 

Pu27 5-TG4AG3TG4AG3TG4A2G2-3 

P1 5′-CCAACCCGCCCTACCCACACAGTGGGTAGGA-3′ 

P2 5′-CCAACCCGCCCTACCCACACAGTGGGTAGGGCGGGTTGG-3′ 

PControl 5'-CCAACCCGCCCTACCCACACAGTGGGTAGGACGGGTTGG-3' 

PS2.M-M1 5′-GTAGGTAGGGCGGGTTGG-3′ 

PS2.M-M2 5′-GTGGGTAGAGCGGGTTGG-3′ 

PS2.M-M3 5′-GTGGGTAGGGCGGATTGG-3′ 

3.3.2 Synthesis 

Complex 3.1. Yield: 69%. 
1
H NMR (400 MHz, CD3CN) d 8.68 (d, J = 

8.0 Hz, 2H), 8.26 (s, 2H), 7.79-7.75 (m, 4H), 7.73-7.70 (m, 2H), 7.63 (d, 
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J = 8.0 Hz, 2H), 7.13 (d, J = 8.0Hz, 2H), 7.01 (t, J = 8.0 Hz, 2H), 

6.96–6.93 (m, 2H), 6.73 (t, J = 8.0 Hz, 4H), 6.61(br s, 4H), 6.47 (t, J = 

8.0Hz, 2H), 6.13 (t, J = 8.0 Hz, 2H), 5.20 (d, J = 8.0Hz, 2H); 
13

C NMR 

(400 MHz, CD3CN) d 169.4, 167.3, 152.0, 149.7, 148.5, 143.6, 140.5, 

139.8, 139.4, 132.0, 131.9, 130.5, 130.4, 129.4, 129.2, 128.9,128.4, 125.4, 

123.2, 122.0, 121.0; MALDI-TOF-HRMS: Calcd. for C49H40IrN4 

[M–PF6]
+
: 832.9901 Found: 832.9689. 

Complex 3.2. Yield: 76%. 
1
H NMR (400 MHz, CD3CN) d 8.51 (d, J = 

8.0 Hz, 2H), 8.21 (d, J = 8.0 Hz, 2H), 7.85–7.81 (m, 6H), 7.69 (d, J = 8.0 

Hz, 2H), 7.54 (d, J = 8.0Hz, 2H), 7.4–7.32 (m, 4H), 7.06 (t, J = 8.0 Hz, 

2H), 6.95–6.91 (m, 2H), 6.62 (t, J = 8.0 Hz, 2H), 6.53–6.48 (m, 8H), 6.22 

(t, J = 8.0 Hz, 2H), 5.75 (d, J = 8.0Hz, 2H); 
13

C NMR (400 MHz, CD3CN) 

d 172.7, 165.8, 150.2, 148.9,148.8, 146.1, 140.6, 139.9, 139.7, 134.1, 

131.8, 131.7, 131.2, 130.5, 130.1, 129.6, 129.0, 128.8, 128.7, 128.5, 

128.2, 127.6, 125.6, 123.0; MALDI-TOF-HRMS: Calcd. for C54H36IrN4 

[M–PF6]
+
: 933.2567 Found: 933.2506. 

Complex 3.3. Yield: 70.5%. 
1
H NMR (400 MHz, d6-acetone): 8.77 (d, J 

= 4.0 Hz, 2H), 8.11 (s, 2H), 7.82 (s, 2H), 7.68-7.59 (m, 12H), 7.32 (s, 2H), 

6.99 (dt, J = 8.0 Hz, 4.0 Hz, 2H), 6.77 (dt, J = 8.0 Hz, 4.0 Hz, 2H), 6.70 (t, 
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J = 4.0 Hz, 2H), 6.14 (d, J = 8.0 Hz, 2H), 2.37 (s, 6H); 
13

C NMR (400 

MHz, CD3COCD3) d 164.6, 150.7, 149.4, 142.8, 134.0, 133.7, 131.2, 

129.7, 129.6, 129.0, 128.1, 127.5, 126.0, 124.6, 127.7, 111.9, 108.4, 27.0. 

Maldi-TOF-HRMS: Calcd. For C44H34IrN6 [M-PF6]
+
: 839.2474 

Found:839.6406. Elemental Analysis: Anal. Calcd. for C44H34IrN6PF6: C, 

53.71; H, 3.48; N, 8.54. Found: C, 53.21; H, 3.55; N, 8.52. 

3.3.3 Emission response of 3.1, 3.2 and 3.3 towards different forms of 

DNA 

The G-quadruplex DNA-forming sequences were annealed in Tris-HCl 

buffer (20 mM Tris, 100 mM KCl, pH 7.0) and were stored at –20 °C 

before use. Complex 3.1, 3.2, and 3.3 (1 µM) was added to 5 µM of DNA 

in Tris-HCl buffer (20 mM Tris, pH 7.0) containing. Emission spectra 

were recorded in 500−750 nm range. 

3.3.4 Emission measurement for the detection of HNE in buffered 

solution 

HNE stock solution was prepared by dissolving known amount of HNE 

by Milli-Q. 5 μM of HNE aptamer was annealed with 5 μM of its 

partially complementary sequence in annealing buffer (20 mM Tris, pH 

7.0) at 95 °C and the reaction mixture was allowed to cool to room 
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temperature and stored at –20 °C before use. For emission measurement, 

100 μL of annealed DNA duplex and the indicated concentrations of HNE 

or other proteins were added into Tris-HCl buffer (20 mM Tris, pH 8.2). 

The solutions were incubated for 1 h, followed by the addition of 

complex 3.1 at a final concentration of 3 μM. Emission spectra were 

recorded in the 500–700 nm range, after equilibration at 25.0 °C for 10 

min. Excitation wavelength = 320 nm. 

3.3.5 Emission titration for the detection of cysteine and glutathione 

in buffered solution 

The PS2.M DNA (100 µM) was first annealed in Tris-HCI buffer (20 mM 

Tris, 100 mM KCl, pH 7.0). The solution was heated to 95 °C for 10 min 

and then cooled to room temperature at 0.1 
o
C/s to ensure formation of 

the PS2.M G-quadruplex. The annealed product was stored at –20 °C 

before use. A solution containing complex 3.2 (1 µM), pre-annealed 

PS2.M G-quadruplex (5 μM) and the indicated concentration of Hg
2+

 

were incubated at 25 °C for 3 h in Tris-HCl buffer (20 mM Tris, pH 7.0). 

Aliquots of cysteine (0–40 µM) or glutathione (0–19 µM) were added to 

the buffered solution. Emission spectra were recorded in the 500−690 nm 

range using an excitation wavelength of 360 nm. The selectivity assay 
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was performed using a similar protocol except that a ten-fold excess of 

other amino acids (5, 10 and 15 µM) was used compare to cysteine and 

glutathione (0.5, 1.0 and 1.5 µM) were used.  

3.3.6 DNA polymerization assay procedures 

To a PCR tube, 15 µL of DNA template (100 µM), 5 µL of dNTP (1 mM) 

and 5 µL of NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 

1 mM DTT) and different concentrations of T4 pol were added. The 

solution was diluted to a volume of 50 µL with Milli Q water and 

subsequently incubated at 12 °C for 15 min to allow DNA polymerization. 

The reaction was quenched by adding 10 µL of EDTA (60 mM) to the 

mixture and incubating at 75 °C for 20 min. To the chain extension 

product, 1 µL of KCl solution (3 M) was added and the solution was 

incubated at 95 °C for 10 min, cooled to room temperature at 0.1 °C/s and 

stored at –20 °C before use. 
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3.3.7 Polymerase proofreading activity detection in aqueous buffered 

solution 

For polymerase proofreading activity detection, the PCR product 

mixtures were added to 440 µL of Tris-HCl buffer (25 mM Tris, pH 7.0), 

followed by the addition of 1 µL of 3.3 (0.5 mM in ACN). The solutions 

were incubated for 0.5 h. Emission spectra were recorded in the 450−680 

nm range using an excitation wavelength of 310 nm.  
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3.4 Conclusion 

In summary, we have synthesized and characterized the novel 

luminescent iridium(III) complex 3.1–3.3 as the G-quadruplex-selective 

probe. An oligonucleotide-based platform for the sensitive and selective 

detection of sub-nanomolar HNE in homogenous solution was devised 

based on the selective interaction of 3.1 with the HNE-aptamer ensemble. 

Compared to previous molecular beacon-based methods for HNE 

detection,
31

 our label-free system is simple and cost-effective and retains 

excellent sensitivity and selectivity for HNE. 

     Meanwhile, the luminescence of the 3.2/G-quadruplex ensemble in 

the presence of quenching Hg
2+

 is restored in the presence of Cys or GSH 

due to the specific formation of stable Hg(II)–S adducts. This detection 

platform exhibits a high selectivity towards Cys and GSH over other 

common amino acids, and could be potentially utilized for the detection 

of Cys and GSH in urine sample. Furthermore, the system exhibits a 

tunable range of detection which can be controlled by varying the 

concentration of Hg
2+

 ions. This method is simple, cost-effective, and 

does not require the covalently labeling of oligonucleotides. To our 

knowledge, this is the first report of a G-quadruplex-based 
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three-component ensemble for the detection of biothiols using Hg
2+

 ions 

as a luminescent quencher. 

     On the other hand, a G-quadruplex-based detection strategy for the 

detection of polymerase 3′ to 5′ proofreading activity using unmodified 

DNA and 3.3 was designed. Using T4 pol as a model enzyme, the 

proposed assay is simple and rapid, and exhibits high sensitivity for T4 

pol (0.408 U/mL) without any signal amplification or fluorescent labeling 

of oligonucleotides. The detection system is highly selective for T4 pol 

over other common enzymes under the conditions tested. We anticipate 

that the proposed strategy could be potentially employed as a high 

throughput method to evaluate the proofreading activity of other DNA 

polymerases. 
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Chapter 4 

Investigation of G-quadruplex selectivity of Ir(III) complexes and 

application in G-quadruplex-based luminescent detection of ATP 

and base excision repair enzyme activity 

 

4.1 Introduction 

As more and more Ir(III) complexes were explored, additional 

experiments were performed to investigate the relationship between the 

structure of the iridium(III) complexes and their G-qudaruplex 

selectivity. During our investigation to develop an DNA-based assay 

for ATP and base excision repair enzyme activity detection, we were 

puzzled to observe that Ir(III) complexes showed loop binding towards 

G-qudruplex and much lower binding affinity towards ssDNA and 

dsDNA. 

     Adenosine-5′-triphosphate (ATP) plays a fundamental role in the 

normal physiological function of living organisms as the energy carrier 

of the cell.
1
 It also involved in a variety of cellular metabolic and 

biochemical pathways. However, an abnormal concentration of 

physiological ATP has been implicated in the development of various 
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diseases, such as angiocardiopathy.
2
 Traditional analytical techniques 

for monitoring ATP concentration include mass spectrometry,
3
 

enzyme-linked immunosorbent assays (ELISA)
4
 and capillary 

electrophoresis (CE).
5
 However, these methods typically require 

expensive instrumentation and/or tedious sample preparation. As a 

consequence, it is desirable to develop more simple and rapid methods 

for the quantification of ATP. 

     Aptamers are short functional DNA or RNA oligonucleotides, 

produced via SELEX that bind to target molecules with high affinity 

and selectivity.
6
 Some aptamers undergo conformational changes upon 

binding to the target molecules, allowing an appropriate 

DNA-interacting element to transduce the binding event into a 

luminescent, colorimetric, or electrochemical signal.
7-12

 The binding 

affinity of the ATP aptamer towards ATP has been described 

previously.
13, 14

 Using the ATP aptamer, a variety of 

oligonucleotide-based ATP detection platforms with luminescent,
15-23

 

colorimetric,
24, 25

 or electrochemical
26-28

 outputs have been reported. 

     We have previously reported an ATP detection platform utilizing 

the organic dye crystal violet (CV) to monitor the ATP-induced 
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G-quadruplex.
15

 However, the sensitivity of the assay was limited 

somewhat by the promiscuous binding of CV to multiple DNA 

conformations. Meanwhile, transition metal complexes have emerged 

as attractive candidates for G-quadruplex-sensing applications due to 

the following reasons: (i) the long lifetime of 
3
MLCT phosphorescence 

enhances image signal stability and reduces background fluorescence 

noise, (ii) metal complexes can be made by simple synthetic protocols, 

(iii) the photophysical properties of metal complexes can be tuned by 

adjustment of the auxiliary ligands, and (iv) the relatively large stokes 

shifts helps to prevent self-quenching.
29-34

 Encouraged by the previous 

application of G-quadruplex-selective metal complexes in DNA-based 

sensing platforms,
35-37

 we sought to improve the sensitivity of our 

previous ATP detection assay by employing an iridium(III) complex as 

a G-quadruplex probe. 

     Single bases in DNA can be damaged by a variety of chemical 

reactions, resulting in incorrect base-pairing that ultimately leads to 

mutations in the DNA.
38

 The base excision repair (BER) pathway acts 

throughout the cell cycle to remove damaged bases from DNA.
39

 BER 

is initiated by DNA glycosylases that recognize and catalyze the 
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cleavage of damaged or mismatched bases, thus generating an abasic 

(AP) site. The repair process is then completed by the action of AP 

endonucleases, deoxyribophosphodiesterases, DNA polymerases and 

DNA ligases.
40, 41

 BER enzyme activity is therefore a critical function 

in the repair of DNA lesions and has been associated with both 

individual and population disease susceptibility.
42

 Consequently, the 

development of efficient assays for the detection of BER enzyme 

activity is of great interest. 

      Commonly-used detection methods for BER enzyme activity 

include gel-based assays, radioisotopic labeling and streptavidin 

paramagnetic bead capture techniques.
43, 44

 However, these methods 

tend to be unwieldy, time-consuming and may necessitate stringent 

safety measures to control radiographic exposure. In recent years, 

luminescent DNA-based techniques for the detection of BER activity 

have been proposed. For example, Ren and co-workers have reported a 

fluorescence molecular beacon-based approach for the detection of 

BER activity.
45

 Yu and co-workers have developed a sensitive 

autocatalytic DNAzyme amplification method for BER activity.
46

 

Alternatively, Kool and co-workers engineered DNA oligomers 
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containing non-natural fluorescent bases for assaying the activity of 

uracil-DNA glycosylase (UDG).
47

  

      Luminescent metal complexes have attracted growing interest in 

optoelectronic devices,
48

 molecular imaging,
49

 chemosensing
30, 31

 and 

as structural probes of biomolecules such as DNA.
50-52

 Luminescent 

metal complexes can show selective binding affinities for specific 

DNA conformations and their photophysical properties can be readily 

modulated without the need for lengthy synthetic protocols. 

Additionally, most luminescent heavy metal complexes possess long 

emission lifetimes in the visible region and thus their phosphorescence 

can be efficiently distinguished from the background fluorescence of 

cellular media by the use of time-resolved microscopy. 

      The use of DNA for the recognition and detection of analytes has 

been an active area of research.
53, 54

 The G-quadruplex motif is a DNA 

secondary structure consisting of square-planar arrangements of 

guanine nucleobases stabilized by Hoogsteen hydrogen bonding and 

monovalent cations.
55, 56

 Due to their rich structural diversity and 

sensitivity to a range of analytes, G-quadruplexes have been widely 

employed as signal recognition elements in bioanalytical assays.
57-61
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While Pt(II)
62-64

 and Ru(II)
65, 66

 complexes have been extensively 

studied as luminescent light switches for G-quadruplex DNA, the use 

of the Ir(III) center for the design of luminescent G-quadruplex probes 

has only recently been explored by our research group.
35, 67, 68

 Inspired 

by these ideas, we sought to develop a luminescent switch-on detection 

platform for BER enzyme activity. The highly conserved BER enzyme 

UDG and Apurinic/apyrimidinic (AP) endonucleases which play an 

important role in the BER pathway
40, 41

 were chosen as a model enzyme 

for the demonstration. 
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4.2 Result and Discussion 

4.2.1 A label-free luminescent switch-on assay for ATP using a 

G-quadruplex-selective iridium(III) complex 

The mechanism of this ATP sensing platform is depicted in Figure 4.1. 

Initially, the ATP aptamer hybridizes with its complementary sequence 

to form a double-stranded DNA (dsDNA) structure. In the absence of 

ATP, DNA duplex interacts weakly with the G-quadruplex-selective 

iridium(III) complex, resulting in a low emission signal. The addition 

of ATP induces the dissociation of the duplex structure via the 

formation of an aptamer-target complex, in which the ATP aptamer 

adopts a G-quadruplex structure. The strong interaction of the 

iridium(III) complex with the G-quadruplex motif results in an 

enhanced luminescence response.  

     To evaluate the feasibility of this strategy, we first investigated 

the luminescence intensity of the system in different concentrations of 

ATP, and utilizing the previously reported G-quadruplex-selective 

cyclometallated iridium(III) complex 2.1 as the signal transducer. 

Surprisingly, no significant increase of luminescence intensity was 

observed even in the presence of 10 mM of ATP (Fig. 4.2).   
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Fig. 4.1 Schematic illustration of the G-quadruplex-based assay for the detection of 

ATP.  

 
 

 

 

Fig. 4.2 Emission spectrum of the 2.1/duplex system in response to various 

concentrations of ATP: 0, 1, 2, 5 and 10 mM. λex = 360 nm. 
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The low luminescence enhancement of this system was presumably 

due to the weak interaction between 2.1 and the ATP aptamer 

G-quadruplex, as the complex has been reported to only bind to only 

certain types of G-quadruplex structures.
69

 We anticipated that by 

increasing the size of the ligands by adding a benzene ring could 

increase the hydrophobicity, the resulting complex might form superior 

π-stacking interactions with the G-quadruplex tetrads or loops. 

Therefore, we investigated the application of complex 4.1 

[Ir(piq)2(biq)]PF6 (where piq = 1-phenylisoquinoline) (Fig. 4.3) 

containing two planar extended ligands in the label-free 

G-quadruplex-based ATP sensing platform.  

     The synthesis and characterization of the cyclometallated 

iridium(III) complex 4.1 was performed according to a previous 

report.
70

 We investigated the luminescence response of complex 4.1 

towards various types of DNA, including single-stranded DNA 

(ssDNA), double-stranded calf-thymus DNA (ctDNA) and 

pre-annealed G-quadruplex DNA (Fig. 4.4). Complex 4.1 was weakly 

emissive in aqueous buffered solution (20 mM Tris, 50 mM KCl, pH 

7.0). Encouragingly, the presence of G-quadruplex DNA sequences 

(HTS, H21) could significantly enhance the luminescence of complex  
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Fig. 4.3. Chemical structure of cyclometallated iridium(III) complexes 4.1. 

 

 

 

Fig. 4.4 Luminescence response of complex 4.1 (1 μM) in the presence of 5 μM of 

ssDNA, ctDNA or various G-quadruplexes (HTS, H21). λex = 360 nm. 
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4.1. A maximum 8-fold enhancement was observed in the 

luminescence intensity of 4.1 at 5 μM of the H21 and HTS 

G-quadruplex (Fig. 4.4).  

     To investigate the binding affinity of complex 2.1 and 4.1 

towards the pre-annealed ATP aptamer G-quadruplex, the 

G-quadruplex fluorescent intercalator displacement (G4-FID) assay 

was employed. The results of the G4-FID assay indicated that 4.1 could 

displace TO from the ATP aptamer G-quadruplex with a 
G4

DC50 value 

(half-maximal concentration of compound required to displace 50% TO 

from DNA) of 5 µM, while the 
G4

DC50 value of 2.1 was >6 µM (Fig. 

4.5). This result indicates that complex 4.1 has higher binding affinity 

towards the ATP aptamer G-quadruplex compared to complex 2.1. We 

envisage that the strong interaction between complex 4.1 and the 

G-quadruplex protects the metal center from the aqueous buffer 

environment and suppresses non-radiative decay, thus enhancing 

3
MLCT emission. By comparison, the addition of ssDNA or ctDNA 

resulted in only minimal changes in the luminescence of complex 4.1. 

To our knowledge, complex 4.1 has not previously been reported as a 

G-quadruplex-selective probe. 
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Fig. 4.5 G4-FID titration curves of the ATP G-quadruplex in the presence of 

increasing concentration of complex 2.1 and 4.1 in Tris-HCl buffer (50 mM Tris, 

pH 7.0, 100 mM KCl). DC50 value is determined by half-maximal concentration of 

compound required to displace 50% TO from DNA. 
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     Based on established selective luminescence response of 

complex 4.1 towards G-quadruplex DNA, we sought to employ 

complex 4.1 in the oligonucleotide-based ATP detection assay. In the 

absence of ATP, complex 4.1 was only slightly emissive due to the 

weak interaction between the metal complex with the duplex substrate 

(Fig. 4.6). Encouragingly, the luminescence signal of 4.1 was 

significantly enhanced in the presence of ATP, presumably due to the 

formation of the aptamer G-quadruplex induced by ATP.  

     A number of control experiments were performed to validate the 

mechanism of the proposed assay. We investigated the response of a 

modified system involving a mutant sequence 

(5'-AACCTGTTTGAGTATTGCGGAGTAAGTT-3', base mutants 

underlined) that cannot form a G-quadruplex due to the lack of critical 

guanine residues (Fig. 4.6). No luminescence enhancement was 

observed upon addition of 1, 2, 5 of 10 mM of ATP to the modified 

system. This suggests that the complex 4.1 specifically interacts with 

the G-quadruplex motif formed after the addition of ATP, rather than 

through non-specific DNA-ATP-4.1 ternary interactions. We have 

previously demonstrated using circular dichroism (CD) spectroscopy  
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Fig. 4.6 Emission spectrum of the 4.1/duplex (wild-type/mutant) system in 

response to various concentrations of ATP: 0, 1, 2, 5 and 10 mM. λex = 360 nm. 
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that ATP could induce the formation of the G-quadruplex structure 

from a dsDNA substrate containing the ATP aptamer sequence.
15

 

Furthermore, incubating complex 4.1 with 5 or 10 mM of ATP resulted 

in no significant luminescent enhancement, indicating that the metal 

complex does not directly interact with ATP (Fig. 4.7). 

     In order to optimize the luminescence response of this sensing 

platform, we investigated the effect of the concentration of dsDNA and 

complex 4.1. We observed that the luminescence intensity in the 

presence of 5 mM ATP attained a maximum intensity when the 

concentrations of dsDNA and complex 4.1 were 0.25 μM and 1 μM, 

respectively (Fig. 4.8). The luminescence response of this platform 

increased with ATP concentration and reached saturation at 1 mM of 

ATP in buffered solution (Fig. 4.9A), with a linear (R
2
 = 0.96) 

luminescence response in the range of 2.5−100 μM of ATP (Fig. 4.9B) 

Under the optimized conditions, the maximal fold-change enhancement 

was improved to 6.5-fold compared to ca. 2.5-fold for the unoptimized 

system (Fig. 4.6). Furthermore, the limit of detection (LoD) recorded 

using the 3σ method was 2.5 μM. The performance of the present 

system is superior to that in our previous study using the organic dye  
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Fig. 4.7 Emission spectrum of the 4.1 upon addition of 5 and 10 mM ATP. λex = 

360 nm. 

 

 

 

 

Fig. 4.8 Relative luminescence intensity of the system (A) ([dsDNA] = 2 µM, [ATP] 

= 5 mM) in the presence of different concentrations of complex 4.1 (0.25, 1, 3 and 

5 µM) in aqueous buffered solution (50 mM Tris, pH 7.2). (B) ([complex 4.1] = 1 

µM, [ATP] = 5 mM) at various concentrations of the dsDNA (0.25, 0.5, 1.5 and 3 

µM) in aqueous buffered solution (50 mM Tris, pH 7.2). Error bars represent the 

standard deviations of the results from three independent experiments. 
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Fig. 4.9 (A) Emission spectrum of the 4.1/duplex system ([4.1] = 1 μM, [dsDNA] 

= 0.25 μM) in the presence of increasing concentrations of ATP (0, 2.5, 10, 50, 100, 

500, 1000, 2500 and 5000 μM). λex = 360 nm. (B) Luminescence response of the 

system vs. log [ATP]. Inset: linear plot of the change in luminescence intensity of 

the system vs. ATP concentration. 

 

 

  



Chapter 4 

118 
 

CV (fold change = 4, LoD = 5 μM). We envisage that the superior 

sensitivity of the present system could be attributed to the highly 

selective interaction between iridium(III) complex 4.1 and 

G-quadruplex DNA. In contrast, CV also interacts significantly with 

duplex DNA, resulting in a higher fluorescent background signal 

leading to lower sensitivity and maximal fold-change response. 

     The selectivity of this platform towards ATP over related 

analogues such as uridine 5′-triphosphate (UTP), guanosine 

5′-triphosphate (GTP), cytidine 5′-triphosphate (CTP), adenosine 

5′-diphosphate (ADP) and adenosine 5′-monophosphate (AMP) was 

also investigated. While a high luminescence signal was recorded in the 

presence of 1 mM ATP, only small changes in the luminescence 

intensity of the system was observed in the presence of 10-fold excess 

amounts of the ATP analogues (Fig. 4.10). Furthermore, we also 

investigated the selectivity of this ATP detection platform towards other 

species that may be present in biological samples, such as NaCl, 

glucose, and serum albumin. The assay did not generate significant 

luminescence signal in the presence of NaCl (300 mM) or glucose 

(2%). On the other hand, 0.05% of serum albumin induced an emission  
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Fig. 4.10 Luminescence fold change of the system for 1 mM of ATP, 10 mM of 

uridine 5′-triphosphate (UTP), guanosine 5′-triphosphate (GTP), cytidine 

5′-triphosphate (CTP), adenosine 5′-diphosphate (ADP), adenosine 

5′-monophosphate (AMP), 300 mM NaCl, 2% glucose and 0.05% serum albumin 

(SA).  
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enhancement that was 25% that observed with 1 mM of ATP. Overall, 

these results demonstrate the selectivity of this platform towards ATP. 

In order to evaluate the robustness of the system, we investigated the 

ability of the assay to detect ATP in spiked total cell extracts. 

Encouragingly, the emission signal of the system was enhanced upon 

increasing concentrations of ATP (Fig. 4.11). This result demonstrates 

the potential application of the ATP detection platform for real sample 

analysis. 
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Fig. 4.11 Emission spectrum of the 4.1/duplex system ([4.1] = 1 μM, [dsDNA] = 

0.25 μM) in the presence of increasing concentrations of ATP (0, 2.5, 10, 50, 100, 

500, 1000 and 2500 μM) in whole cell extracts. λex = 360 nm. 
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4.2.2 Detection of base excision repair enzyme activity using a 

luminescent G-quadruplex selective switch-on probe 

The proposed mechanism of the UDG activity assay is outlined in 

Scheme 4.1. The G-quadruplex-forming sequence (ON1, 

5-G3TAG3A3T2CT2A2GTGCG3T2G3-3) is initially hybridized with a 

partially complementary, uracil-containing DNA strand (ON2, 

5-CGCACU2A2GA2U2TC-3) to form a duplex substrate. Treatment of 

the ON1-ON2 duplex substrate by UDG will result in the removal of 

uracil bases, thereby generating abasic sites on ON2 and liberating 

ON1. ON1 is able to fold into a G-quadruplex conformation that is 

subsequently recognized by the G-quadruplex selective Ir(III) complex 

with an enhanced luminescence response. 

     The thermal difference spectrum (TDS) of ON1 showed a typical 

pattern characteristic for the G-quadruplex structure (Fig. 4.12).
71, 72

 

Previous work had demonstrated that the luminescence of certain Ir(III) 

complexes was selective for G-quadruplex DNA over single-stranded 

DNA (ssDNA) or double-stranded DNA (dsDNA).
18 

However, the 

G-quadruplex formed from ON1 contains a long central loop, which 

could potentially play an important role in determining the interactions  
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Scheme 4.1 Schematic diagram of the UDG activity assay based on a duplex 

substrate and G-quadruplex selective luminescent probe. U and A denote uracil and 

adenine nucleobases, respectively. 

 

 

Fig. 4.12 Thermal difference spectrum of ON1 G-quadruplex resulting from the 

difference between the absorbance recorded at 95 °C and 20 °C.  
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between the oligonucleotide and G-quadruplex ligands. Therefore, we 

investigated the luminescence behaviour of the Ir(III) complex 

[Ir(bzq)2(5-Clphen)]PF6 (4.2) as well as previously reported 

G-quadruplex-selective Ir(III) complexes (2.1, 3.1–3.2) towards ON1 

(Fig. 4.14). Interestingly, complex 4.2 showed the highest 

luminescence enhancement (I / I0) towards the ON1 G-quadruplex. In 

comparison, the non-halogenated complex 4.3 showed a lower 

luminescence response in the presence of ON1. This result suggests 

that the chloride group in 4.2 may play a role in governing the 

interaction between the complex and the G-quadruplex.  

     To further validate the suitability of 4.2 as a 

G-quadruplex-selective probe, we employed emission titration, UV/Vis 

absorption titration, FRET melting assays and G4-FID assays to 

evaluate the binding affinity and selectivity of 4.2 for G-quadruplex 

DNA. Using UV/Vis absorption titration, the intrinsic binding affinity 

of 4.2 to G-quadruplex DNA was determined to be 4.5 × 10
5
 M

–1
, 

which was 9.4 and 6.2-fold higher than that for ssDNA and dsDNA, 

respectively (Fig. 4.15). FRET-melting analysis  
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Fig. 4.13 Chemical structures of iridium(III) complexes 4.2 and 4.3. 

 

 

 

 

 

Fig. 4.14 Luminescence responses of complex 2.1, 3.1–3.2, 4.2–4.3 (1 µM) in the 

presence of increasing concentrations of ON1 G-quadruplex (left). 
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Fig. 4.15 Plot of D/Δεap vs. concentration of DNA of complex 4.2 (20 µM) for 

calculating the intrinsic binding constant (K). Absorbance of 4.2 at 325 nm was 

used for calculation. Intrinsic binding constant of 1 to Pu27 G-quadruplex = 4.50 × 

10
5
 M

–1
; ds17 duplex DNA = 7.26 × 10

4
 M

–1
; ssDNA = 4.76 × 10

4
 M

–1
. 
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revealed that 4.2 stabilized the G-quadruplex structure with a 16 °C 

increase in the melting temperature (ΔTm) at a [DNA]/[ligand] ratio of 

1:2 (Fig. 4.16). By comparison, the stabilization effect of 4.2 towards 

dsDNA was less pronounced (ΔTm = 6 °C) (Fig. 4.17). The results of 

the G4-FID assay indicated that 4.2 could displace thiazole orange (TO) 

from G-quadruplex structures with 
G4

DC50 values (half-maximal 

concentration of compound required to displace 50% TO from DNA) 

of <10 µM, while the displacement of TO from dsDNA was below 

50% even at the highest concentration of 4.2 tested (Fig. 4.18). Most 

importantly, we found that 4.2 displayed significantly enhanced 

luminescence in the presence of G-quadruplex DNA, while only slight 

luminescence changes were observed in the presence of ssDNA and 

dsDNA (Fig. 4.19). The mechanism of the enhanced luminescence of 

4.2 is presumably due to the shielding of the metal centre from solvent 

interactions upon G-quadruplex binding, which suppresses 

non-radiative decay of the excited state thus enhancing 
3
MLCT 

phosphorescence. 

     Having established the selectivity of 4.2 for the G-quadruplex 

motif, we applied this complex in the development of the DNA-based   
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Fig. 4.16 Scatter plot showing the melting profile of 200 nM F21T G-quadruplex 

DNA in the absence of 4.2 (black rectangle) and with increasing concentration of 

4.2: 1:1 (blue triangle) and 1:2 (red circle). The effect of stabilization of F21T by 

acetonitrile was also examined but the effect is minimal (data not shown). 

 

 

 

Fig. 4.17 Scatter plot showing the melting profile of 200 nM F10T double-stranded 

DNA in the absence of 4.2 (black rectangle) and with increasing concentration of 

4.2: 1:1 (blue triangle) and 1:2 (red circle). The effect of stabilization of F10T by 

acetonitrile was also examined but the effect is minimal (data not shown). 
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Fig. 4.18 G4-FID titration curves of DNA duplex ds17, ds26 and G-quadruplexes 

(Pu22, Pu27 and HTS) in the presence of increasing concentration of complex 4.2 

in Tris-HCl buffer (50 mM Tris, pH 7.0, 100 mM KCl). DC50 value is determined 

by half-maximal concentration of compound required to displace 50% TO from 

DNA. 

 

 

 

Fig. 4.19 Emission spectrum of complex 4.2 (1 µM) in the presence of 5 µM of 

ssDNA, ctDNA or various G-quadruplexes.  
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UDG detection assay. In the absence of UDG, complex 4.2 was only 

slightly emissive due to the weak interaction of the metal complex with 

the ON1-ON2 duplex substrate (Fig. 4.20). However, the luminescence 

signal of 4.2 was significantly enhanced in the presence of UDG, 

presumably due to the release of ON1 and the subsequent formation of 

the G-quadruplex structure that interacts strongly with 4.2. In contrast, 

the luminescence intensity of 4.2 was not significantly affected in the 

presence of UDG and a substrate duplex formed from ON2 and a 

mutant sequence ON1m 

(5-TAGTAGAGA3T2CT2A2GTGCGAGT2GTA-3, base mutants 

underlined), which lacks consecutive guanine bases and is unable to 

fold into a G-quadruplex upon liberation (Fig. 4.21). These results 

indicate that the luminescence enhancement of the system is dependent 

on the ability of ON1 to fold into a G-quadruplex motif in the presence 

of UDG.  

     A number of control experiments were performed to validate the 

mechanism of the assay. An emission titration experiment conducted 

with UDG in the absence of the duplex substrate indicated that the 

luminescence enhancement of the system was not due to the interaction   
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Fig. 4.20 Luminescence response of the system ([4.2] = 1 µM, [duplex substrate] = 

0.5 µM) with or without 5 U/mL UDG. 

 

 

Fig. 4.21 Luminescence intensity of the system ([4.2] = 1 µM, [UDG] = 5 U/mL) 

in the presence of duplex substrate or ON1m-ON2 duplex. Error bars represent the 

standard deviations of the results from three independent experiments. 
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between UDG and 4.2 (Fig. 4.22). Non-denaturing polyacrylamide gel 

electrophoresis (PAGE) confirmed that the duplex substrate was 

dissociated into discrete bands, which matched with isolated ON1 and 

ON2 in control lanes, in the presence of UDG (Fig. 4.23). CD 

spectroscopy also confirmed the formation of the ON1 G-quadruplex 

structure in the presence of UDG (Fig. 4.24 and 4.25).
6 

 

     After optimization of the reaction conditions (Fig. 4.26−4.30), 

we investigated the luminescence response of the system to different 

concentrations of UDG. Encouragingly, the luminescence signal of 4.2 

was enhanced as the concentration of UDG was increased. The 

luminescence of 4.2 plateaued at 5 U/mL UDG and experienced a 

slight decrease beyond this concentration (Fig. 4.31). This assay was 

highly sensitive and a detection limit for UDG of 0.02 U/mL was 

recorded using the 3σ method. Furthermore, the presence of UDG in 

this assay could be readily observed by the naked eye under 

UV-illumination (Fig. 4.32). The selectivity of the method towards 

UDG against a range of nucleases including ExoI and ExoIII was also 

examined. Only negligible effects on the luminescence of 4.2 were 

observed in the presence of the other enzymes (Fig. 4.33).   
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Fig. 4.22 Luminescence response of the system with the complex alone ([4.2] = 1 

µM) in the presence of increasing concentrations of UDG (0, 10, 20 and 30 U/mL). 

 

 
 

 

 

 

Fig. 4.23 Non-denaturing gel electrophoresis of samples in 20% polyacrylamide 

gel. Lane 1 contains 15 μM ON1. Lane 2 contains 10 μM ON2. Lanes 3 contains 

15 μM ON1-ON2 duplex substrate without UDG. Lane 4 contains 15 μM 

ON1-ON2 duplex substrate with 5 U/mL UDG. 
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Fig. 4.24 Circular dichroism (CD) spectrum of blank (red) or 5 U/mL UDG (blue) 

recorded in Tris buffer (50 mM Tris, pH 7.0). 

 

 

 

 

 

 

 

Fig. 4.25 Circular dichroism (CD) spectrum of 2.5 μM ON1-ON2 duplex substrate 

in the absence (red) or presence (blue) of 5 U/mL UDG recorded in Tris buffer.  
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Fig. 4.26 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL) in the presence of different 

concentrations of 4.2 (0.25, 0.5, 1, 2 and 3 µM) in aqueous buffered solution (50 

mM Tris, 20 mM KCl, 150 mM NH4OAc, pH 7.0). Error bars represent the 

standard deviations of the results from three independent experiments. 

 

 

 

Fig. 4.27 Relative luminescence intensity at 585 nm of the system ([4.2] = 0.5 µM, 

[UDG] = 2.5 U/mL) at various concentrations of the duplex substrate (0.25, 0.5, 1.5 

and 3 µM) in aqueous buffered solution (50 mM Tris, pH 7.0). Error bars represent 

the standard deviations of the results from three independent experiments. 
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Fig. 4.28 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL, [4.2] = 0.5 µM) at various concentrations 

of KCl ([KCl] = 0, 20, 50, 100 mM). Error bars represent the standard deviations of 

the results from three independent experiments. 

 

 

 

 

Fig. 4.29 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL, [4.2] = 0.5 µM) at various concentrations 

of NH4OAc ([NH4OAc] = 0, 50, 150, 300 mM). Error bars represent the standard 

deviations of the results from three independent experiments. 
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Fig. 4.30 Relative luminescence intensity at 585 nm of the system ([duplex 

substrate] = 1.5 µM, [UDG] = 2.5 U/mL, [4.2] = 0.5 µM) by varying the pH of the 

buffered system (50 mM Tris, 20 mM KCl, 150 mM NH4OAc). Error bars 

represent the standard deviations of the results from three independent experiments. 

 

 

 

Fig. 4.31 Luminescence intensity of the 4.2 at 585 nm vs. concentration of UDG (0, 

0.02, 0.05, 0.1, 0.25, 0.5, 1, 2, 3, 5 and 10 U/mL). Inset: linear regression of the 

luminescence intensity of 4.2 at λ = 585 nm vs. concentration of UDG. Error bars 

represent the standard deviations of the results from three independent experiments. 
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Fig. 4.32 Photograph image of the system in the presence (left) or absence (right) 

of UDG recorded in aqueous buffer (50 mM Tris, 20 mM KCl, 150 mM NH4OAc, 

pH 7.0). 

 

 

 

 

Fig. 4.33 Luminescence response of the system ([duplex substrate] = 1.5 µM, [4.2] 

= 0.5 µM) treated with UDG (2.5 U/mL) or 10-fold excess of ExoIII, ExoI or T7 

(25 U/mL) at 37 °C for 30 min (left). 
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     The utility of this G-quadruplex-based assay for screening 

potential UDG inhibitors was also studied. Here, uracil DNA 

glycosylase inhibitor (UGI) was chosen a model inhibitor of UDG. The 

luminescence signal of the system was diminished in the presence of 

UGI in a dose-dependent manner (Fig. 4.34). Furthermore, UGI had no 

direct quenching effect on the luminescence of 4.2 (Fig. 4.35). These 

results demonstrate that the proposed method can be further developed 

as a rapid and low-cost high-throughput screening platform for UDG 

inhibitors for potential biological applications. 
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Fig. 4.34 Relative luminescence intensity of the system in the presence of 

increasing concentrations of UGI (0, 0.125, 0.25, 0.5, 0.75, 1, 2 and 3 U/mL) 

(right). Error bars represent the standard deviations of the results from three 

independent experiments. 

 

 

 

Fig. 4.35 Luminescence response of 0.5 µM of 4.2 in the presence (green line) or 

absence (red line) of 5 U/mL UGI. 
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4.2.3 Label-free luminescent switch-on detection of endonuclease 

IV activity using a G-quadruplex-selective iridium(III) complex 

The proposed mechanism of the Endo IV activity assay is outlined in 

Scheme 4.2. An AP site-containing DNA oligonucleotide (P1, 

5-TATCTGCAC*AGTG3TAG3CG3T2G2-3, where * = AP site), which 

also contains a G-quadruplex-forming sequence at the 3′-terminus, was 

obtained by removing uracil from a uracil-containing DNA 

oligonucleotide (P1U, 5-TATCTGCACUAGTG3TAG3CG3T2G2-3) 

using UDG. The AP site-containing sequence P1 was then hybridized 

with a partially complementary DNA strand (P2, 

5-TC2TAC3ACTAGTGCAGAT2-3) to form a duplex substrate. 

Treatment of the P1-P2 duplex substrate with Endo IV will result in 

cleavage of the AP site. The two resulting fragments of P1 will 

dissociate from P2, and the released G-quadruplex-forming fragment at 

the 3′-end (black line in Scheme 4.2) will fold into a G-quadruplex in 

the presence of K
+
 ions. The formation of the G-quadruplex structure is 

recognized by the G-quadruplex-selective iridium(III) complex with an 

enhanced luminescence response, allowing the system to function as a 

switch-on luminescent probe for Endo IV activity. 
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Scheme 4.2 Schematic illustration of the G-quadruplex-based assay for 

endonuclease IV activity detection. 
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     Iridium(III) complexes 2.1, 4.4–4.5 (Fig. 4.36) each contain two 

ppy C^N co-ligands, but vary in the nature of the N^N substituent. 

Complexes 4.4 and 2.1 possess the relatively large bcp or biq N^N 

ligand, while complex 4.5 contains the smaller bipy N^N donor ligand. 

We hypothesize that larger N^N ligands might allow the resulting 

complex to form superior π-stacking interactions with the 

G-quadruplex tetrads or loops, thus contributing to a stronger 

luminescence enhancement. We first investigated the luminescence 

behavior of iridium(III) complexes 2.1, 4.4–4.5 towards different types 

of DNA. The complexes were weakly emissive in aqueous buffered 

solution (20 mM Tris, pH 7.2, 100 mM KCl). However, the 

luminescence of complexes 4.4 and 2.1 was significantly enhanced in 

the presence of the various G-quadruplex DNA sequences (PS2.M, 

Pu27 and c-kit87up). A ca. 5-fold enhancement in the luminescence 

signal of complex 4.4 or 2.1 was observed in the presence of 5 μM of 

PS2.M, Pu27 or c-kit87up G-quadruplex DNA (Fig. 4.37). In contrast, 

the addition of 5 μM of single-stranded DNA (ssDNA) or 

double-stranded DNA (ds17, ds26) did not induce significant changes 

in the luminescence of complexes 4.4 or 2.1. This result indicates that  
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Fig. 4.36 Chemical structures of the iridium(III) complexes 4.4 and 4.5. 

 

 

 

 

 

Fig. 4.37 Luminescence enhancement of complex 2.1, 4.4 and 4.5 (1 µM) in the 

presence of 5 µM of ssDNA, dsDNA or various G-quadruplexes. 
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complexes 4.4 and 2.1 are able to discriminate G-quadruplex DNA 

from dsDNA or ssDNA. On the other hand, complex 4.5 was found to 

be non-selective for G-quadruplex DNA. The above result suggests that 

the selectivity of these iridium(III) complexes for the G-quadruplex 

motif may be fine-tuned by adjustment of the auxiliary N^N ligand.  

     Interestingly, complex 4.4 showed only weak luminescence 

enhancement in the presence of the TBA G-quadruplex (Fig. 4.37). 

TBA has previously been shown to readily accommodate planar 

aromatic ligands, but not ribbon-like molecules.
73

 This result suggests 

that complex 4.4 may bind outside the G-tetrad for the other 

G-quadruplexes.
74

 To examine the role of the G-quadruplex loops in 

the binding interaction of complex 4.4, we investigated the 

luminescence response of complex 4.4 towards various G-quadruplex 

DNA structures with different loop sizes. The G-quadruplex folding of 

the sequences utilized in this experiment was extensively validated by 

Mergny et al.
72

 We explored G-quadruplex sequences containing a 

5′-side loop (5-G3TnG3T3G3T3G3-3), a central loop 

(5-G3T3G3TnG3T3G3-3) or a 3′-side loop (5-G3T3G3T3G3TnG3-3), 

with loop sizes ranging from 1 to 15 nucleotides (n = 1, 2, 3, 4, 5, 6, 7, 
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9, 12, 15). The results showed that the luminescence intensity of 

complex 4.4 generally increased with greater loop size, regardless of 

the location of the loop (Fig. 4.38). For the G-quadruplex structures 

containing a 5′-side loop, complex 4.4 showed a 2-fold emission 

enhancement when the loop size was 1 or 2 nt. The luminescence of 

complex 4.4 decreased to 1.5-fold with the 3-nt loop, but then 

increased uniformly to 2.7-fold as the loop size was increased to 15 nt. 

With G-quadruplexes containing central loops or 3′-side loops, the 

correlation between G-quadruplex loop size and luminescent 

enhancement was positive, but non-linear. The luminescent 

enhancement of complex 4.4 increased from 1.0 to 3.1-fold for the 

central loop, and from 1.0 to 3.0-fold for the 3′-side loop, as the loop 

size was increased from 1 to 15 nt. Interestingly, the maximal 

luminescence enhancement for both the central and side loops occurred 

at a loop size of 12 nt. This result suggests that the G-quadruplex loop 

may play an important role in the G-quadruplex-complex 4.4 

interaction, which is consistent with previous work by Qu and 

co-workers who showed that the nature of the loop region could affect 

the binding interaction between ligands and G-quadruplex DNA.
75
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Fig. 4.38 Luminescence enhancement of complex 4.4 is shown as a function of 

loop size (A) 5-side loop, (B) central loop and (C) 3-side loop (in nucleotides). 
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     Complexes 4.4 and 4.5 both displayed robust luminescence 

responses towards G-quadruplex DNA, but complex 4.4 displayed a 

superior selectivity for G-quadruplex DNA vs. dsDNA (Fig. 4.39). 

Encouraged by the superior selectivity of complex 4.4 for 

G-quadruplex DNA, we sought to utilize complex 4.4 for the 

development of the oligonucleotide-based Endo IV activity detection 

assay. A preliminary experiment showed that the luminescence signal 

of complex 4.4 was significantly enhanced when P1-P2 was incubated 

with Endo IV. We presume that the luminescence enhancement of 

complex 4.4 was due to the release of the G-quadruplex-forming 

fragment of P1 upon cleavage of the AP site with Endo IV, leading to 

the subsequent formation of the G-quadruplex structure that interacted 

strongly with complex 4.4. After optimization of the reaction times 

with UDG and with Endo IV, the pH of the solution, and the 

concentrations of complex 4.4, DNA and KCl (Fig. 4.40), we 

performed an emission titration experiment with increasing 

concentrations of Endo IV. Encouragingly, the luminescence intensity 

of complex 4.4 was enhanced as the concentration of Endo IV was  
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Fig. 4.39 Diagrammatic bar array representation of the luminescence enhancement 

selectivity ratio of complexes 2.1, 4.4 and 4.5 for G-quadruplex DNA over dsDNA. 
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Fig. 4.40 Relative luminescence intensity of the system (A) ([4.4] = 0.5 µM, 

[duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) at various Endo IV reaction times (5, 

10, 20, 30 and 60 min). (B) ([4.4] = 0.5 µM, [duplex DNA] = 2 µM, [Endo IV] = 

20 U/mL) at various UDG reaction times (5, 10, 20 and 30 min). (C) ([4.4] = 1 µM, 

[Endo IV] = 20 U/mL) at various concentrations of the duplex DNA (0.5, 1, 2 and 3 

µM). (D) ([duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) in the presence of 

different concentrations of complex 4.4 (0.25, 0.5, 1 and 2 µM). (E) ([4.4] = 0.5 

µM, [duplex DNA] = 2 µM, [Endo IV] = 20 U/mL) in the presence of different 

concentrations of KCl (20, 50, 100 and 200 mM). (F) ([4.4] = 0.5 µM, [duplex 

DNA] = 2 µM, [Endo IV] = 20 U/mL) in the presence of different buffer pH values 

(6, 7, 8 and 9). 
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increased. The system exhibited a linear range of detection for Endo IV 

from 0.2 to 10 U/mL, and the luminescence of the system plateaued at 

40 U/mL of Endo IV (Fig. 4.41). This assay was highly sensitive for 

Endo IV, with a detection limit of 0.2 U/mL using the 3σ method. 

     To validate the mechanism of our assay, an emission experiment 

was conducted with Endo IV and complex 4.4 in the absence of duplex 

DNA. No enhancement was observed upon addition of 20 U/mL Endo 

IV (Fig. 4.42), indicating that the luminescence response of complex 

4.4 was dependent on the presence of duplex DNA substrate. We also 

analyzed a mutant duplex substrate (P1mut-P2) that does not have the 

potential to form an AP site and be cleaved by Endo IV, as P1mut lacks 

uracil bases. No significant change in the luminescence intensity of 

complex 4.4 was observed when P1mut-P2 was incubated with Endo IV 

(Fig. 4.43). This result indicates that the luminescence enhancement of 

the system is dependent on the ability of Endo IV to cleave the AP site 

in the P1-P2 DNA duplex. 

     The selectivity of the method for Endo IV was examined by 

testing the response of the system against various other enzymes, 

including Exo I, lambda exonuclease (λ exo), dam  
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Fig. 4.41 (a) Emission spectrum of the 4.4/duplex system ([4.4] = 0.5 μM, [duplex 

DNA] = 2 μM, reaction temperature of Endo IV = 37°C) in the presence of 0, 0.2, 

0.5, 1, 1, 5, 10 and 20 U/mL of Endo IV. (b) Luminescence response of the system 

vs. Endo IV concentration. Inset: linear regression of the luminescence intensity vs. 

Endo IV concentration. 

 

 

 

 

 

 

Fig. 4.42 Emission spectrum of 4.4 upon addition of 10 and 20 U/mL of Endo IV.  
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Fig. 4.43 Emission spectrum of complex 4.4 with P1U-P2 or P1mut-P2 duplex in 

response to 20 U/mL of Endo IV. 

 

 

 

 

 

Fig. 4.44 Luminescence response of the system ([duplex DNA] = 2 µM, [complex 

4.4] = 0.5 µM) treated with Endo IV (10 U/mL) or 2-fold excess of Exo I, λ exo, 

dam Meth, DNase I, Exo III and T7 (20 U/mL) at 37 °C for 30 min. 
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methyltransferase (dam Meth), T7 exo, Exo III and DNase I. A 

moderate enhancement in the luminescence of complex 4.4 was 

observed in the presence of Exo III, which could be attributed to the AP 

endonuclease property of Exo III (Fig. 4.44).
76

 However, only minor 

effects on the luminescence of complex 4.4 were observed in the 

presence of the other enzymes. Therefore, the assay is selective for 

Endo IV over the other enzymes tested. 
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4.3 Experimental section 

4.3.1 Materials 

Reagents, unless specified, were purchased from Sigma Aldrich (St. 

Louis, MO, USA) and used as received. Iridium chloride hydrate 

(IrCl3∙xH2O) was purchased from Precious Metals Online (Australia). 

UDG and Endo IV were purchased from New England Biolabs Inc. 

(Beverly, MA, USA). All oligonucleotides were synthesized by 

Techdragon Inc. (Hong Kong, China). 

DNA sequences: 

ATP aptamer 5-AACCTGGGGGAGTATTGCGGAGGAAGGT-

3 

ATP aptamer 

complementary 

strand 

5-ACCTTCCTCCGCAATACTCCCCCAGGTT-3 

ATP aptamer mutant 5-AACCTGTTTGAGTATTGCGGAGTAAGTT-3 

ATP aptamer mutant 

complementary 

strand 

5-AACTTTCTCCGCAATACTCAAACAGGTT-3 

HTS 5-TTAGGGTTAGGGTTAGGGTTAGGG-3 

H21 5-GGGTTAGGGTTAGGG TTAGGG-3 

ssDNA 5′- GAAATTCTTAAGTGCGATCGAG -3′ 

ds26 5-CA2TCG2ATCGA2T2CGATC2GAT2G-3 
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ds17 5-C2AGT2CGTAGTA2C3-3 

5-G3T2ACTACGA2CTG2-3. 

c-kit87up 5-AG3AG3CGCTG3AG2AG3-3 

TBA 5-G2T2G2TGTG2T2G2-3 

P1U 5-TATCTGCACUAGTG3TAG3CG3T2G2-3 

P2 5-TC2TAC3ACTAGTGCAGAT2-3 

P1mut 5- TATCTGCACTAGTG3TAG3CG3T2G2-3 

PS2.M 5-GTG3TAG3CG3T2G2-3  

Pu27 5-TG4AG3TG4AG3TG4A2G2-3 

Pu22 5-GAG3TG4AG3TG4A2G-3 

ON1 5-G3TAG3A3T2CT2A2GTGCG3T2G3-3 

ON2 5-CGCACU2A2GA2U2TC-3 

ON1m 5-TAGTAGAGA3T2CT2A2GTGCGAGT2GTA-3 

F21T 5′-FAM-d(G3[T2AG3] 3)-TAMRA-3′ 

F10T 5′-FAM-dTATAGCTA-HEG-TATAGCTATAT 

-TAMRA-3′ 

4.3.2 Synthesis 

Complex 4.1. Reported.
 70 

Complex 4.2. Yield: 57%. 
1
H NMR (400 MHz, CD3CN) δ 9.07-9.04 

(d, J = 8.0 Hz, 1H), 8.87-8.85 (d, J = 8.0 Hz, 1H), 8.67 (s, 1H), 

8.52-8.50 (d, J = 8.0 Hz 3H), 8.44-8.42 (d, J = 8.0 Hz, 1H), 8.16-8.15 

(t, J = 8.0 Hz, 2H), 8.11-8.08 (q, J = 8.0 Hz, 1H), 8.01-7.97 (d, J = 8.0 
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Hz, 3H), 7.88-7.86 (d, J = 8.0 Hz, 2H), 7.60-7.58 (d, J = 8.0 Hz, 2H), 

7.45-7.40 (m, 2H), 7.24-7.20 (t, J = 8.0Hz, 2H), 6.47-6.44 (q, J = 

8.0Hz, 2H); 
13

C NMR (400 MHz, CD3CN) δ 157.2, 152.9, 152.4, 

150.2, 148.5, 147.4, 147.0, 141.3, 139.1, 138.5, 136.5, 134.7, 131.9, 

131.4, 130.6, 130.4, 129.0, 128.7, 128.4, 127.6, 125.2, 123.7, 121.4; 

HRMS: Calcd. for C38H23ClIrN4 [M–PF6]
+
: 763.2860 Found: 763.9931. 

Complex 4.3. Reported.
70 

Complex 4.4. Yield: 57%. 
1
H NMR (400 MHz, acetone-d6) δ 8.29 (dd, 

J = 8.6, 1.3 Hz, 2H), 8.14 (s, 2H), 8.06–7.95 (m, 2H), 7.92–7.81 (m, 

2H), 7.73–7.62 (m, 4H), 7.11 (td, J = 6.0, 2.9 Hz, 2H), 7.03–6.95 (m, 

2H), 6.84 (dd, J = 7.6, 1.3 Hz, 2H), 6.27 (dd, J = 7.7, 0.8 Hz, 2H), 2.32 

(s, 6H), 2.07 (dt, J  

= 4.4, 2.2 Hz, 6H); 
13

C NMR (400 MHz, acetone-d6) δ 28.0, 120.8, 

123.0, 124.0, 125.7, 125.8, 128.8, 129.1, 129.9, 130.5, 130.6, 132.5, 

136.9, 139.5, 144.4, 149.8, 150.4, 150.3, 151.2, 151.7, 165.5, 168.8; 

HRMS: Calcd. for C48H36IrN4 [M–PF6]
+
: 861.2578 Found: 861.2578. 

Elemental analysis (C48H36IrN4PF6·0.5 H2O) C, H, N calcd 56.8, 3.67, 

5.52; found 56.77, 3.565, 5.51. 
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Complex 4.5. Reported.77 

4.3.3 Luminescence response of complexes towards different forms 

of DNA 

The G-quadruplex DNA-forming sequences were annealed in Tris-HCl 

buffer (20 mM Tris, 100 mM KCl, pH 7.0) and were stored at –20 °C 

before use. Complexes (1 µM) was added to 5 µM of ssDNA, ctDNA 

or G-quadruplex DNA in Tris-HCl buffer (20 mM Tris, pH 7.0). 

Emission spectra were recorded in 500−700 nm range using an 

excitation wavelength of 360 nm.  

4.3.4 Complex 4.1 as a G-quadruplex probe for 

oligonucleotide-based ATP detection 

12.5 μL of 100 μM ATP aptamer and its complementary DNA was 

mixed in hybridization buffer (50 μL, 20 mM Tris-HCl, pH 7.3). The 

mixture was annealed at 90 °C for 10 min, and was slowly cooled 

down from 90 °C to 25 °C. This stock solution of 25 μM duplex DNA 

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

duplex strand stock solution was diluted with Tris-HCl buffer (20 mM, 

pH 7.3) to obtain a 0.25 μM (in final volume 500 μl) aptamer duplex 

solution in a cuvette. Various concentrations of ATP (final 
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concentration ranging from 0 to 10 mM) were added to each cuvette, 

followed by the addition 1μl of 500 μM of the G-quadruplex probe at a 

final concentration of 1 μM. The mixture was allowed to equilibrate at 

25 °C for 10 min.  

4.3.5 Total cell extract preparation 

The TRAMPC1 (ATCC® CRL2730™) cell line were purchased from 

American Type Culture Collection (Manassas, VA 20108 USA). 

Prostate cancer cells were trypsinized and resuspended in TE buffer (10 

mM Tris-HCl 7.4, 1 mM EDTA). After incubation on ice for 10 min, 

the lysate was centrifuged and the supernatant was collected. The cell 

extract was then spiked with ATP and the luminescence spectra were 

recorded after the addition of 4.1 (1 μM) and DNA duplex (0.25 μM) 

and equilibration at 25 °C for 10 min. 

4.3.6 FRET melting assay 

The ability of complexes to stabilize G-quadruplex DNA was 

investigated using a fluorescence resonance energy transfer melting 

assay. The labelled oligonucleotides F21T (5′-FAM 
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d(G3[T2AG3]3)-TAMRA-3′; donor fluorophore FAM: 

6-carboxyfluorescein; acceptor fluorophore TAMRA: 6- 

carboxytetramethylrhodamine) used as the FRET probes was diluted to 

200 nM in a potassium cacodylate buffer (100 mM KCl, pH 7.0) and 

then annealed by heating to 95 °C for 10 min in the presence of 

indicated concentrations of complexes. The F10T (5′-FAM- 

dTATAGCTA-HEG-TATAGCTATA-TAMRA-3′) was used as double 

stranded FRET probe (HEG linker: [(-CH2-CH2-O-)6]) and annealed 

under the same conditions as the other F21T unless the buffer was 

changed to 10 mM lithium cacodylate (pH 7.4). Fluorescence readings 

were taken at intervals of 0.5 °C over the range of 25 to 95 °C. 

4.3.7 G4-FID assay 

The FID assay was performed as previously described.
7 
The quadruplex 

forming DNA (0.25 μM) in Tris-HCl buffer (50 mM Tris, 100 mM KCl, 

pH
 
7.0) were annealed by heating at 95 °C for 10 min. Indicated 

concentration of thiazole orange (0.5 μM for
 
quadruplex DNA; 0.75 

μM for
 
duplex DNA) was

 
added and the mixture was incubated for 1 h. 

Emission measurement was taken after addition of each indicated 

concentration of complexes followed by an equilibration time for 5 min. 
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The fluorescence area was converted into percentage of displacement 

(PD) by using the following equation. PD = 100 − [(FA/FA0) × 100] 

(FA0 = fluorescence area of DNA-TO complex in the absence of 

complexes; FA = fluorescence area in the presence of complexes) 

4.3.8 Gel electrophoresis to investigate the dissociation of the 

duplex substrate 

The UDG-treated product was obtained according to the procedure 

described above. The products were resolved on 20% polyacrylamide 

gel to separate the cleaved products from the substrate using 1×TBE as 

running buffer at a constant voltage of 100 V for 60 min. The separated 

products were visualized by SYBR green I staining. 

4.3.9 Detection of UDG activity 

The probe DNA (100 µM) and its partially complementary damaged 

DNA strand with several U bases (100 µM) were first added in a 

hybridization buffer (50 mM Tris, 150 mM NaCl, pH 7.0) with a final 

volume of 30 µL. The solution was heated to 95 °C for 10 min and then 

cooled at 0.1 °C/s to room temperature to allow the formation of the 

duplex substrate (ON1-ON2). The annealed product was stored at –20 
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°C before use. For assaying UDG activity, 50 μL of 1×NEB UDG 

reaction buffer (20 mM Tris–HCl, 1 mM EDTA, 1 mM DTT, pH 8.0) 

and indicated concentrations of UDG were added to the solution 

containing the duplex substrate. The mixture was heated to 37 °C for 

30 min to allow the base cleavage reaction to take place. The mixture 

was cooled down and was subsequently diluted using Tris buffer (50 

mM Tris, 20 mM KCl, 150 mM NH4OAc, pH 7.0) to a final volume of 

500 µL. Finally, 0.5 µM of complex 4.2 was added to the mixture. 

Emission spectra were recorded in the 500−700 nm range using an 

excitation wavelength of 360 nm.  

     For UDG inhibitor screening, the duplex substrate was incubated 

with the indicated concentrations of UDG and an equal amount of 

UDG inhibitor. The mixture was heated to 37 °C for 30 min and the 

mixture was cooled to room temperature. The mixture was then diluted 

with Tris buffer (50 mM Tris, 20 mM KCl, 150 mM NH4OAc, pH 7.0) 

with a final volume of 500 µL. 0.5 µM of complex 4.2 was 

subsequently added to the mixture. Emission spectra were recorded in 

the 500−700 nm range using an excitation wavelength of 360 nm. 

4.3.10 Detection of Endo IV activity 
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The P1U oligonucleotide (100 μM) was mixed with 12.5 units of UDG 

in 50 μL of 2 × reaction buffer (20 mM Tris-HCl pH 8.8, 10 mM KCl, 

2mM MgSO4, 10 mM (NH4)2SO4). After incubation at 37 °C for 20 

min, 50 μL of P2 (100 μM) was added and the mixture was heated to 

95 °C for 10 min and then allowed to cool to 25 °C. To 20 μL of this 

solution was added different concentrations of Endo IV. After 

incubation at 37 °C for 30 min, 1 μL of 2 M KCl was added, and the 

volume was adjusted to 100 μL with 1 × reaction buffer. The mixture 

was heated to 95 °C for 10 min and allowed to cool to 25 °C. Next, 

399.5 µL of Tris-HCl buffer 1 (20 mM Tris-HCl pH 7.2, 100 mM KCl) 

was added, along with 0.5 µL of complex 4.4 (0.5 mM). Emission 

spectra were recorded in the 450−700 nm range using an excitation 

wavelength of 360 nm. 

4.4 Conclusion 

In conclusion, a G-quadruplex-based luminescent iridium(III) 

switch-on assay has been developed for the selective detection of ATP 

in aqueous solution. Our sensing platform is label-free, rapid, sensitive, 

simple, cost-effective, and displays a switch-on response with detection 

limit 2.5 μM. Furthermore, we demonstrated the potential application 
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of this strategy for the detection of ATP in biological samples. This 

platform is based on the ATP aptamer and the heretofore unreported 

G-quadruplex-selective property of complex 4.1, which exhibit a strong 

luminescence in the presence of the ATP-induced G-quadruplex. On 

the other hand, the original iridium(III) complex 2.1 was found not to 

generate luminescence enhancement with the ATP aptamer 

G-quadruplex, though it had previously been reported to recognize 

other types of G-quadruplexes. During our investigation to develop an 

aptamer-based assay for ATP detection, we were puzzled to observe 

that complex 2.1 showed only weak affinity for the aptamer-ATP 

G-quadruplex ensemble. Instead, the iridium(III) complex 4.1, which 

differs from 2.1 only in the nature of its C^N ligand, showed a much 

greater affinity for the ATP aptamer G-quadruplex. This study 

highlights the importance of structural modification on the selectivity 

of luminescent iridium(III) complexes for various G-quadruplex 

topologies. Meanwhile, we have synthesized a G-quadruplex-selective 

Ir(III) complex 4.2 and have explored its utility for the 

G-quadruplex-based detection of BER activity using UDG as a model 

enzyme. We investigated the interaction of complex 4.2 and other 
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complexes towards a G-quadruplex sequence with a very long loop 

(ON1: 5-G3TAG3A3T2CT2A2GTGCG3T2G3-3). In emission titration 

experiments, 4.2 showed the highest luminescence enhancement 

(6-fold) towards this long-loop G4 G-quadruplex, whereas the 

non-halogenated congener 4.3 showed a much weaker luminescence 

response. This result suggests that the chloride group in 4.2 may play 

an important role in governing the interaction between 4.2 and the 

G-quadruplex. This “mix-and-detect” methodology is rapid, simple and 

convenient to use. It can detect down to 0.02 U/mL of UDG without 

any signal amplification or fluorescent labeling of oligonucleotides. 

The sensitivity of this assay is comparable to recently reported 

DNA-based detection methods for UDG.
6,7

 Furthermore, we have 

demonstrated that this strategy could be potentially employed as a 

screening platform for the identification of UDG inhibitors. We 

envisage that other BER enzyme activities could be efficiently assayed 

using this strategy by modification of the damaged bases in the duplex 

substrate. We also investigated the effect of the size of N^N ligand of 

the iridium(III) complexes on their G-quadruplex selectivity. We found 

that complex 4.4, which exhibited a maximum luminescent 
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enhancement of 3.5-fold with the PS2.M G-quadruplex, showed 

superior G-quadruplex discriminating ability compared to 2.1 and 4.5, 

which bear the smaller biq or 2,2′-bipyridine N^N ligands, respectively. 

This suggests that the size of the N^N ligands is also an important 

determinant of G-quadruplex-binding selectivity. This 

G-quadruplex-specific probe for the oligonucleotide-based luminescent 

switch-on detection of Endo IV activity is rapid, simple, sensitive and 

convenient and can detect down to 0.2 U/mL of Endo IV without any 

signal amplification or fluorescent labeling of oligonucleotides. 

Furthermore, we showed that the G-quadruplex selectivity of these 

iridium(III) complexes could be tuned by adjustment of the auxiliary 

ligands, with relatively larger N^N ligands conferring greater 

selectivity. 
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Chapter 5 

Exploring larger libraries of iridium(III) complexes and the 

label-free luminescence switch-on detection of hepatitis C virus 

NS3 helicase activity using a G-quadruplex-selective probe 

 

5.1 Introduction 

Equipped with a more extensive arsenal of biophysical techniques, as 

well as larger numbers of iridium(III) complexes at hand, our group 

began to screen larger libraries of iridium(III) complexes for sensing 

applications. The advantage of screening a larger number of complexes 

is that it increases the likelihood of identifying an iridium(III) complex 

that binds with high affinity and selectivity for a particular 

G-quadruplex structure. 

     Helicases unwind dsDNA, dsRNA or displace nucleic 

acid-binding proteins by using energy from ATP hydrolysis.
1, 2

 

Helicase is an essential enzyme in cells for the reading, replication, and 

repair of genomes. However, helicases are also implicated in a number 

of viral diseases due to their critical role in facilitating viral replication 

and proliferation.
3
 Viral helicase inhibitors have been developed for the 

treatment of hepatitis C and herpes simplex viral infections.
4
 Due to its 
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biological and medical importance, the development of efficient assays 

for monitoring the nucleic acid unwinding activity of helicase is of 

great interest. 

     Conventional techniques for the detection of helicase activity 

typically involve radioactive labeling in conjunction with gel 

electrophoresis.
5-7

 However, this method is discontinuous, 

time-consuming, inefficient, and necessitates the use of stringent safety 

procedures to control radiographic exposure, thus limiting the scope of 

their application. Meanwhile, rapid advances in the field of DNA 

technology over the past several years have highlighted the potential 

use of oligonucleotides as attractive signal transducing units for the 

detection of biologically and enviromentally important analytes.
8-17

           

Oligonucleotides offer salient advantages in biosensing applications, 

such as their relatively small size, low cost, facile synthesis and 

modification, good thermal stability, and reusability.
18-26

 In particular, 

the G-quadruplex motif, which is a non-canonical DNA secondary 

structure composed of planar stacks of four guanines stabilized by 

Hoogsteen hydrogen bonding,
27-30

 has attracted particular interest in 

sensing applications.
31, 32

 The extensive structural polymorphism of 
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G-quadruplexes has rendered them as versatile signal-transducing 

elements for the development of DNA-based probes.
33-46

 

     In recent years, a number of luminescent oligonucleotide-based 

sensing platforms for helicase activity have been developed.
47-51

 For 

example, Min and co-workers have reported a fluorescent assay for 

hepatitis C virus (HCV) NS3 helicase activity and severe acute 

respiratory syndrome coronavirus (SARS-CoV, SCV) helicase nsP13 

activity by utilizing graphene and a fluorescently-labelled dsDNA 

substrate.
52, 53

 Ali and co-workers have utilized SYBR Green dye, 

which is strongly fluorescent in the presence of dsDNA but not ssDNA, 

for the detection of helicase activity.
54

 A similar principle was utilized 

by Kowalczykowski and co-workers to construct a switch-off platform 

for helicase activity using ethidium bromide, ethidium homodimer, 

bis-benzimide (DAPI), Hoechst 33258 or thiazole orange. The groups 

of Frick and Boguszewska-Chachulska have reported an approach for 

monitoring helicase activity using molecular beacons.
55, 56

 Recently, 

Balci and coworkers utilized single-molecule FRET imaging to 

monitor helicase activity.
57-59

 These reports demonstrate that DNA 

oligonucleotides can be integrated as useful functional and structural 
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elements for the construction of sensitive “switch-on” luminescent 

platforms for the detection of helicase.  

     In recent years, luminescent transition metal complexes have 

arisen as viable alternatives to organic dyes for sensory applications 

due to their notable advantages.
60-68

 Firstly, metal complexes generally 

emit in the visible region with a long phosphorescence lifetime, 

allowing them to be readily distinguished from a fluorescent 

background arising from endogenous fluorophores in the sample matrix 

by the use of time-resolved fluorescent spectroscopy. Secondly, the 

precise and versatile arrangement of co-ligands on the metal centre 

allows the interactions of metal complexes with biomolecules to be 

fine-tuned for maximum selectivity and sensitivity. Thirdly, these 

metal complexes often possess interesting photophysical properties that 

are strongly affected by subtle changes in their local environment. For 

example, Pt(II)
69-71

 and Ru(II)
72-75

 complexes have been extensively 

investigated as “molecular light switches” for nucleic acids, including 

G-quadruplex DNA. However, luminescent complexes based on the 

Ir(III) center have been comparatively less explored. In this study, a 

series of luminescent Ir(III) complexes were synthesised and evaluated 
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for their ability to act as G-quadruplex-selective luminescence 

switch-on probes. The iridium(III) complex [Ir(phq)2(phen)]PF6 (where 

phq = 2-phenylquinoline; phen = 1,10-phenanthroline) (Fig. 5.1) was 

employed as a G-quadruplex probe for the construction of a label-free 

luminescent detection platform for helicase activity in aqueous 

solution, utilizing hepatitis C virus NS3 helicase as a model enzyme. 

To our knowledge, no luminescent G-quadruplex-based assay for the 

detection of helicase activity has yet been reported in the literature. 

  



Chapter 5 

178 
 

Fig. 5.1 Chemical structures of the luminescent Ir(III) complexes 5.1–5.17 that 

were synthesised and evaluated in this study. 
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5.2 Result and Discussion 

HCV NS3 helicase is able to unwind dsDNA into ssDNA, and is one of 

the essential enzymes required for the replication of HCV.
76

 The 

proposed mechanism of the HCV NS3 helicase activity assay is 

outlined in Scheme 5.1. We designed a double-stranded oligomer 

consisting of a G-quadruplex-forming sequence (ON1, 

5ʹ-GTG3TAG3CG3T2G2TG2CGA 

CG2CAGCGAG2CAGAG2AGCAGAG3AGCA-3ʹ) and its 

complementary cytosine-rich sequence (ON2, 5ʹ-GC2TCG 

CTGC2GTCGC2AC2A2C3GC3-3ʹ), which acts as a substrate for 

helicase. In the absence of helicase, the double-stranded 

oligonucleotide substrate will not be unwound, and remains as a duplex 

structure that interacts only weakly with the luminescent Ir(III) 

complex. However, in the presence of helicase, unwinding of the 

duplex DNA substrate by helicase generates two ssDNA fragments. 

After stopping the reaction by the addition of EDTA,
49

 the 

G-quadruplex-forming oligomer ON1 will able to fold into a 

G-quadruplex motif in the presence of K
+
 ions. The nascent 

G-quadruplex structure is then recognized by the luminescent Ir(III)  
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Scheme 5.1 Schematic diagram of the luminescent switch-on assay to monitor the 

duplex-DNA unwinding activity of helicase using a G-quadruplex-selective probe. 
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complex with an enhanced emission response, allowing the system to 

function as a switch-on luminescent probe for helicase activity. 

     In the present study, a library of seven luminescent Ir(III) 

complexes (5.1–5.7, Fig. 5.1) were initially examined for their 

emission response to different forms of DNA, including G-quadruplex, 

ssDNA and dsDNA. Of these seven complexes, only complex 5.7 

bearing the N^N ligand chlorophen (5-chloro-1,10-phenanthroline) and 

the C^N ligand phq showed a selective response for G-quadruplex 

DNA (Fig. 5.2), while not showing any luminescence enhancement 

towards helicase (data not shown). On the other hand, complexes 5.3, 

5.5, and 5.6 were found to be non-selective for G-quadruplex DNA 

(Fig. 5.2), whereas the luminescence of 5.1, 5.2, 5.4 were enhanced in 

the presence of helicase only (data not shown). Based on the structure 

of complex 5.7, a focused library of eleven Ir(III) complexes (5.7–5.17, 

Fig. 5.1) containing phq and chlorophen derivatives as ligands were 

designed and synthesised. Encouragingly, the second round of 

screening revealed that the Ir(III) complex 5.9 displayed a significantly 

enhanced luminescence response in the presence of the PS2.M 

G-quadruplex (Fig. 5.3), and no luminescence enhancement in the  
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Fig. 5.2 Diagrammatic bar array representation of the luminescence enhancement 

selectivity ratio of complexes 5.1–5.7 for PS2. M G-quadruplex DNA over dsDNA 

(ds17) and ssDNA (CCR5-DEL). 

 

 

 

 

Fig. 5.3 Diagrammatic bar array representation of the luminescence enhancement 

selectivity ratio of complexes 5.7–5.17 for PS2.M G-quadruplex DNA over dsDNA 

(ds17) and ssDNA . 
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presence of helicase (Fig. 5.4). Meanwhile, complexes 5.14–5.17 were 

non-selective for G-quadruplex DNA while the luminescence of 5.8, 

and 5.10–5.13 were enhanced with addition of helicase only (data not 

shown). To further validate the suitability of 5.9 as a 

G-quadruplex-selective probe, we performed G-quadruplex fluorescent 

intercalator displacement and fluorescence resonance energy transfer 

melting assays to determine the selectivity of 5.9 for G-quadruplex 

DNA. The G4-FID assay also showed that complex 5.9 was able to 

displace thiazole orange from G-quadruplex DNA (
G4

DC50 = ca. 5 µM, 

half-maximal concentration of compound required to displace 50% TO 

from DNA) with higher efficacy than from duplex DNA (Fig. 5.5). 

Additionally, FRET-melting assays revealed that the melting 

temperature (ΔTm) of the F21T G-quadruplex was increased by about 

13 °C upon the addition of complex 5.9 (Fig. 5.6a). By comparison, 

only 4 °C change in the melting temperature of F10T dsDNA was 

observed at the same concentration of complex 5.9 (Fig. 5.6b). Taken 

together, these results demonstrate the ability of complex 5.9 to 

discriminate between G-quadruplex DNA and dsDNA or ssDNA. The 

luminescence enhancement of complex 5.9 in the presence of  
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Fig. 5.4 Emission spectrum of the system with complex 5.9 alone ([complex 5.9] = 

1 µM) in the absence and presence of helicase (0.9 µM).  

 

 

 

 

 

Fig. 5.5 G4-FID titration curves of DNA duplex ds17 and Pu27 G-quadruplex in 

the presence of increasing concentration of complex 5.9 in Tris-HCl buffer. DC50 

value is determined by the half-maximal concentration of compound required to 

displace 50% TO from DNA. 
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Fig. 5.6 (a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence 

and presence of 5.9 (5 μM). (b) Melting profile of F10T dsDNA (0.2 μM) in the 

absence and presence of 5.9 (5 μM). 
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G-quadruplex DNA is presumably due to its ability to bind to 

G-quadruplex structures through groove/loop binding or end-stacking 

interactions. This shields the complex from the aqueous solvent 

environment and suppresses non-radiative decay of the excited state, 

thus leading to enhanced triplet state emission. 

     Given the promising G-quadruplex-selective luminescent 

behaviour exhibited by complex 5.9, we sought to employ 5.9 as a 

G-quadruplex-selective probe to construct a label-free luminescent 

detection platform for helicase activity in aqueous solution. We first 

investigated the luminescence response of complex 5.9 and the 

ON1-ON2 duplex substrate to helicase. Upon incubation with helicase, 

the luminescence of 5.9 was significantly enhanced. We hypothesize 

that the luminescence enhancement of the system was due to the 

unwinding of the duplex DNA substrate by helicase, which allows the 

formation of the G-quadruplex motif in the presence of K
+
 that is 

subsequently recognized by 5.9. To verify the mechanism of the 

proposed assay, a number of control experiments were conducted. We 

first incubated complex 5.9 with helicase in the absence of the duplex 

DNA substrate. No luminescence enhancement was observed, 
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indicating that complex 5.9 did not directly interact with helicase (Fig. 

5.4). We also designed mutant DNA sequences (ON1m, 

5-GTATATATACCG3T2G2TG2CGACG2CAGCGAG2C 

AGAG2AGCAGAG3AGCA-3) that are unable to form a G- 

quadruplex structure in the presence of helicase, due to the lack of key 

guanine residues. We observed a slight decrease in the luminescence of 

5.9 in response to helicase for the mutant DNA sequences, indicating 

that the formation of the G-quadruplex motif was important for the 

luminescent enhancement of the system (Fig. 5.7). Taken together, 

these results suggest that the luminescence enhancement of the system 

originated from the specific interaction of 5.9 with the G-quadruplex 

motif, which is generated by the unwinding of the duplex DNA 

substrate by helicase.  

 Various studies have been performed to investigate the ability of 

helicases to unfold G-quadruplex structures. One study reported that 

Bloom’s syndrome helicase (BLM) could unfold telomeric 

G-quadruplex in the absence of ATP,
58

 while another study reported 

that BLM translocation was hindered by G-quadruplex motifs, with 

unwinding efficiency being dependent on the stability of the   
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Fig. 5.7 Emission spectrum of complex 5.9 (1 μM) in the presence of helicase (0.9 

μM) and ON1m/ON2 duplex mutant (0.25 M).  
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G-quadruplex structure, which is in turn influenced by loop size or 

ionic strength.
77

 For example, the unfolding activity of BLM towards a 

particular G-quadruplex sequence was completely stopped in 150 mM 

K
+
.
58

 Therefore, it was important to investigate whether HCV NS3 

helicase could unfold the G-quadruplex structure used in this study. 

The results showed that no significant change in the luminescence 

intensity of the 5.9/G-quadruplex ensemble was observed upon the 

addition of 0.8 µM HCV NS3 helicase, indicating that this helicase did 

not unfold the G-quadruplex structure employed in this study (Fig. 5.8). 

However, further investigation and optimization may be required for 

the detection for other helicases. 

 After optimization of the concentrations of complex 5.9 (Fig. 5.9), 

DNA (Fig. 5.10) and ATP (Fig. 5.11), we investigated the luminescence 

response of the system to different concentrations of helicase. The 

system exhibited a ca. 4.5-fold enhancement in luminescence at 

[helicase] = 0.9 μM (Fig. 5.12a), with a linear range of detection for 

helicase from 0 to 0.72 μM (Fig. 5.12b). Furthermore, the detection 

limit of this assay for helicase was estimated to be 0.09 μM at a 

signal-to-noise ratio (S/N) of 3. 
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Fig. 5.8 Relative luminescence response of 5.9/G-quadruplex ensemble upon the 

addition of 0.8 µM HCV NS3 helicase. 

 

 
Fig. 5.9 Relative luminescence response of the system in the absence or presence 

of helicase (0.9 μM) at various concentrations of complex 5.9 (0.25, 0.5, 1 and 2 

μM). 1 μM of complex 5.9 offered the highest luminescence fold-change response 

compared to 0.25, 0.5 or 2 μM of complex 5.9.   
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Fig. 5.10 Relative luminescence response of the system in the absence or presence 

of helicase (0.9 μM) at various concentrations of duplex DNA (0.125, 0.25, 0.5, 

and 1 μM). It was observed that the luminescence response of the system was 

highest at 0.25 μM of duplex DNA.  

 

 

 

Fig. 5.11 Relative luminescence response of the system in the absence or presence 

of helicase (0.9 μM) at various concentrations of ATP (0.2, 0.5, 1, and 2.5 mM). It 

was observed that the luminescence response of the system was highest at 1 mM of 

ATP.  
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Fig. 5.12 (a) Luminescence spectra of the 5.9/G4-quadruplex system in response to 

various concentrations of helicase: 0, 0.09, 0.18, 0.27, 0.36, 0.45, 0.54, 0.72, and 

0.9 μM. (b) The relationship between luminescence intensity at λ = 571 nm and 

helicase concentration. Inset: linear plot of the change in luminescence intensity at 

λ = 571 nm vs. helicase concentration.  
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     The selectivity of our approach for HCV NS3 helicase activity 

assay was evaluated by investigating the response of the system to S1 

nuclease (S1), Endo IV, DpnI, Exo I, EcoRI, RNase, DNase or 

single-stranded DNA binding protein (SSB). The results showed that 

only helicase could significantly enhance the luminescence of the 

complex 9/G-quadruplex DNA system (Fig. 5.13a). No significant 

change in emission intensity was observed upon the addition of the 

nucleases, while a relatively low emission enhancement was observed 

for single-stranded DNA binding protein. These results indicate that the 

system displays selectivity for helicase over nucleases or 

single-stranded DNA binding proteins, which originates presumably 

from unwinding of the duplex DNA substrate by helicase. 

     To evaluate the robustness of the system, we investigated the 

performance of our G-quadruplex-based sensing platform for helicase 

activity in the presence of cellular debris. In a reaction system 

containing 0.5% (v/v) cell extract, the 5.9/G-quadruplex DNA system 

experienced a gradual increase in luminescence intensity as the 

concentration of helicase was increased (Fig. 5.13b). This result 
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demonstrates that this assay could potentially be further developed for 

the detection of helicase unwinding activity in biological samples. 

     The utility of this G-quadruplex-based assay for screening 

potential helicase inhibitors was also studied. Here, ciprofloxacin was 

chosen a model inhibitor of helicase.
54

 The luminescence signal of the 

system was diminished in the presence of ciprofloxacin in a 

dose-dependent manner, with a decrease of about 40% observed at 10 

μM of ciprofloxacin (Fig. 5.13c). The inhibitory effect of ciprofloxacin 

on helicase activity in our assay is comparable to that reported by Ali 

and co-workers.
54

 Furthermore, ciprofloxacin has no direct quenching 

effect on the luminescence of 5.9 (Fig. 5.13d) or the 9/G-quadruplex 

ensemble (Fig. 5.13e). To further demonstrate the application of this 

platform for inhibitor screening, we investigated a group of 

well-known HCV NS3 helicase inhibitors.
78

 The tested inhibitors 

displayed inhibitory activity towards HCV NS3 helicase in this 

platform, while not having a direct quenching effect on 5.9 or the 

5.9/G-quadruplex ensemble (Fig. 5.13f and 5.14). These results further 

validate our detection platform as a screening tool for HCV NS3 

helicase inhibitors. 
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Fig. 5.13 (a) Luminescence response of the system with helicase or S1, Endo, DpnI, 

ExoI, EcoRI, RNase, DNase and SSB. (b) Luminescence spectra of the 

5.9/G-quadruplex system in a reaction system containing 0.5% (v/v) cell extract in 

response to various concentrations of helicase: 0, 0.18, 0.36, 0.54, 0.72, and 0.9 μM. 

(c) Relative luminescence intensity of the system in the presence of increasing 

concentrations of ciprofloxacin: 0, 1, 2.5, 5, 10, and 20 μM. (d) Emission spectra of 

complex 5.9 in the absence and presence of 20 μM of ciprofloxacin. (e) Relative 

luminescence response of the 5.9/G-quadruplex ensemble upon the addition of 20 

µM ciprofloxacin. (f) Luminescence response of the system treated with 0.8 µM 

helicase and 10 µM of suramin, TBBT and ciprofloxacin. 
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Fig. 5.14 (a) Relative luminescence response of complex 5.9 in the absence and 

presence of 10 μM of suramin and TBBT. (b) Relative luminescence response of 

the 5.9/G-quadruplex ensemble upon the addition of 10 μM of suramin and TBBT. 

        

(a)                        (b)      
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5.3 Experimental section 

5.3.1 Detection of helicase activities 

The random-coil oligonucleotides ON1 (100 μM) and ON2 (100 μM) 

were incubated in Tris buffer (20 mM, pH 7.0). The solution was 

heated to 95 °C for 10 min, cooled to room temperature at 0.1 °C/s, and 

further incubated at room temperature for 1 h to ensure formation of 

the duplex substrate. The annealed product was stored at –20 °C before 

use. For assaying enzyme activity, 50 μL of Tris buffered solution (5 

mM Tris-HCl, 5 mM NaCl, 1 mM MgCl2, 1 mM ATP, 0.1 mM DTT, 

pH 7.9) with the indicated concentrations of helicase or S1, Endo, 

DpnI, ExoI, EcoRI, RNase, DNase, and SSB were added to a solution 

containing the duplex substrate (0.25 μM). The mixture was heated to 

37 °C for 2 h to allow the indicated enzymes-catalyzed unwinding of 

the duplex substrate to take place. The duplex unwinding reaction was 

quenched by the addition of EDTA at a final concentration of 20 mM, 

and the mixture was subsequently diluted using Tris buffer (20 mM 

Tris, 20 mM KCl, 150 mM NH4Ac, pH 7.2) to a final volume of 500 

µL. Finally, 1 µM of complex 5.9 or suramin, TBBT and ciprofloxacin 
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were added to the mixture. Emission spectra were recorded in the 

500−720 nm range using an excitation wavelength of 360 nm. 

5.3.2 Detection of helicase activity in cell extract 

For the detection of helicase activity in cell extract, 50 μL of Tris 

buffered solution (5 mM Tris-HCl, 5 mM NaCl, 1 mM MgCl2, 1 mM 

ATP, 0.1 mM DTT, pH 7.9) and the indicated concentrations of 

helicase were added to a solution containing the duplex substrate (0.25 

μM) and cell extract. The mixture was heated to 37 °C for 2 h to allow 

the helicase-catalyzed unwinding of the duplex substrate to take place. 

The duplex unwinding reaction was quenched by the addition of EDTA 

at a final concentration of 20 mM, and the mixture was subsequently 

diluted using Tris buffer (20 mM Tris, 20 mM KCl, 150 mM NH4Ac, 

pH 7.2) to a final volume of 500 µL. Finally, 1 µM of complex 5.9 was 

added to the mixture. Emission spectra were recorded in the 500−720 

nm range using an excitation wavelength of 360 nm.  

5.3.3 Synthesis 

Complex 5.1. Yield: 59%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.11-8.09 

(d, J = 8.0 Hz, 2H), 7.65-7.61 (m, 4H), 7.05-7.01 (d, J = 8.0 Hz, 2H), 
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6.49 (s, 2H), 6.36-6.32 (m, 2H), 6.15-6.03 (m, 10H), 5.86 (s, 2H), 

5.69-5.67 (t, J = 8.0 Hz, 2H), 5.32-5.30 (t, J = 8.0 Hz, 2H), 4.33 (s, 2H); 

13
C NMR (100 MHz, Acetone-d6) δ 166.9, 150.1, 142.5, 140.6, 140.5, 

139.6, 133.0, 131.3, 129.5, 129.3, 128.7, 128.6, 128.5, 128.1, 126.4, 

121.9, 112.0, 108.6; HRMS: Calcd. for C42H30IrN6[M–PF6]
+
: 811.2161 

Found: 811.2142; Anal. (C42H30N6IrPF6) C, H, N: calcd 52.77, 3.16, 

8.79; found 52.54, 3.20, 8.56. 

Complex 5.2. Reported
79

  

Complex 5.3. Yield: 53%. 
1
H NMR (400 MHz, Acetone-d6) δ 9.84 (d, J 

= 2.6 Hz, 2H), 9.32 (s, 2H), 8.78 (d, J = 8.3 Hz, 2H), 8.26 (d, J = 3.7 

Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.70 (dd, J = 8.0, 1.0 Hz, 2H), 

7.09-7.00 (m, 2H), 6.81 (td, J = 7.5, 1.2 Hz, 2H), 6.28 (dd, J = 7.6, 1.0 

Hz, 2H), 2.26 (s, 6H), 1.67 (s, 6H); 
13

C NMR (100 MHz, Acetone-d6) δ 

184.42 , 166.53 , 154.18 , 149.89 , 142.75 , 140.60 , 134.21 , 133.43 , 

130.96 , 129.21 , 128.29 , 127.99 , 124.40 , 123.26 , 113.34 , 100.89 , 

27.44 , 11.12; HRMS: Calcd. For C36H30IrN6O2 [M]
+
: 771.2059 Found: 

771.2081; Anal. (C36H30IrN6O2PF6) C, H, N: calcd 47.21, 3.30, 9.18; 

Found 47.33, 2.92, 9.01. 
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Complex 5.5. Yield: 57%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.58-8.56 

(d, J = 8.0 Hz, 2H), 8.26 (s, 2H), 8.67 (s, 2H), 8.21-8.19 (d, J = 8.0 Hz 

2H), 8.06-8.04 (d, J = 8.0 Hz, 2H), 7.98-7.96 (d, J = 8.0 Hz, 2H), 

7.83-7.81 (t, J = 4.0 Hz, 2H), 7.63-7.60 (m, 10H), 7.16-7.14 (t, J = 4.0 

Hz, 2H), 7.10-6.98 (d, J = 8.0 Hz, 2H), 6.97-6.95 (t, J = 4.0Hz, 2H), 

6.71-6.99 (d, J = 8.0Hz, 2H), 2.07 (s, 6H); 
13

C NMR (100 MHz, 

Acetone-d6) δ 169.6, 162.8, 151.4, 150.5, 149.4, 148.7, 146.7, 140.0, 

136.6, 134.1, 130.8, 130.7, 130.5, 130.0, 127.8, 127.0, 126.4, 124.8, 

123.9, 118.7, 26.3; HRMS: Calcd. for C48H36IrN4 [M–PF6]
+
: 861.2569, 

Found: 861.2553; Anal. (C48H36N4IrPF6 + H2O) C, H, N: calcd. 56.30, 

3.74, 5.47; found 56.04, 3.42, 5.49. 

Complex 5.6. Reported
80

  

Complex 5.7. Reported
81

 

Complex 5.8. Yield: 56%. 
1
H NMR (400 MHz, CD3CN-d3) δ 8.81-8.79 

(d, J = 8.0 Hz, 1H), 8.68-8.67 (d, J = 4.0 Hz, 1H), 8.61-8.60 (d, J = 4.0 

Hz, 1H), 8.48-8.46 (d, J = 8.0 Hz, 1H), 8.41-8.34 (m, 4H), 8.25-8.22 (d, 

J = 8.0 Hz, 2H), 8.15 (s, 1H), 7.98-7.95 (q, J = 4.0 Hz, 1H), 7.88-7.85 

(q, J = 4.0 Hz, 1H), 7.75-7.73 (d, J = 8.0 Hz, 2H),  7.28-7.24 (m, 4H), 

7.21-7.17 (t, J = 8.0 Hz, 2H), 6.92-6.87 (t, J = 8.0 Hz, 2H), 6.86-6.81 (t, 
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J = 8.0 Hz, 2H), 6.69-6.66 (d, J = 8.0 Hz, 2H); 
13

C NMR (100 MHz, 

CD3CN-d3) δ 171.2, 150.7, 150.2, 148.5, 147.1, 147.0, 141.24, 141.21, 

139.0, 136.5, 135.7, 135.6, 132.1, 131.7, 131.6, 131.5, 131.0, 130.1, 

129.7, 128.6, 128.58, 128.4, 128.39, 128.1, 127.6, 125.1, 125.0, 124.0, 

119.0; HRMS: Calcd. for C42H27IrN4Cl [M–PF6]
+
: 815.1542 Found: 

815.1535; Anal. (C42H27IrN4ClPF6+H2O) C, H, N: calcd 51.56, 2.99, 

5.73; Found 51.75, 2.92, 5.90. 

Complex 5.9. Reported
82

  

Complex 5.10. Yield: 59%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.73 (d, 

J = 5.6 Hz, 2H), 8.54 (d, J = 8.4 Hz, 2H), 8.48 (d, J = 8.4 Hz, 2H), 8.41 

(s, 2H), 8.30 (d, J = 1.2 Hz, 2H), 8.27 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 

8.0 Hz, 2H), 7.33-7.27 (m, 4H), 7.22 (t, J = 8.0 Hz, 2H), 6.97 (t, J = 7.6 

Hz, 2H), 6.88 (t, J = 9.8 Hz, 2H), 6.65 (d, J = 7.2 Hz, 2H); 
13

C NMR 

(100 MHz, Acetone-d6) δ 171.1, 150.9, 150.1, 148.4, 148.3, 147.0, 

145.8, 141.3, 135.6, 131.9, 131.5, 130.1, 130.0, 128.8, 128.7, 128.4, 

127.7, 126.0, 125.0, 124.1, 119.0; HRMS: Calcd. for 

C42H26Cl2IrN4[M–PF6]
+
: 849.1164, Found: 849.1168. Anal.: 

(C42H26Cl2IrN4PF6 + H2O) C, H, N: calcd. 49.81, 2.79, 5.53; found 

49.63, 2.85, 5.47. 
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Complex 5.11. Yield: 58%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.53 (d, 

J = 8.4 Hz, 2H), 8.47 (d, J = 8.8 Hz, 2H), 8.35 (d, J = 8.8 Hz, 2H), 8.06 

(d, J = 8.0 Hz, 2H), 7.88 (d, J = 8.0 Hz, 2H), 7.82-7.79 (m, 4H), 7.44 (d, 

J = 8.8 Hz, 2H), 7.37 (t, J = 1.2 Hz, 2H), 7.08 (t, J = 8.0 Hz, 2H), 6.99 

(t, J = 8.0 Hz, 2H), 6.81 (t, J = 1.2 Hz, 2H), 6.49 (d, J = 8.0 Hz, 2H), 

2.81 (s, 6H); 
13

C NMR (100 MHz, Acetone-d6) δ 171.8, 165.4, 149.2, 

148.9, 148.6, 147.1, 141.0, 139.5, 134.0, 131.5, 131.1, 130.1, 130.0, 

128.6, 128.4, 128.0, 127.4, 127.3, 124.8, 123.5, 118.2, 25.2; HRMS: 

calcd. for C44H32IrN4[M–PF6]
+
: 809.2256 found: 809.2304. Anal.: 

(C44H32IrN4PF6+2H2O) C, H, N: calcd. 53.38, 3.67, 5.66; found 53.10, 

3.50, 5.65. 

 

Complex 5.12. Yield: 63%. 
1
HNMR (400 MHz; Acetone-d6): δ 8.52 (d, 

J = 8.5 Hz, 2H), 8.34 (d, J = 8.9 Hz, 2H), 8.06 (dd, J = 7.9, 1.2 Hz, 2H), 

7.96 (dd, J = 8.1, 1.4 Hz, 2H), 7.77 (s, 2H), 7.68-7.62 (m, 10H), 7.51 

(dd, J = 7.4, 2.1 Hz, 4H), 7.46 (ddd, J = 8.0, 7.0, 1.0 Hz, 2H), 7.15-7.06 

(m, 4H), 6.85-6.81 (m, 2H), 6.58 (dd, J = 7.8, 0.9 Hz, 2H), 2.08 (s, 6H). 

13
C NMR (100 MHz; Acetone-d6): δ 170.9, 163.9, 150.5, 148.75, 

148.55, 147.6, 146.1, 140.0, 135.8, 133.4, 130.6, 130.1, 129.60, 129.53, 
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129.19, 129.10, 127.8, 127.35, 127.22, 126.8, 126.6, 124.2, 124.0, 

122.6, 117.4, 24.3. MALDI-TOF-HRMS: Calcd: 961.2880, Found: 

961.2846. Anal. Calcd for C56H40F6IrN4P + 2H2O, C, 58.89; H, 3.88, N, 

4.91, Found: C, 59.115; H, 3.58; N, 4.935. 

Complex 5.13. 
1
H NMR (400 MHz, Acetone-d6) δ 9.62 (d, J = 8.0 Hz, 

2H), 9.19 (s, 2H), 8.87 (d, J = 5.2 Hz, 2H), 8.57 (d, J = 8.4 Hz, 2H), 

8.49 (d, J = 8.4 Hz, 2H), 8.34 (d, J = 1.2 Hz, 2H), 8.32-8.23 (m, 2H), 

7.79 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.27-7.23 (m, 4H), 

6.92-6.71 (m, 4H), 6.69 (d, J = 0.8 Hz, 2H); 
13

C NMR (100 MHz, 

Acetone-d6) δ 171.3, 151.3, 151.1, 149.0, 148.5, 147.8, 147.1, 141.3, 

140.0, 136.1, 135.6, 131.7, 131.5, 130.6, 130.1, 128.9, 128.7, 128.4, 

127.6, 125.3, 124.1, 119.0; HRMS: Calcd. for C44H28IrN6[M–PF6]
+
: 

833.2005, Found: 833.1926. Anal.: (C44H28IrN6PF6 + 2.5H2O) C, H, N: 

calcd.51.66, 3.25, 8.32; found 51.77, 3.08, 8.64. 

 

Complex 5.14. Yield: 60%. 
1
H NMR (400 MHz, Acetone-d6) δ 8.94 (d, 

J = 1.6 Hz, 2H), 8.55-8.53 (m, 4H), 8.87 (d, J = 5.2 Hz, 2H), 8.39 (d, J 

= 6.0 Hz, 2H), 8.28 (d, J = 7.6 Hz, 2H), 8.02 (d, J = 5.6 Hz, 2H), 

7.90-7.88 (m, 6H), 7.58-7.53 (m, 8H), 7.43 (t, J = 8.0 Hz, 2H), 
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7.20-7.18 (m, 4H), 6.86 (t, J = 8.0 Hz, 2H), 6.61 (d, J =.8.0 Hz, 2H); 

13
C NMR (100 MHz, Acetone-d6) δ 171.3, 157.2, 152.3, 151.8, 149.1, 

148.5, 147.0, 141.3, 136.2, 135.4, 132.0, 131.6, 131.5, 130.3, 128.9, 

128.4, 127.7, 126.4, 125.8, 123.8, 122.7, 119.0; HRMS: Calcd. for 

C52H36IrN6[M–PF6]
+
: 909.2569 Found: 909.2590. Anal.: 

(C52H36IrN6PF6) C, H, N: calcd.59.25, 3.44, 5.32; found 59.03, 3.63, 

5.10. 

Complex 5.15. Yield: 54%. 
1
H NMR (400 MHz, Acetone-d6) δ 9.09 (d, 

J = 8.4 Hz, 1H), 8.89 (d, J = 7.6 Hz, 1H), 8.81 (d, J = 4.8 Hz, 1H), 8.72 

(d, J = 4.8 Hz, 1H), 8.61 (s, 1H), 8.27-8.23 (m, 1H), 8.16-8.13 (m, 1H), 

7.93 (d, J = 7.2 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.16 (t, J = 8.0 Hz, 

2H), 7.09 (t, J = 7.6 Hz, 2H), 6.93-6.90 (m, 2H), 6.79-6.75 (m, 2H), 

6.54-6.51 (m, 2H), 5.54 (t, J = 7.6 Hz, 2H); 
13

C NMR (100 MHz, 

Acetone-d6) δ 164.7, 153.1, 152.5, 149.5, 149.2, 149.0, 147.5, 139.7, 

139.6, 137.9, 135.4, 134.3, 133.4, 133.3, 133.2, 131.5, 130.7, 130.6, 

130.3, 129.1, 127.5, 127.4, 124.2, 124.1, 123.7, 123.6, 123.5, 122.5, 

113.4, 113.3, 112.8; HRMS: Calcd. for C38H25ClIrN6[M–PF6]
+
: 

793.1458 Found: 793.1422. Anal.: (C38H25ClIrN6PF6 + H2O) C, H, N: 

calcd.47.73, 2.85, 8.79; found 47.75, 3.16, 8.50. 
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Complex 5.16. Yield: 53%. 
1
H NMR (400 MHz, Acetone-d6) δ 9.04 (dd, 

J = 8.5, 1.3 Hz, 1H), 8.84 (dd, J = 8.3, 1.3 Hz, 1H), 8.62 (s, 1H), 8.54 

(dd, J = 5.1, 1.3 Hz, 1H), 8.46 (dd, J = 5.0, 1.4 Hz, 1H), 8.18 (dd, J = 

8.5, 5.1 Hz, 1H), 8.07 (dd, J = 8.3, 5.1 Hz, 1H), 7.45-7.41 (m, 2H), 

7.29 (dd, J = 7.3, 2.5 Hz, 2H), 7.20-7.13 (m, 2H), 7.06 (tt, J = 7.4, 1.2 

Hz, 2H), 5.00 (dtd, J = 10.6, 8.6, 2.3 Hz, 2H), 4.60 (dtd, J = 10.6, 8.6, 

5.2 Hz, 2H), 3.76 (dddd, J = 12.0, 10.7, 8.5, 3.4 Hz, 2H), 3.08 (dddd, J 

= 11.9, 10.8, 7.9, 3.9 Hz, 2H); 
13

C NMR (100 MHz, Acetone-d6) δ 

181.34 , 153.95 , 153.43 , 150.56 , 150.30 , 149.60 , 148.13 , 138.31 , 

135.79 , 133.87 , 133.31 , 132.18 , 131.66 , 131.19 , 130.05 , 128.21 , 

128.08 , 127.63 , 122.88 , 72.39 , 50.31; MALDI-TOF-HRMS: Calcd. 

For C30H23ClIrN4O2 [M]
+
: 699.1126, Found: 699.1136; Anal.: 

(C30H23ClIrN4O2PF6) C, H, N: calcd.42.68, 2.75, 6.64, found 42.98, 

2.87, 6.71. 

Complex 5.17. Reported
83
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5.4 Conclusion 

In conclusion, a library of 17 luminescent Ir(III) complexes containing 

various C^N and N^N ligands were screened for their ability to act as 

G-quadruplex probes. Ir(III) complex 5.9 was discovered to be a 

G-quadruplex-selective luminescent probe, and a label-free 

luminescent assay for helicase activity was developed utilizing the 

G-quadruplex-selective property of 5.9. Compared to previously 

reported radiographic or luminescent assays that require multiple steps 

and/or the use of isotopically or fluorescently labeled nucleic acids, our 

label-free approach is more time and cost-effective as expensive and 

tedious pre-labeling or immobilization steps are avoided. On the other 

hand, the labeling of an oligonucleotide with a fluorophore may disrupt 

the interaction between the oligonucleotide with its cognate target. 

Finally, our developed label-free DNA-based detection platform 

employs luminescent transition metal complexes, which offer several 

advantages compared to the relatively more popular organic 

fluorophores, such as long phosphorescence lifetimes, large Stokes 

shift values and modular syntheses. Additionally, the assay could 

function effectively in diluted cell extract, and its potential application 
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for the screening of helicase inhibitors was also demonstrated, though 

further optimisation may be required. We envision that our novel 

switch-on, label-free G-quadruplex-based luminescent detection 

method for helicase activity could potentially be developed as a useful 

tool in biochemical and biomedical research. 
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