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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 iridium(III) complexes as chemosensors
and G-quadruplex probes for the detection of metal ions, small molecules,
proteins and DNA to demonstrate the versatility of iridium(III) complex in
luminescence sensing.

Iridium(III) complex chemosensors were synthesized and developed for the
detection of Cu2+ and cysteine. The iridium(III) complex plays the role of the
“signaling unit”, which transduces the analyte binding event into an optical
(luminescent) signal and the “receptor unit” attached to the metal complex
selectively binds the analyte of interest. Meanwhile, a series of iridium(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, 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 (Ag+), small
molecules (cocaine), protein (insulin and AGR2) and gene deletion.
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Illustrations
Fig. 1.1

Schematic representation of common G-quadruplex topologies. A:
antiparallel basket topology, B: parallel propeller topology, C:
antiparallel chair topology, D: type-I mixed topology, E: type-II mixed
topology.

Fig. 1.2

Jablonski diagram for the luminescence of iridium(III) complex

Fig. 1.3

Design of phosphorescent metal complex chemosensors as described
by Li and co-workers.

Fig. 2.1

Chemical structures of cyclometallated iridium(III) complexes 2.1–2.3.

Fig. 2.2

Absorption spectra of 5 μM of complexes (a) 2.1, (b) 2.2 and (c) 2.3 in
the absence and presence of 145 μM of Cu2+ ions (1:1 ACN-Tris, pH
7.0).

Fig. 2.3

UV/Vis absorption of complexes 2.1−2.3 in the absence (a, c and e)
and presence (b, d and f) of 145 μM Cu2+ ions (1:1 ACN-Tris, pH 7.0)
at t = 0 h and after incubation for 12 and 24 h at 298 K.

Fig. 2.4

Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3
upon the addition of 160 μM of Cu2+ ions in different organic solvents.
Error bars represent the standard deviations of the results from three
independent experiments.

Fig. 2.5

Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3
upon the addition of 160 μM of Cu2+ ions in Tris buffered systems
containing different percentages of acetonitrile. Error bars represent the
standard deviations of the results from three independent experiments.

Fig. 2.6

Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3

upon the addition of 160 μM of Cu2+ ions in buffer systems containing
50% ACN and 10 mM of different kinds of aqueous buffer. Error bars
represent the standard deviations of the results from three independent
experiments.
Fig. 2.7

Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3
upon the addition of 160 μM of Cu2+ ions in 50% ACN and different
concentration of Tris buffer. Error bars represent the standard
deviations of the results from three independent experiments.

Fig. 2.8

Absorption spectra of 5 μM of complexes (a) 2.1, (c) 2.2 and (e) 2.3 in
the presence of increasing concentrations of Cu2+ ion (1:1 ACN-Tris,
pH 7.0). Absorbance of complexes (b) 2.1, (d) 2.2 and (f) 2.3 at 555 nm
vs. [Cu2+]. Inset: linear plot of the change in absorbance of the system
vs. [Cu2+].

Fig. 2.9

Photograph images of complex 2.1 (5 μM) in the presence of (a) 0, 1,
3, 5, 10 and 20 μM of Cu2+ (left to right) and (b) 25 μM of Zn2+, Cd2+,
Mg2+, Ag+, Hg2+, Ca2+, Pb2+, Ni2+, Co2+, Fe3+, K+ and Na+ or 10 μM of
Cu2+ (left to right).

Fig. 2.10

UV-Vis spectra of 5 μM of complexes (a) 2.1, (c) 2.2 and (e) 2.3 in the
presence of 10 μM of Cu2+ or 25 μM of various metal ions (1:1
ACN-Tris, pH 7.0). Absorbance of 5 μM of complexes (b) 2.1, (d) 2.2
and (f) 2.3at 555 nm in the presence of 10 μM of Cu2+ and 25 μM of
various metal ions.
Absorbance of 5 μM of complexes (a) 2.1, (b) 2.2 and (c) 2.3 at 555 nm

Fig. 2.11

in the presence of both 10 μM of Cu2+ and 25 μM of various metal ions
(1:1 ACN-Tris, pH 7.0).

Fig. 2.12

Job’s plot of complexes (a) 2.1, (b) 2.2 and (c) 2.3 with Cu2+ ions (1:1
ACN-Tris, pH 7.0). Total concentration of 5 μM, λabs = 555 nm.

Fig. 2.13

Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3
upon the addition of 160 μM of Cu2+ ion in 50% ACN and 10 mM Tris
buffer at pH values of 6, 7 or 8. Error bars represent the standard
deviations of the results from three independent experiments.

Fig. 3.1

Synthesis of metal complex 3.1. Reagents and conditions: a) 10%
NaOH, EtOH, 25 oC, overnight, 68%; b) [Ir(ppy)2Cl]2, MeOH‒CH2Cl2
1:1 v/v, 75 oC, overnight, then NH4PF6, 65%.

Fig. 3.2

UV-Vis absorption spectra of 3.1 (10 μM) in DMSO.

Fig. 3.3

Normalized luminescence intensity of 3.1 upon addition of 40 µM Cys
in DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v).

Fig. 3.4

Luminescence enhancement of system in response to 40 µM Cys in the
presence or absence of 10 µM 3.1 in DMSO‒HEPES (10 mM, pH 7.0,
4:1 v/v).

Fig. 3.5

Luminescence enhancement of 10 μM 3.1 with 40 µM Cys in various
percentage of DMSO in HEPES (10 mM, pH 7.0).

Fig. 3.6

Luminescence enhancement of 10 μM 3.1 with 40 µM Cys in various
types of organic solvents with 20% HEPES (10 mM, pH 7.0).

Fig. 3.7

(a) Luminescence spectra of 3.1 (10 μM) upon addition of increasing
concentrations of Cys (0–125 μM) in DMSO‒HEPES (10 mM, pH 7.0,
4:1 v/v). (b) The relationship between luminescence intensity and Cys
concentration. (c) Photograph images of 3.1 (10 μM) in the (left)
absence and (right) presence of 80 µM Cys under UV illumination. (d)
Luminescence response of 10 μM 3.1 upon addition of Cys or 5-fold

excess of common amino acids (GSH: glutathione, Val:

valine, Thr:

threonine, Tyr: tyrosine, Trp: Tryptophan, His: histidine, Arg: arginine,
Glu: glutamic acid, Phe: phenylalanine, Asn: asparagine, Leu: leucine,
Lys: lysine, Pro: proline, Ser: serine, Ala: alanine, Met: methionine,
Mix: all the amino acids mentioned above) in DMSO‒HEPES (10 mM,
pH 7.0, 4:1 v/v).
Fig. 3.8

(a) Luminescence spectra of 3.1 (10 μM) upon addition of increasing
concentrations of Hcy (0–130 μM) in DMSO‒HEPES (10 mM, pH 7.0,
4:1 v/v). (b) The relationship between luminescence intensity and Hcy
concentration.

Fig. 3.9

High-resolution mass spectrum of the reaction product of 3.1 and Cys.

Fig. 3.10

Job’s plot of both 3.1 and Cys in DMSO‒HEPES (10 mM, pH 7.0, 4:1
v/v).

Fig. 3.11

(a) Steady-state emission spectra (SSES) and (b) time-resolved
emission spectra (TRES) of 3.1 in the absence and presence of 80 µM
Cys in coumarin.

Fig. 3.12

In vivo images of zebrafish treated with 3.1. (a) 3-day-old zebraﬁsh
was incubated with 10 µM of 3.1. (b) 3-day-old zebraﬁsh was
pre-incubated with 200 µM NEM for 15 min and then incubated with
10 µM of 3.1 for 30 min. Upper panels show phase contrast images and
lower panels show luminescence images.

Fig. 3.13

Synthesis of metal complex 3.1. Reagents and conditions: a) 10%
NaOH, EtOH, 25 oC, overnight, 68%; b) [Ir(ppy)2Cl]2, MeOH‒CH2Cl2
1:1 v/v, 75 oC, overnight, then NH4PF6, 65%.

Fig. 4.1

Chemical structures of the luminescent iridium(III) complexes 4.1–4.7
that were synthesised and evaluated in this study.

Fig. 4.2

Diagrammatic

bar

array

representation

of

the

luminescence

enhancement selectivity ratio of complexes 4.1–4.7 in the presence of
mutant type DNA over wild type DNA. Error bars represent the
standard deviations of the results from three independent experiments.
Fig. 4.3

(a) Left: emission spectrum of complex 4.1 (1 µM) in the presence of 5
µM of ssDNA, ds26 or various G-quadruplexes; Right: diagrammatic
bar array representation of the luminescence enhancement of complex
4.1 in the presence of 5 µM of ssDNA, ds26 or various
G-quadruplexes. (b) G4-FID titration curves of DNA duplex ds26 or
G-quadruplex Pu27. (c) Melting profile of F21T G-quadruplex DNA
(0.2 μM) in the absence and presence of 4.1 (5 μM). Error bars
represent the standard deviations of the results from three independent
experiments.

Fig. 4.4

(a) Melting profile of F10T (0.2 μM) in the absence and presence of 4.1
(5 μM). (b) Melting profile of F21T G-quadruplex DNA (0.2 μM) in
the absence and presence of 4.1 (5 μM) and ds26 (10 μM) or ssDNA
(10 μM). All points represent the average of the results from three
independent experiments.

Fig. 4.5

(a) Relative luminescence intensity of the system with different
concentrations of 4.1 (0.25, 0.5, 1, 2 and 3 µM). (b) Relative
luminescence intensity with different concentrations of KCl (10, 50,
100 and 200 mM). (c) Relative luminescence intensity with different
pH value of 5, 6, 7, 8 and 9. (d) Relative luminescence intensity of the

system with different split G-quadruplex sequences. Unless otherwise
stated, the concentration of complex 4.1 was 0.5 μM and the
concentration of split G-quadruplex DNA was 0.5 μM. Error bars
represent the standard deviations of the results from three independent
experiments.
Fig. 4.6

(a) Emission spectra of the system ([4.1] = 0.5 µM, [P1, P2] = 0.5 µM,
[K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or
wild-type (0.5 µM). (b) Diagrammatic bar array representation of the
luminescence intensity of the system ([4.1] = 0.5 µM, [P1, P2] = 0.5
µM, [K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or
wild-type (0.5 µM). (c) Emission spectrum of the system in the
presence of increasing concentrations of mutant type DNA and linear
plot of the change in luminescence intensity at λ = 560 nm vs. mutant
type DNA concentration in buffer and cell extract. Error bars represent
the standard deviations of the results from three independent
experiments.

Fig. 4.7

(a) Relative luminescence response between mutant DNA and
wild-type DNA using the P1 and P2, mutated P1m1 and P2m1 or mutated
P1m2 and P2m2. (b) Relative luminescence response of complex 4.1 (0.5
μM) in the presence of mutant DNA (0.5 μM), wild-type gene (0.5
μM), or mutated mutant DNA (0.5 μM). Error bars represent the
standard deviations of the results from three independent experiments.

Fig. 4.8

(a) Emission spectra of the system ([TO] = 0.5 µM, [P1, P2] = 0.5 µM,
[K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or
wild-type (0.5 µM). (b) Emission spectra of the system ([CV] = 0.5

µM, [P1, P2] = 0.5 µM, [K+] = 100 mM) in the presence of the mutant
DNA (0.5 µM) or wild-type (0.5 µM). Three independent experiments
were performed with similar results.
Fig. 4.9

(a) Left: emission spectra of the system ([Labeled-P1, P2] = 0.5 µM,
[K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or
wild-type (0.5 µM); Right: diagrammatic bar array representation of
the luminescence intensity of the system ([Labeled-P1, P2] = 0.5 µM,
[K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or
wild-type (0.5 µM). (b) Emission spectra of the system ([Labeled-P1,
P2] = 0.5 µM, [K+] = 100 mM) in the presence of increasing
concentration of mutant type DNA. Error bars represent the standard
deviations of the results from three independent experiments.

Fig. 4.10

Chemical structures of cyclometallated iridium(III) complexes 4.4,
4.8–4.16.

Fig. 4.11

(a) Chemical structure of complex 4.8. (b) Emission spectrum of
complex 4.8 (1 µM) in the presence of 5 µM of ssDNA, ctDNA, ds17
or various G-quadruplexes. (c) G4-FID titration curves of DNA duplex
ds17 or G-quadruplex Pu27. (d) Melting profile of F21T G-quadruplex
DNA (0.2 μM) in the absence and presence of 4.8 (5 μM). (e) Melting
profile of F10T (0.2 μM) in the absence and presence of 4.8 (5 μM). (f)
Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence
and presence of 4.8 (5 μM) and ds26 (10 μM) or ssDNA (10 μM).
Competitive FRET-melting assay results for complex 4.8 in the
presence of G-quadruplexes with different loop lengths as the
competitor. The decrease of melting temperature shown as a function of

loop size (g) 5-side loop, (h) central loop and (i) 3-side loop (in
nucleotides).
Fig. 4.12

Diagrammatic

bar

array

representation

of

the

luminescence

enhancement selectivity ratio of complexes 4.4, 4.8–4.16 for
G-quadruplex DNA over dsDNA.
Fig. 4.13

UV/Vis spectrophotometric titration of complex 4.8 with increasing
concentrations of Pu27.

Fig. 4.14

(a) Luminescence enhancement of the system in response to Ag+ ions
(50 nM) in the presence or absence of hairpin DNA (2 µM). (b)
Relative luminescence intensity of TO (0.5 μM) in the absence or
presence of Ag+ ions (50 nM). (c) Luminescence of the system in the
presence of wild-type and mutant hairpin DNA (2 μM). (d) Relative
luminescence intensity of the system with different concentrations of
4.8 (0.5, 1, 2 and 3 µM). (e) Relative luminescence intensity of the
system with different concentrations of DNA (1, 2, 3 and 4 μM). (f)
Relative luminescence intensity with different concentrations of KNO3
(10, 50, 100 and 200 mM). Unless otherwise stated, the concentration
of complex 4.8 was 1 μM and the concentration of hairpin DNA was 2
μM.

Fig. 4.15

(a) Emission spectrum of the system ([4.8] = 1 µM, [DNA] = 2 µM,
[K+] = 50 mM) in the presence of increasing concentrations of Ag+
ions. (b) Luminescence response of the system at λ = 562 nm vs. Ag+
ion concentration. Inset: linear plot of the change in luminescence
intensity at λ = 562 nm vs. Ag+ ion concentration. (c) Relative
luminescence intensity of the system ([4.8] = 1 µM, [DNA] = 2 µM) in

the presence of 10 nM or 5-fold excess of other metal ions.
Fig. 4.16

Luminescence response of the system at λ = 562 nm vs. Ag+ ion
concentration in 50-fold diluted river water sample.

Fig. 4.17

Diagrammatic

bar

array

representation

of

the

luminescence

enhancement selectivity ratio of complexes 4.17–4.20 in the presence
of split G-quadruplex over ssDNA or dsDNA.
Fig. 4.18

Diagrammatic

bar

array

representation

of

the

luminescence

enhancement selectivity ratio of complexes 4.8, 4.17–4.23 in the
presence of split G-quadruplex over ssDNA or dsDNA.
Fig. 4.19

(a) Chemical structure of complex 4.19. (b) Diagrammatic bar array
representation of the luminescence enhancement of complex 4.19 in the
presence of ssDNA, dsDNA and various kinds of G-quadruplex. (c)
G4-FID titration curves of DNA duplex ds17 or G-quadruplex Pu27.
(d) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the
absence and presence of 4.19 (5 μM). (e) Melting profile of F10T (0.2
μM) in the absence and presence of 4.19 (5 μM). (f) Melting profile of
F21T G-quadruplex DNA (0.2 μM) in the absence and presence of 4.19
(5 μM) and ds26 (10 μM) or ssDNA (10 μM).

Fig. 4.20

Luminescence enhancement of complex 4.19 is shown as a function of
loop size (a) 5-side loop, (b) central loop and (c) 3-side loop (in
nucleotides).

Fig. 4.21

(a) Emission spectra of the system ([4.19] = 1 µM, [P1, P2] = 0.5 µM,
[K+] = 20 mM) in the presence or absence of cocaine (1 µM). (b)
Luminescence enhancement of the system in response to cocaine (1
µM) in the presence or absence of P1, P2 (0.5 µM). (c) Relative

luminescence response of the system using P1, P2, mutated P1m1, P2m1
or mutated P1m2, P2m2. (d) CD spectrum of 0.5 µM each of P1 and P2
in the absence and presence of 1 μM of cocaine. (e) Emission spectrum
of the system in the presence of increasing concentrations of cocaine.
(f) Linear plot of the change in luminescence intensity at λ = 560 nm
vs. cocaine concentration. (g) Relative luminescence intensity of the
system in the presence of 1 μM cocaine or 5 μM other small molecules.
Fig. 4.22

Thermal difference spectrum of the designed DNA (a) without cocaine,
(b) with cocaine resulting from the difference between the absorbance
recorded at 95 °C and 20 °C.

Fig. 4.23

(a) Relative luminescence intensity of the system with different
concentrations of 4.19 (0.25, 0.5, 1, 2 and 3 µM). (b) Relative
luminescence intensity with different concentrations of KCl (10, 20, 50
and 100 mM). (c) Relative luminescence intensity of the system with
different concentrations of DNA (0.25, 0.5, 1, 2 and 3 µM). (d)
Relative luminescence intensity of the system with different split
G-quadruplex sequences. Unless otherwise stated, the concentration of
complex 4.19 was 1 μM and the concentration of split G-quadruplex
DNA was 0.5 μM.

Fig. 4.24

(a) Relative luminescence intensity of the system in the presence of 1
μM cocaine or 1 μM other planar compounds. (b) Relative
luminescence intensity of the system in the presence of both 1 μM
cocaine and 1 μM other planar compounds.

Fig. 4.25

Luminescence response of the system in the presence of increasing
concentrations of cocaine in (a) 0.5% (v/v) oral fluid, (b) 5% (v/v) oral

fluid, (c) 0.5% (v/v) human urine and (d) spiked buffer solution with
ssDNA and dsDNA.
Fig. 4.26

Diagrammatic

bar

array

representation

of

the

luminescence

enhancement selectivity ratio of complexes 4.7, 4.17, 4.24–4.31 in the
presence of c-kit87up G-quadruplex over ssDNA or dsDNA.
Fig. 4.27

(a) Chemical structure of complex 4.24. (b) Fold change of complex
4.24 (1 µM) in the presence of 5 µM of ssDNA, dsDNA, triplex or
various G-quadruplexes in 50 mM K+. (c) G4-FID titration curves of
DNA duplex ds17 or G-quadruplex c-kit87up. (d) Melting profile of
F21T G-quadruplex DNA (0.2 μM) in the absence and presence of 4.24
(3 μM). (e) Melting profile of F10T dsDNA (0.2 μM) in the absence
and presence of 4.24 (3 μM). (f) Melting profile of F21T G-quadruplex
DNA (0.2 μM) in the absence and presence of 4.24 (3 μM) and ds26
(10 μM) or ssDNA (10 μM).

Fig. 4.28

Fold change of complex 4.24 (1 µM) in the presence of 5 µM of
ssDNA, dsDNA, triplex or various G-quadruplexes in 50 mM Na+.

Fig. 4.29

Luminescence enhancement of complex 4.24 as a function of loop size
(in nucleotides) at central loop.

Fig. 4.30

(a) Emission spectra of the system ([4.24] = 1 µM, [ON1-ON2 duplex
substrate] = 0.5 µM, [K+] = 50 mM) in the presence or absence of
insulin (1 µM). (b) Luminescence enhancement of the system in
response to insulin (1 µM) in the presence or absence of ON1-ON2
duplex substrate (0.5 µM). (c) Relative luminescence response of the
system using ON1, ON2 and mutated ON1, ON2. (d) CD spectrum of
0.5 µM ON1-ON2 duplex substrate in the absence and presence of 1

μM of insulin. (e) Emission spectrum of the system in the presence of
increasing concentrations of insulin. (f) Linear plot of the change in
luminescence intensity at λ = 636 nm vs. insulin concentration for
ON1-ON2 (g) Relative luminescence intensity of the system in the
presence of 1 μM insulin or 5 μM other interfering substances. (h)
Linear plot of the change in luminescence intensity at λ = 636 nm vs.
insulin concentration for ON1-ON212.
Fig. 4.31

(a) Relative luminescence intensity of the system with different
concentrations of 4.24 (0.25, 0.5, 1, 2 and 3 µM). (b) Relative
luminescence intensity with different concentrations of KCl (10, 20, 50
and 100 mM). (c) Relative luminescence intensity of the system with
different concentrations of ON1-ON2 duplex substrate (0.25, 0.5, 1 and
2 µM). Unless otherwise stated, the concentration of complex 4.24 was
1 μM, the concentration of ON1-ON2 duplex substrate was 0.5 μM and
the concentration of KCl was 50 mM.

Fig. 4.32

The luminescence intensity of ThT at λ = 490 nm vs. insulin
concentration.

Fig. 4.33

Relative luminecence intensity increase of the detection system with
different number of hybridized bases in the presence of 20 nM insulin.

Fig. 4.34

Luminescence response of the system in the presence of increasing
concentrations of insulin in 0.5% (v/v) human serum.

Fig. 5.1

(a) Chemical structure of Ir(III) complex 5.1 and 5.2 and the
G-quadruplex loop binder 5.3. (b) Schematic diagram delineates the
AGR2 sensing platform utilizing the DNA binder linked Ir(III)
complex 5.1.

Fig. 5.2

(a) Diagrammatic bar array representation of the luminescence
enhancement selectivity ratio of complexes 5.1 and 5.2 upon the
addition of c-kit87up, c-kit1 and Pu27 G-quadruplex over ssDNA or
dsDNA. (b) Diagrammatic bar array representation of the luminescence
enrichment of 5.1 and 5.2 for AGR2 protein.

Fig. 5.3

(a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the
absence and presence of 5.2 (5 μM). (b) Melting profile of F10T
dsDNA (0.2 μM) in the absence and presence of 5.2 (5 μM).

Fig. 5.4

(a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the
absence and presence of 5.3 (5 μM). (b) Melting profile of F10T
dsDNA (0.2 μM) in the absence and presence of 5.3 (5 μM).

Fig. 5.5

Steady-state photoluminescence and TRES of 5.1 in the presence of (a,
b) perylene, (c, d) coumarin and (e‒g) rhodamine B fluorescent media.

Fig. 5.6

(a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the
absence and presence of 5.1 (5 μM). (b) Melting profile of F10T
dsDNA (0.2 μM) in the absence and presence of 5.1 (5 μM). (c)
Melting profile of F21T (0.2 μM) in the absence and presence of 5.1 (5
μM) and ds26 (10 μM) or ssDNA (10 μM).

Fig. 5.7

Luminescence enhancement of complex 5.1 is shown as a function of
loop size of 3-side loop.

Fig. 5.8

Luminescence enhancement of complex 5.1 in the presence of
intramolecular G-quadruplex and intermolecular G-quadruplex.

Fig. 5.9

Side view of the interactions of 5.1 with G-quadruplex structure in
hypothetical molecular model. The G-quadruplex is depicted as a
ribbon representation (green), while 5.1 is depicted as a space-filling

representation showing carbon (beige), oxygen (red) and nitrogen
(blue).
Fig. 5.10

Side view of the interactions of 5.1 with (a) the human telomeric
G-quadruplex (PDB: 1KF1) and (b) the ckit1 G-quadruplex (PDB:
4WO3) according to molecular modeling. The G-quadruplex is
depicted as a ribbon representation (green), while 5.1 is depicted as a
space-filling representation showing carbon (beige), oxygen (red) and
nitrogen (blue).

Fig. 5.11

Emission spectra of the system ([5.1] = 0.5 µM, [probe DNA duplex] =
0.5 µM, [K+] = 50 mM) in the presence or absence of AGR2 (80 nM).

Fig. 5.12

(a) Relative luminescence intensity of the system with different
concentrations of 5.1. (b) Relative luminescence intensity of the system
with different concentrations of probe DNA duplex. (c) Relative
luminescence intensity with different concentrations of KCl. Unless
otherwise stated, the concentration of complex 5.1 was 0.5 μM and the
concentration of probe DNA duplex was 0.5 μM.

Fig. 5.13

Luminescence enhancement of the system with different numbers of
hybridized bases in the presence of 100 nM AGR2

Fig. 5.14

(a) Emission spectrum of the system in the presence of increasing
concentrations of AGR2 using the sensing mechanism path A. (b)
Linear plot of the change in luminescence intensity at λ = 585 nm vs.
AGR2 concentration.

Fig. 5.15

(a) Luminescence enhancement of the system in response to AGR2 (80
nM) in the presence or absence of probe DNA duplex (0.5 µM).
Relative luminescence response of the system using (b) wild-type and

probe Amutant or (c) wild-type and probe Amutant2.
Fig. 5.16

CD spectrum of the sensing system (probe DNA = 2 μM) in the
absence and presence of 100 nM AGR2.

Fig. 5.17

Linear plot of the change in luminescence intensity at λ = 585 nm vs.
AGR2 concentration using the sensing mechanism path B.

Fig. 5.18

Emission spectrum of the system in the presence of increasing
concentrations of AGR2 using the sensing mechanism path B.

Fig. 5.19

(a) Relative luminescence intensity of the system (path B) in the
presence of 50 nM AGR2 or 250 nM other proteins. (b) Luminescence
response of the system (path B) in the presence of increasing
concentrations of AGR2 in 2.5 % (v/v) FBS.

Scheme 2.1

Synthetic pathway of complexes 2.1–2.3. a) 4-hydroxybenzaldehyde,
acetic acid, 80 °C, followed by dry ammonium acetate, 100 °C; b)
hexamethylene tetraamine, trifluoroacetic acid, reflux; c) hydrazine
hydrate, ethanol, room temperature; d) absolute ethanol, reflux; e)
2-ethoxyethanol, 100 °C; f) Ir2(C^N)4Cl2, dimethylformamide, reflux.

Scheme 3.1

Schematic mechanism for cysteine visualization by 3.1.

Scheme 4.1

Schematic diagram of the split G-quadruplex-based luminescent
switch-on

detection

strategy

for

gene

deletion

using

the

G-quadruplex-selective iridium(III) complex 4.1.
Scheme 4.2

Schematic

representation

of

the

ExoIII-assisted

label-free

G-quadruplex-based assay for Ag+ ions.
Scheme 4.3

Schematic diagram of the split G-quadruplex-based luminescent
switch-on

detection

strategy

for

cocaine

using

the

G-quadruplex-selective iridium(III) complex 4.19 and a three-way

DNA junction architecture.
Scheme 4.4

Schematic diagram of the G-quadruplex-based luminescent switch-on
detection strategy for insulin using the G-quadruplex-selective
iridium(III) complex 4.24.

Scheme 5.1

Synthesis of linked Ir(III) complex 5.1. Reagents and conditions: a)
Boc2O,

CH2Cl2,

0

to

25

o

C,

3

h,

76%;

b)

methyl

4-(bromomethyl)benzoate, K2CO3, CH3CN, 0 to 25 oC, overnight,
91%; c) TFA, CH2Cl2, 25 oC, overnight, 95%; d) 1,3-dibromopropane,
K2CO3, DMF, 40 to 50 oC, overnight, 76%; e) K2CO3, DMF, 80 oC, 6
h,

72%;

f)

LiOH,

H2O,

MeOH,

reflux,

2

h,

99%;

g)

2-chloro-N-(1,10-phenanthrolin-5-yl)acetamide, K2CO3, DMF, 65 oC,
overnight, 75%; h) dichloro-bridged [Ir(ppy)2Cl]2, MeOH:CH2Cl2 =
1:1, 25 oC, overnight, 70%. DMF = N,N-dimethylformamide, Boc2O =
di-tert-butyl dicarbonate, TFA = trifluoroacetic acid.
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Introduction

1.1 G-quadruplex
Nucleic acids play essential roles in the storage and transfer of genetic
information that is essential for living organisms. In cells, genomic
DNA typically exists as a double-helix that is stabilized by hydrogen
bonding interactions between Watson-Crick base pairs. Over the past
several decades, however, the ability of guanine-rich oligonucleotide
sequences to form non-canonical four-stranded structures known as
G-quadruplexes has attracted intense scrutiny.1 The basic unit of a
G-quadruplex is the guanine tetrad, which is a composed of a planar
arrangement of four guanine bases stabilized by Hoogsteen hydrogen
bonding. Two or more guanine tetrads can associate via π-π stacking
interactions to form a G-quadruplex motif, which can be further
stabilized by the presence of metal cations in the central ionic
channel.2, 3
G-quadruplexes show a rich structural polymorphism that can be
highly dependent on the underlying oligonucleotide sequences (Fig.
1
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1.1). For example, G-quadruplexes can be not only unimolecular,
formed by a single oligonucleotide chain, but bimolecular, trimolecular
or tetramolecular, formed by two, three or four separate oligonucleotide
chains, respectively. Additionally, G-quadruplexes can vary in the
number of guanine tetrads, the relative orientation of the strands, the
lengths and positions of loop regions, and the nature of the four
grooves.4,

5

Moreover, G-quadruplex conformations can also be

sensitive to the identity of the stabilizing cation as well as molecular
crowding effects.6-8 G-quadruplexes can have a parallel or antiparallel
arrangement of strands, or even a so-called (3 + 1) or mixed
configuration.9-11 It should also be stressed that oligonucleotides are
highly dynamic, and that it is possible for a particular guanine-rich
sequence to exist as several G-quadruplex topologies that are in
dynamic equilibrium with each other.12
Analysis of the human DNA has revealed an abundance of
putative G-quadruplex-forming sequences in the human genome.
G-quadruplex motifs are known to be found in telomeres, which are
protein-DNA complexes at the ends of chromosomes. Strikingly, over
80% of human cancers have enhanced telomerase activity, which acts
2
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to maintain the lengths of telomeric DNA after cell division, and delay
senescence. Consequently, the stabilization of telomeric G-quadruplex
DNA by endogenous ligands to block telomerase activity has been
proposed as a potential anticancer strategy.13,

14

G-quadruplex

formation has also been proposed to play a role in telomere stability,
with implications in the induction of telomeric defects and human
disease.15-17
Additionally,

bioinformatics

analysis

has

suggested

that

G-quadruplex-forming elements may been found in up to 43% of
human genes.18 A number of human oncogenes, including c-myc,19
bcl-2,20

k-ras,21

and

c-kit,22

contain

promoter

regions

with

G-quadruplex-forming sequences. These promoter G-quadruplexes
have been proposed to be involved with the regulation of
transcription,23 and have attracted attention as therapeutic targets.24
In recent years, a multitude of G-quadruplex structures have
been extensively characterized ex vivo using biophysical techniques
such as nuclear magnetic resonance (NMR) spectroscopy, circular
dichroism (CD) spectroscopy, and X-ray crystallography.25-28 The
diverse structural polymorphism of G-quadruplex structures have also
3
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made

them

versatile

scaffolds

for

the

construction

of

oligonucleotide-based analytical sensing platforms.29-32 Despite all this,
the existence and function of G-quadruplex structures in mammalian
cells remains controversial. Therefore, tools for detecting and
monitoring G-quadruplex structures in living cells are required in order
to further our understanding of the roles played by G-quadruplex
structures in biology.
As iridium(III) complex is sensitive to the enviroment and the
long lifetime luminecence of iridium(III) complex is contrributed by
the 3MLCT. In the aqous system, the water moleclues may quecnh the
3

MLCT by non-radiative decay. Thus the luminecence of iridium(III)

complex is weak. However, upon binding to DNA, DNA will protect
the complex from solvent quenching thus the 3MLCT will be recover
anf display strong luminecence (Fig. 1.2).
1.2 Luminescent metal complexes as chemosensors
Luminescent metal complexes have also found use as
luminescent probes or labels for biomolecules or metal ions,33-37 as
exemplified by the iridium(III) complexes developed for the detection
of Hg2+ ions,38 Cu2+ ions,39 Zn2+ ions40 human serum albumin41 or
4
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G-quadruplex-based sensing platform. Luminescent metal complexes
have attracted tremendous interest in the fabrication of light-emitting
materials42-44 and in sensory applications.35,

45-48

Transition metal

complexes possess salient advantages that render them suitable for
sensing applications: (i) compared with organic fluorophores, metal
complexes

are

generally

more

easy

to

synthesize

without

labour-intensive synthetic protocols; (ii) their photophysical properties
and interactions with biomolecules can be readily tuned by variation of
the co-ligands;49-54 (iii) the large Stokes shifts of metal complexes can
reduce self-quenching; and (iv) their long emission lifetimes allows
their phosphorescence to be distinguished in highly fluorescent media
through the use of time-resolved spectroscopy. In particular, Ir(III)
complexes

have

received

recent

interest

as

selective

G-quadruplex-binding probes.55 Compared to d8 square planar Pt(II)
complexes, the octahedral structure of Ir(III) complexes can provide an
alternative scaffold for G-quadruplex binding while also avoiding
intercalation. Meanwhile, Ir(III) also generally have longer lifetimes
and higher quantum yields compared to Ru(II). Finally, unlike most
Ru(II) G-quadruplex probes, the Ir(III) complexes developed by our
5
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group have a wide range of emission wavelengths (from green to red)
based on the nature of the co-ligand useds.49, 50
In light of these advantages, transition metal compounds have
been widely studied for luminescent sensing applications, particularly
those d6, d8 or d10 electron complexes based on ruthenium(II),
platinum(II), iridium(III), osmium(II), gold(I) and rhenium(I). Several
review articles on the use of transition metal complexes as
chemosensors

have

been

published.47,

56,

57

The

design

of

phosphorescent metal complexes as chemosensors has been recently
described by Li and co-workers 47. The transition metal complex plays
the role of the “signaling unit”, which transduces the analyte binding
event into an optical (luminescent) signal. The “receptor unit”, which
selectively binds the analyte of interest, is then attached to the metal
complex through either a σ-linker or a π-linker. Both types of linkers
can be used for the design of “switch-on” or “switch-off” luminescent
sensors based on phosphorescence enhancement or quenching,
respectively, of the transition metal complex upon analyte binding (Fig.
1.3). However, the conjugated π-linker offers an additional advantage
in that the emission wavelength of the metal complex will also be
6
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affected by analyte binding, allowing a ratiometric detection mode that
could afford improved sensitivity under high background conditions.
As described by Li and co-workers, the mechanism for
phosphorescent metal complex sensors can involve (i) photoinduced
electron transfer (PET) between the receptor unit and metal complex,
(ii) perturbation of excited state energy levels by the receptor unit
leading to interconversion between different charge transfer states of
the metal complex, (iii) fluorescence energy resonance transfer (FRET)
between donor and acceptor moieties upon analyte binding, (iv)
metal-metal interactions that influence the excited state properties of
complexes (such as formation of MMLCT or LMMCT excited states),
(v) ligand distortion upon analyte binding influencing the emission
intensity, or (vi) changes in the local environment of the metal complex
upon ligand binding.
1.3 Luminescent metal complexes as G-quadruplex probe in
DNA-based sensing platform
Early

DNA-based

sensors

typically

employed

labeled

oligonucleotides that are covalently conjugated with donor/acceptor or
fluorophore/quencher pairs. However, fluorescent labeling can be
7
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relatively costly and laborious, and may adversely impact the
behaviour of the functional oligonucleotide.58 In the label-free strategy,
luminescent probes are not covalently conjugated to the nucleic acid
backbone, but interact non-covalently with DNA via groove-binding,
end-stacking, intercalation or electrostatic interactions instead.59, 60 The
binding of complex to G-quadruplex DNA is expected to shield the
metal centre from the bulk solvent environment, thereby suppressing
non-radiative decay of the excited state and enhancing triplet state
emission.
In a typical G-quadruplex-based sensing platform, the addition of
an analyte triggers the conformational switching of a designed DNA
sequence, usually in ssDNA or dsDNA form, into a G-quadruplex
structure. A G-quadruplex probe can then be used to transduce the
conformational change of the designed DNA sequence into a
luminescent response. Many organic molecules have been reported as
G-quadruplex probes, including crystal violet (CV),61 thiazole orange
(TO),62 protoporphyrin IX (PPPIX),63,

64

thioflavin T (ThT)65-68 and

their analogues.69 These probes exhibit high fluorescence enhancement
in the presence of G-quadruplex DNA over other forms of DNA,
8
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although their selectivity can be influenced by other factors such as salt
concentration and buffer composition.69
On the other hand, luminescent metal complexes have attracted
tremendous interest in the fabrication of light-emitting materials42 and
in sensory applications.35,

46, 47

Transition metal complexes possess

salient advantages that render them suitable for sensing applications: (i)
compared with organic fluorophores, metal complexes are generally
more easily to synthesize without labour-intensive synthetic protocols;
(ii) their photophysical properties and interactions with biomolecules
can be readily tuned by variation of the co-ligands;51-54, 70 (iii) the large
Stokes shifts of metal complexes can reduce self-quenching; and (iv)
their long emission lifetimes allows their phosphorescence to be
distinguished in highly fluorescent media through the use of
time-resolved spectroscopy. In particular, Ir(III) complexes have
received recent interest as selective G-quadruplex-binding probes.71
Compared to d8 square planar Pt(II) complexes, the octahedral structure
of Ir(III) complexes can provide an alternative scaffold for
G-quadruplex binding while also avoiding intercalation. Meanwhile,
Ir(III) also generally have longer lifetimes and higher quantum yields
9
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compared to Ru(II). Finally, unlike most Ru(II) G-quadruplex probes,
the Ir(III) complexes developed by our group have a wide range of
emission wavelengths (from green to red) based on the nature of the
co-ligand used.
In this study, I seek to synthesize various kinds of iridium(III)
complexes as chemosensors and G-quadruplex probe for the detection
of metal ions, small molecules, proteins and DNA to demonstrate the
versatility of iridium(III) complex in luminescence sensing. In the first
part of my PhD study, I synthesize two kinds of chemosensors for
metal ion and small molecule detection which could even be used for in
vivo imaging. However, the synthesis of binding motif and the
conjugation process to iridium(III) complex is relatively difficult. DNA
aptamer displays strong binding affinity and selectivity towards targets
while it is commercial available and the cost of DNA is low. As the
consequence, I start the projects about the development of DNA-based
sensing

platform

demonstration

of

utilizing
the

use

iridium(III)
of

complex.

iridium(III)

After

complexes

the
in

G-quadruplex-based sensing platform for metal ions, proteins, small
molecules and DNA detection, it was discovered that structural changes
10
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affect both G-quadruplex-binding affinity and photophysical properties
of iridium(III) compelxes, and it can be sometimes difficult to improve
the G-quadruplex recognition abilities of a metal complex without
adversely influencing its photophysical characteristics. In the final part
of

my

study,

I

sought

to

design

and

synthesize

a

benzo[d,e]isoquinoline-linked iridium(III) complex by functionalizing
a parent luminescent iridium(III) complex with a known G-quadruplex
groove binder.

11

Chapter 1
Fig. 1.1 Schematic representation of common G-quadruplex topologies. A:
antiparallel basket topology, B: parallel propeller topology, C: antiparallel chair
topology, D: type-I mixed topology, E: type-II mixed topology.

Fig. 1.2 Jablonski diagram for the luminescence of iridium(III) complex

12
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Fig. 1.3 Design of phosphorescent metal complex chemosensors as described by Li
and co-workers.47
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Chapter 2
A colorimetric chemosensor for Cu2+ ion detection based on an
iridium(III) complex

2.1 Introduction
The Cu2+ ion plays an important role in a number of biological
processes, including iron absorption, haemopoiesis, enzyme activity
and redox reactions.1 Abnormal levels of copper ions can lead to
vomiting, lethargy, increased blood pressure and respiratory rates,
acute

haemolytic

anaemia,

neurodegenerative disease.2,

3

liver

damage,

neurotoxicity,

and

Furthermore, copper ions can disrupt

natural ecosystems due to their adverse effects on microorganisms.4
Therefore, the development of selective and reliable detection methods
for Cu2+ ions is of significant interest to the scientific community.
A number of analytical methods have been developed for the
accurate

determination

of

Cu2+

ions,

including

atomic

absorption/emission spectroscopy (AAS/AES),5 inductively-coupled
plasma mass spectrometry (ICP-MS),6 electrochemical methods7 and
X-ray fluorescence spectroscopy (XRF). However, these techniques
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involve time-consuming sample pre-treatment methods and/or the use
of sophisticated instrumentation, and therefore cannot be applied for
the in-field detection of Cu2+ ions. This has stimulated the development
of a variety of small molecule probes for the rapid and sensitive
detection of Cu2+ ions.4, 8-22
Transition metal complexes have found increasing use as
colorimetric or luminescent probes for biomolecules and metal
ions.23-27 In particular, octahedral metal complexes possess a unique
geometry around which functional co-ligands can be arranged in a
defined fashion. For example, Li, Huang and co-workers have
previously

developed

a

dual

colorimetric

and

luminescent

iridium(III)-based sensor for Hg2+ ions by the use of sulfur-containing
cyclometalated ligands.24 In the context of Cu2+ ion detection, several
groups have reported DPA-based iridium(III) complexes for the
luminescent sensing of Cu2+ ions.25, 28 However, to our knowledge, no
colorimetric iridium(III)-based Cu2+ ion probe has yet been described
in the literature. We report herein the synthesis and application of a
series of novel cyclometalated iridium(III) complexes 2.1–2.3 bearing a
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rhodamine-linked N^N ligand for the sensitive and selective detection
of Cu2+ ions (Fig. 2.1).
The synthetic pathway for the synthesis of complexes 2.1–2.3 is
depicted in Scheme 2.1. In our design strategy, the interaction of Cu2+
ions with the rhodamine-linked N^N ligand causes the rhodamine
moiety to undergo a conformational change from a spirolactam form
into a ring-opened amide form9. This structural transition results in a
change to the photophysical properties of the metal complex, allowing
complexes 2.1–2.3 to function as optical chemosensors for Cu2+ ions.
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Scheme 2.1 Synthetic pathway of complexes 2.1–2.3. a) 4-hydroxybenzaldehyde,
acetic acid, 80 °C, followed by dry ammonium acetate, 100 °C; b) hexamethylene
tetraamine, trifluoroacetic acid, reflux; c) hydrazine hydrate, ethanol, room
temperature; d) absolute ethanol, reflux; e) 2-ethoxyethanol, 100 °C; f)
Ir2(C^N)4Cl2, dimethylformamide, reflux.
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Fig. 2.1 Chemical structures of cyclometallated iridium(III) complexes 2.1–2.3.
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2.2 Result and Discussion
To investigate the Cu2+ ion detection ability of complexes 2.1–2.3, we
studied the UV-Vis absorption behaviour of the complexes in response
to Cu2+ ions. Encouragingly, a new absorption peak at 555 nm was
observed in the spectra of complexes 2.1–2.3 (5 μM) upon the addition
of Cu2+ ions (Fig. 2.2), and the color of the solution turned pink. This
behavior was attributed to the interaction of Cu2+ ions with the
rhodamine-linked N^N ligand, causing the rhodamine moiety to
undergo a conformational change from a spirolactam form into a
ring-opened amide form (Fig. 2.1), giving rise to a pink color that is
consistent with previous work9. Moreover, the UV-Vis spectra showed
that the complexes were stable in the absence or presence of Cu2+ ions
for at least 24 h (Fig. 2.3). It also shows the response rate of the sensor
for Cu2+ detection. No significant difference was observed for the
complex with the incubation time of 5 min, 12 h and 24 h.
To optimize the performance of the sensor, the choice of organic
solvent, aqueous buffer and overall solvent composition were
investigated. The absorption increase of complexes 2.1–2.3 in response
to Cu2+ ions was highest with acetonitrile (ACN) compared to dimethyl
26
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sulfoxide (DMSO), tetrahydrofuran (THF) or N,N-dimethylformamide
(DMF) (Fig. 2.4). Additionally, complexes 2.1–2.3 displayed similar
responses to Cu2+ ions in buffer systems containing 90, 70 or 50% of
acetonitrile (Fig. 2.5). However, the absorption of the complexes was
approximately halved when 30% of acetonitrile was used. Hence, 50%
of acetonitrile was considered optimal for further study. We also found
that the use of 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris),
2-(N-morpholino)ethanesulfonic

acid

(MES)

and

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
gave similar performances, whereas the use of phosphate buffer
resulted in a 25% decrease in absorption intensity of the complexes in
response to Cu2+ ions (Fig. 2.6). Moreover, the optimal concentration
of Tris buffer was determined to be 10 mM (Fig. 2.7). After
optimization of the solvent system, we performed an absorption
titration experiment to investigate the absorption response of
complexes 2.1–2.3 to Cu2+ ions. Encouragingly, the absorption of
complexes 2.1–2.3 was enhanced as the concentration of Cu2+ ions was
increased (Fig. 2.8a, c, e). Saturation of the absorbance signal was
reached at 35 μM of Cu2+ ions for all three complexes. Complexes 2.1
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and 2.3 exhibited a linear range of detection for Cu2+ ions from 10 nM
to 8 μM (R2 = 0.99), while complex 2.2 displayed a linear range of
detection for Cu2+ ions from 10 nM to 6 μM (Fig. 2.8b, d, f). The
detection limit of complexes 2.1–2.3 for Cu2+ ions was estimated to be
4.5, 5.2 and 4.9 nM using the 3σ method, indicating that these
complexes were highly sensitive for Cu2+ ions. Additionally, the color
change of the solution from colorless to pink occurred within 10 s upon
the addition of Cu2+ ions, suggesting that complexes 2.1–2.3 could
potentially serve as simple and rapid ‘naked-eye’ indicators for Cu2+
ions (Fig. 2.9a).
The selectivity of complexes 2.1–2.3 for Cu2+ ions was examined
by testing the response of the system to various other metal ions,
including Zn2+, Cd2+, Mg2+, Hg2+, Ca2+, Pb2+, Ni2+, Co2+, Fe3+, K+, Na+
and Ag+. In the absence of metal ions, the UV-Vis absorption spectra of
complexes 2.1–2.3 displayed no significant absorption in the 400 to
600 nm region (Fig. 2.10). The addition of 10 μM of Cu2+ ions to
complexes 2.1–2.3 generated a new absorption band at 555 nm, with a
50-fold increase in absorbance signal. By comparison, only minor
effects on the absorbance signals of complex 2.1–2.3 were observed
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upon the addition of 25 μM of the other metal ions. Importantly, the
difference in absorbance intensity of complex 2.1 in the presence of
Cu2+ ions compared to the other metal ions could be distinguished by
the naked eye (Fig. 2.9b). These results demonstrate the high selectivity
of complexes 2.1–2.3 for Cu2+ ions over other metal ions, which
originates presumably from the specific interaction of Cu2+ ions with
the rhodamine-linked N^N ligand. The rhodamine moiety is known to
be highly selective for Cu2+ ions over other common metal ions9. A
competition experiment was also carried out by adding 25 μM of other
metal ions to solutions of complexes 2.1–2.3 containing 10 μM of Cu2+
ions. The absorbance intensity of complexes 2.1–2.3 was not
significantly abrogated by the presence of the other metal ions (Fig.
2.11), suggesting that the system could potentially be used to detect
Cu2+ ions in a sample matrix containing interfering metal ions.
The absorbance spectra were analysed using a Job’s plot to study
the binding stoichiometry of the iridium(III) complexes 2.1–2.3 with
Cu2+ ions. The maximum absorbance of the 2.1–Cu2+, 2.2–Cu2+ and
2.3–Cu2+ complexes were all achieved at a mole fraction of
approximately 50% of Cu2+ ions (Fig. 2.12), suggesting that a 1:1 ratio
29

Chapter 2

is the likely binding stoichiometry of complexes 2.1–2.3 with Cu2+
ions.
We next investigated the effect of pH on the response of
complexes 2.1–2.3 to Cu2+ ions. The results showed that the
performances of the complexes were quite consistent over a pH range
of 6 to 8 (Fig. 2.13). This result is consistent with a previous study by
Yin and co-workers, who showed that a rhodamine-based sensor could
function normally under this pH range22. Hence, complexes 2.1–2.3 are
suitable for use as Cu2+ chemosensors in the typical pH range of
biological systems.
In order to investigate the applicability of the system for real
sample analysis, we investigated the ability of complexes 2.1–2.3 to
detect Cu2+ ions in three water samples using the spike-and-recovery
method. Two of the samples were tap water taken from laboratory
water pipe located at Hong Kong Baptist University, Hong Kong, while
the third sample was a natural water sample taken from Shing Mun
River, Hong Kong. The Cu2+ ion content in the water sample was first
determined by atomic absorption spectroscopy. Then, 0.05 and 2 μM of
Cu2+ ions was spiked into the sample. Using iridium(III) complexes
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2.1–2.3 as Cu2+ ion probes, the recovery factor was determined to be ca.
80−110 % for Cu2+ ions in the middle of the linear range of detection
and ca. 60−130 % for Cu2+ ions close to the detection limit (Table 1).
The recovery difference may be due to the turbidity and the small
particles in the water sample. This result demonstrates the potential
application of the system in monitoring Cu2+ ion content in real water
samples. Although the detection limit of complexes 2.1–2.3 for Cu2+
ions in the buffer/organic solvent mixture system is much lower than
those reported in other studies, the accuracy of the complexes in real
samples seems worse. This may be attributed to the influence of
interfering matrix substances in the real water samples, which is a
significant factor especially when the spiked Cu2+ concentration in this
study is as low as 50 nM, compared to 3, 30 or 160 μM that was used
in other studies (Table 1).
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Fig. 2.2 Absorption spectra of 5 μM of complexes (a) 2.1, (b) 2.2 and (c) 2.3 in the
absence and presence of 145 μM of Cu2+ ions (1:1 ACN-Tris, pH 7.0).

Fig. 2.3 UV/Vis absorption of complexes 2.1−2.3 in the absence (a, c and e) and
presence (b, d and f) of 145 μM Cu2+ ions (1:1 ACN-Tris, pH 7.0) at t = 0 h and
after incubation for 12 and 24 h at 298 K.
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Fig. 2.4 Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3 upon
the addition of 160 μM of Cu2+ ions in different organic solvents. Error bars
represent the standard deviations of the results from three independent experiments.

Fig. 2.5 Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3 upon
the addition of 160 μM of Cu2+ ions in Tris buffered systems containing different
percentages of acetonitrile. Error bars represent the standard deviations of the
results from three independent experiments.

Fig. 2.6 Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3 upon
the addition of 160 μM of Cu2+ ions in buffer systems containing 50% ACN and 10
mM of different kinds of aqueous buffer. Error bars represent the standard
deviations of the results from three independent experiments.
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Fig. 2.7 Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3 upon
the addition of 160 μM of Cu2+ ions in 50% ACN and different concentration of
Tris buffer. Error bars represent the standard deviations of the results from three
independent experiments.

Fig. 2.8 Absorption spectra of 5 μM of complexes (a) 2.1, (c) 2.2 and (e) 2.3 in the
presence of increasing concentrations of Cu2+ ion (1:1 ACN-Tris, pH 7.0).
Absorbance of complexes (b) 2.1, (d) 2.2 and (f) 2.3 at 555 nm vs. [Cu2+]. Inset:
linear plot of the change in absorbance of the system vs. [Cu2+].
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Fig. 2.9 Photograph images of complex 2.1 (5 μM) in the presence of (a) 0, 1, 3, 5,
10 and 20 μM of Cu2+ (left to right) and (b) 25 μM of Zn2+, Cd2+, Mg2+, Ag+, Hg2+,
Ca2+, Pb2+, Ni2+, Co2+, Fe3+, K+ and Na+ or 10 μM of Cu2+ (left to right).

Fig. 2.10 UV-Vis spectra of 5 μM of complexes (a) 2.1, (c) 2.2 and (e) 2.3 in the
presence of 10 μM of Cu2+ or 25 μM of various metal ions (1:1 ACN-Tris, pH 7.0).
Absorbance of 5 μM of complexes (b) 2.1, (d) 2.2 and (f) 2.3at 555 nm in the
presence of 10 μM of Cu2+ and 25 μM of various metal ions.
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Fig. 2.11 Absorbance of 5 μM of complexes (a) 2.1, (b) 2.2 and (c) 2.3 at 555 nm
in the presence of both 10 μM of Cu2+ and 25 μM of various metal ions (1:1
ACN-Tris, pH 7.0).

Fig. 2.12 Job’s plot of complexes (a) 2.1, (b) 2.2 and (c) 2.3 with Cu2+ ions (1:1
ACN-Tris, pH 7.0). Total concentration of 5 μM, λabs = 555 nm.
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Fig. 2.13 Relative absorption increase of complexes (a) 2.1, (b) 2.2 and (c) 2.3
upon the addition of 160 μM of Cu2+ ion in 50% ACN and 10 mM Tris buffer at pH
values of 6, 7 or 8. Error bars represent the standard deviations of the results from
three independent experiments.
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Table 1. Determination of Cu2+ ion content in water samples.

Complex

[Cu2+]

Spiked

Found [Cu2+]

Recovery

/μM

[Cu2+] /μM

/μM

(%)

Sample

2.1

Tap water 1

0.89

2

2.65 ± 0.08

88

2.1

Tap water 1

0.89

0.05

0.93 ± 0.06

80

2.1

Tap water 2

0.67

2

2.45 ± 0.09

89

2.1

Tap water 2

0.67

0.05

0.735 ± 0.06

130

2.1

Shin Mun River

0

2

1.565 ±
0.105

78.25

2.1

Shin Mun River

0

0.05

0.059 ± 0.01

118

2.2

Tap water 1

0.89

2

2.73 ± 0.3

92

2.2

Tap water 1

0.89

0.05

0.92 ± 0.06

60

2.2

Tap water 2

0.67

2

2.77 ± 0.12

105

2.2

Tap water 2

0.67

0.05

0.71 ± 0.06

80

2.2

Shin Mun River

0

2

2.2

Shin Mun River

0

0.05

2.3

Tap water 1

0.89

2

2.3

Tap water 1

0.89

0.05

0.925 0.055

70

2.3

Tap water 2

0.67

2

2.365 ±
0.215

84.75

2.3

Tap water 2

0.67

0.05

2.3

Shin Mun River

0

2

2.3

Shin Mun River

0

0.05
38

1.695 ±
0.035
0.067 ±
0.003
3.085 ±
0.035

0.735 ±
0.005
1.665 ±
0.115
0.065 ±
0.005

84.75
134
109.75

130
83.25
130
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2.3 Experimental section
2.3.1 Chemicals and materials
Reagents were purchased from Sigma Aldrich (St. Louis, MO) and
were used as received. Iridium chloride hydrate (IrCl3.xH2O) was
purchased from Precious Metals Online (Australia).

2.3.2 General experimental

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. 1H and 13C NMR were
recorded on a Bruker Avance 400 spectrometer operating at 400 MHz
(1H) and 100 MHz (13C). 1H and

13

C chemical shifts were referenced

internally to solvent shift (CD3CN: 1H, C118.7; d6-DMSO:
1

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

downfield direction being defined as positive. Uncertainties in
chemical shifts are typically ±0.01 ppm for 1H and ±0.05 for

13

C.

Coupling constants are typically ± 0.1 Hz for 1H-1H and ±0.5 Hz for
39

Chapter 2
1

H-13C 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).

2.3.3 Cu2+ ion detection

10 mM of complex stock solution was prepared by dissolving
complexes 2.1–2.3 in acetonitrile. The complexes were then added into
1:1 (v/v) acetonitrile: Tris buffer to a final concentration of 5 μM.
Different concentrations of Cu2+ ions (as Cu(NO3)2) were then added to
1 mL of 1:1 (v/v) acetonitrile: Tris buffer (10 mM, pH 7.0) containing
complexes 2.1–2.3 (5 μM) in a cuvette. UV-Vis absorption spectra
were recorded on a Cary UV-300 spectrophotometer (double beam).

2.3.4 Water sample analysis

Two tap water samples were taken from a laboratory water pipe located
in Hong Kong Baptist University, Hong Kong, and a river water
sample was taken from Shin Mun River, Hong Kong. Stock solutions
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of Cu2+ ions were added to the real water sample up to a final
concentration of 2 μM of Cu2+ ions. 0.5 mL of the resulting solution
was mixed with 0.5 mL of acetonitrile in a cuvette, and then complexes
2.1–2.3 were added at a final concentration of 5 μM. UV-Vis
absorption spectra were recorded on a Cary UV-300 spectrophotometer
(double beam).

2.3.5 Synthesis of compounds i2.2 and i2.3

These compounds were synthesised according to a reported literature
procedure.29 Following a Steck-Day reaction procedure, 500 mg of
1,10-phenanthroline-5,6-dione

(2.4

mmol)

and

350

mg

of

4-hydroxybenzaldehyde (2.8 mmol, 1.1 eq.) were dissolved in 10 mL
of acetic acid. The mixture was heated at 80 °C for 30 min. 3.70 g of
dry ammonium acetate (48 mmol, 20 eq.) was added and the reaction
was stirred at 100 °C for 3 h. The reaction was allowed to cool to room
temperature and the product was filtered through a fritted funnel and
washed with copious amounts of acetone and ether to yield 510 mg
(68%) of compound i2.2. Following a modified Duff reaction, 500 mg
(1.6 mmol) of i2.2 and 896 mg of hexamethylene tetraamine (6.4
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mmol, 4 eq.) were dissolved in 10 mL of trifluoroacetic acid and
refluxed for 3 days. The mixture was allowed to cool to room
temperature and 50 mL of 4 M HCl solution was added. The resulting
mixture was stirred for 2 h, during which time the solution became
cloudy. The solid was collected by filtration, washed with acetone and
ether, and dried in vacuum to yield 452 mg (56%) of pure compound
i2.3.

2.3.6 Synthesis of compound i2.5

This compound was synthesised according to a reported literature
procedure.9 Rhodamine B (2.5 mmol) was dissolved in 30 mL of
ethanol, and 3.0 mL of hydrazine hydrate (85%, excess) was added
dropwise with vigorous stirring at room temperature. The mixture was
heated to reflux in air for 2 h with stirring. The solution changed from
dark purple to light orange, and then became clear. The mixture was
cooled and the solvent was removed under reduced pressure. 1 M HCl
(50 mL) was added to the solid in the flask to generate a clear red
solution. The solution was then basified by the slow addition of 1 M
NaOH until the pH of the solution reached 9–10. The resulting
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precipitate was filtered and washed three times with 15 mL of water.
Drying under an IR light afforded 0.83 g (75%) of 8 as a pink solid.

2.3.7 Synthesis of compound i2.6

This compound was synthesised according to a reported literature
procedure9. Rhodamine hydrazide (i2.5, 1 mmol) was dissolved in 30
mL of absolute ethanol. An excess amount of compound i2.3 (4 mmol)
was added and the mixture was refluxed in air for 6 h. The solution was
cooled, concentrated to 10 mL and allowed to stand at room
temperature overnight. The precipitate which appeared the next day
was filtered and washed three times with 10 mL of cold ethanol.
Drying under reduced pressure afforded 0.58 g (74%) of i2.6 as a pink
solid. Yield: 65%. 1H NMR (400 MHz, CDCl3) δ 13.15 (s, 1H), 11.32
(s, 1H), 9.00 (s, 1H), 8.93 (d, J = 7.7 Hz, 2H), 8.84 (d, J = 3.2 Hz, 1H),
8.62 (d, J = 7.8 Hz, 1H), 7.89 (t, J = 7.7 Hz, 2H), 7.82 (s, 1H), 7.59–
7.47 (m, 2H), 7.43 (t, J = 7.3 Hz, 1H), 7.31 (dd, J = 7.8, 4.2 Hz, 1H),
7.15 (d, J = 7.6 Hz, 1H), 6.69 (d, J = 8.6 Hz, 1H), 6.52 (d, J = 8.9 Hz,
2H), 6.46 (d, J = 2.4 Hz, 2H), 6.24 (dd, J = 9.0, 2.4 Hz, 2H), 3.25 (d, J
= 7.4 Hz, 8H), 1.09 (t, J = 7.0 Hz, 12H); 13C NMR (100 MHz, CDCl3)
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δ 164.49, 159.52, 153.49 , 152.31, 151.00, 149.10, 147.59, 143.53,
136.00, 133.74, 130.44, 129.96, 129.17, 128.65, 126.53, 124.10,
123.38, 122.74, 121.49, 119.66, 118.64, 117.43, 108.13, 104.95, 98.06,
66.65, 58.15, 44.30, 30.97, 18.36; HRMS: Calcd. for C48H42N8O3:
778.3380, Found: 779.4721

2.3.8 Synthesis of complexes 2.1–2.3

The

precursor

complexes

[Ir2(ppy)4Cl2],

[Ir2(dfppy)4Cl2]

and

[Ir2(bzq)4Cl2], and the metal complexes 2.1–2.3 were prepared
according to modified literature methods.30

Representative procedure for complex 2.1: A suspension of
[Ir2(ppy)4Cl2] (0.2 mmol) and compound i2.6 (0.44 mmol) in 20 mL
dimethylformamide

was

refluxed

overnight under a nitrogen

atmosphere. The resulting solution was allowed to cool to room
temperature. An aqueous solution of ammonium hexafluorophosphate
(excess) was added to the mixture and the resulting precipitate was
then filtered.
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The crude product was purified by silica gel chromatography

with

a

dichloromethane-methanol solvent system (30:1 v/v) as eluent. The
product was obtained as a brown-orange solid.

Complex 2.1. Yield: 55%. 1H NMR (400 MHz, Acetone-d6) δ 9.46 (s,
1H), 9.06 (d, J = 4.0 Hz, 2H), 8.34 (d, J = 4.0 Hz, 2H), 8.27 (d, J = 8.0
Hz, 2H), 8.12 (t, J = 8.0 Hz, 2H), 7.96-7.89 (m, 7H), 7.70-7.74 (m,
3H), 7.67 (t, J = 8.0 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.10 (t, J = 8.0
Hz, 2H), 7.02-6.96 (m, 5H), 6.59-6.42 (m, 8H), 3.43-3.37 (m, 8H), 1.17
(t, J = 8.0 Hz, 12H); 13C NMR (100 MHz, Acetone-d6) δ 168.7, 165.0,
161.1, 160.8, 154.5, 153.3, 152.6, 151.9, 151.3, 150.3, 150.1, 149.7,
145.1, 139.5, 134.9, 133.0, 132.7, 131.3, 130.5, 130.4, 130.2, 129.9,
129.0, 128.9, 127.5, 127.4, 125.8, 125.1, 124.4, 124.1, 123.4, 121.8,
120.8, 119.8, 118.5, 109.3, 106.1, 98.6, 67.3, 44.8, 12.7 HRMS: Calcd.
for C70H58IrN10O3 [M–PF6]+:1279.4917 Found: 1278.7978.

Complex 2.2. Yield: 57%. 1H NMR (400 MHz, Acetone-d6) δ 9.49 (s,
1H), 9.20 (d, J = 8.0 Hz, 2H), 8.48 (d, J = 4.0 Hz, 4H), 8.14-7.96 (m,
7H), 7.81 (s, J = 4.0 Hz, 2H), 7.73 (t, J = 8.0 Hz, 2H), 7.67 (t, J = 8.0
Hz, 2H), 7.22 (s, J = 8.0 Hz, 1H), 7.08 (t, J = 8.0 Hz, 2H), 6.85 (t, J =
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10.0 Hz, 2H), 6.60-6.52 (m, 4H), 6.45-6.42 (m, 2H), 5.92 (d, J = 8.0
Hz, 2H), 3.42 (d, J = 8.0 Hz, 8H), 1.18-1.13 (m, 12H); 13C NMR (100
MHz, Acetone-d6) δ 164.2, 163.9, 163.8, 162.7, 162.6, 160.0, 154.6,
153.5, 152.8, 150.0, 149.2, 144.2, 139.7, 134.1, 132.7, 129.7, 129.2,
128.9, 128.0, 127.9, 126.9, 124.2, 124.1, 123.7, 123.5, 123.4, 123.1,
121.1, 117.8, 117.5, 114.0, 113.8, 108.4, 99.1, 98.8, 98.5, 97.7, 66.4,
45.8, 44.0, 11.9; HRMS: Calcd. for C70H54F4IrN10O3 [M–PF6]+:
1351.4536, Found: 1350.8763.

Complex 2.3. Yield: 58%. 1H NMR (400 MHz, CDCl3) δ 14.23 (s, 1H),
10.87 (s, 1H), 9.08 (s, 2H), 8.95 (s, 1H), 8.54 (d, J = 7.7 Hz, 2H), 8.35
(s, 1H), 8.12 (s, 2H), 8.08 – 7.83 (m, 10H), 7.62 (dd, J = 19.6, 7.6 Hz,
4H), 7.47 (s, 2H), 7.23 (t, J = 7.0 Hz, 2H), 7.09 (dd, J = 26.3, 8.0 Hz,
2H), 6.60–6.24 (m, 8H), 3.32 (s, 8H), 1.07 (t, J = 6.4 Hz, 12H);

13

C

NMR (100 MHz, CDCl3) δ 163.8, 162.3, 158.8, 156.3, 152.6, 152.3,
151.5, 148.9, 148.6, 147.1, 144.4, 140.3, 137.5, 136.6, 134.2, 133.7,
131.8, 129.7, 129.4, 128.9, 128.5, 127.9, 127.6, 126.7, 124.2, 123.8,
123.2, 122.7, 120.9, 120.3, 119.9, 117.1, 108.2, 108.1, 104.5, 97.4,
65.2, 54.9, 45.4, 43.6, 35.7, 30.7, 12.4; HRMS: Calcd. for
C74H58IrN10O3 [M–PF6]+: 1327.5345 Found: 1326.9231.
46

Chapter 2

2.4 Conclusion
In summary, we have developed a series of novel iridium(III)
complexes 2.1−2.3 as colorimetric probes for the sensitive detection of
Cu2+ ions, and have demonstrated the potential application of the
system for the monitoring of Cu2+ ions in real water samples.31 Under
the optimised conditions, the complexes exhibited high selectivity for
Cu2+ ions over a panel of other metal ions, and showed consistent
performance over a pH range of 6 to 8. Our method is simple, rapid,
cost-effective, and could find potential application as a ‘naked-eye’
indicator for Cu2+ ions in water samples. Due to the modular nature of
metal complex synthesis, we envisage that this iridium-based
chemosensor for Cu2+ ions could be further readily fine-tuned without
the need for labor-intensive synthetic protocols. We anticipate that this
report of a colorimetric iridium(III)-based chemosensor for Cu2+ ions
could prompt the development of more sensitive and cost-effective
methods for Cu2+ ion detection from the scientific community.
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Chapter 3
A long lifetime switch-on iridium(III) chemosensor for the
visualization of cysteine in live zebrafish

3.1 Introduction
The naturally occurring amino acid cysteine (Cys) plays important
roles in living systems, such as acting as a disease-associated
physiological regulator, a potential neurotoxin, and a biomarker for
medical conditions.1-3 Cys deficiency may lead to various symptoms
including hair depigmentation, hematopoiesis reduction, retarded
growth in children, skin lesions and psoriasis.4 Hence, the development
of Cys detection methods with high selectivity and sensitivity is of
great importance.5
Conventional detection methods for Cys utilize high-resolution
separation

techniques

such

as

capillary

electrophoresis

and

high-performance liquid chromatography combined with a mass
spectrometry or optical detector.6-8 However, these techniques usually
require complicated sample preparation and/or sample pre-treatment
protocols. Moreover, these instruments cannot be applied for the
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detection of cysteine in cellulo or in vivo. Therefore, it is desirable to
develop a simple, fast, non-expensive, and miniaturizable Cys sensor
for practical use.
Chemosensors have been developed for a variety of targets.9-12
Recently, a number of organic fluorescent chemosensors have been
reported for the detection of Cys.13-20 Compared to organic molecules,
phosphorescent transition metal complexes as chemosensors provide
several advantages, such as long lifetimes, significant Stokes shifts and
large emission shifts that are responsive to deviations in the local
environment.21-24 In particular, cyclometallated iridium(III) complexes
for various targets have been constructed through variation of the
auxiliary co-ligands.25 Iridium(III) complexes have thus found use for
the detection of heavy metal ions,26, 27 oxygen,28 anions,29, 30 and as
biological labeling regents.31-33 In the context of thiol detection, Che
and co-workers developed a FRET-based luminescent iridium(III)
sensor for the determination of both cysteine and homocysteine. 34
Other iridium(III) complexes have been designed and synthesized for
thiol detection in cellulo.35, 36 Li, Huang, Yi and co-workers developed
iridium(III) complex chemosensors for the selective detection of
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homocysteine37

or

both

homocysteine

and

cysteine,38-41

and

demonstrated their application for the visualization of thiols in cells.
Chao’s group reported an azobis(2,2’-bipyridine)-bridged dinuclear
iridium(III) complex for thiol imaging.42 Additionally, Chen, Zhao and
Huang’s group reported the iridium(III) complex thiol chemosensor
based on an α,β-unsaturated ketone motif.43,

44

However, to our

knowledge, none of the those studies have exploited the long-lifetime
luminescence of iridium(III) complexes to image thiols in living
animals.
We herein report a novel luminescent iridium(III) complex 3.1
incorporating a Cys recognition unit, an α,β-unsaturated ketone moiety
in the bipyridine (bpy) N^N donor ligand and two phenylpyridine (ppy)
C^N ligands as a Cys chemosensor. The long-lived luminescence of
complex 3.1 could be detect in highly auto-fluorescent samples via
time-resolved luminescence spectroscopy (TRES). Moreover, complex
3.1 could be applied for the detecting and imaging of Cys in living
zebrafish, indicating its significant potential for biological applications.
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3.2 Result and Discussion
In the design principle of the cyclometalated iridium(III) complex
3.1, we incorporated an α,β-unsaturated ketone moiety, a known Cys
recognition unit, into a bpy N^N donor ligand. The presence of Cys
will affect the p–π conjugation between the ketone and the pyridine
moiety, and result in an “OFF–ON” phosphorescent response, which
allows the complex to act as a luminescent chemosensor for Cys
(Scheme 3.1).44 A number of phosphorescent chemodosimeters based
on this irreversible chemical reaction have been reported, which exhibit
rapid response, high sensitivity, and excellent selectivity.26, 37, 43, 45
Complex 3.1 was conveniently prepared through a short synthetic
route as depicted in Figure 3.1. [2,2'-Bipyridine]-4,4'-dicarbaldehyde
was reacted in a simple aldol condensation reaction with acetophenone
to generate the corresponding intermediate S1. The reaction of S1 with
half an equivalent of the organometallated dimer [Ir(ppy) 2Cl]2 and
subsequent anion exchange with NH4PF6 then generated iridium(III)
complex 3.1 in 65% yield.
We then investigated the photophysical properties of 3.1 (Fig.
3.2). Complex 3.1 displayed a 4.3 μs lifetime (Table 1), which is in the
same order as previously reported phosphorescent transition metal
complexes, whereas pure organic emitters generally exhibit lifetimes in
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the nanosecond range. This demonstrates the possible advantage of
utilizing transition metal complexes as chemosensors for detection, as
their long-lived luminescence could be in principle separated from a
strongly autofluorescent background by TRES. Moreover, a maximum
emission wavelength of 3.1 was achieved at 580 nm upon excitation at
310 nm, giving a Stokes shift of approximately 270 nm which is much
larger than those typically shown by organic chemosensors.
We then evaluated the luminescence behavior of 3.1 in the
presence of Cys. In the absence of Cys, only a weak luminescence
emission was recorded in the system. Encouragingly, the luminescence
intensity of 3.1 was significantly increased upon the addition of Cys. A
time-course experiment showed that the luminescence of 3.1 reached
steady-state within 10 min upon the addition of 40 µM Cys at 25 °C
(Fig. 3.3), while no luminescence enhancement was recorded for the
system without 3.1 upon addition of Cys (Fig. 3.4).
We next investigated the luminescence response of 3.1 in
different percentages of buffer solution. The results indicated that our
probe performs well in DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v)
without any decrease of luminescence. However, the luminescence
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enhancement of 3.1 gradually decreases upon the addition of Cys when
the percentage of buffer solution increases (Fig. 3.5). We have also
investigated the response of 3.1 towards Cys in other organic solvents
such as DMSO, DMF and ethanol with 20% buffer solution, and found
that utilizing DMSO provided the best performance among these
solvents (Fig. 3.6). Moreover, the luminescence of 3.1 increased with
Cys concentration and achieved maximum intensity at 100 μM, with a
ca. 6.5-fold enhancement (Fig. 3.7). A linear relationship (R2 = 0.99)
between luminescence intensity and Cys concentration was established
in the range of 2.5‒80 µM Cys (Fig. 3.7a), and the detection limit at a
signal-to-noise ratio of 3 was as low as 0.78 µM (Fig. 3.7b). Moreover,
the presence of Cys could also be observed by the naked-eye under UV
illumination (Fig. 3.7c). We also investigated the application of 3.1 for
the detection of homocysteine (Hcy) under the same experimental
conditions. Intriguingly, the luminescence of 3.1 increased with Hcy
concentration and achieved maximum intensity at 100 μM, with a ca.
6.5-fold enhancement. The linear detection range is 2.5‒80 µM with
detection limit 0.86 µM (Fig. 3.8).
The switch-on luminescence behavior of 3.1 in response to Cys
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was attributed to the 1,4-addition of Cys to α,β-unsaturated ketones in
the N^N donor of 3.1, resulting in a change of the MLCT state of 3.1.
To verify our hypothesis, the reaction product of 3.1 with Cys was
analyzed by high-resolution mass spectrometry analysis, which showed
the formation of a 3.1‒Cys adduct at m/z = 1159.38, while the expected
signal for complex 3.1 at m/z = 917.2451 was diminished (Fig. 3.9).
Furthermore, Job’s plot analysis was conducted to investigate the
binding stoichiometry between the iridium(III) complex 3.1 and Cys.
The highest luminescence intensity of complex 3.1 was achieved at a
mole fraction of approximately 60‒70% Cys (Fig. 3.10), indicating that
a 1:2 ratio is the most probably binding stoichiometry between
complex 3.1 and Cys.
As selectivity is a crucial characteristic of a chemosensor, we
investigate the selectivity of 3.1 by introducing 5-fold excess of other
common amino acids into a solution of 3.1 (Fig. 3.7d). Encouragingly,
the results revealed that 3.1 only had a significant response towards
Cys. Furthermore, no significant change of fold enhancement was
observed upon the addition of both Cys and other common amino acids
while the similar signal was observed with the same amount of
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homocysteine. These results demonstrate the selectivity of 3.1 for Cys
over other amino acid and indicate that 3.1 could possibly be utilized to
detect Cys in a real sample matrix with interfering amino acids.
In order to demonstrate that the long-lifetime luminescence of 3.1
could be identified in highly fluorescent samples via TRES, coumarin
(Cm) was introduced into the reaction system to simulate the
autofluorescence of biological samples. In the steady-state emission
spectra, Cm displays a strong peak located at the 420 nm region with a
tail that extends up to 650 nm. As a result, the peak of 3.1 is
significantly perturbed by the emission of Cm, which would result in
an inaccurate determination of Cys concentration (Fig. 3.11a).
Encouragingly, the peak of 3.1 was clearly distinguished via TRES
measurements by defining the time gate as the time after the complete
fluorescence decay of Cm. No emission peak corresponding to Cm was
observed and the emission peak of 3.1 had become dominant (Fig.
3.11b). The results indicate that the long lifetime luminescence of 3.1
could potentially be visualized in strongly autofluorescent biological
sample by use of TRES.
Encouraged by the TRES result, we sought to investigate the
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ability of 3.1 to visualize Cys in the living zebrafish. Zebrafish were
exposed to 20 µM of 3.1 for 30 min and a significant luminescence was
detected. However, when the zebrafish were pretreated with 200 µM
N-methylmaleimide (NEM), a general trapping reagent of thiols, a
significant decrease in luminescence was observed (Fig. 3.12). These in
vivo studies showed that 3.1 could enter zebrafish and efficiently detect
intracellular thiol within living organisms.
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Scheme 3.1. Schematic mechanism for cysteine visualization by 3.1.

Fig. 3.1 Synthesis of metal complex 3.1. Reagents and conditions: a) 10% NaOH,
EtOH, 25 oC, overnight, 68%; b) [Ir(ppy)2Cl]2, MeOH‒CH2Cl2 1:1 v/v, 75 oC,
overnight, then NH4PF6, 65%.
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Fig. 3.2 UV-Vis absorption spectra of 3.1 (10 μM) in DMSO.

Fig. 3.3 Normalized luminescence intensity of 3.1 upon addition of 40 µM Cys in
DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v).
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Fig. 3.4 Luminescence enhancement of system in response to 40 µM Cys in the
presence or absence of 10 µM 3.1 in DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v).

Fig. 3.5 Luminescence enhancement of 10 μM 3.1 with 40 µM Cys in various
percentage of DMSO in HEPES (10 mM, pH 7.0).

Fig. 3.6 Luminescence enhancement of 10 μM 3.1 with 40 µM Cys in various
types of organic solvents with 20% HEPES (10 mM, pH 7.0).
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Fig. 3.7 (a) Luminescence spectra of 3.1 (10 μM) upon addition of increasing
concentrations of Cys (0–125 μM) in DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v). (b)
The relationship between luminescence intensity and Cys concentration. (c)
Photograph images of 3.1 (10 μM) in the (left) absence and (right) presence of 80
µM Cys under UV illumination. (d) Luminescence response of 10 μM 3.1 upon
addition of Cys or 5-fold excess of common amino acids (GSH: glutathione, Val:
valine, Thr: threonine, Tyr: tyrosine, Trp: Tryptophan, His: histidine, Arg: arginine,
Glu: glutamic acid, Phe: phenylalanine, Asn: asparagine, Leu: leucine, Lys: lysine,
Pro: proline, Ser: serine, Ala: alanine, Met: methionine, Mix: all the amino acids
mentioned above) in DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v).

C)

D)
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Fig. 3.8 (a) Luminescence spectra of 3.1 (10 μM) upon addition of increasing
concentrations of Hcy (0–130 μM) in DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v). (b)
The relationship between luminescence intensity and Hcy concentration.

Fig. 3.9 High-resolution mass spectrum of the reaction product of 3.1 and Cys.
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Fig. 3.10 Job’s plot of both 3.1 and Cys in DMSO‒HEPES (10 mM, pH 7.0, 4:1
v/v).

Fig. 3.11 (a) Steady-state emission spectra (SSES) and (b) time-resolved emission
spectra (TRES) of 3.1 in the absence and presence of 80 µM Cys in coumarin.
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Fig. 3.12 In vivo images of zebrafish treated with 3.1. (a) 3-day-old zebraﬁsh was
incubated with 10 µM of 3.1. (b) 3-day-old zebraﬁsh was pre-incubated with 200
µM NEM for 15 min and then incubated with 10 µM of 3.1 for 30 min. Upper
panels show phase contrast images and lower panels show luminescence images.
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3.3 Experimental section
3.3.1 Chemicals and materials
Reagents were purchased from Sigma Aldrich (St. Louis, MO) and
were used as received. Iridium chloride hydrate (IrCl 3.xH2O) was
purchased from Precious Metals Online (Australia).

3.3.2 General experimental

Mass spectrometry was performed at the Mass Spectroscopy Unit at the
Department of Chemistry, Hong Kong Baptist University, Hong Kong
(China). Deuterated solvents for NMR purposes were obtained from
Armar and used as received.

1

H and

13

C NMR were recorded on a

Bruker Avance 400 spectrometer operating at 400 MHz ( 1H) and 100
MHz (13C). 1H and

13

C chemical shifts were referenced internally to

solvent shift (CD3CN:

1

H, C118.7; d6-DMSO:

1

H

C39.5). Chemical shifts (are quoted in ppm, the
downfield direction being defined as positive. Uncertainties in
chemical shifts are typically ±0.01 ppm for 1H and ±0.05 for

13

C.

Coupling constants are typically ± 0.1 Hz for 1H-1H and ±0.5 Hz for
1

H-13C couplings. The following abbreviations are used for
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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).

3.3.3 Photophysical measurement
Emission spectra and lifetime measurements for complexes were
performed on a PTI TimeMaster C720 Spectrometer (Nitrogen laser:
pulse output 337 nm). Error limits were estimated: λ (±1 nm); τ (±10%);
φ (±10%). All solvents used for the lifetime measurements were
degassed using three cycles of freeze-vac-thaw.
3.3.4 Synthesis

The chemosensor was synthesized by J. B. Liu (HKBU, HK). To an
ethanol solution (8 mL) of acetophenone (144 mg, 1.2 mmol) and
[2,2'-bipyridine]-4,4'-dicarbaldehyde (106 mg, 0.5 mmol) was added a
10% aqueous solution of sodium hydroxide (2 mL) with stirring at
room temperature overnight. The solvents were then evaporated in
vacuo and the residue was purified by chromatography on a silica gel
column using dichloromethane–methanol (v/v = 10 : 1) as eluent. Yield:
68%.
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Fig. 3.13 Synthesis of metal complex 3.1. Reagents and conditions: a) 10% NaOH,
EtOH, 25 oC, overnight, 68%; b) [Ir(ppy)2Cl]2, MeOH‒CH2Cl2 1:1 v/v, 75 oC,
overnight, then NH4PF6, 65%.

A solution of ligand S1 (12.8 mg, 0.03078 mmol) and the
dichloro-bridged

[Ir(ppy)2Cl]2

(15

mg,

0.014

mmol)

in

dichloromethane (3 mL) and methanol (3 mL) was stirred at 75 °C
overnight. After the reaction completed, an excess of solid NH4PF6 was
added and stirred for another 0.5 h at room temperature. The solvent
was removed under reduced pressure and the residue was purified by
silica gel column chromatography (eluent, methanol/ dichloromethane,
1/20, v/v) to yield 1 as a brown powder. Yield: 65%.
1

H NMR (400 MHz, CDCl3) δ 8.98 (s, 1H), 8.25–8.05 (m, 5H),

7.94 (dd, J = 16.5, 6.8 Hz, 6H), 7.80–7.66 (m, 6H), 7.65 – 7.38 (m,
12H), 7.05 (ddt, J = 16.5, 13.0, 6.6 Hz, 3H), 6.98 – 6.87 (m, 2H), 6.31
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(d, J = 6.8 Hz, 1H);

13

C NMR (100 MHz, CDCl3) δ 188.98, 166.57,

155.21, 149.40, 149.07, 147.80, 145.07, 142.44, 137.21, 137.06,
135.87, 132.63, 130.72, 129.85, 129.63, 128.27, 127.88, 126.31,
123.77, 122.57, 122.25, 121.78, 118.58. MALDI-TOF-HRMS: Calcd.
for C50H36F6IrN4O2P [M–PF6]+: 917.2455, found: 917.2465.
3.3.5 Cysteine detection
10 mM of complex stock solution was prepared by dissolving complex
3.1 in DMSO. The complex was then added into DMSO to a final
concentration of 10 μM. Different concentrations of Cys (or other
amino acids) were then added to 800 µL of DMSO containing complex
3.1 (20 μM) and 200 µL 10 mM HEPES, pH = 7 in a cuvette. Emission
spectra was recorded. Luminescence emission spectra were recorded on
a PTI QM-4 spectrofluorometer (Photo Technology International,
Birmingham, NJ) at 25 °C, with the slits for both excitation and
emission set at 2.5 nm. UV-Vis absorption spectra were recorded on a
Cary UV-300 spectrophotometer (double beam).
3.3.6 Time-resolved emission spectra (TRES) measurement
2 μL of 1 mM competitive organic dye was added into 30 μM complex
3.1 in 2 mL DMSO‒HEPES (10 mM, pH 7.0, 4:1 v/v). Cys was added
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and incubate 10 min. Steady state emission spectra of mixture were
recorded by QM-4 Photon Technology International while TRES was
measured by a Horiba Fluorolog TCSPC spectrophotometer.

3.3.7 Imaging of zebrafish

In vivo imaging was performed by L. J. Liu (University of Macau,
Macau). Zebrafish was kept at 28 °C and maintained at optimal
breeding conditions. For mating, male and female zebrafish was
maintained in one tank at 28 °C on a 12 h light/12 h dark cycle and
then the spawning of eggs were triggered by giving light stimulation in
the morning.34 Almost all the eggs were fertilized immediately. The
3-day old zebrafish was maintained in E3 embryo media (15 mM NaCl,
0.5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM, KH2PO4, 0.05
mM Na2HPO4, 0.7 mM NaHCO3, 10-5% methylene blue; pH 7.5). The
zebrafish was incubated with or without 200 μM of NEM for 15 min in
E3 media at 28 °C. After washing with E3 media to remove the
remaining NEM, the zebrafish was further incubated with 10 μM of 3.1
in E3 media for 30 min at 28 °C. After washing with E3 media, the
zebrafish was imaged by fluorescence microscopy.
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3.4 Conclusion
In conclusion, we have designed and synthesized a novel luminescent
cyclometalated iridium(III) complex 3.1 and employed it as a
switch-on chemosensor for Cys visualization.46 3.1 contains an
α,β-unsaturated ketone moiety in the N^N donor ligand, as well as two
ppy C^N ligands. In the presence of Cys, 3.1 produced a maximum
6.5-fold luminescence enhancement at 580 nm. The linear detection
range of 3.1 for Cys was 2.5‒80 µM and the limit of detection was 0.78
µM which is sufficient for intracellular Cys detection.47 3.1 also
showed good selectivity for Cys over other common amino acids. To
the best of our knowledge, this is the first time that an iridium(III)
switch-on chemosensor was used to detect Cys in living animals.
Compared with common organic chemosensors, 3.1 displays a large
Stokes shift and a long-lived luminescence that allows it to be
distinguished from fluorescence media via the use of TRES. We
anticipate that complex 3.1 could provide a scaffold for the further
construction of novel Cys chemosensors possessing long lifetimes and
for Cys detection in biological samples.
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Chapter 4
Utilization

of

iridium(III)

complex

for

the

construction

of

G-quadruplex-based sensing assay for the detection of metal ion, DNA,
small molecule and protein

4.1 Introduction
In the last two chapters, we successfully demonstrated the use of iridium(III)
complexes in chemosensor to detect metal ions and small molecules. However,
such chemosensor requires several synthetic steps (although the synthesis
workload is relatively less than the organic molecules) and not many recognition
units have been reported yet. As the consequence, we sought to employ the
polypyridyl iridium(III) complexes as the G-quadruplex probe in the
DNA-based sensing platform. Since the aptamers of a lot of protein, small
molecules, metal ions have been reported, it could compensate the limitation of
chemosensor which lacks of recognition unit and the DNA could be easily
obtained. In this chapter, we report several complexes which are selective for
various G-quadruplex sequences and employ them in the DNA-based sensing
platform for 1) DNA, 2) metal ions, 3) small molecules and 4) protein detection.
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For DNA detection, asopharyngeal carcinomas (NPC) occur with high
frequency in Southeast Asia,1 and are associated with infection with the
Epstein–Barr virus (EBV). The evidence for this relationship stems from the
increased antiviral antibody titers and the presence of the viral genome in NPC
patients, as well the monoclonal nature of the viral episome in NPC tumor cells.
While EBV infection is ubiquitous in the world, the incidence of NPC is
region-dependent, suggesting that NPC may be related to a subtype of EBV.2
Latent membrane protein 1 (LMP1) of EBV is the most likely candidate virus
gene that participates in the transformation of the epithelium,3 and hence
NPC-associated polymorphism of LMP1 has attracted much attention as a
disease indicator. Most LMP1 genes derived from Chinese NPC biopsies are
marked with a deletion of ten amino acids (346–355aa) or a 30-bp deletion
(168287–168256 nt) in the carboxyl terminus (del-LMP1), the loss of the Xho I
site in the amino terminus, and multiple base substitutions in the coding region.4
Among 187 cases of NPC biopsies in Asia in a study, 86% of them exhibited the
del-LMP1 mutation.5 This result suggests a potential association between
del-LMP1 and NPC. Furthermore, del-LMP1 protein has greater potential to
transform established rodent fibroblasts and immortalize human keratinocytes in
vitro,6 and to confer weaker immunogenicity that allows the tumor cells to
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escape immunosurveillance.7 Therefore, the development of a sensitive and
efficient method to detect the deletion in the LMP1 gene is of paramount
importance.
Up to now, a lot of methods have been constructed for the selective
detection of DNA, including capillary electrophoresis,8 polymerase chain
reaction9 and rolling circle amplification.10 But, those approaches involve
tedious sample preparation, complex operation and/or the use of expensive
instrumentation which are also very time-consuming.11 The use of DNA for the
recognition and detection of analytes has attracted much attention due to the low
cost, stability and versatility of DNA oligonucleotides.
The G-quadruplex motif is a non-canonical DNA secondary structure
consisting of square-planar arrangements of guanine nucleobases stabilized by
Hoogsteen hydrogen bonding and monovalent cations.12 The rich structural
polymorphism of the G-quadruplex motif13 has stimulated the development of
numerous G-quadruplex-based assays for detecting metal ions14-16 DNA,17-19
small molecules,20 protein21 and enzyme activity.22-24 G-quadruplexes formed by
the association of two separate oligonucleotides can be termed bimolecular or
„„split‟‟ G-quadruplexes. Previous research has demonstrated that the
hybridization of G-quadruplex flanking regions with target oligonucleotides can
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result in the formation of a split G-quadruplex structure that could be utilized for
the specific detection of nucleic acid sequences.25
Previously, we have developed a luminescent G-quadruplex-based
detection platform for one type of gene deletion employing an iridium(III)
complex.26 We anticipated that the sensitivity of the assay for the detection of
gene deletion could be significantly improved by screening a series of
iridium(III) complexes as selective G-quadruplex probes (Scheme 4.1).
Secondly, we choose silver ion as the representative of metal ions. Silver
compounds have found increasing application in industries related to agriculture,
healthcare and food.27 The release of silver(I) ions into water may accumulate in
the body of aquatic organisms, and enter the food chain of humans. 28 Silver(I)
ions are highly toxic to aquatic organisms, and can affect organ function and
mitochondrial activity in humans.29 Therefore, accurate detection methods for
silver(I) ions have received much attention in the scientific community.
Traditional techniques for silver(I) ion detection include atomic
absorption/emission spectroscopy (AAS/AES),30 inductively-coupled plasma
mass spectrometry (ICP-MS)31 and ion-selective electrodes.32 However, these
methods generally require expensive instrumentation and labor-intensive sample
preparation protocols. In recent years, a number of oligonucleotide-based
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sensing platforms have been reported for silver ion detection32, 33 with many
based upon the coordinative interaction between Ag+ and cytosine nucleobases
initially demonstrated by Ono and co-workers.34 However, many of these
methods utilized relatively expensive labelled oligonucleotide34-46 or provided
only a switch-off detection mode.47 Furthermore, systems employing duplex
DNA as a silver(I) ion probe may be more susceptible to interference from
exogenous DNA species present in the sample matrix.48-51
Exonuclease III (ExoIII), a nuclease that catalyzes the stepwise removal
of mononucleotides from the 3′-terminus of duplex DNA, has been frequently
used as a component of oligonucleotide-based detection platforms,17, 22, 52 but its
ability to cleave DNA hybrids containing C−Ag+−C mismatches has not yet
been described in the literature. We report herein, to our knowledge, the first
study of the activity of ExoIII on DNA hybrids containing C−Ag +−C
mismatches.

Furthermore,

this

activity

was

utilised

to

construct

a

G-quadruplex-based luminescent detection platform for Ag+ ions.
The mechanism of the proposed assay is depicted in Scheme 4.2. Initially,
a

G-quadruplex-forming

sequence

(black

line)

is

hybridized

to

its

complementary sequence (red line) to form a hairpin structure with unhybridized
3′ and 5′ overhangs. Since ExoIII can only accept duplex DNA as substrate, it is
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unable to cleave the hairpin DNA in the absence of Ag+ ions and a
G-quadruplex motif is not formed. However, the addition of Ag + ions will
induce the formation of C−Ag+−C mismatches, allowing ExoIII to digest the
3′-terminus

(red

line)

of

the

hybrid

duplex.

This

releases

the

G-quadruplex-forming sequence, which folds into a G-quadruplex motif that is
subsequently recognised by the luminescent G-quadruplex-selective iridium(III)
complex with a switch-on emission response. As the Ag+ ions are released from
the hybrid duplex after digestion of the 3′-terminus by ExoIII, the ions could
re-enter the cycle and produce more C−Ag+−C mismatched duplexes, triggering
the next round of DNA cleavage. This provides an amplification mechanism by
which a small quantity of Ag+ ions can initiate the cleavage of a large number of
hybrid duplexes, thus generating a large number of G-quadruplexes after
exonuclease digestion and leading to an amplified luminescent response.
Thirdly, we used cocaine for the demonstration of small molecule
detection. Cocaine is an addictive drug that is the second-most used illegal
substance in Europe and the United States.53 Traditional methods for cocaine
detection include liquid chromatography mass spectrometry (LC-MS),54 gas
chromatography mass spectrometry (GC-MS)55 and capillary electrophoresis
(CE).56 However, these instrumental analysis techniques generally require
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expensive instrumentation and labour-intensive sample preparation procedures.
Commercial enzyme-linked immunosorbent assays (ELISA) are also available,
but these require expensive and thermally unstable antibodies for detection.57

DNA three-way junctions are important building blocks in the
construction of DNA architectures and dynamic assemblies.58 It is a unique
branched structure consisting of three double-helical arms connected at a
junction point. The formation of DNA three-way junctions is usually dynamic,
and is considered as a simplified model for the replication fork and for viral
DNA integration into the host DNA during retroviral replication.

Aptamers are short functional oligonucleotides that selectively bind to a
specific target.59, 60 Based on the cocaine aptamer, several oligonucleotide-based
cocaine detection methods using luminescent, colorimetric and electrochemical
signal outputs have been reported.61-76 When binding with cocaine, the cocaine
aptamers form a typical three-way junction structure with three stem loops that
meet at together at the junction. The single cocaine aptamer chains, referred as
monolithic aptamers (MAs), can be cut into two pieces to obtain
double-fragment aptamers (DFAs). Compared with MAs, the physical

84

Chapter 4

separation of two strands enhances flexibility and enables the possibility for
probe modification in the development of new platforms for cocaine detection.

We combined the concepts of DNA aptamers, three-way junctions and
split G-quadruplexes to construct a label-free, split G-quadruplex-based
luminescent switch-on sensing platform for cocaine detection. The mechanism
of the assay is depicted in Scheme 4.3. We designed two DNA oligomers (P1
and P2) that each contain the split cocaine aptamer sequence (black) and a split
G-quadruplex sequence (blue), which allows them to form a split G-quadruplex
structure when brought into close proximity. In the absence of cocaine, P1 and
P2 exist as a single-stranded (ssDNA) conformation and are far apart from each
other. Thus, the split G-quadruplex motif cannot be formed, resulting in a
diminished luminescence signal. However, in the presence of cocaine, the
cocaine DFAs will bind to cocaine and form a three-way junction architecture.
This allows the two split G-quadruplex-forming sequences to be brought into
close proximity, promoting the formation of the split G-quadruplex which is
recognized by the G-quadruplex-selective probe with an enhanced luminescence
response.
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Finally, we construct an insulin sensing platform for the demonstration of
protein detection. Insulin is a peptide hormone that plays central roles in the
regulation of carbohydrate and fat metabolism, in order to maintain blood
glucose levels within a narrow range.77 Insulin levels are also a predictor of
diabetes caused by insulinoma and trauma.78 Moreover, pre-clinical studies have
indicated that insulin levels are related to the development of several types of
cancer.79-81 Therefore, the detection of insulin is of importance for clinical
diagnostics.
We

employed

Ir(III)

complex

for

the

construction

of

a

G-quadruplex-based sensing platform for the detection of insulin as a
“proof-of-principle” concept. We also demonstrate an optimization process that
enhanced the sensitivity of the G-quadruplex-based detection platform. The
proposed mechanism of the assay is outlined in Scheme 4.4. The insulin aptamer
(green

line)-containing

oligonucleotide

sequence

ON1

(5-

AG3AG3CGCTG3C6G3G2TG2TG8T2G2TAG3TGTCT2C-3), which also contains
a G-quadruplex-forming fragment (black line) at the 5′-terminus, is initially
hybridized

with

a

partially

complementary

DNA

strand

(ON2,

5-AC8AC2AC5G6C3AGC-3, blue line), to form a duplex substrate. Treatment of
the ON1-ON2 duplex substrate with insulin will result in the formation of an
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insulin-aptamer complex, causing the dissociation of ON1 from ON2. The
5′-terminus sequence of ON1 will fold into a G-quadruplex motif in the presence
of K+ ions. The nascent G-quadruplex structure is then recognized by the
G-quadruplex-selective Ir(III) complex with an enhanced luminescence response,
allowing the system to function as a switch-on probe for insulin detection. To
our knowledge, no luminescent G-quadruplex-based assay for the detection of
insulin has yet been reported in the literature.
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Scheme 4.1 Schematic diagram of the split G-quadruplex-based luminescent switch-on
detection strategy for gene deletion using the G-quadruplex-selective iridium(III) complex
4.1.

Scheme 4.2. Schematic representation of the ExoIII-assisted label-free G-quadruplex-based
assay for Ag+ ions.
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Scheme 4.3. Schematic diagram of the split G-quadruplex-based luminescent switch-on
detection strategy for cocaine using the G-quadruplex-selective iridium(III) complex 4.19 and
a three-way DNA junction architecture.

Scheme 4.4 Schematic diagram of the G-quadruplex-based luminescent switch-on
detection strategy for insulin using the G-quadruplex-selective iridium(III) complex
4.24.
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4.2 Result and Discussion
4.2.1 Label-free luminescent detection of LMP1 gene deletion using an
intermolecular G-quadruplex-based switch-on probe
We report herein a luminescent switch-on split G-quadruplex-based detection
platform for the selective detection of the LMP1 gene deletion by using the
cyclometallated iridium(III) complex 4.1 as a luminescent probe. The proposed
mechanism of the assay is outlined in Scheme 4.1. Two short oligonucleotides, P1 and
P2, recognize the targeting DNA sequences with the designed complementary region
(red). P1 and P2 DNA also contain guanine rich overhangs sequences (black) leading to
the formation of a split G-quadruplex when brought into close proximity. With
wild-type DNA (LMP1 gene without deletion), the two guanine rich overhangs DNA
are separated by 30 nucleotides. Thus, they cannot form split G-quadruplex motif which
would lead to a weak luminescence response. When with mutant DNA (del-LMP1,
gene with a 30-nt deletion), the target sequence with deletion allows the two guanine
rich overhangs DNA to be brought into close proximity, which allows the formation of
split G-quadruplex. The formed split G-quadruplex motif is then identified by the
G-quadruplex-selective iridium(III) complex with an enhanced luminescence signal,
allowing the system to function as a switch-on luminescent probe for LMP1 gene
deletion. Comparative assays were also performed with organic dyes, such as thiazole
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orange (TO) and crystal violet (CV), or with fluorescently-labeled oligonucleotides as
signal transducing agents as a comparison to the developed assay.
A library of seven structurally diverse iridium(III) complexes (4.1–4.7, Fig. 4.1)
was screened for their ability to selectively bind to an intermolecular G-quadruplex and
to distinguish the LMP1 gene with and without deletion in our sensing system. The
spectroscopic and photophysical characterization of complexes 4.1–4.7 are presented in
the Electronic Supporting Information. The cyclometallated iridium(III) complex 4.1
which

contains

the

2-phenylquinoline

(phq)

C^N

ligand

and

the

3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen) N^N ligand, emerged as a top
candidate as it possessed the highest IMutant/IWild ratio among the seven complexes tested
and also generated the highest luminescence response towards the split G-quadruplex
formed in the presence of gene deletion. A ca. 6.2-fold enhancement was observed in
the luminescence signal of complex 4.1 in the presence of split G-quadruplex DNA
compared with wild-type DNA without deletion (Fig. 4.2).
Based on the analysis of these results, a brief structure-activity
relationship can be concluded. The tmphen N^N ligand of 4.1 contains four
more methyl groups than the 5,6-phen N^N ligand of the parent complex 4.5,
indicating that the size of the phenanthroline-based N^N ligand may be an
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important determinant for split G-quadruplex binding activity. However,
excessively large N^N ligands such as 2,9-diphenyl-1,10-phenanthroline
(2,9-dpphen) (in 4.2), which both have two pendant phenyl groups attached to the
phenanthroline motif, appear to detract from split G-quadruplex affinity.
We then investigated the luminescence behavior of the iridium(III) complex 4.1
towards different types of DNA. Complex 4.1 was weakly emissive in aqueous buffered
solution. Encouragingly, the luminescence of complex 4.1 was significantly enhanced in
the presence of various G-quadruplex DNA sequences (PS2.M, Pu27 and c-kit1) (Fig.
4.3a). A ca. 4.1-fold enhancement in the luminescence of complex 4.1 was observed in
the presence of 5 μM of PS2.M, while ca. 3.3-fold enhancements were observed for
Pu27 or c-kit1 G-quadruplex DNA. In contrast, no significant changes in the
luminescence of complex 4.1 was observed upon the addition of 5 μM of
single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA).
To further validate the suitability of complex 4.1 as a G-quadruplex-selective
probe, G-quadruplex fluorescent intercalator displacement (G4-FID) and fluorescence
resonance energy transfer (FRET) melting assays were employed to evaluate the
binding affinity and selectivity of complex 4.1 for G-quadruplex DNA 82. Although the
emission region of thiazole orange (TO) (510−750 nm) and complex 4.1 (500−700 nm)
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overlap, complex 4.1 is not expected to interfere in the G4-FID assay due to its very low
absorbance at the excitation wavelength of TO (501 nm). The results of the G4-FID
assay indicated that complex 4.1 could displace TO from G-quadruplex structures with
G4

DC50 values (half-maximal concentration of compound required to displace 50% TO

from DNA) of < 3 µM, while the displacement of TO from dsDNA was less than 50%
even at the highest concentration of 4.1 tested (Fig. 4.3b). The selective binding of
complex 4.1 towards G-quadruplex DNA was further analysed by FRET-melting
assays. The melting temperature (ΔTm) of the F21T G-quadruplex was increased by
about 16.4 °C upon the addition of complex 4.1 (Fig. 4.3c). By comparison, the melting
temperature of F10T dsDNA was increased by only about 5.1 °C at the same
concentration of complex 4.1 (Fig. 4.4a). Additionally, the stabilization effect of
complex 4.1 towards the F21T G-quadruplex was not significantly perturbed by the
addition of 50-fold higher concentration of unlabeled competitor dsDNA (ds26) or
ssDNA (Fig. 4.4b). This indicates that complex 4.1 binds selective to G-quadruplex
DNA over dsDNA or ssDNA. Taken together, these results demonstrate the ability of
complex 4.1 to discriminate between G-quadruplex DNA and dsDNA or ssDNA.
To obtain the optimal performance of the assay, we investigated the effect
of several parameters on the luminescence response of the system. First, the
effect of the concentration of complex 4.1 on the performance the system was
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examined. It was observed that 0.5 μM of complex 4.1 offered higher
luminescence enhancement for the mutant DNA over wild-type DNA compared
to 0.25, 1, 2 or 3 μM of complex 4.1 (Fig. 4.5a). As potassium ions are involved
with the stabilization of the G-quadruplex, the effect of KCl concentration on
the luminescence response the system was also examined. It was observed that
the relative luminescence response of the system was dependent on the
concentration of potassium ions in solution, with a maximal response obtained at
100 mM of KCl (Fig. 4.5b). Finally, we observed that the performance of the
system was highest at a pH value of 7 to 8 (Fig. 4.5c). After optimization, we
also investigate the effect of various asymmetrical “3+1” and symmetrical
“2+2” split G-quadruplex designs (Fig. 4.5d).
Under the optimized conditions, the P1 and P2 sequences were found to
exhibit the highest luminescence enhancement for the LMP1 deletion gene
compared with wild-type DNA (Fig. 4.6a and 4.6b). We then performed an emission
titration experiment with increasing concentrations of mutant DNA using the optimized
conditions. Encouragingly, the luminescence signal of complex 4.1 was increased with
the increasing concentration of mutant type DNA, which demonstrates the formation of
split G-quadruplex by two split G-quadruplex sequences after hybridization with the
target DNA with deletion (Fig. 4.6c). The system exhibited a linear range of detection
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for mutant type DNA from 10 to 500 nM. Although the assay showed a modest ca.
13-fold maximal luminescence enhancement, it exhibited a detection limit of 10 nM as
determined by using the 3σ method.
To validate the mechanism of our sensing platform, we utilized two pairs of
mutant split G-quadruplex sequences (P1m1 and P2m1, P1m2 and P2m2) that lack
consecutive guanine bases, and are thus unable to fold into a G-quadruplex upon
hybridization to the target DNA. No significant change in the luminescence of complex
4.1 was observed when mutant split G-quadruplex sequences were incubated with the
target mutant type DNA (Fig. 4.7a).
To further demonstrate that the luminescence response of complex 4.1
was generated from the formed split G-quadruplex which is induced by the
mutant DNA with deletion, two other DNA mutants designated as Dm1 and Dm2
which cannot hybridize with the P1 and P2 were examined. As a result, the
emission response of complex 4.1 was significantly decreased by using Dm1 and Dm2
(Fig. 4.7b). This suggests that this assay is highly selective towards the target DNA
mutant sequence and the luminescence enhancement of the system is dependent upon
the formation of the G-quadruplex motif induced by the target DNA.

95

Chapter 4

To evaluate the robustness of the system, we investigated the performance of our
split G-quadruplex-based sensing platform for LMP1 gene deletion in the presence of
cellular debris. In a reaction system containing 0.5% (v/v) cell extract, the
1/G-quadruplex DNA system experienced a gradual increase in luminescence intensity
as the concentration of mutant type DNA was increased (Fig. 4.6c). Meanwhile the
recovery of spiked DNA was found to be about 90% (Table 4.1). These result
demonstrate that this assay could potentially be further developed for the detection of
LMP1 gene deletion in biological samples.
We also conducted comparative assays for LMP1 gene deletion detection using
the organic dyes TO and CV, which have been reported as luminescent
G-quadruplex-selective probes in previous studies.83, 84 However, neither dye could
exhibit a switch-on response to the LMP1 deletion mutant, with TO even showing a
decrease in luminescence in the presence of the target DNA (Fig. 4.8a and 4.8b). This
result demonstrates the importance of identifying or developing the most suitable
G-quadruplex probes to be used for specific kinds of detection platforms. In this regard,
iridium(III) complexes represent attractive scaffolds for the exploration of
G-quadruplex-binding ligands as they are easily synthesised and exhibit properties that
can be readily tuned by adjustment of their auxiliary ligands.
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Moreover, we also constructed a similar detection assay using
fluorescently-labeled oligonucleotides to provide the signal transducing output.
The two short oligonucleotides were end-labeled with fluorophores Cy3 and
Cy5. In the absence of the shortened, mutant DNA, the split G-quadruplex
cannot be formed, resulting in a strong emission of the fluorophore Cy3 at 590
nm (Fig. 4.9a). Upon hybridization with the gene deletion DNA sequence, the
formation of the split G-quadruplex brings the two fluorophores into close
proximity, resulting in fluorescence resonance energy transfer (FRET) and
producing a strong emission peak of Cy5 at 680 nm. We then performed an
emission titration experiment with increasing concentrations of the deletion
mutant DNA by using the fluorophore-labeled strategy. The luminescence
intensity of Cy3 (590 nm) was dramatically decreased as the concentration of
mutant type DNA was increased, whereas the luminescence intensity of Cy5
(680 nm) was simultaneously enhanced (Fig. 4.9b). The labeled system
exhibited a detection limit of 10 nM and a linear range of 10 to 500 nM, which
is comparable to that of the label-free detection platform utilising the
luminescent iridium(III) complex 4.1. Whereas the sensitivity is relative lower
than the label-free approach. This may be attributed to the fact that the distance
between Cy5 and Cy3 is also reduced in the presence of wild type DNA, which
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may induce some degree of FRET and produce a significant background signal.
Generally, the label-free approach is preferable due to the much higher cost of
fluorescently-labeled oligonucleotides while the cost of labeled DNA is 10 fold
higher than that of unmodified DNA in the same mole. At the same time, we
anticipate that the future development of iridium(III) complexes with greater
selectivity for the split G-quadruplex motif would further enhance the
performance of the label-free system.
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Fig. 4.1 Chemical structures of the luminescent iridium(III) complexes 4.1–4.7 that were
synthesised and evaluated in this study.

Fig. 4.2 Diagrammatic bar array representation of the luminescence enhancement selectivity
ratio of complexes 4.1–4.7 in the presence of mutant type DNA over wild type DNA. Error
bars represent the standard deviations of the results from three independent experiments.
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Fig. 4.3 (a) Left: emission spectrum of complex 4.1 (1 µM) in the presence of 5 µM of
ssDNA, ds26 or various G-quadruplexes; Right: diagrammatic bar array representation of the
luminescence enhancement of complex 4.1 in the presence of 5 µM of ssDNA, ds26 or
various G-quadruplexes. (b) G4-FID titration curves of DNA duplex ds26 or G-quadruplex
Pu27. (c) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence and presence
of 4.1 (5 μM). Error bars represent the standard deviations of the results from three
independent experiments.

Fig. 4.4 (a) Melting profile of F10T (0.2 μM) in the absence and presence of 4.1 (5 μM). (b)
Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence and presence of 4.1 (5
μM) and ds26 (10 μM) or ssDNA (10 μM). All points represent the average of the results from
three independent experiments.
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Fig. 4.5 (a) Relative luminescence intensity of the system with different concentrations of 4.1
(0.25, 0.5, 1, 2 and 3 µM). (b) Relative luminescence intensity with different concentrations
of KCl (10, 50, 100 and 200 mM). (c) Relative luminescence intensity with different pH value
of 5, 6, 7, 8 and 9. (d) Relative luminescence intensity of the system with different split
G-quadruplex sequences. Unless otherwise stated, the concentration of complex 4.1 was 0.5
μM and the concentration of split G-quadruplex DNA was 0.5 μM. Error bars represent the
standard deviations of the results from three independent experiments.
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Fig. 4.6 (a) Emission spectra of the system ([4.1] = 0.5 µM, [P1, P2] = 0.5 µM, [K+] = 100
mM) in the presence of the mutant DNA (0.5 µM) or wild-type (0.5 µM). (b) Diagrammatic
bar array representation of the luminescence intensity of the system ([4.1] = 0.5 µM, [P1, P2]
= 0.5 µM, [K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or wild-type (0.5
µM). (c) Emission spectrum of the system in the presence of increasing concentrations of
mutant type DNA and linear plot of the change in luminescence intensity at λ = 560 nm vs.
mutant type DNA concentration in buffer and cell extract. Error bars represent the standard
deviations of the results from three independent experiments.

Fig. 4.7 (a) Relative luminescence response between mutant DNA and wild-type DNA using
the P1 and P2, mutated P1m1 and P2m1 or mutated P1m2 and P2m2. (b) Relative luminescence
response of complex 4.1 (0.5 μM) in the presence of mutant DNA (0.5 μM), wild-type gene
(0.5 μM), or mutated mutant DNA (0.5 μM). Error bars represent the standard deviations of
the results from three independent experiments.
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Fig. 4.8 (a) Emission spectra of the system ([TO] = 0.5 µM, [P1, P2] = 0.5 µM, [K+] = 100
mM) in the presence of the mutant DNA (0.5 µM) or wild-type (0.5 µM). (b) Emission
spectra of the system ([CV] = 0.5 µM, [P1, P2] = 0.5 µM, [K+] = 100 mM) in the presence of
the mutant DNA (0.5 µM) or wild-type (0.5 µM). Three independent experiments were
performed with similar results.

Fig. 4.9 (a) Left: emission spectra of the system ([Labeled-P1, P2] = 0.5 µM, [K+] = 100 mM)
in the presence of the mutant DNA (0.5 µM) or wild-type (0.5 µM); Right: diagrammatic bar
array representation of the luminescence intensity of the system ([Labeled-P1, P2] = 0.5 µM,
[K+] = 100 mM) in the presence of the mutant DNA (0.5 µM) or wild-type (0.5 µM). (b)
Emission spectra of the system ([Labeled-P1, P2] = 0.5 µM, [K+] = 100 mM) in the presence
of increasing concentration of mutant type DNA. Error bars represent the standard deviations
of the results from three independent experiments.
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Table 4.1 Determination of mutant DNA in diluted cell extract. Three independent
experiments were performed with similar results.
Spiked DNA conc. (µ)

Calculated DNA con. (µ)

Recovery (%)

0.05

0.05

100.00 ± 9.0

0.20

0.18

89.64 ± 4.6

0.40

0.38

94.57 ± 4.6
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4.2.2 G-quadruplex-based, label-free, switch-on luminescent detection assay
for Ag+ ions based on the exonuclease III-mediated digestion of C-Ag+-C
DNA
Ten iridium(III) complexes (4.4, 4.8–4.16, Fig. 4.10) was screened for their
ability to selectively distinguish G-quadruplex (G4) from double-stranded DNA
(dsDNA) and single-stranded DNA (ssDNA). The cyclometallated iridium(III)
complex 4.8 (Fig. 4.11a) emerged as a top candidate as it possessed the highest
IG4/IdsDNA and IG4/IssDNA ratios out of the ten complexes tested (Fig. 4.12), and
also generated the highest luminescence response towards G-quadruplex DNA.
A ca. 4.5-fold enhancement was observed in the luminescence signal of
complex 4.8 at 5 μM of Pu27 G-quadruplex DNA. On the other hand, the
addition of ssDNA or dsDNA (ds17 or ctDNA) did not induce significant
changes in the luminescence emission of 4.8 (Table 4.2, Fig. 4.11b). The
spectroscopic and photophysical characterization of complexes 4.4, 4.8–4.16 are
presented in the Electronic Supporting Information (Table 4.3, Fig. 4.13).
To

further

validate

the

suitability

of

complex

4.8

as

a

G-quadruplex-selective probe, we employed fluorescence resonance energy
transfer (FRET) melting assays, G-quadruplex fluorescent intercalator
displacement (G4-FID) assays and UV/Vis absorption titration to evaluate the
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binding affinity and selectivity of 4.8 for G-quadruplex DNA. Although the
emission region of thiazole orange (510−750 nm) and complex 4.8 (500−700
nm) overlap, complex 4.8 is not expected to interfere in the G4-FID assay due to
its very low absorbance at the excitation wavelength of TO (501 nm). The
results of the G4-FID assay indicated that complex 4.8 could displace TO from
G-quadruplex structures with

G4

DC50 values (half-maximal concentration of

compound required to displace 50% TO from DNA) of 2 µM, while the
displacement of TO from dsDNA was below 50% even at the highest
concentration of 4.8 tested (Fig. 4.11c). The selectivity of complex 4.8 towards
G-quadruplex DNA was further investigated by FRET-melting assays. The
melting temperature (ΔTm) of the F21T G-quadruplex was increased by about 8
°C upon the addition of 5 μM of complex 4.8 (Fig. 4.11d, e). By comparison, no
significant change in the melting temperature of F10T dsDNA was observed
under the same conditions. Furthermore, the addition of a 50-fold higher
concentration of unlabeled competitor dsDNA (ds26) or ssDNA did not perturb
the stabilizing effect of complex 4.8 towards F21T G-quadruplex (Fig. 4.11f).
The results indicate that complex 4.8 binds selectively to G-quadruplex DNA
over dsDNA or ssDNA.
Interestingly, complex 4.8 showed strong luminescence enhancement in
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the presence of Pu27 and Pu22 G-quadruplexes, but only weak luminescence
enhancement in the presence of the TBA G-quadruplex (Fig. 4.11b). TBA has
previously been shown to readily accommodate planar aromatic ligands, but not
ribbon-like molecules.82 This result suggests that complex 4.8 may bind outside
the G-tetrad for the other G-quadruplexes.85 To examine the role of the
G-quadruplex loops in the binding interaction of complex 4.8, we investigated
the relative binding affinity of complex 4.8 towards various G-quadruplex DNA
structures with different loop sizes by a competitive FRET-melting assay. The
G-quadruplex topologies of the sequences utilized in this experiment have been
extensively validated by Mergny et al.86 In this study, we found that the melting
temperature generally decreased as the loop size was increased, regardless of the
location of the loop (Fig. 4.11g, h, i). The result suggests that the G-quadruplex
loop may play an important role in the G-quadruplex-4.8 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.87
Based on the G-quadruplex-selective recognition behaviour of complex
4.8, we utilised this complex to construct an ExoIII-amplified luminescent
detection assay for Ag+ ions. Ag+ ions (50 nM) were introduced into a solution
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containing pre-folded hairpin DNA (2 μM), and ExoIII (20 U/mL) was added.
After incubation at 37 °C for 30 min, complex 4.8 (1 μM) was added to the
solution. Encouragingly, we observed that the luminescence intensity of
complex 4.8 was enhanced in the presence of Ag+ ions (Fig. 4.14a). Additionally,
no luminescence increase was observed for the system lacking hairpin DNA
(Fig. 4.14a), indicating that the luminescence enhancement of complex 4.8 was
not due to the direct interaction between the itself and Ag + ions. We propose that
the observed luminescence enhancement of the system is due to the
ExoIII-mediated digestion of the C−Ag+−C mismatched duplex, resulting in the
formation

of

a

G-quadruplex

structure

that

is

recognised

by

the

G-quadruplex-selective complex 4.8 with a switch-on response.
To further verify whether ExoIII could digest C−Ag+−C mismatched
DNA, we designed a duplex DNA substrate containing a 5′-A5 overhang at one
terminus and C3/C3 mismatched overhangs at the other. The fluorescence of TO
was strongly enhanced upon binding to this duplex DNA substrate. However,
we observed that the luminescence of the TO/duplex system decreased upon the
addition of 50 nM of Ag+ ions, suggesting that ExoIII could digest C−Ag+−C
mismatched duplexes to produce shorter DNA fragments that interacted less
strongly with TO (Fig. 4.14b). To further validate the mechanism of the assay,
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we designed a mutant hairpin DNA sequence that cannot form a G-quadruplex
due to the lack of key guanine residues. As expected, the luminescence of the
system containing the mutant hairpin DNA sequence was not increased upon the
addition of Ag+ ions, indicating that the formation of the G-quadruplex motif is
required to generate an enhanced luminescence response to Ag + ions (Fig.
4.14c).
After optimization of the concentrations of complex 4.8, DNA and K+
(Fig. 4.14d, e, f), we investigated the luminescence response of the system to
different concentrations of Ag+ ions. Encouragingly, the system exhibited a
linear range of detection for Ag+ ions from 0.5 to 30 nM, with a maximal
luminescence reached at 50 nM of Ag+ ions (Fig. 4.15a, b). The detection limit
of the present assay was determined to be 0.5 nM of Ag + ions by the 3σ method.
Although this detection limit is higher than those of prior assays utilizing the
C-Ag+-C interaction with labeled oligonucleotides, it is still lower than those of
previously reported label-free C-Ag+-C DNA probes. The selectivity of this
detection platform for Ag+ ions over other metal ions (K+, Na+, Ni2+, Ca2+, Zn2+,
Fe3+, Mg2+ and Pb2+) was also evaluated. The results showed that the
luminescence response of the system for Ag+ ions was significantly stronger
than that for five-fold excess concentrations of the other metal ions (Fig. 4.15c).
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Our sensing ensemble was applied for the detection of Ag + ions in a
natural water sample. A river water sample was collected from Nam Sang Wai
River in Hong Kong and was diluted 50-fold using Tris buffer. Various
concentrations of Ag+ ions were then spiked into the sample. The results showed
that the system experienced a gradual increase in luminescence intensity as the
concentration of Ag+ ions was increased (Fig. 4.16). This result demonstrates
that our detection platform could potentially be further developed as a sensitive
probe for natural water sample analysis of Ag+ ions.
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Fig. 4.10 Chemical structures of cyclometallated iridium(III) complexes 4.4, 4.8–4.16.
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Fig. 4.11 (a) Chemical structure of complex 4.8. (b) Emission spectrum of complex 4.8 (1 µM)
in the presence of 5 µM of ssDNA, ctDNA, ds17 or various G-quadruplexes. (c) G4-FID
titration curves of DNA duplex ds17 or G-quadruplex Pu27. (d) Melting profile of F21T
G-quadruplex DNA (0.2 μM) in the absence and presence of 4.8 (5 μM). (e) Melting profile
of F10T (0.2 μM) in the absence and presence of 4.8 (5 μM). (f) Melting profile of F21T
G-quadruplex DNA (0.2 μM) in the absence and presence of 4.8 (5 μM) and ds26 (10 μM) or
ssDNA (10 μM). Competitive FRET-melting assay results for complex 4.8 in the presence of
G-quadruplexes with different loop lengths as the competitor. The decrease of melting
temperature shown as a function of loop size (g) 5-side loop, (h) central loop and (i) 3-side
loop (in nucleotides).
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Fig. 4.12 Diagrammatic bar array representation of the luminescence enhancement selectivity
ratio of complexes 4.4, 4.8–4.16 for G-quadruplex DNA over dsDNA.

Fig. 4.13 UV/Vis spectrophotometric titration of complex 4.8 with increasing concentrations
of Pu27.
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Fig. 4.14 (a) Luminescence enhancement of the system in response to Ag+ ions (50 nM) in the
presence or absence of hairpin DNA (2 µM). (b) Relative luminescence intensity of TO (0.5
μM) in the absence or presence of Ag+ ions (50 nM). (c) Luminescence of the system in the
presence of wild-type and mutant hairpin DNA (2 μM). (d) Relative luminescence intensity of
the system with different concentrations of 4.8 (0.5, 1, 2 and 3 µM). (e) Relative
luminescence intensity of the system with different concentrations of DNA (1, 2, 3 and 4 μM).
(f) Relative luminescence intensity with different concentrations of KNO3 (10, 50, 100 and
200 mM). Unless otherwise stated, the concentration of complex 4.8 was 1 μM and the
concentration of hairpin DNA was 2 μM.
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Fig. 4.15 (a) Emission spectrum of the system ([4.8] = 1 µM, [DNA] = 2 µM, [K+] = 50 mM)
in the presence of increasing concentrations of Ag+ ions. (b) Luminescence response of the
system at λ = 562 nm vs. Ag+ ion concentration. Inset: linear plot of the change in
luminescence intensity at λ = 562 nm vs. Ag+ ion concentration. (c) Relative luminescence
intensity of the system ([4.8] = 1 µM, [DNA] = 2 µM) in the presence of 10 nM or 5-fold
excess of other metal ions.

Fig. 4.16 Luminescence response of the system at λ = 562 nm vs. Ag+ ion concentration in
50-fold diluted river water sample.
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Table 4.2 Quantum yield of complex 4.8 in Tris buffer in the presence of various DNA
structures.
Tris buffer

5 µM of ssDNA

5 µM of ds17

5 µM of Pu27

0.041

0.078

0.030

0.192

Quantum yield Φ

Table 4.3 Photophysical properties of complex 4.4, 4.8–4.16 in CH3CN at 298 K.

Complex

Quantum yield

λem / nm

Lifetime /
μs

4.8

0.1363

560

4.80

4.9

0.382

566

4.84

4.10

0.2573

569

186

4.11

0.04179

566

4.7

4.12

0.0783

588

4.45

4.13

0.35

651

3.61

4.14

0.05493

561

0.98

4.15

0.10674

535

4.27

4.4

0.05722

577

0.74

4.16

0.090

586

4.37

UV/vis absorption
λabs / nm (ε / dm3mol–
1
cm–1)
209 (6.5 × 104),
232(4.7× 104),
275 (5.8 × 104), 336 (1.6
× 104)
228 (6.7 × 103), 282
(1.2 × 104)
326 (2.06 × 104), 417
(5.7 × 103)
330 (6.9 × 103), 419
(1.89 × 103)
212 (1.6 × 105), 250 (1.1
× 105),
310 (4.7 × 104), 413 (1.1
× 104)
260 (4.57 × 104), 324
(3.74 × 104), 429 (5.24
× 103)
277 (1.46 × 104), 322
(6.8 × 103), 416 (1.77 ×
103)
267 (1.96 × 104), 299
(1.33 × 104), 322 (7.67
× 103), 429 (1.4 × 103)
261 (3.3 × 104), 268
(3.2 × 103), 296 (1.9 ×
104), 371 (9.05 × 103)
227 (5.41× 104), 267
(9.97 × 104)

Table 4.4 Comparison of detection limits of Ag+ of recently reported analytical techniques
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Ref.

C-Ag+-C DNA probe - SYBR Green I

Detection
limit
32 nM

C-Ag+-C DNA probe - platinum(II) complex

20 nM

50

No

20 nM

51

No

16 nM

48

No

1 nM

88

No

G-quadruplex–hemin DNAzyme colorimetric detection

6.3 nM

33

No

G-quadruplex–hemin DNAzyme colorimetric detection

2.5 nM

89

No

100 nM

90

No

80 nM

47

No

Nano-graphite-DNA hybrid and DNase I fluorescence
detection

0.3 nM

42

Yes

Labeled DNA fluorescence detection

10 nM

34

Yes

5 nM

39

Yes

2.5 nM

37

Yes

Labeled DNA fluorescence detection

693 pM

35

Yes

Labeled DNA fluorescence detection

50 pM

40

Yes

Labeled DNA fluorescence detection with enzyme
amplification

16 pM

46

Yes

Single-walled carbon-nanotube-based fluorescent
detection

1 nM

44

Yes

Graphene-based fluorescent nanoprobe

5 nM

38

Yes

Ag -assisted isothermal
exponential degradation reaction

3 pM

43

Yes

electrically contacted enzymes on duplex-like DNA
scaffolds

3 pM

36

Yes

Gold nanoparticles cleavage-based colorimetric detection

470 fM

45

Yes

Method

+

C-Ag -C DNA probe - platinum(II) complex
+

C-Ag -C DNA probe - Thioflavine T
+

C-Ag -C DNA probe - SYBR Green I

Ru(II) complex and unmodified quantum dots
G-quadruplex probe - triphenylmethane dye switch off
detection

Labeled DNA fluorescence detection
Labeled DNA fluorescence detection

49

Modified
DNA?
No

+
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4.2.3 A Luminescent Cocaine Detection Platform Using a Split
G-quadruplex-Selective Iridium(III) Complex and a Three-Way DNA
Junction Architecture
In the present study, we firstly evaluated the emission response of a series of
four luminescent Ir(III) complexes (4.17–4.20, Fig. 4.17) for their ability to
selectively bind to different forms of DNA, including split G-quadruplex DNA,
ssDNA and double-stranded DNA (dsDNA, ds17). Among these four
complexes, complex 4.17 bearing the N^N ligand 2,2'-biquinoline (biq) and the
C^N ligand 2-phenylquinoline (phq) showed a selective response for
G-quadruplex

DNA

(Fig.

4.17),

while

showing

small

luminescence

enhancements towards ssDNA and dsDNA. A ratio of ca. 3.8 and 3.9 was
observed for the luminescence signal enhancement of complex 4.17 for split
G-quadruplex DNA over ssDNA and dsDNA respectively. Based on the
structure of complex 4.17, a focused library of seven cyclometallated Ir(III)
complexes (4.8, 4.17–4.20, Fig. 4.18) were designed and synthesized. This
library was enriched in the favorable sub-structures of complex 4.17 that was
identified in the first round of screening. Complexes 4.8, 4.17–4.20 contain the
same phq C^N ligand as complex 4.17, but vary in their nature of the N^N
ligands, with different biq derivatives. Encouragingly, the second round of
screening revealed that the Ir(III) complex 4.19 emerged as a top candidate, as it
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displayed the highest enhancement ratio for split G-quadruplex over ssDNA and
dsDNA (Fig. 4.18).

Based on these results, a brief structure-activity relationship can be
concluded. Complex 4.19 contains the pyrazino[2,3-f][1,10]phenanthroline
(pyphen) N^N ligand, compared to the biq N^N ligand of the parent complex
4.17, indicating that the size and shape of the N^N ligand may be an important
determinant for split G-quadruplex-binding activity. However, excessively large
N^N

ligands

such

as

2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline

(dmdpphen) in 4.18, which has two pendant phenyl groups attached to the
phenanthroline motif, appear to detract from split G-quadruplex affinity.
Complexes 4.8 and 4.20 which contains the 5-chloro-1,10-phenanthroline and
4,7-dichloro-1,10-phenanthroline ligand, showed the lowest luminescent
enhancement in the second round of screening, indicating that the presence of
the chlorine atom is undesirable for binding to the split G-quadruplex. On the
other hand, complexes 4.21–4.23 which contain the same pyphen N^N ligand as
4.19, but differ in their C^N ligand showed the relative low luminescent
enhancement than 4.19, indicating that iridium(III) complex 4.19, which
contains the phq C^N ligand and pyphen N^N ligand, displayed a superior
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selectivity towards intermolecular G-quadruplex DNA, with a luminescence
enhancement ratio of ca. 7.1 and 6.7 over ssDNA and dsDNA (Fig. 4.18).

To confirm the selectivity of iridium(III) complex 4.19 (Fig. 4.19a)
towards G-quadruplex DNA, we investigated the luminescence response of
complex 4.19 towards 17 different kinds of G-quadruplex sequences. Complex
4.19 displayed very weak luminescence in aqueous buffered solution. However,
the luminescence of complex 4.19 was significantly enhanced in the presence of
various G-quadruplex DNA sequences, especially the c-kit G-quadruplex DNA
(Fig. 4.19b). A ca. 29.1-fold enhancement in the luminescence of complex 4.19
was observed in the presence of 5 μM of c-kit1 DNA, while a ca. 20.4-fold
enhancement was observed for c-kit87up DNA and a ca. 17.4-fold enhancement
was observed for c-kit2 DNA. In the presence of c-myc G-quadruplex DNA,
complex 4.19 also shows a significant luminescent enhancement (ca. 20.5-fold
for Myc48 and ca. 15.4-fold for c-myc). However, the luminescent response of
complex 4.19 towards human telomeric G-quadruplex DNA was not as high as
for the aforementioned G-quadruplexes, with fold-changes of only 5 to 10 being
observed. In contrast, no significant change in the luminescence of complex 4.19
was observed upon the addition of 5 μM of ssDNA and dsDNA. Taken together,
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these data indicate that complex 4.19 is highly selective for most G-quadruplex
structures over ssDNA and dsDNA.

Interestingly,

complex

4.19

showed

only

weak

luminescence

enhancement in the presence of the TBA G-quadruplex. TBA has previously
been shown to readily accommodate planar aromatic ligands, but not ribbon-like
molecules. This result suggests that complex 4.19 may bind outside the G-tetrad
for the other G-quadruplexes. Moreover, complex 4.19 showed a relatively weak
luminescence enhancement towards a G-quadruplex structure without loops
(5ꞌ-TG4T-3ꞌ). To examine the role of the G-quadruplex loops in the binding
interaction of complex 4.19, we investigated the luminescence response of
complex 4.19 towards various G-quadruplex DNA structures with different loop
sizes. The G-quadruplex folding of the sequences utilized in this experiment has
been extensively validated by Mergny et al. 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 12 nucleotides (n = 1, 2, 3, 4, 5, 6, 8, 10, 12). The results
showed that the luminescence intensity of complex 4.19 generally increased
with greater loop size, regardless of the location of the loop (Fig. 4.20). For the
G-quadruplex structures containing a 5′-side loop or central loops, complex 4.19
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showed ca. 4-fold emission enhancement when the loop size was 1 or 2 nt. The
luminescence of complex 4.19 increased uniformly to ca. 11-fold as the loop
size was increased to 6 nt. With G-quadruplexes containing 3′-side loops, the
luminescent enhancement of complex 4.19 increased from 4 to 10-fold from 2 to
7 nt. These results suggest that the G-quadruplex loop may play an important
role in the G-quadruplex-complex 4.19 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.

To

further

validate

G-quadruplex-selective

the

probe,

suitability
G-quadruplex

of

complex
fluorescent

4.19

as

a

intercalator

displacement (G4-FID) and fluorescence resonance energy transfer (FRET)
melting assays were employed to evaluate the binding affinity and selectivity of
complex 4.19 for G-quadruplex DNA.82 Although the emission region of
thiazole orange (TO) (510−750 nm) and complex 4.19 (500−700 nm) overlap,
complex 4.19 is not expected to interfere in the G4-FID assay due to its very low
absorbance at the excitation wavelength of TO (501 nm). The results of the
G4-FID assay indicated that complex 4.19 could displace TO from
G-quadruplex structures with

G4

DC50 values (half-maximal concentration of
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compound required to displace 50% TO from DNA) of < 2 µM, while the
displacement of TO from dsDNA was less than 50% even at the highest
concentration of 4.19 tested (Fig. 4.19c). The selective binding of complex 4.19
towards G-quadruplex DNA was further analysed by FRET-melting assays. The
melting temperature (ΔTm) of the F21T G-quadruplex was increased by about 5
°C upon the addition of complex 4.19 (Fig. 4.19d). By comparison, the melting
temperature of F10T dsDNA was increased by only about 1 °C at the same
concentration of complex 4.19 (Fig. 4.19e).

Additionally, the stabilization effect of complex 4.19 towards the F21T
G-quadruplex was not significantly perturbed by the addition of 50-fold higher
concentration of unlabeled competitor dsDNA (ds26) or ssDNA (Fig. 4.19f).
This indicates that complex 4.19 binds selectively to G-quadruplex DNA over
dsDNA or ssDNA. Taken together, these results demonstrate the ability of
complex 7 to discriminate between G-quadruplex DNA and dsDNA or ssDNA.

Encouraged by the G-quadruplex-selective luminescent behaviour of
complex 4.19, we utilized 4.19 as a G-quadruplex-selective probe to develop a
switch-on label-free luminescent sensing platform for the detection of cocaine in
aqueous solution. Cocaine (1 µM) was introduced into a solution containing the
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double-fragment cocaine aptamer DNA (0.5 μM). After incubation at 25 °C for
30 min, complex 4.19 (1 μM) was added to the solution. Encouragingly, we
observed that the luminescence intensity of complex 4.19 was enhanced in the
presence of cocaine (Fig. 4.21a). However, no luminescence enhancement of
complex 4.19 was observed for the system lacking cocaine aptamer (Fig. 4.21b),
indicating that the luminescence enhancement of complex 4.19 is not due to the
direct interaction between 4.19 and cocaine. We envisage that the luminescence
enhancement of complex 4.19 was due to the selective binding of cocaine with
its binding aptamer, which allows the formation of the three-way DNA junction
architecture and the subsequently formation of the G-quadruplex motif that is
recognized by 4.19. To verify the mechanism of the proposed assay, a number of
control experiments were conducted. Double-fragment cocaine aptamers
containing mutant split G-quadruplex sequences (P1m1 and P2m1) were designed.
The mutant sequences lack consecutive guanine bases and are thus unable to
fold into a G-quadruplex upon binding with cocaine. No significant change in
the luminescence of complex 4.19 was observed when the aptamers with the
mutant split G-quadruplex sequences were incubated with the target cocaine
molecule (Fig. 4.21c).
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To further demonstrate that the luminescence enhancement of complex
4.19 resulted from the formation of the split G-quadruplex induced by the
binding between DFAs and cocaine at a three-way junction, we tested the
luminescence response of the system using two designed DNA mutants (P1m2
and P2m2), which lack key bases in the aptamer sequences leading to a loss of
binding affinity towards cocaine. The results showed that the emission response
of complex 4.19 was significantly diminished for those mutants (Fig. 4.21c).
Circular dichroism (CD) spectroscopy was further utilized to verify the
formation of the split G-quadruplex motif. The characteristic G-quadruplex
signals that appeared in the presence of cocaine were consistent with previous
reports (Fig. 4.21d).91 Thermal difference spectra (TDS) were also recorded to
further validate the conformational change of the DNA. Without cocaine, the
TDS only showed a broad positive peak at about 260 nm, which is the
characteristic peak for dsDNA. With the addition of cocaine, a negative peak at
about 290 nm was observed, which is a typical characteristic for the
G-quadruplex

structure,

thereby

demonstrating

the

formation

of

the

G-quadruplex motif (Fig. 4.22). These results suggest that the luminescence
enhancement of the system is dependent upon the formation of the
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G-quadruplex motif induced by the binding between the DFAs and cocaine at a
three-way junction architecture.

To obtain the optimal performance of the assay, we investigated the effect
of several parameters that may influence the performance of this sensing system.
Firstly, it was observed that the relative luminescence response of the system
was dependent on the concentration of complex 4.19 in solution, with a maximal
response obtained at 1 μM of complex 4.19 (Fig. 4.23a). Secondly, as potassium
ions play an important role in the stabilization of the split G-quadruplex, the
effect of KCl concentration on the luminescence response of the system was also
investigated. It was observed that 20 mM of KCl offered a higher luminescence
enhancement for the detection of cocaine compared to 10, 50 or 100 mM of KCl
(Fig. 4.23b). Furthermore, we observed that the performance of the system was
the best at a cocaine DFA concentration of 0.5 μM (Fig. 4.23c). Finally, we also
examined the effect of different asymmetrical “3+1” and symmetrical “2+2”
split G-quadruplex designs on this cocaine sensing platform (Fig. 4.23d). By
using the previously optimized detection conditions, the P1 and P2 sequences
showed the highest luminescence enhancement in the presence of cocaine
among all six types of split G-quadruplexes. Under the optimized conditions, we
investigated the luminescence response of the system to different concentrations
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of cocaine. Encouragingly, the luminescence intensity of complex 7 was
enhanced as the concentration of cocaine was increased (Fig. 4.22e). The system
exhibited a ca. 3.5-fold enhancement in luminescence at [cocaine] = 4 μM, with
a linear range of detection for cocaine from 30 to 300 nM (Fig. 4.22f).
Furthermore, the detection limit of this assay for cocaine was estimated to be 30
nM at a signal-to-noise ratio (S/N) of 3.

The selectivity of our approach for cocaine was evaluated by investigating
the response of the system to four other small molecules (ATP, adenosine,
warfarin and suramin). The results showed that the luminescence response of the
system for cocaine was significantly stronger than that for five-fold excess
concentrations of the other small molecules (Fig. 4.22g). The selectivity of this
system for cocaine was further examined by testing the response of the system
to various planar compounds which could transform ssDNA into a G-quadruplex
structure, including ochratoxin A (OTA), thiazole orange (TO), protoporphyrin
IX (PPIX), crystal violet (CV), thioflavin T (ThT) and adenosine triphosphate
(ATP). Only minor effects in the luminescence response of the system were
observed upon the addition of these compounds (Fig. 4.24a). A competitive
experiment was also carried out by adding these planar compounds to systems
containing cocaine. The luminescent intensity of the system was not
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significantly reduced by the presence of the other compounds (Fig. 4.24b),
suggesting that the system could potentially be used to detect cocaine in a
sample matrix containing interfering small molecules.
In order to test the robustness of the system, we investigated the
performance of our sensing platform for the detection of cocaine under
physiological conditions. A urine sample and an oral fluid sample were collected
from a volunteer and diluted using Tris buffer. Various concentrations of cocaine
were then spiked into the sample (0.5% v/v oral fluid and human urine). Our
results indicated that the platform experienced a gradual increase in
luminescence intensity as the concentration of cocaine was increased in both
urine and oral fluid samples (Fig. 4.25). Additionally, the assay showed
acceptable performance even when more concentrated oral fluid (5% v/v) was
used.
We also investigated the ability of this assay to detect cocaine in buffered
solution containing 5 µM of ssDNA and dsDNA. The luminescence signal of the
system exhibited a linear response with increasing concentrations of cocaine
(Fig. 4.25). These results suggest that the specificity of the 4.19/G-quadruplex
interaction could be utilized for the detection of cocaine even in the presence of
contaminating nucleic acids. These results suggest that our assay could
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potentially be further developed as a sensitive cocaine detection method for
biological sample analysis.
Fig. 4.17 Diagrammatic bar array representation of the luminescence enhancement selectivity
ratio of complexes 4.17–4.20 in the presence of split G-quadruplex over ssDNA or dsDNA.
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Fig. 4.18 Diagrammatic bar array representation of the luminescence enhancement selectivity
ratio of complexes 4.8, 4.17–4.23 in the presence of split G-quadruplex over ssDNA or
dsDNA.
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Fig. 4.19 (a) Chemical structure of complex 4.19. (b) Diagrammatic bar array representation
of the luminescence enhancement of complex 4.19 in the presence of ssDNA, dsDNA and
various kinds of G-quadruplex. (c) G4-FID titration curves of DNA duplex ds17 or
G-quadruplex Pu27. (d) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence
and presence of 4.19 (5 μM). (e) Melting profile of F10T (0.2 μM) in the absence and
presence of 4.19 (5 μM). (f) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the
absence and presence of 4.19 (5 μM) and ds26 (10 μM) or ssDNA (10 μM).

131

Chapter 4
Fig. 4.20 Luminescence enhancement of complex 4.19 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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Fig. 4.21 (a) Emission spectra of the system ([4.19] = 1 µM, [P1, P2] = 0.5 µM, [K+] = 20
mM) in the presence or absence of cocaine (1 µM). (b) Luminescence enhancement of the
system in response to cocaine (1 µM) in the presence or absence of P1, P2 (0.5 µM). (c)
Relative luminescence response of the system using P1, P2, mutated P1m1, P2m1 or mutated
P1m2, P2m2. (d) CD spectrum of 0.5 µM each of P1 and P2 in the absence and presence of 1
μM of cocaine. (e) Emission spectrum of the system in the presence of increasing
concentrations of cocaine. (f) Linear plot of the change in luminescence intensity at λ = 560
nm vs. cocaine concentration. (g) Relative luminescence intensity of the system in the
presence of 1 μM cocaine or 5 μM other small molecules.
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Fig. 4.22 Thermal difference spectrum of the designed DNA (a) without cocaine, (b) with
cocaine resulting from the difference between the absorbance recorded at 95 °C and 20 °C.

Fig. 4.23 (a) Relative luminescence intensity of the system with different concentrations of
4.19 (0.25, 0.5, 1, 2 and 3 µM). (b) Relative luminescence intensity with different
concentrations of KCl (10, 20, 50 and 100 mM). (c) Relative luminescence intensity of the
system with different concentrations of DNA (0.25, 0.5, 1, 2 and 3 µM). (d) Relative
luminescence intensity of the system with different split G-quadruplex sequences. Unless
otherwise stated, the concentration of complex 4.19 was 1 μM and the concentration of split
G-quadruplex DNA was 0.5 μM.
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Fig. 4.24 (a) Relative luminescence intensity of the system in the presence of 1 μM cocaine or
1 μM other planar compounds. (b) Relative luminescence intensity of the system in the
presence of both 1 μM cocaine and 1 μM other planar compounds.

Fig. 4.25 Luminescence response of the system in the presence of increasing concentrations
of cocaine in (a) 0.5% (v/v) oral fluid, (b) 5% (v/v) oral fluid, (c) 0.5% (v/v) human urine and
(d) spiked buffer solution with ssDNA and dsDNA.
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Table 4.5 Comparison of detection methods of cocaine in recently reported
oligonucleotide-based sensing platforms.
Detection Modified Biological sample
Method
limit
DNA?
Strand displacement
amplification based aptameric
2 nM
No
Human serum
sensor
Electrochemical,
Photoelectrochemical, and
Surface Plasmon Resonance
Detection

10 µM

Yes

NA

150 ng

Yes

Latent fingerprints

Minor groove binder based
energy transfer (MBET),
Fluorescence

0.2 μM

Yes

NA

Isothermal circular
strand-displacement
amplification

190 nM

No

Human urine

Rolling circle amplification

0.48 nM

Yes

NA

Strand-displacement
polymerization and FRET

200 nM

Yes

NA

AuNPs and progressive dilution

2.1 µM

Yes

Blood Serum

Isothermal
polymerization/nicking
enzyme/DNAzyme cascade
machinery

1 aM

Yes

NA

Optical detection of cocaine

100 µM

No

Human urine or
filtered serum

Yes

Human urine

Nanoplasmonic Imaging of
Latent Fingerprints

Electrochemical aptasensor
based on Klenow fragment (KF) 0.097 µM
polymerase reaction
Reversible DNA nanostructure

0.21 nM

Yes

Human serum and
urine

Colorimetric Sensing Involving
Nanoparticles

50 µM

Yes

NA

Visual Detection with Gold
Nanoparticles

2 µM

No

NA
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Electrochemical Aptasensor
Based
Autonomous Aptamer-Based
Machine

This study

1 µM

No

NA

5 µM

Yes

NA

No

Oral fluid, human
urine and spiked
buffer solution
with ssDNA and
dsDNA

30 nM
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4.2.4 Development of an iridium(III) complex as a G-quadruplex probe and
its application for the G-quadruplex-based luminescent detection of
picomolar insulin
In the present study, we first synthesized a random library of ten luminescent
Ir(III) complexes (4.7, 4.17, 4.24–4.31, Fig. 4.26) and examined their
luminescent response towards different DNA conformations, including
G-quadruplex, ssDNA and dsDNA. Among these ten Ir(III) complexes, complex
4.24 which contains the N^N ligand 2,2'-biquinoline (biq) and the C^N ligand
3-methyl-2-phenylpyridine, displayed the highest luminescent response for
G-quadruplex DNA over ssDNA and dsDNA. A luminescent enhancement
fold-change of ca. 5.4 and 5.3-fold was observed for complex 4.24 for
G-quadruplex DNA over ssDNA and dsDNA, respectively (Fig. 4.26). Based on
these results, a brief structure-activity relationship can be determined. The N^N
ligand of 4.7 contains more benzyl groups than the 2,2'-bipyridine (bpy) N^N
ligand of complex 4.31, indicating that the size of the N^N ligand may be an
important determinant for lighting up the G-quadruplex. However, excessively
bulky N^N ligands such as 4,4'-dinonyl-2,2'-bipyridine (in 4.30), which has two
nonyl groups attached to the bpy motif, appear to detract from G-quadruplex.
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While fluoro (in 4.26) and aldehyde (in 4.27) groups also displayed the
detraction from G-quadruplex.

We then investigated the photophysical property of complex 4.24. The lifetime
of complex 4.24 was 4.369 μs, which is typical for phosphorescent metal
complexes, compared to only ca. 10 ns for the organic G-quadruplex probe
ThT.92 The result highlights the possibility of taking advantage of the long-lived
phosphorescence of complex 4.24 to circumvent interference from short-lived
autofluorescence in complex biological samples. The maximum emission
wavelength of 4.24 was 630 nm with an excitation maximum of 350 nm.
Moreover, the Stokes shift of 280 nm for 4.24 which is 4.3-fold larger than that
of ThT.93

We next investigated the luminescence behavior of the novel complex
4.24 towards different types of DNA. The luminescence enhancement of
complex 4.24 was significantly increased in the presence of various
G-quadruplex DNA, especially the c-kit-type G-quadruplexes, such as c-kit87up,
c-kit1 and c-kit2 (Fig. 4.27b). A ca. 10.4-fold luminescent enhancement was
observed for complex 4.24 in the presence of 5 μM of c-kit87up, while ca.
9.1-fold and 8.4-fold luminescent enhancements were observed for c-kit1 or
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c-kit2 G-quadruplex DNA, respectively. The c-kit G-quadruplex sequences are
located in the promoter region of the human c-kit oncogene, which is a potential
therapeutic target for the treatment of gastrointestinal tumors due to its role in
the development of mast cells, melanocytes and hematopoietic stem cells. 94, 95
Complex 4.24 also displayed ca. 7-fold luminescent enhancements towards
c-myc G-quadruplexes (c-myc, Pu27 and Pu22). Meanwhile, 6.3-fold and
7.9-fold luminescent enhancements were observed in the presence of human
telomeric G-quadruplex 22AG and HTS, respectively, while a 8.8-fold
enhancement was observed for the Plasmodium telomeric G-quadruplex. In
contrast, upon the addition of 5 μM of ssDNA, dsDNA and triplex DNA, no
significant change in the luminescence of complex 4.24 was detected.

As a G-quadruplex-based detection platform generally exploits the
switching of DNA from ssDNA or dsDNA to G-quadruplex, the high
G-quadruplex/ssDNA or G-quadruplex/dsDNA luminescence enhancement
ratios of 4.24 can increase the sensitivity of the detection platform. The
c-kit87up/ssDNA enhancement ratio of complex 4.24 was 5.4, and 7.6 for the
c-kit87up G-quadruplex with an extended loop. This selectivity is comparable to
the classic organic G-quadruplex probe ThT (ca. 8 for 22AG/ssDNA).93
Interestingly, complex 4.24 only showed a 1.3-fold enhancement towards triplex
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DNA, resulting in a G4/triplex enhancement ratio of 7.7. On the other hand, ThT
showed a relative high luminescence enhancement (ca. 32-fold) towards triplex
DNA with a G4/triplex ratio of 3.7.93 This may be attributed to the octahedral
structure of Ir(III) complex which prevents intercalation into the groove of
triplex DNA.

Complex 4.24 was weakly emissive in aqueous buffered solution
containing 0.2% organic co-solvent, but becomes emissive upon binding to
G-quadruplex DNA. We presume that the enhanced luminescence of complex
4.24 is due to the shielding of the metal centre from solvent interactions upon
G-quadruplex binding, thereby suppressing non-radiative decay of the excited
state

and

enhancing

triplet

metal-to-ligand

charge-transfer

(3MLCT)

emission.96-98 As a result, complex 4.24 only shows strong luminescence with
G-quadruplex because it does not bind to other DNA structures.

For further evaluation of complex 4.24, we examined the quantum yield of
complex 4.24 in different solvent environments. The quantum yield of complex
4.24 in aqueous buffered solution was 0.007, while a higher value of 0.050 was
recorded in acetonitrile. This indicates that the luminescence of complex 4.24 is
sensitive towards the solvent environment. Moreover, G-quadruplex fluorescent
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intercalator displacement (G4-FID) assays and fluorescence resonance energy
transfer

(FRET)

melting

assays

were

carried

out

to

study

the

G-quadruplex-binding selectivity of complex 4.24. The G4-FID assay is a
simple and convenient method to evaluate the G-quadruplex binding affinity of
ligands. Binding of ligands to the G-quadruplex will displace the dye TO,
resulting in a loss of fluorescence. The results showed that upon addition of 2
µM 4.24, about 50% of TO was displaced from G-quadruplex DNA, while only
10% of TO was displaced from dsDNA even at 5 µM of 4.24 tested (Fig. 4.27c).
These results indicate that 4.24 binds more strongly to G-quadruplex DNA
compared to dsDNA. Additionally, in the FRET melting assay, 3 μM of
complex 4.24 increased the melting temperature (ΔTm) of the F21T
G-quadruplex by about 5 °C (Fig. 4.27d), but increased the ΔTm of F10T dsDNA
by only 1.1 °C under the same conditions (Fig. 4.27e). This indicates that 4.24
has a ca. 5-fold stronger stabilizing effect on G-quadruplex DNA compared to
dsDNA. Moreover, the addition of a 50-fold higher concentration of unlabeled
competitor dsDNA (ds26) or ssDNA does not significantly influence the
stabilizing effect of 4.24 towards the F21T G-quadruplex (Fig. 4.27f), further
confirming the G-quadruplex-selectivity of 4.24. These results indicate that
complex 4.24 is sensitive to changes in the solvent environment, and suggest
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that the strong luminescence of 4.24 in the presence of G-quadruplex only is due
to a change in the local environment of complex 4.24 upon selectively binding
to G-quadruplex DNA.

G-quadruplex structures can be influenced by the presence and nature of
stabilizing ions. Therefore, we also examined the G-quadruplex selectivity of
complex 4.24 in Na+ ions. Encouragingly, the IG-quadruplex/IssDNA, IG-quadruplex/IdsDNA
and IG-quadruplex/ItriplexDNA luminescent enhancement ratios were similar to the result
in K+ ions (Fig. 4.28).

It is interesting that complex 4.24 shows a weak luminescence towards the
thrombin-binding aptamer (TBA). It has been previously reported that TBA
ligands prefer end-stacking binding,82 suggesting that complex 4.24 may instead
bind to the loop regions of the other G-quadruplexes. To examine if the loop is
involved with the interaction between 4.24 and G-quadruplex DNA, we
investigated

the

luminescence

response

of

complex

4.24

towards

G-quadruplexes with different loop length. We explored G-quadruplex
sequences containing a 3 side loop (5-AG3AG3CGCTG3CnG3-3) with loop
sizes ranging from 1 to 12 nucleotides (n = 1, 2, 3, 4, 5, 6, 8, 10, 12). We found
that the luminescence intensity of complex 4.24 gradually increased with longer
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loop sizes (n = 2 to 6), reaching a maximum fold enhancement at about 6 bases
(Fig. 4.29). An exception to this trend was a G-quadruplex structure with a 1-nt
loop, which showed relatively high luminescent enhancement, potentially due to
the formation of an intermolecular G-quadruplex. This result suggests that the
loop of the G-quadruplex may play an important role in the G-quadruplex-4.24
binding interaction.

Given the promising G-quadruplex-selective luminescent behaviour
exhibited

by

complex

4.24,

we

sought

to

employ

4.24

as

a

G-quadruplex-selective probe to construct a label-free luminescent detection
platform for insulin in aqueous solution. To perform the assay, insulin (1 µM)
was added into a solution containing ON1 and ON2 DNA (0.5 μM). After
incubation at 25 °C for 60 min, 50 mM K+ ions was added to the solution,
followed by the addition of complex 4.24 (1 μM). Encouragingly, we observed
that the luminescence intensity of complex 4.24 was enhanced in the presence of
insulin (Fig. 4.30a). However, no luminescence enhancement of complex 4.24
was observed for the system lacking ON1 and ON2 DNA (Fig. 4.30b),
indicating that the luminescence enhancement of complex 4.24 was not due to
the direct interaction between 4.24 and insulin. We envisage that the
luminescence enhancement of the system was due to the selective binding of
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insulin to the aptamer, which induces the dissociation of ON1 from ON2,
allowing the guanine-rich sequence of ON1 to fold into a G-quadruplex motif in
the presence of K+ ions that is subsequently recognized by 4.24. To verify the
mechanism of the proposed assay, we designed a mutant DNA sequence (ON1 m,
5-AGT2AT3CGCTT3C6T3G2TT2TG3T5T2T2TAT3TGATT2C-3) that cannot bind
with insulin and form a G-quadruplex due to mutations in both the aptamer
sequence as well as the G-quadruplex-forming motif. As expected, the
luminescence of the system containing the mutant DNA was not increased upon
the addition of insulin, indicating that the specific aptamer-insulin interaction
and subsequent formation of the G-quadruplex motif is required for an enhanced
luminescence response to insulin (Fig. 4.30c). The DNA conformational
transition induced by insulin was confirmed by circular dichroism (CD)
spectroscopy (Fig. 4.30d). Upon incubation with insulin, the spectrum changes
to reveal a positive band at around 260 nm, and a weak negative peak at around
235 nm.91,

99

Taken together, these results suggest that the luminescence

enhancement of the system originated from the specific interaction of 4.24 with
the G-quadruplex motif, which is generated by the unwinding of the duplex
DNA substrate by insulin.
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To obtain the optimal performance of the sensing platform, we
investigated the effect of several parameters that may influence the performance
of the assay. Firstly, it was observed that the relative luminescence response of
the system was dependent on the concentration of complex 4.24, with a maximal
response obtained at 1 μM of complex (Fig. 4.31a). Secondly, as K+ ions play a
key role in the formation of the G-quadruplex structure, the effect of K+ ion
concentration on the luminescence response of the system was also investigated.
It was observed that 50 mM of K+ ions offered the highest luminescence
enhancement for the detection of same concentration of insulin compared to 10,
20 or 100 mM of K+ ions (Fig. 4.31b). Furthermore, we observed that the
performance of the system was the best when the concentration of ON1-ON2
duplex substrate was 0.5 μM (Fig. 4.31c). After optimization, we investigated
the luminescence response of the system upon addition of different
concentrations of insulin. Encouragingly, the luminescence intensity of complex
4.24 was enhanced as more insulin was added (Fig. 4.30e). The system exhibited
a ca. 3.4-fold enhancement in luminescence at [insulin] = 5 μM, with a linear
range of detection for insulin from 20 to 500 nM (Fig. 4.30f). Furthermore, the
detection limit of this assay for insulin was estimated to be 20 nM at
signal-to-noise ratio (S/N) of 3.
146

Chapter 4

Moreover, we also constructed a similar detection assay using the
traditional organic G-quadruplex probe, ThT, for comparative testing. In an
emission titration experiment, the luminescence intensity of ThT (490 nm) was
increased with higher concentrations of insulin (Fig. 4.32). The ThT system
exhibited a detection limit of 70 nM, which was less sensitive than that of the
detection platform utilising the luminescent iridium(III) complex 4.24. This
result demonstrates the importance of identifying or developing the most
suitable G-quadruplex probes to be used for specific types of detection platforms.
In this regard, iridium(III) complexes represent attractive scaffolds for the
exploration of G-quadruplex-binding ligands as they are easily synthesised and
exhibit properties that can be readily tuned by adjustment of their auxiliary
ligands.

The selectivity of our assay for insulin was tested by investigating the
response of the system to other interfering substances including metal ions (K +,
Ca2+, Mg2+, Fe3+), amino acids (glutamic acid (Glu) and glycine (Gly)), peptides
(glutathione (GSH)) and proteins (bovine serum albumin (BSA)). The results
showed that only insulin could significantly enhance the luminescence of the
complex 1/DNA system (Fig. 4.30g). No significant luminescent enhancement
was observed upon the addition of the other substances. These results indicate
147

Chapter 4

that the system displays high selectivity for insulin over other substances, which
originates presumably from the specific binding between insulin and its aptamer.

In our design, the G-quadruplex-forming sequence in ON1 is initially
masked due to hybridization of ON1 to its partially complementary DNA
sequence (ON2). If only one of the G-tracts are hybridized, the
duplex-to-G-quadruplex conversion may occur when K+ ions are added even in
the absence of insulin, thus resulting in a high background signal. On the other
hand, if three or four G-tracts of ON1 are hybridized, the initial duplex substrate
may be too stable and hence resistant to dissociation induced by insulin, which
would decrease the sensitivity of the assay.

To optimize the sensitivity limit of this platform, potentially towards the
concentration range of insulin in human blood, the complementary sequence
ON2 was carefully optimized. The complementary sequence ON2 hybridizes
using 15 bases with the G-quadruplex-forming sequence in ON1. We therefore
also investigated ON2 derivatives that hybridize using 9, 12, 15, 18, 21 or 24
bases. We observed that the system with 18 bases showed comparable
performance to the system with 15 bases. However, the systems with 21 and 24
hybridized bases show a large decrease in luminescent enhancement in the
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presence of the same concentration of insulin. We attribute this result to the
enhanced stability of the initial duplex substrate with 21 or 24 hybridized bases,
which resists dissociation induced by insulin, hence decreasing the sensitivity of
the assay. Interestingly, the system with 12 hybridized bases showed higher
luminescence enhancement for the detection of same concentration of insulin
compared to 9 and 15 bases. The lower enhancement for the system with 9
hybridized bases could be due to duplex-to-G-quadruplex conversion even in the
absence of insulin, thus resulting in a high background signal. Therefore, the
ON2 complementary DNA sequence with 12 bases (ON2 12) hybridized with the
G-quadruplex-forming

sequence

in

ON1

was

employed

(Fig.

4.33).

Encouragingly, after optimizing the ON2 sequence, the ON1-ON212 system
exhibited a linear range of detection for insulin from 80 pM to 20 nM (Fig.
4.30h). Furthermore, the detection limit of this assay for insulin was estimated to
be 80 pM at signal-to-noise ratio (S/N) of 3.

We next investigated the ability of the assay to detect insulin in a
biological matrix. We performed the detection assay in a reaction system
containing 0.5% (v/v) human serum. We observed that the 1/DNA system
exhibited a gradual increase in luminescence intensity in diluted human serum
as the concentration of insulin was increased (Fig. 4.34). This result
149

Chapter 4

demonstrates that this assay could potentially be further developed for the
detection of insulin in biological samples.
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Fig 4.26 Diagrammatic bar array representation of the luminescence enhancement selectivity
ratio of complexes 4.7, 4.17, 4.24–4.31 in the presence of c-kit87up G-quadruplex over
ssDNA or dsDNA.
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Fig 4.27 (a) Chemical structure of complex 4.24. (b) Fold change of complex 4.24 (1 µM) in
the presence of 5 µM of ssDNA, dsDNA, triplex or various G-quadruplexes in 50 mM K+. (c)
G4-FID titration curves of DNA duplex ds17 or G-quadruplex c-kit87up. (d) Melting profile
of F21T G-quadruplex DNA (0.2 μM) in the absence and presence of 4.24 (3 μM). (e)
Melting profile of F10T dsDNA (0.2 μM) in the absence and presence of 4.24 (3 μM). (f)
Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence and presence of 4.24 (3
μM) and ds26 (10 μM) or ssDNA (10 μM).
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Fig. 4.28 Fold change of complex 4.24 (1 µM) in the presence of 5 µM of ssDNA, dsDNA,
triplex or various G-quadruplexes in 50 mM Na+.

Fig. 4.29 Luminescence enhancement of complex 4.24 as a function of loop size (in
nucleotides) at central loop.
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Fig. 4.30 (a) Emission spectra of the system ([4.24] = 1 µM, [ON1-ON2 duplex
substrate] = 0.5 µM, [K+] = 50 mM) in the presence or absence of insulin (1 µM). (b)
Luminescence enhancement of the system in response to insulin (1 µM) in the
presence or absence of ON1-ON2 duplex substrate (0.5 µM). (c) Relative
luminescence response of the system using ON1, ON2 and mutated ON1, ON2. (d) CD
spectrum of 0.5 µM ON1-ON2 duplex substrate in the absence and presence of 1 μM
of insulin. (e) Emission spectrum of the system in the presence of increasing
concentrations of insulin. (f) Linear plot of the change in luminescence intensity at λ =
636 nm vs. insulin concentration for ON1-ON2 (g) Relative luminescence intensity of
the system in the presence of 1 μM insulin or 5 μM other interfering substances. (h)
Linear plot of the change in luminescence intensity at λ = 636 nm vs. insulin
concentration for ON1-ON212.
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Fig. 4.31 (a) Relative luminescence intensity of the system with different concentrations of
4.24 (0.25, 0.5, 1, 2 and 3 µM). (b) Relative luminescence intensity with different
concentrations of KCl (10, 20, 50 and 100 mM). (c) Relative luminescence intensity of the
system with different concentrations of ON1-ON2 duplex substrate (0.25, 0.5, 1 and 2 µM).
Unless otherwise stated, the concentration of complex 4.24 was 1 μM, the concentration of
ON1-ON2 duplex substrate was 0.5 μM and the concentration of KCl was 50 mM.

Fig. 4.32 The luminescence intensity of ThT at λ = 490 nm vs. insulin concentration.
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Fig. 4.33 Relative luminecence intensity increase of the detection system with different
number of hybridized bases in the presence of 20 nM insulin.

Fig. 4.34 Luminescence response of the system in the presence of increasing
concentrations of insulin in 0.5% (v/v) human serum.
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4.3 Experimental section
4.3.1 Chemicals and materials
Reagents were purchased from Sigma Aldrich (St. Louis, MO) and were used as
received. Iridium chloride hydrate (IrCl3.xH2O) was purchased from Precious
Metals Online (Australia).

4.3.2 General experimental

Emission spectra and lifetime measurements for complexes were performed on a PTI
TimeMaster C720 Spectrometer (Nitrogen laser: pulse output 337 nm) fitted with a 380
nm filter. Error limits were estimated: λ (±1 nm); τ (±10%); υ (±10%). All solvents used
for the lifetime measurements were degassed using three cycles of freeze-vac-thaw.
Luminescence quantum yields were determined using the method of Demas and
Crosby100 [Ru(bpy)3][PF6]2 in degassed acetonitrile as a standard reference solution (Φr
= 0.062) and calculated according to the following equation:
Φs = Φr(Br/Bs)(ns/nr)2(Ds/Dr)
where the subscripts s and r refer to sample and reference standard solution respectively,
n is the refractive index of the solvents, D is the integrated intensity, and Φ is the
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luminescence quantum yield. The quantity B was calculated by B = 1 – 10–AL, where A is
the absorbance at the excitation wavelength and L is the optical path length.
4.3.3 G-quadruplex fluorescent intercalator displacement (G4-FID) assay
The FID assay was performed as previously described 82. The Pu27 G-quadruplex DNA
(0.25 μM) in Tris-HCl buffer (20 mM Tris, 100 mM KCl, pH 7.0) were annealed by
heating at 95 °C for 10 min. Indicated concentration of thiazole orange (0.5 μM for Pu27
G-quadruplex DNA and 0.5 μM for ds26) was added and the mixture was incubated for
1 h. Emission measurement was taken after addition of each indicated concentration of
complex followed by an equilibration time for 5 min. The fluorescence area was
converted into percentage of displacement (PD) by using the following equation. PD =
100 − [(FA/FA0) × 100] (FA0 = fluorescence area of DNA-TO complex in the absence
of complex; FA = fluorescence area in the presence of complex).
4.3.4 Fluorescence resonance energy transfer (FRET) melting assay
The ability of the complex to stabilize G-quadruplex DNA was investigated using a
FRET melting assay. The labelled G-quadruplex-forming oligonucleotide F21T
(5′-FAM-d(G3[T2AG3]3)-TAMRA-3′; donor fluorophore FAM: 6-carboxyfluorescein;
acceptor fluorophore TAMRA: 6- carboxytetramethylrhodamine) was diluted to 200 nM
in a potassium cacodylate buffer (100 mM KCl, pH 7.0), and then heated to 95 °C in the
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presence of the indicated concentrations of complex. The labeled duplex-forming
oligonucleotide F10T (5′-FAM-dTATAGCTA-HEG-TATAGCTATAT-TAMRA-3′)
(HEG linker: [(-CH2-CH2-O-)6]) was treated in the same manner, except that 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.
4.3.5 Synthesis
The following complexes were prepared according to (modified) literature methods. All
complexes are characterized by 1H NMR, 13C NMR, high resolution mass spectrometry
(HRMS) and elemental analysis. The precursor iridium(III) complex dimer
[Ir2(C^N)4Cl2] is prepared as reported method 101. Then, a suspension of [Ir2(C^N)4Cl2]
(0.2 mmol) and corresponding N^N ligands (0.44 mmol) in a mixture of
DCM:methanol (1:1, 20 mL) was refluxed overnight under a nitrogen atmosphere. The
resulting solution was then allowed to cool to room temperature, and filtered to remove
unreacted cyclometallated dimer. To the filtrate, an aqueous solution of ammonium
hexafluorophosphate (excess) was added and the filtrate was reduced in volume by
rotary evaoration until precipitation of the crude product occurred. The precipiate was
then filtered and washed with several portions of water (2 × 50 mL) followed by diethyl
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ether (2 × 50 mL). The product was recrystallized by acetonitrile:diethyl ether vapor
diffusion to yield the titled compound.
4.3.6 Detection of LMP1 gene deletion
A mixture of P1, P2 (2.5 μL, each 100 μM) and mutant DNA or wild-type DNA
(2.5 μL, 100 μM) was added to hybridization buffer (92.5 μL, 50 mM Tris-HCl
containing 100 mM KCl, pH 7.0). For annealing process, the sample solution
was heated at 95 °C for 10 min, and then cooled down to room temperature. For
emission measurement, 100 μL of prepared DNA sample solution was added
into 400 μL of Tris-HCl buffer (50 mM, 100 mM KCl, pH 7.0) to obtain a 0.5
μM DNA mixture solution in a cuvette, followed by the addition of iridium(III)
complex at a final concentration 0.5 μM. The mixture was allowed to equilibrate
at 25 °C for 10 min. Luminescence emission spectra were recorded on a Photon
Technology International (PTI) QM-4 spectrofluorometer at 25 °C.
4.3.7 Ag+ ion detection
The DNA substrate (100 µM) was dissolved in Tris-acetate buffer (10 mM, pH
7). 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 hairpin structure. The annealed
product was stored at –20 °C before use. For Ag+ detection, 50 μL of the DNA
substrate in Tris-acetate buffer (10 mM, pH 7) and the indicated concentrations
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of Ag+ ions were added to a solution containing 20 U/mL of ExoIII. After
incubation at 37 °C for 30 min, the reaction was stopped by heat inactivation (70
°C for 20 min), and complex (1 μM) was added to the solution. The mixture was
cooled down and was subsequently diluted using Tris buffer (10 mM Tris, 50
mM KNO3, pH 7.0) to a final volume of 500 µL. Finally, 1 µM of complex was
added to the mixture. Emission spectra were recorded in the 450−750 nm range
using an excitation wavelength of 310 nm.
4.3.8 Detection of Cocaine
A mixture of P1, P2 (2.5 μL, each 100 μM) and cocaine was mixed in cocaine
binding buffer (25 mM Tris-HCl containing 150 mM NaCl, pH 8.0). The
mixture was incubated at 25 °C for 30 min. In the emission measurement, the
prepared DNA mixture stock solution was diluted with cocaine binding buffer
with 50 mM KCl to obtain a 0.5 μM DNA mixture solution in a cuvette,
followed by the addition of iridium(III) complex at a final concentration 1 μM.
The mixture was allowed to equilibrate at 25 °C for 10 min. Luminescence
emission spectra were recorded on a PTI QM-4 spectrofluorometer at 25 °C.
4.3.9 Detection of insulin
The random-coil oligonucleotides ON1 (100 μM) and ON2 (100 μM) were
mixed in Tris buffer (20 mM, pH 7.2). The solution was heated to 95 °C for 5
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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. The indicated concentration of insulin
and ON1-ON2 duplex were added to a 30 μL solution of Tris buffered solution
(20 mM Tris-HCl, pH 7.2). The mixture was incubated at 30 °C for 1 h. The
samples were added to 469 μL Tris-HCl buffer (20 mM Tris, 53.3 mM KCl, pH
7.2). Finally, 1 µL of complex (1 µM in final volume) was added to the mixture
(20 mM Tris, 50 mM KCl, 0.5 μM duplex, 1 μM complex, pH 7.2). Emission
spectra were recorded in the 550−740 nm range using an excitation wavelength
of 350 nm.
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4.4 Conclusion
In conclusion, through screening we successfully find four iridium(III)
complexes as probes for four kinds of G-quadruplex structures respectively and
employed them in G-quadruplex-based luminescence detection platform for
DNA,102 protein,103 small molecule104 and metal ions105. It demonstrates the
versatility of iridium(III) complex in the field of bioanalytical chemistry.
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Chapter 5
Conjugating a groove-binding motif to Ir(III) complex for the
enhancement of G-quadruplex probe behavior

5.1 Introduction
In the last chapter, iridium(III) complexes have been explored as
selective probes for G-quadruplex DNA structure and be employed in
DNA-based sensing platforms.1-7 Transition metal complexes have
several useful qualities in this application. Their ligands can be varied
in order to tune their photophysical properties and interactions with
target biomolecules. Their phosphorescence generally has a long
emission lifetime, which can be distinguished from highly fluorescent
media through the use of time-resolved emission spectra (TRES)
measurements. Additionally, the large Stokes shifts of metal complexes
can reduce self-quenching.8, 9 However, as structural changes affect
both G-quadruplex-binding affinity and photophysical properties, it can
be sometimes difficult to improve the G-quadruplex recognition
abilities of a metal complex without adversely influencing its
photophysical characteristics. Furthermore, comparing with the binder
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with the end stacking mode that mainly recognize the flat G-tetrad,
groove binding complex could be easier to achieve the sequence
specific G-quadruplex recognition. Since the G-quadruplex difference
comes from the loop sequence, we anticipate that recognizing both the
loop and G-tetrad could be easier to develop a sequence specific
G-quadruplex probe.
In this chapter, we sought to design and synthesize a
benzo[d,e]isoquinoline-linked Ir(III) complex 5.1 by functionalizing a
parent luminescent Ir(III) complex 5.2 with a known G-quadruplex
groove binder 5.3 (Fig. 5.1).10, 11 The linked complex 5.1 can therefore
be considered to be comprised of a signaling unit, the Ir(III) complex
5.2, linked to the recognition unit, the benzo[d,e]isoquinoline motif 5.3.
In our design, the recognition unit associates with G-quadruplex DNA,
altering the environment of the probe. The signalling unit is sensitive to
this change, and a corresponding change in luminescent response can
be measured. Thus, our desired outcome for the complex 5.1 was to (1)
localize the binding area of the metal complex to G-quadruplex DNA,
thus increasing selectivity; and (2) strengthen the binding affinity of the
Ir(III) complex for G-quadruplex DNA while maintaining its desirable
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photophysical properties. And we finally applied Ir(III) complex 5.1 to
construct a AGR2 detection assay to demonstrate the proof-of-concept
application of the Ir(III) complex functionalized with a G-quadruplex
binder.
The anterior gradient homolog 2 (AGR2) protein plays an
important role in the proliferation and migration of tumor cells, 12 and
the detection of AGR2 is very useful in cancer diagnosis. Common
lengthy duration of measurement, which requires several days for
sample translation and analysis, can increase the mental burden of
patients during testing,13 prompting a need for alternative detection
methods. Oligonucleotide-based detection has received wide attention
in the recent literature.14-32 It depends on the ability of an
oligonucleotide to change conformation upon exposure to the target.
The new conformation can be converted into a measurable signal by
appropriate

signal

oligonucleotide-based

transducers.

One

detection

fluorescently-labeled DNA.13,

33

recent

assay

for

example
AGR2

is

an

using

In this assay, AGR2 induces a

structural change of the DNA oligonucleotide, thus altering the
distance between the fluorophore and quencher.13, 33 This approach has
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the disadvantage that fluorescently-labeled oligonucleotides are
relatively expensive, thus more economical alternative may possibly be
found in a label-free strategy that utilizes unmodified DNA and
selective DNA probes.
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5.2 Result and Discussion
To demonstrate the

additional G-quadruplex binding affinity

contributed by 5.2, we chose the cyclometallated complex 5.2 as our
parent complex, as 5.2 shows minimal selectivity for G-quadruplex
DNA. As a G-quadruplex-based detection platform generally exploits
the switching of DNA from ssDNA or dsDNA to G-quadruplex, the
high G-quadruplex/ssDNA or G-quadruplex/dsDNA luminescence
enhancement ratios of G-quadruplex probe can increase the sensitivity
of the detection platform. Also real biological samples usually contain
matrix ssDNA or dsDNA as common interferences, thus high
enhancement ratio is crucial in real applications. Complex 5.2
displayed ca. 1.3 to 1.5 luminescence enhancement ratio for ckit87up,
ckit1 and Pu27 G-quadruplexes over double-stranded DNA, while ca.
1.5 luminescence enhancement ratio over single-stranded DNA
(ssDNA) was observed (Fig. 5.2a). Moreover, a fluorescence resonance
energy transfer (FRET) melting assay indicated that 5 μM of 5.2 did
not stabilize F21T G-quadruplex DNA (Fig. 5.3). This suggests that
complex 5.2 binds weakly to the G-quadruplex motif, which could
account for its low luminescent enhancement towards G-quadruplex
DNA.
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As all known G-quadruplex structures are characterized by
grooves which are structurally and chemically very different from the
minor groove of the dsDNA, we decided to link a G-quadruplex
groove-binding motif to the parent complex 5.2. In 2008, Ma and
co-workers reported a drug-like G-quadruplex binding ligand found
through high throughput virtual screening (VS).34 In the following year
Randazzo and co-workers incorporated the VS and NMR experiments
to identify a G-quadruplex groove binder from 6,000 compounds,10
while our group previously identified the carbamide35 motif from a
natrual product and natural product–like compound database of over
20,000 compounds through VS. To our knowledge, there are few other
examples of utilizing a structure-based virtual screening approach to
screen a large number of compounds for G-quadruplex groove binders.
As these scaffords were screened from a large database, we decided to
choose

the

recognition

unit

from

these

two

studies.

The

benzo[d,e]isoquinoline scaffold 5.3 reported by Randazzo’s group was
chosen as the G-quadruplex recognition motif because it could be
easily attached to the N^N donor ligand using simple synthetic
protocol. The selective G-quadruplex-binding of 5.3 was validated by
FRET melting (Fig. 5.4).
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The Ir(III) complex 5.1 was synthesized by reaction of a precursor
complex with a phenanthroline N^N ligand derivatized with 5.3, as
depicted in Scheme 5.1. The first step was the protection of piperazine
5.1a with Boc2O to give 5.1b, followed by treatment with methyl
4-(bromomethyl)benzoate to give intermediate 5.1c. After deprotection
of the Boc group with trifluoroacetic acid, the resulting compound 5.1d
was reacted with compound 5.1f, which was obtained by the alkylation
of naphthalimide 5.1e with 1,3-dibromopropane, to afford derivative
5.1g in 72% yield. After hydrolysis of the methyl ester with LiOH, the
resulting acid 5.1h was immediately reacted without further isolation
with 2-chloro-N-(1,10-phenanthrolin-5-yl)acetamide to yield the
1,10-phenanthroline derivative 5.1i. Finally 5.1i was reacted with half
an equivalent of the organometallated dimer [Ir(ppy)2Cl]2, followed by
anion exchange with NH4PF6, giving the Ir(III) complex 5.1 in 70%
yield. The structures of the compounds were confirmed by NMR
spectroscopy, elemental analysis and mass spectrometry.
FRET-melting assays revealed that complex 5.1 selectively
stabilizes G-quadruplex DNA. The melting temperature of F21T
G-quadruplex DNA was increased by 13 °C upon addition of 5 μM of
5.1 (Fig. 5.5a), while no significant increase of melting temperature
was observed for dsDNA at the same concentration (Fig. 5.5b).
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Furthermore, the presence of 10 μM of competitor DNA did not
significantly

affect

the

melting

temperature

enhancement

of

G-quadruplex DNA in the presence of 5.1 (Fig. 5.5c). The result
indicates that complex 5.1 exhibited a stronger affinity towards
G-quadruplex than 5.2, which is attributed to the attachment of the
G-quadruplex-binding motif 5.2.
In emission titration experiments, 5.1 displayed ca. 3.5
luminescence enhancement ratio for ckit87up, ckit1 and Pu27
G-quadruplexes over ssDNA, while ca. 3.2 luminescence enhancement
ratio over dsDNA was observed (Fig. 5.2a). This is comparable to
organic G-quadruplex probes, which exhibited a high fold-enrichment
for G-quadruplex DNA and moderate enhancement for ssDNA,
dsDNA36, 37 Meanwhile, modified ThT analogues have been reported
by

Kuwahara’s

group

with

high

G-quadruplex/ssDNA

or

G-quadruplex/dsDNA enhancement ratios.38
Consistent with other Ir(III) complexes, 5.1 displayed a ca. 240
nm Stokes shift which is 3.7-fold larger than that of ThT, and a
microsecond lifetime which in principle could distinguish the long
lifetime luminescence of 5.1 from the high autofluorescence of the
surrounding sample matrix environment by TRES. This is particularly
important in the application of the sensing probe in real samples. In
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order to demonstrate that we could identify the luminescence of 5.1 in
high autofluorescence samples, rhodamine B (RhB), coumarin (Cm)
and perylene (PY) were introduced into 5.1 as sources of
autofluorescence. In the steady-state emission spectra, PY displayed an
emission peak located at the 450 nm region while the emission of 5.1
was observed clearly at 590 nm. Meanwhile, the strong peak of Cm is
located at 420 nm with a tail that extends up to 650 nm. In this
scenario, the peak of 5.1 is significantly influenced by the peak tail.
Meanwhile, the RhB‒5.1 mixture displayed only one peak, presumably
due to the similar peak maximum of RhB and 5.1. For TRES
measurements, the time gate is defined as the time after the complete
fluorescence decay of the three organic dyes. Upon TRES
measurement, no emission peak corresponding to Cm and PY was
observed and the emission peak of 5.1 had become dominant. For the
RhB‒5.1 mixture, the peak intensity was reduced upon TRES
measurement. We believe the reduced peak should attribute to 5.1 only,
since the fluorescence of RhB was completely decayed before TRES
measurement (Fig. 5.6). The results indicate an advantage to our long
lifetime luminescent complex 5.1, namely that the luminescence of 5.1
could be identified by TRES measurement and potentially be applied in
a strong autofluorescence sample matrix.
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The superior luminescence and binding selectivity of 5.1
compared to the parent complex 5.2 demonstrates that the attachment
of the G-quadruplex-binding benzo[d,e]isoquinoline motif successfully
enhanced

the

interaction

between

the

metal

complex

with

G-quadruplex DNA. To examine the binding area of complex 5.1, we
investigated the luminescence response of complex 5.1 towards
G-quadruplexes containing different sizes of 3-side loops (Fig. 5.7).
The G-quadruplex structure in this experiment has been investigated in
the literature.39 The luminescence enhancement of complex 5.1
increased with loop size from 2 nucleotides (nt) and reached a
maximum enhancement at 6 nt. This suggests that the G-quadruplex
loop is involved in the binding interaction with 5.1, which is consistent
with the previous observation that motif 5.3 mainly recognizes the
3-side of G-quadruplex grooves.10 Finally, 5.1 showed a weaker
luminescence response towards an intermolecular G-quadruplex
(5-TG4T-3) compared to an intramolecular ckit1 G-quadruplex, which
we attributed to the lack of loops in an intermolecular G-quadruplex for
recognition by 5.1. Possibly however, all grooves in the tetramolecular
complex are identical, and different from the other G-quadruplex (Fig.
5.8).
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The G-quadruplex binding of 5.1 was further examined utilizing
the Molsoft ICM method (ICM-Pro 3.6-1d molecular docking
software) by Dr. Dik-Lung Ma (HKBU, HK).40 Firstly, the geometry of
5.1 was optimized using density functional theory (DFT) calculations.
We initially studied the binding of complex 5.1 to an intramolecular
(3+1) G-quadruplex with a long central loop (PDB: 2LOD)41 to study
the loop binding behaviour of 5.1. In the low energy binding pose
between 5.1 and G-quadruplex, 5.1 is predicted to interact with the A3‒
T4 loop as well as the G1‒G3, G7‒G8 groove (Fig. 5.9). While the
binding unit 3 was also predicted to inteact with the bases of G17 and
C19 in the 3-side loop. Since no salt-bridge interaction or hydrogen
bonding was predicted in this model, we anticipate that the interaction
between G-quadruplex and 5.1 is mainly attributed to the hydrophobic
interaction between the groove and the binding motif 5.2. To further
investigate the G-quadruplex-binding mode of 5.1, we calculated the
predicted binding pose of 5.1 towards ckit1 (PDB: 4WO3)42 and human
telomeric G-quadruplex (PDB: 1KF1).43 The lowest-energy binding
poses revealed that 5.1 binds to the loop region of both ckit1 and
human telomeric G-quadruplex structures (Fig. 5.10). Complex 5.1 is
predicted to interact with the T12‒A13 loop as well as the G14‒G16
groove of human telomeric G-quadruplex. Additionally, 5.1 was
181

Chapter 5

predicted to interact with C9 and A19 in the loop as well as the G6‒G8
groove of the ckit1 G-quadruplex. The molecular docking results
further validate the groove-binding behaviour of 5.1 that is conferred
by the recognition unit 5.3.
Interestingly, 5.1 showed reduced luminescent enhancement for
AGR2 protein compared to the parent complex 5.2. Complex 5.2
showed a ca. 1.6-fold enhancement in the presence of AGR2, while the
binder linked 1 showed no significant enhancement (Fig. 5.2b). This
may be due to the larger three-dimensional nature of the conjugated
complex 5.1, which may reduce non-specific binding of the complex
towards proteins.
Given the encouraging selectivity of complex 5.1 towards
G-quadruplex DNA compared to other types of DNA or proteins, we
employed 5.1 to construct a G-quadruplex-based AGR2 sensing
platform to demonstrate the proof-of-concept application of a linked
Ir(III) complex for DNA-based sensing. The AGR2 sensing platform is
depicted schematically in Figure 5.1b. Probe A containing a
G-quadruplex-forming sequence and the AGR2 aptamer sequence was
partially hybridized to its antisense sequence (Probe B) to form a
duplex substrate. The addition of AGR2 will cause the dissociation of
the duplex substrate due to the strong binding of AGR2 to its aptamer
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sequence. The liberated G-quadruplex sequence will then fold into a
G-quadruplex structure upon the addition of potassium ions, and will
be recognized by 5.1 with a strong luminescence response. In this
design, Probe A, which contains both the G-quadruplex and AGR2
aptamer sequences, was hybridized by the antisense DNA, Probe B.
This Probe B, which hybridized only a part of the aptamer and
G-quadruplex, resists the folding of G-quadruplex in the presence of
potassium ions. Meanwhile the length of the Probe B strand is
important for the sensitivity. An excessively long Probe B may cause
the probe DNA duplex to become extraordinary stable and resist the
dissociation by aptamer‒target binding, or prevent the G-quadruplex
sequence from folding to the G-quadruplex after the probe DNA
duplex binds to the AGR2. Meanwhile, an excessively short Probe B
may not fully prevent the folding of Probe A, resulting in a background
signal increase. As a result, the shortest ckit1 G-quadruplex was
selected for AGR2 sensing along the three highest fold enrichment
G-quadruplexes.
To demonstrate the feasibility of our sensing platform, 80 nM of
AGR2 was introduced into a solution containing 0.5 μM hybridized
duplex substrate. After incubation at 37 °C for 45 min, KCl was added
to facilitate the formation of the G-quadruplex, followed by the
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addition of 0.5 μM 5.1. Encouragingly, we observed that the system
showed an obvious luminescence enhancement in the presence of
AGR2 (Fig. 5.11). To improve the performance of the sensing
platform, we further optimized several experimental parameters that are
relevant for this assay. We found that the relative luminescence
enhancement of the system was highly dependent on the concentration
of complex 5.1, with a maximal response obtained at 0.5 μM of
complex. Furthermore, we also optimized the DNA and potassium
concentration for better sentitivity (Fig. 5.12).
After optimization, the length of Probe B was also found to be
important for the sensitivity of the assay. If Probe B is too long, the
duplex substrate may be too stable and resist dissociation upon the
addition of AGR2, thus impacting the detection limit. On the other
hand, an excessively short Probe B sequence may permit partial
dissociation of the duplex substrate even in the absence of AGR2, thus
raising the background signal. We found that the fold enhancement of
the system was maximum when the length of Probe B was 18 bases
(Fig. 5.13).
After

optimization

of

the

experimental

parameters,

we

investigated the luminescence response of the system to different
concentrations of AGR2. Encouragingly, the luminescence intensity
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was increased as more AGR2 was added (Fig. 5.14). The limit of
detection of the assay (path A) was 10 nM at a signal-to-noise ratio of
3, and a linear detection range of target AGR2 from 10 to 60 nM with a
maximum 2.7-fold enhancement was observed.
If 5.1 was added to AGR2 only, no enhanced luminescence was
observed (Fig. 5.15a), indicating that 5.1 did not directly interact with
AGR2. Thus, we envisage that the luminescence enhancement of 5.1
was due to the specific binding of AGR2 to its aptamer, which
promotes the dissociation of the duplex substrate and the formation of
the G-quadruplex motif in the presence of K+ ions that is recognized by
5.1. To further verify the mechanism of this assay, we designed mutant
probe DNA sequences that are unable to form a G-quadruplex structure
and are also unable to bind AGR2, due to the lack of key guanine
residues and specific mutations in the aptamer sequence. No significant
change in the luminescence signal of 5.1 was displayed when mutant
Probe A and Probe B were incubated with AGR2 (Fig. 5.15b). Another
control experiment using mutant Probe Amutant2 that bears an intact
AGR2 aptamer segment but cannot form the ckit1 G-quadruplex was
carried out. No significant enhancement was observed even upon
addition of 80 nM AGR2 (Fig. 5.15c). This demonstrates that the signal
enhancement originates from the formation of the ckit1 G-quadruplex,
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rather than the AGR2-aptamer complex. This result suggests that the
formation of the ckit1 G-quadruplex motif was important for the
luminescent enhancement of the system. Circular dichroism (CD)
spectroscopy was further performed to demonstrate the expected DNA
conformational change in this assay. Firstly, the addition of AGR2 into
buffer alone did not produce a significant change in CD signal (data not
shown). However, the addition of AGR2 to the duplex substrate
induced the formation of a positive band at about 260 nm and a slight
negative peak at about 235 nm, which are characteristic signals for
parallel G-quadruplex DNA. Taken together, these data suggest that the
luminescence enhancement of the system originated from the specific
interaction of 1 with the G-quadruplex motif, which is in turn a
consequence of the dissociation of the duplex DNA substrate caused by
the specific binding of AGR2 (Fig. 5.16).
To further improve the sensitivity of the AGR2 detection assay,
we set out to reduce the background signal of the assay. A significant
contribution to the background signal is due to undesirable binding of
5.1 to ssDNA. Thus we introduced enzymes capable of DNA digestion.
We employed exonuclease III (ExoIII) and exonuclease I (ExoI) to
catalyze the digestion of mononucleotides from the 3-hydroxyl end of
dsDNA and ssDNA, respectively.44,
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similar fashion as previously described (path A in Fig. 5.1), but with
the additional presence of ExoIII and ExoI (path B). Antisense DNA
released after the dissocation of the duplex substrate, as well as the
intact duplex DNA, will be digested by ExoI and ExoIII, respectively.
In contrast, the folded G-quadruplex structure and the AGR2-bound
aptamer sequence resists digestion by ExoIII and ExoI. As a
consequence, the background signal caused by undesirable binding of
complex 5.1 to ssDNA and dsDNA will be eliminated. Using the
modified method (path B), the maximum fold-enhancement was
increased to 3.5-fold from (2.6-fold), while the detection limit for
AGR2 was lowered to 1 nM with a linear range of detection from 1 to
28 nM (Fig. 5.17 and 5.18).
Additionally, to evaluate the selectivity of this assay, we
investigated the response of the system to human neutrophil elastase
(HNE), immunoglobulin G (IgG), insulin and tumor necrosis factor
alpha (TNF-α). AGR2 protein induced the highest luminescence
enhancement of the system among the various substances under study
(Fig. 5.19a), indicating the high selectivity of this aptamer-based assay
for the detection of AGR2. We attribute the high selectivity of this
assay to the high specificity of the AGR2 aptamer for its cognate
target.
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We next examined the suitability of the assay to detect AGR2 in a
biological matrix. We performed the detection assay in a sensing
system containing 2.5% (v/v) fetal bovine serum. We observed that the
1/DNA system showed enhanced luminescence intensity in diluted
fetal bovine serum as the concentration of AGR2 was increased (Fig.
5.19b). This result demonstrates the possibility of this approach for the
quantification of AGR2 in serum for cancer diagnosis.
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Fig. 5.1 (a) Chemical structure of Ir(III) complex 5.1 and 5.2 and the G-quadruplex
loop binder 5.3. (b) Schematic diagram delineates the AGR2 sensing platform
utilizing the DNA binder linked Ir(III) complex 5.1.
(a)

(b)
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Fig. 5.2 (a) Diagrammatic bar array representation of the luminescence
enhancement selectivity ratio of complexes 5.1 and 5.2 upon the addition of
c-kit87up, c-kit1 and Pu27 G-quadruplex over ssDNA or dsDNA. (b)
Diagrammatic bar array representation of the luminescence enrichment of 5.1 and
5.2 for AGR2 protein.

Fig. 5.3 (a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence
and presence of 5.2 (5 μM). (b) Melting profile of F10T dsDNA (0.2 μM) in the
absence and presence of 5.2 (5 μM).
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Fig. 5.4 (a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence
and presence of 5.3 (5 μM). (b) Melting profile of F10T dsDNA (0.2 μM) in the
absence and presence of 5.3 (5 μM).

Scheme 5.1. Synthesis of linked Ir(III) complex 5.1. Reagents and conditions: a)
Boc2O, CH2Cl2, 0 to 25 oC, 3 h, 76%; b) methyl 4-(bromomethyl)benzoate, K2CO3,
CH3CN, 0 to 25 oC, overnight, 91%; c) TFA, CH2Cl2, 25 oC, overnight, 95%; d)
1,3-dibromopropane, K2CO3, DMF, 40 to 50 oC, overnight, 76%; e) K2CO3, DMF,
80 oC, 6 h, 72%; f) LiOH, H2O, MeOH, reflux, 2 h, 99%; g)
2-chloro-N-(1,10-phenanthrolin-5-yl)acetamide, K2CO3, DMF, 65 oC, overnight,
75%; h) dichloro-bridged [Ir(ppy)2Cl]2, MeOH:CH2Cl2 = 1:1, 25 oC, overnight,
70%. DMF = N,N-dimethylformamide, Boc2O = di-tert-butyl dicarbonate, TFA =
trifluoroacetic acid.
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Fig. 5.5 Steady-state photoluminescence and TRES of 5.1 in the presence of (a, b)
perylene, (c, d) coumarin and (e‒g) rhodamine B fluorescent media.
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Fig. 5.6 (a) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence
and presence of 5.1 (5 μM). (b) Melting profile of F10T dsDNA (0.2 μM) in the
absence and presence of 5.1 (5 μM). (c) Melting profile of F21T (0.2 μM) in the
absence and presence of 5.1 (5 μM) and ds26 (10 μM) or ssDNA (10 μM).

Fig. 5.7 Luminescence enhancement of complex 5.1 is shown as a function of loop
size of 3-side loop.
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Fig. 5.8 Luminescence enhancement of complex 5.1 in the presence of
intramolecular G-quadruplex and intermolecular G-quadruplex.

Fig. 5.9 Side view of the interactions of 5.1 with G-quadruplex structure in
hypothetical molecular model. The G-quadruplex is depicted as a ribbon
representation (green), while 5.1 is depicted as a space-filling representation
showing carbon (beige), oxygen (red) and nitrogen (blue).
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Fig. 5.10 Side view of the interactions of 5.1 with (a) the human telomeric
G-quadruplex (PDB: 1KF1) and (b) the ckit1 G-quadruplex (PDB: 4WO3)
according to molecular modeling. The G-quadruplex is depicted as a ribbon
representation (green), while 5.1 is depicted as a space-filling representation
showing carbon (beige), oxygen (red) and nitrogen (blue).
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Intensity (a.u.)

Fig. 5.11 Emission spectra of the system ([5.1] = 0.5 µM, [probe DNA duplex] =
0.5 µM, [K+] = 50 mM) in the presence or absence of AGR2 (80 nM).

1000

0 nM AGR2
80 nM AGR2

800
600
400
200
0
500

550

600

650

700

750

Wavelength (nm)

Fig. 5.12 (a) Relative luminescence intensity of the system with different
concentrations of 5.1. (b) Relative luminescence intensity of the system with
different concentrations of probe DNA duplex. (c) Relative luminescence intensity
with different concentrations of KCl. Unless otherwise stated, the concentration of
complex 5.1 was 0.5 μM and the concentration of probe DNA duplex was 0.5 μM.

Fig. 5.13 Luminescence enhancement of the system with different numbers of
hybridized bases in the presence of 100 nM AGR2.
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Fig. 5.14 (a) Emission spectrum of the system in the presence of increasing
concentrations of AGR2 using the sensing mechanism path A. (b) Linear plot of the
change in luminescence intensity at λ = 585 nm vs. AGR2 concentration.

Fig. 5.15 (a) Luminescence enhancement of the system in response to AGR2 (80
nM) in the presence or absence of probe DNA duplex (0.5 µM). Relative
luminescence response of the system using (b) wild-type and probe Amutant or (c)
wild-type and probe Amutant2.
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Fig. 5.16 CD spectrum of the sensing system (probe DNA = 2 μM) in the absence
and presence of 100 nM AGR2.

Fig. 5.17 Linear plot of the change in luminescence intensity at λ = 585 nm vs.
AGR2 concentration using the sensing mechanism path B.
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Fig. 5.18 Emission spectrum of the system in the presence of increasing
concentrations of AGR2 using the sensing mechanism path B.

Fig. 5.19 (a) Relative luminescence intensity of the system (path B) in the presence
of 50 nM AGR2 or 250 nM other proteins. (b) Luminescence response of the
system (path B) in the presence of increasing concentrations of AGR2 in 2.5 % (v/v)
FBS.
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5.3 Experimental section
5.3.1 Chemicals and materials
Reagents were purchased from Sigma Aldrich (St. Louis, MO) and
were used as received. Iridium chloride hydrate (IrCl3.xH2O) was
purchased from Precious Metals Online (Australia).
5.3.2 Synthesis

The complex 5.1 and 5.3 was synthesized by Z. F. Mao (HKBU, HK).
Compound 5.1b was synthesized using a modified literature method.46
A solution of piperazine 5.1a (2.58 g, 30 mmol) in dichloromethane (75
mL) was cooled to 0 °C on an ice bath. A solution of
di-tert-butyldicarbonate (3.27 g, 15 mmol) in dichloromethane (30 mL)
was added dropwise over 10 minutes with vigorous stirring, forming a
white precipitate. The solution was removed from the ice bath and
stirred under ambient conditions for 3 h. The mixture was filtered and
the solvent was removed by rotary evaporation to give a clear oil.
Water (30 mL) was added, forming a white precipitate. The mixture
was filtered, saturated with potassium carbonate, and extracted with
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diethyl ether (3 x 125 mL). The organic layers were combined, dried
over sodium sulfate, and evaporated to give the product as hygroscopic
white crystals. Yield: 76%.
1

H-NMR (400 MHz; CDCl3): δ 3.34 (t, J = 5.2 Hz, 4H), 2.76 (t, J = 5.2

Hz, 4H), 1.74 (s, 1H), 1.42 (s, 9H).

13

C-NMR (400 MHz; CDCl3): δ

154.7, 79.5, 45.8, 44.4, 28.4. HRMS: Calcd. for C9H19N2O2: m/z =
187.1447. Found: m/z = 187.1444. [M+H].

The solution of methyl 4-(bromomethyl)benzoate (1.55 g, 6.77 mmol),
K2CO3 (1.77 g, 12.8 mmol) in CH3CN was cooled to 0 °C, then
tert-butyl 1-piperazinecarboxylate 5.1b (1.4 g, 7.53 mmol) was added.
The mixture was stirred overnight at room temperature. The mixture
was filtered through a Celite pad and evaporated to dryness to give the
product as a yellow oil, which was purified by silica gel column
chromatography (eluent, ethyl acetate) to afford the desired 1c. Yield:
91%.
1

H-NMR (400 MHz; CDCl3): δ 7.97 (dd, J = 6.8, 1.6 Hz, 2H), 7.39 (d,

J = 8.4 Hz, 2H), 3.90 (s, 3H), 3.54 (s, 2H), 3.42 (t, J = 5.2 Hz, 4H),
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2.37 (t, J = 4.4 Hz, 4H), 1.44 (s, 9H). 13C-NMR (400 MHz; CDCl3): δ
166.9, 154.7, 143.4, 129.6, 129.0, 128.9, 79.6, 62.6, 52.9, 52.0, 43.2,
28.4. HRMS: Calcd. for C18H27N2O4: m/z = 335.1965. Found: m/z =
335.1945. [M+H].

Tert-butyl 4-(4-(methoxycarbonyl)benzyl)piperazine-l-carboxylate 5.1c
(1.5 g, 4.49 mmol) was dissolved in a mixture of trifluoroacetic acid
(4.0 mL) and dichloromethane (13.5 mL). The solution was stirred at
room temperature overnight, and then was evaporated to dryness in
vacuum to give the product as colourless oil. Yield: 95%.
1

H-NMR (400 MHz; DMSO-d6): δ 7.95 (dd, J = 6.4, 1.6 Hz, 2H), 7.48

(d, J = 8.4 Hz, 2H), 3.86 (s, 3H), 3.63 (s, 2H), 3.10 (t, J = 4.8 Hz, 4H),
2.58 (t, J = 4.8 Hz, 4H). 13C-NMR (400 MHz; DMSO-d6): δ 166.1,
143.1, 129.2, 129.0, 128.5, 60.9, 52.1, 49.1, 42.9. HRMS: Calcd. for
C13H19N2O2: m/z = 235.1447. Found: m/z = 235.1460. [M+H].

Compound 5.1f was synthesized using a modified literature method. 47
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To a solution of compound 5.1e (1.18 g, 6.0 mmol) in DMF (40 mL)
was added potassium carbonate (3.32 g, 24.0 mmol). After the reaction
was stirred at 40 °C for 1 h, 1,3-dibromopropane (4.85 g, 24.0 mmol)
was added, and the resulting mixture was stirred overnight at 50 °C.
The mixture was cooled to room temperature. The mixture was
extracted with EA and washed with water. Subsequently, the organic
extracts were collected, dried over anhydrous sodium sulfate and
concentrated under reduced pressure to give the crude material, which
was

purified

by

silica

gel

column

chromatography

(eluent,

dichloromethane/hexane, 1:2, v/v) to afford the desired naphthalimide
bromide 5.1f. Yield: 76%. 1H-NMR (400 MHz; CDCl3): δ 8.59 (dd, J =
7.2, 1.2 Hz, 2H), 8.21 (dd, J = 8.8, 1.2 Hz, 2H), 7.77-7.73 (m, 2H),
4.33 (t, J = 6.8 Hz, 2H), 3.50 (t, J = 7.2 Hz, 2H), 2.37-2.30 (m, 2H).
13

C-NMR (400 MHz; CDCl3): δ 164.2, 134.0, 131.6, 131.3, 128.1,

126.9, 122.5, 39.3, 31.4, 30.5. HRMS: Calcd. for C15H13BrNO2: m/z =
318.0124. Found: m/z = 318.0137. [M+H].
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Compound 5.1g was synthesized using a modified literature method.48
A suspension of the compound 5.1d (0.70 g, 3.0 mmol) in DMF (18
mL) and K2CO3 (829 mg, 6 mmol) was heated at 80 °C for 10 min.
Compound 5.1f (881 mg, 3.3 mmol) were then added and the reaction
was stirred at the same temperature for 6 h. After cooling at room
temperature, the solvent was evaporated and the residue partitioned
between water (50 mL) and ethyl acetate (50 mL). The aqueous phase
was further extracted with ethyl acetate (3  30 mL) and the combined
organic layers were dried over Na2SO4, evaporated to dryness and then
was purified by silica gel column chromatography (eluent, ethyl
acetate/dichloromethane, 1:1, v/v) to afford the desired product 5.1g.
Yield: 72%.
1

H-NMR (400 MHz; CDCl3): δ 8.58 (dd, J = 7.2, 0.8 Hz, 2H), 8.20 (dd,

J = 8.4, 0.8 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.75 (m, 2H), 7.34 (d, J
= 8.4 Hz, 2H), 4.24 (t, J = 7.2 Hz, 2H), 3.90 (s, 3H), 3.44 (s, 2H), 2.51
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(t, J = 7.2 Hz, 2H), 2.46-2.36 (m, 6H), 1.97-1.90 (m, 2H), 1.79 (s, 2H).
13

C-NMR (400 MHz; CDCl3): δ 167.0, 164.2, 143.8, 133.8, 131.6,

131.1, 129.5, 128.9, 128.9, 128.2, 126.9, 122.8, 62.6, 56.1, 53.1, 53.0,
52.0, 38.9, 25.0. HRMS: Calcd. for C28H30N3O4: m/z = 472.2231.
Found: m/z = 472.2254. [M+H].

A solution of lithium hydroxide (73.5 mg, 1.75 mmol) in H2O (2 mL)
was added to a solution of Intermediate 5.1g (330 mg, 0.70 mmol) in
methanol (6 mL) and the mixture was heated at reflux for 2 h. The
mixture was concentrated under reduced pressure. 30 mL water was
added to the mixture and then the mixture was acidified with aqueous
HCl until a white solid formed. Because compound 5.1h has poor
solubility, it was used without further purification.
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To a solution of compound 5.1h (0.318 g, 0.696 mmol) and potassium
carbonate (0.132 g, 0.949 mmol) in N, N-dimethylformamide (10 mL),
was added 2-chloro-N-(1,10-phenanthrolin-5-yl)acetamide (0.171 g,
0.633 mmol). After stirring at 65 °C overnight, the reaction mixture
was diluted with ethyl acetate (25 mL), washed with water and brine.
The organic phase was dried over Na2SO4, filtered and isolated by
silica gel flash chromatography (eluent, methanol/dichloromethane,
1:10, v/v) to obtain the product 5.1i. Yield: 75%.
1

H-NMR (400 MHz; CDCl3): δ 9.36 (s, 1H), 8.98 (t, J = 4.4 Hz, 2H),

8.49 (dd, J = 7.2, 0.8 Hz, 2H), 8.32 (d, J = 8.4 Hz, 1H), 8.13 (d, J = 7.6
Hz, 2H), 8.08-7.98 (m, 4H), 7.67 (t, J = 7.6 Hz, 2H), 7.50-7.42 (m, 2H),
7.32 (d, J = 8.4 Hz, 2H), 5.09 (s, 2H), 4.17 (t, J = 7.2 Hz, 2H), 3.41 (s,
2H), 2.49-2.34 (m, 10H), 1.92-1.85 (m, 2H).

13

C-NMR (400 MHz;

CDCl3): δ 166.9, 165.7, 164.1, 149.9, 149.7, 146.1, 144.7, 144.3, 135.8,
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133.8, 131.4, 131.0, 130.2, 129.9, 129.7, 129.1, 128.0, 127.9, 127.4,
126.8, 124.2, 123.3, 122.7, 122.5, 120.3, 63.8, 62.3, 55.8, 52.8, 38.7,
29.6, 24.8. HRMS: Calcd. for C41H36N6O5: m/z = 693.2820. Found: m/z
= 693.2824. [M+H].

Complex 5.1 was synthesized using a modified literature method.49 A
solution of ligand 5.1i (21.3 mg, 0.031 mmol) and the dichloro-bridged
[Ir(ppy)2Cl]2 (15 mg, 0.014 mmol) in dichloromethane (3 mL) and
methanol (3 mL) was stirred at room temperature overnight. After the
reaction completed, an excess of solid NH4PF6 was added and stirred
for another 0.5 h at room temperature. The solvent was removed under
reduced pressure and the residue was purified by silica gel column
chromatography (eluent, methanol/dichloromethane, 1:10, v/v) to yield
5.1 as an orange powder. Yield: 70%.
207

Chapter 5
1

H-NMR (400 MHz; Acetone-d6): δ 10.12 (s, 1H), 9.05 (dd, J = 8.4, 0.8

Hz, 1H), 8.82 (dd, J = 8.0, 1.2 Hz, 1H), 8.67 (s, 1H), 8.54 (dd, J = 7.2,
1.2 Hz, 2H), 8.47-8.42 (m, 3H), 8.35 (dd, J = 4.8, 1.2 Hz, 1H), 8.22 (d,
J = 8.0 Hz, 2H), 8.10-8.06 (m, 3H), 8.01 (dd, J = 8.4, 5.2 Hz, 1H),
7.93-7.85 (m, 6H), 7.69-7.67 (m, 2H), 7.45 (d, J = 8.0 Hz, 2H),
7.09-7.04 (m, 2H), 6.99-6.93 (m, 4H), 6.45-6.42 (m, 2H), 5.22 (dd, J =
16.8, 15.2 Hz, 2H), 4.22 (t, J = 7.2 Hz, 2H, 3.46 (s, 2H), 2.58-2.28 (m,
10H), 1.97-1.90 (m, 2H).

13

C-NMR (400 MHz; Acetone-d6): δ 205.3,

167.8, 167.7, 167.2, 165.7, 163.8, 151.4, 150.5, 150.1, 149.7, 149.5,
147.4, 145.0, 144.9, 144.3, 144.2, 138.6, 138.3, 134.2, 134.0, 133.7,
131.9, 131.8, 131.7, 131.2, 130.6, 130.4, 130.3, 129.7, 129.0, 128.2,
128.0, 127.8, 127.2, 127.0, 126.6, 124.9, 123.5, 123.4, 122.9, 122.6,
120.8, 119.8, 63.4, 61.9, 55.9, 52.9, 52.6, 38.4, 24.4. HRMS: Calcd. for
C63H52IrN8O5[M–PF6]+:

1193.3690

Found:

1193.3677.

Anal.

(C63H52IrN8O5PF6·3.5H2O) C, H, N: calcd 54, 4.24, 8; found: 53.67, 4,
8.17.
5.3.3 Preparation of oligonucleotides
The DNA was prepared as previously described.50 Before analysis,
oligonucleotides were heated at 95 °C for 5 min, then diluted into 100
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mM Tris-HCl, pH 7.2, 50 mM KCl and cooled to room temperature.
5.3.4 Luminescence response of Ir(III) complexes towards different
forms of DNA
The assay was performed as previously described.50 Oligonucleotides
and Ir(III) complex were mixed at 5 µM and 1 µM final concentrations,
respectively. Samples were incubated in 50 mM Tris-HCl, pH 7.2, and
50 mM KCl while the final volume is 500 µL.
Fold change IDNA/I0 is defined as luminescence intensity at the
maximum wavelength of complex in the presence of DNA (IDNA)
divided by the luminescence intensity at the maximum wavelength of
complex alone (I0). The luminescence selectivity ratio of complexes
5.1–5.2 equal to the fold change of complexes 5.1–5.2 towards
G-quadruplex (IG-quadruplex/I0) divided by the fold change of complexes
5.1–2 towards ssDNA (IssDNA/I0) or dsDNA (IdsDNA/I0) which is equal to
IG-quadruplex/IssDNA or IG-quadruplex/IdsDNA respectively.
5.3.5 Circular dichroism (CD) measurement
CD spectra was recorded on a JASCO-815 spectropolarimeter using 1
cm path length quartz cuvettes. Spectra was collected between 220 nm
and 335 nm, using 2 cm bandwidth, 100 nm min –1 scan speed and five
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scans. The data were baseline corrected using CD spectra of buffer
alone.
5.3.6 Detection of AGR2 in aqueous solution
The random-coil oligonucleotides Probe A (100 μM) and Probe B (100
μM) were mixed 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. 5 μL of 50 μM duplex DNA (Probe A and B) was added into 40 μL
of Tris buffered solution (20 mM Tris-HCl, pH 7.0) with the indicated
concentrations of AGR2. The mixture was then incubated at 37 °C for
45 min. For path A, the mixture was subsequently diluted using Tris
buffer (20 mM Tris, 50 mM KCl, pH 7.0) to a final volume of 499 µL.
Finally, 1 µL of 0.5 mM of complex 5.1 was added to the mixture and
the mixture was incubated for 5 min before measurement. Emission
spectra were recorded by QM-4 Photon Technology International in the
range of 500−750 nm using an excitation wavelength of 330 nm.
For path B, after the incubation of the mixture at 37 °C, ExoIII
and ExoI were added into the solution at the concentration of 20 U/mL.
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And the mixture was incubated at 37 °C for 30 min, followed by the
enzyme inactivation by 20 mM EDTA. The mixture was cooled down
and subsequently diluted using Tris buffer (20 mM Tris, 50 mM KCl,
pH 7.0) to a final volume of 499 µL. Finally, 1 µL of 0.5 mM of
complex 5.1 was added to the mixture and the mixture was incubated
for 5 min before measurement. Emission spectra were recorded by
QM-4 Photon Technology International in the range of 500−750 nm
using an excitation wavelength of 330 nm.
5.4 Conclusion

In conclusion, we have successfully linked a known G-quadruplex
groove binder, benzo[d,e]isoquinoline motif, to a Ir(III) complex, thus
generating a highly selective G-quadruplex probe 5.1 which showed
advantages of both parent complex 5.2 and groove binder 5.3. Similar
with 5.3, the conjugated complex 5.1 exhibits superior affinity and
selectivity for G-quadruplex DNA over other conformations of DNA or
protein, with the fold enhancement ratio obviously improved
comparing with the parent complex 5.2. The molecular modelling
revealed

a groove-binding

mode between

complex

5.1

and

G-quadruplex. Meanwhile it also possesses the prominent advantage of
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transition metal complex probe such as large Stokes shift and long
lifetime phosphorescence. We successfully employed time-resolved
emission spectra measurements to demonstrate the detectability of long
lifetime luminescence of 5.1 in the strong fluorescence media. We then
employed 5.1 to develop a G-quadruplex-based sensing system for the
detection of AGR2, a potential serum biomarker for cancer, as a
“proof-of-principle” concept. A detection limit of 1 nM for AGR2 was
achieved by using this label-free method with superior selectivity over
a variety of other proteins, and the assay could function effectively for
AGR2 detection in diluted fetal bovine serum. We anticipate that this
conjugating method may be further employed for the development of
G-quadruplex probes as well as the detection of specific biomarkers
associated with various human diseases. The content of Chapter 5 has
been published on Chemical Science (2016, 7, 2516.) by the Royal
Society of Chemistry, which does not need permission requested for
use of the whole article in a thesis by the author and the co-authors are
aware of this.51
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Chapter 6
Conclusion

In this study, I seek to synthesize various kinds of iridium(III) complexes as
chemosensors and G-quadruplex probe for the detection of metal ions, small
molecules, proteins and DNA to demonstrate the versatility of iridium(III) complex
in luminescence sensing. In the first part of my PhD study, I synthesize two kinds
of chemosensors for metal ion and small molecule detection which could even be
used for in vivo imaging. However, the synthesis of binding motif and the
conjugation process to iridium(III) complex is relatively difficult. DNA aptamer
displays strong binding affinity and selectivity towards targets while it is
commercial available and the cost of DNA is low. As the consequence, I start the
projects about the development of DNA-based sensing platform utilizing
iridium(III) complex. After the demonstration of the use of iridium(III) complexes
in G-quadruplex-based sensing platform for metal ions, proteins, small molecules
and DNA detection, it was discovered that structural changes affect both Gquadruplex-binding

affinity

and

photophysical

properties

of

iridium(III)

compelxes, and it can be sometimes difficult to improve the G-quadruplex
recognition abilities of a metal complex without adversely influencing its
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photophysical characteristics. In the final part of my study, I sought to design and
synthesize a benzo[d,e]isoquinoline-linked iridium(III) complex by functionalizing
a parent luminescent iridium(III) complex with a known G-quadruplex groove
binder. We successfully employed time-resolved emission spectra measurements to
demonstrate the detectability of long lifetime luminescence complex in the strong
fluorescence media and employed it to develop a G-quadruplex-based sensing
system for the detection of AGR2. We anticipate that this conjugating method may
be further employed for the development of G-quadruplex probes as well as the
detection of specific biomarkers associated with various human diseases.
It is encouraging to see that many of the recent examples have investigated the
utility of complexes for sensing analytes in living cells, or even living organisms
such as zebrafish. This is an important step forward because many of the cations,
anions or small molecules that are assayed represent biomarkers or even causative
agents of human disease. In this context, the general stability of Group 9 metal
complexes is suited for their roles as sensors in biological media. A
phosphorescent iridium(III) complex had previously been used to detect hypoxia
mouse tumor model, and is now even commercially available. For biological
application, the complexes should preferably show only limited toxicity to
mammalian cells. Thus, researchers should also consider cytotoxicity as a factor in
the design of sensors. Combined with time-resolved measurement or imaging,
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phosphorescent metal complexes may be able to play key roles in addressing
questions about the roles of specific analytes in live biological tissues.
Moving forward, the future of phosphorescent chemosensors appears to be
bright. Future designs should focus on the sensitivity and selectivity of the
complex for the target analyte, particularly when interfering substances are present.
We encourage researchers to demonstrate that the utility of their chemosensors in
model systems such as (diluted) cellular extracts or serum, or aquatic
environmental samples. Additionally, biocompatibility and aqueous compatibility
are secondary objectives that could also enhance the practical application of the
chemosensors.
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