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Development of a luminescent 
G-quadruplex-selective iridium(III) 
complex for the label-free detection 
of adenosine
Lihua Lu1,*, Hai-Jing Zhong2,*, Bingyong He1, Chung-Hang Leung2 & Dik-Lung Ma1,3

A panel of six luminescent iridium(III) complexes were synthesized and evaluated for their ability to 
act as G-quadruplex-selective probes. The novel iridium(III) complex 1 was found to be highly selective 
for G-quadruplex DNA, and was employed for the construction of a label-free G-quadruplex-based 
adenosine detection assay in aqueous solution. Two different detection strategies were investigated 
for adenosine detection, and the results showed that initial addition of adenosine to the adenosine 
aptamer gave superior results. The assay exhibited a linear response for adenosine in the concentration 
range of 5 to 120 μM (R2 = 0.992), and the limit of detection for adenosine was 5 μM. Moreover, this 
assay was highly selective for adenosine over other nucleosides, and exhibited potential use for 
biological sample analysis.

Adenosine, an endogenous purine nucleoside, is involved in many physiological processes in various tissues 
and organs1. In the peripheral nervous system, adenosine plays an important role in the regulation of muscle 
contraction, cerebral and blood flow, and is an effective vasodilator. In the central nervous system, it is involved 
in the modulation of neurotransmission and acts as a neuroprotective agent against hypoglycemia, hypoxia, and 
ischemia2,3. Moreover, adenosine has an inhibitory effect on synaptic activity and slows down the metabolic activ-
ity of the brain, and may also play an important role in the immune system4.

Therefore, it is of great importance to develop simple and rapid detection methods for adenosine. 
Chromatographic techniques including high-performance liquid chromatography (HPLC)5 and gas/liquid 
chromatography-mass spectrometry (GC/LC-MS)6 have been widely employed to detect adenosine. However, 
these techniques tend to require expensive instrumentation, tedious preparation procedures, and trained 
operators. On the other hand, aptamers are nucleic acid sequences that can selectively bind to specific mole-
cules, and which have been widely employed for bioanalytical applications7. Szostak and co-workers reported 
that the 27-mer adenosine aptamer binds to adenosine with a dissociation constant of 6 μ M8, and this binding 
event is accompanied by a transition of the aptamer from a random single-stranded DNA (ssDNA) conforma-
tion into a hairpin-like conformation. The “structure-switching” response of the adenosine aptamer has been 
transduced into colorimetric9–13, luminescent3,7,14–18, electrochemical4,19–26, electrochemiluminescent (ECL)27–30 
or surface-enhanced Raman scattering (SERS)31–34 signals in various adenosine detection assays. However, the 
majority of these aptamer-based assays for adenosine detection required labeled oligonucleotides and/or multiple 
DNA probes35–38.

The G-quadruplex structure, a non-canonical DNA secondary structure consisting of planar stacks of four 
guanines stabilized by Hoogsteen hydrogen bonding, has drawn increasing interest in various analytical appli-
cations14. To construct label-free G-quadruplex-based detection platforms, it is important to develop probes 
that possess high affinity and selectivity for G-quadruplex DNA. However, some commonly-used organic dyes, 
such as crystal violet, thiazole orange and thioflavin T, show promiscuous binding to multiple DNA confor-
mations39. Meanwhile, transition metal complexes have attracted great interest as probes for biomolecules 
due to their long lifetimes, large Stokes shifts, simple synthetic protocols and tunable excitation and emission 
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maxima over the visible region40–45. In particular, iridium(III) octahedral complexes have been recently studied as 
G-quadruplex-selective probes for the development of luminescent assays46,47. Recently, our group has developed 
a variety of iridium(III) complexes as G-quadruplex-selective probes for the construction of a range of label-free 
luminescent detection platforms48–51. In this work, we envisaged that we could develop a G-quadruplex-selective 
iridium(III) complex for use in the construction of a label-free, aptamer-based luminescent switch-on detection 
platform for adenosine.

Results
The proposed mechanism of the aptamer-based detection platform for adenosine using the luminescent 
G-quadruplex-selective Ir(III) probe is depicted in Fig. 1. In this work, two different detection strategies, Route A 
and Route B, were investigated. In Route A, the adenosine aptamer ON1 (5′ -AC2TG5AGTAT2GCG2AG2A2G2T-3′)  
is first reacted with adenosine to generate an adenosine-aptamer complex. Then an equimolar concentration of 
the capture DNA ON2 (5′ -G3T3G3ACTC5AG2TG3T3G3-3′ ), which is partially complementary to ON1 and which 
also contains two halves of a split G-quadruplex at its two termini, is added to the reaction mixture. Some of the 
ON2 hybridizes with the free ON1 in solution, and this prevents the split G-quadruplex-forming sequences of 
ON2 from coming into proximity and forming a G-quadruplex motif. Meanwhile, the remaining, unhybridized 
ON2 can be induced into a G-quadruplex structure in the presence of K+ ions, and which can be bound by the 
iridium(III) complex with an enhanced luminescent response. The greater the concentration of adenosine ini-
tially present in the solution, the more adenosine-ON1 complexes are formed, and hence the more unhybridized 
ON2 are available for G-quadruplex formation. Therefore, this system functions as a label-free switch-on lumi-
nescent detection platform for adenosine.

In Route B, the adenosine aptamer ON1 and the capture DNA ON2 are initially hybridized to form a duplex 
substrate ON1-ON2. Then the addition of adenosine causes ON1 to dissociate from ON2, allowing the released 
ON2 to fold into a G-quadruplex motif in the presence of K+ ions. This G-quadruplex is similarly recognized by 
the G-quadruplex-selective probe with an increased luminescent response.

Both routes rely on the fact that the binding affinity of aptamer ON1 toward adenosine is stronger than that 
for the partially complementary capture DNA ON2. Consequently, in Route A, ON2 is unable to dissociate 
already-formed adenosine-ON1 complexes, whereas in Route B, adenosine can dissociate pre-formed ON1-ON2 
duplexes.

In order to obtain a superior G-quadruplex-selective probe, six Ir(III) complexes 1–6 carrying different C^N 
and N^N ligands were synthesized in the present study (Fig. 2). Complexes 1–6 were initially tested for their 
ability to discriminate G-quadruplex (G4) from double-stranded DNA (dsDNA) and single-stranded DNA 
(ssDNA) (Table S1). Interestingly, the novel complex 1 [Ir(mppy)2(2,9-diphen)]+ (where mppy =  3-methyl
-2-phenylpyridine, 2,9-diphen =  2,9-diphenyl-1,10-phenanthroline) showed an excellent discrimination for 
G-quadruplex DNA, with the highest IG4/IdsDNA and IG4/IssDNA values among the six complexes tested (Fig. 3). 
Complex 1 also exhibited the strongest luminescence response to the ON2 G-quadruplex (ca. 3.6-fold), while 
only slight luminescence changes were observed for ssDNA (CCR5-DEL) and dsDNA (ds17) (Figure S1a and 
S1g). On the other hand, complexes 2–6 showed little or no selectivity towards G-quadruplex DNA (Figure S1b–
S1f and S1g). Complex 1 possesses two phenyl groups at the 2 and 9 positions of its 1,10-phenanthroline N^N 
ligand, and one 3-methyl group on its 2-phenylpyridine C^N ligands. Complexes 2, 4 and 6 showed the lowest 
selectivity to G-quadruplex DNA, suggesting that their N^N and C^N ligands were of an unsuitable structure 
to interact effectively with G-quadruplex DNA. These results suggest that the selectivity of the iridium(III) com-
plexes for G-quadruplex DNA are dependent on their molecular structure, including substitution pattern and 
molecular size.

Figure 1.  Schematic presentation of the aptamer-based adenosine detection by using a G-quadruplex 
selective luminescent probe showing experimental detection strategies Route A and Route B. 



www.nature.com/scientificreports/

3Scientific Reports | 6:19368 | DOI: 10.1038/srep19368

The characterization and photophysical properties of the complex 1 are presented in the ESI (Table S2 
and Figure S2). The specific binding of complex 1 towards G-quadruplex DNA was further confirmed by 
G-quadruplex fluorescent intercalator displacement (G4-FID) experiments and fluorescence resonance energy 
transfer (FRET)-melting assays. The G4-FID assay showed that 1 was able to displace thiazole orange (TO) from 
the ON2 G-quadruplex with a G4DC50 value (half-maximal concentration of compound required to displace 50% 
TO from DNA) of 7.0 μ M (Fig. 4a). By contrast, less than 50% of TO was displaced from dsDNA even at the high-
est concentrations of 1 tested. The melting temperature (Δ Tm) of the F21T G-quadruplex was increased by about 
7.0 °C in the presence of 1 (Fig. 4b). On the other hand, 1 increased the melting temperature of F10T dsDNA by 

Figure 2.  Chemical structures of Ir(III) complexes (1–6) used in this study. Complex (1), [Ir(mppy)2 
(2,9-diphen)]+ (mppy =  3-methyl-2-phenylpyridine, 2,9-diphen =  2,9-diphenyl-1,10-phenanthroline); 
Complex (2), [Ir(pbd)2(biq)]+ (pbd =  4-(pyridin-2-yl)benzaldehyde, biq =  2,2′ -biquinoline); Complex (3), 
[Ir(ptpy)2(phen)]+ (ptpy =  2-(p-tolyl)pyridine, phen =  1,10-phenanthroline); Complex (4), [Ir(ppy)2(bpy)]+ 
(ppy =  2-phenylpyridine, bpy =  2,2′ -bipyridine); Complex (5), [Ir(phq)2(dmobpy)]+ (phq =  2-phenylquinoline, 
dmobpy =  4,4′ -dimethoxy-2,2′ -bipyridine); Complex (6), [Ir(pbi)2(dmdpphen)]+ (pbi =  2-phenyl-1H-
benzo[d]imidazole, dmdpphen =  2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline).

Figure 3.  Diagrammatic bar array representation of the luminescence enhancement selectivity ratio of 
complexes (1–6) for G-quadruplex DNA (ON2) over dsDNA (ds17) and ssDNA (CCR5-DEL). Error bars 
represent the standard deviations of the results from three independent experiments.
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only 3.0 °C under the same conditions (Fig. 4c). Taken together, these results indicate that complex 1 selectively 
binds to G-quadruplex DNA over dsDNA or ssDNA. Since the signal transducer ON2 contains a long loop that is 
partially complementary with the adenosine aptamer ON1, the role of G-quadruplex loops in the binding inter-
action with complex 1 was investigated. The luminescence of 1 in the presence of different G-quadruplex DNA 
structures, including sequences containing a 5′ -side loop, a central loop or a 3′ -side loop, with loop sizes rang-
ing from 1 to 15 nucleotides (nt) were tested (Fig. 4d–f). The results showed that the luminescence intensity of 
complex 1 generally increased with loop size regardless of the site of the loop. The luminescence enhancement of 
complex 1 increased from 2.7 to 6.9-fold for the 5′ -side loop, from 2.4 to 8.3-fold for the central loop and from 2.3 
to 7.2-fold for the 3′ -side loop, as the loop size increased from 1 to 15 nt. This result shows that the G-quadruplex 
loop may play an important role in the interaction of G-quadruplex-complex 1, and the loop size could affect the 
binding interaction between ligands and G-quadruplex DNA52. Based on these results and previously reported 
adenosine aptamer DNA sequences11,37, the 12 nt central loop was employed for the capture DNA ON2.

We first investigated the luminescence response of the system to adenosine (both Route A and B). Upon incu-
bation with adenosine, the luminescence of 1 was significantly enhanced. We hypothesize that the luminescence 
enhancement of the system was due to the association of adenosine and aptamer ON1, which allows free ON2 
to form a G-quadruplex motif that is recognized by 1. To confirm that the observed luminescence enhancement 
arose from the formation of the ON2 G-quadruplex, a number of control experiments were carried out. No 
significant signal enhancement was observed when adenosine was added to 1 in the absence of ON1 and ON2, 
indicating that 1 did not interact with adenosine directly (Figure S3). We also designed a mutant DNA substrate 
ON2m (5′ -A2GT3C2GACTC5AG2TGC2T3GA2-3′ , the bold italic bases are mutant bases) that is unable to form 
into a G-quadruplex structure due to the absence of key guanine residues in the two split G-quadruplex-forming 
sequences. As expected, for the mutant DNA substrate, only minimal enhancement in the luminescence of 1 
was observed at 80 μ M adenosine, indicating that the formation of the G-quadruplex motif is important for the 
mechanism of this detection platform (Figure S4). Circular dichroism (CD) spectroscopy was also employed to 
confirm the G-quadruplex conformational transition induced by adenosine (Figure S5). The CD spectrum of the 
ON1/ON2 reaction system in the absence of adenosine exhibits a positive peak at 260 nm and a negative peak at 
235 nm, which are typical peaks for duplex DNA. Upon the addition of adenosine, the spectrum changes to reveal 
a positive band around 285 nm and a weak negative peak at 240 nm, consistent with the reported spectrum for 
an anti-parallel G-quadruplex53. Taken together, these results indicate that the luminescence enhancement of the 
system originated from the specific interaction between complex 1 with the ON2 G-quadruplex induced by the 
addition of adenosine.

Figure 4.  (a) G4-FID titration curves of DNA duplex ds17 (0.25 μ M) and G-quadruplex ON2 (0.25 μ M) in 
the presence of increasing concentration of complex 1 in Tris-HCl buffer. (G4DC50 value is determined by the 
half-maximal concentration of compound required to displace 50% TO from G-quadruplex DNA). (b) Melting 
profile of F21T G-quadruplex DNA (0.2 μ M) in the absence and presence of 1 (3 μ M). (c) Melting profile of 
F10T dsDNA (0.2 μ M) in the absence and presence of 1 (3 μ M). (d) Luminescence enhancement of complex 
1 (1 μ M) as a function of 5′ -side loop, 5′ -G3TnG3T3G3T3G3-3′ . (e) Luminescence enhancement of complex 1 
(1 μ M) as a function of central loop, 5′ -G3T3G3TnG3T3G3-3′  and (f) Luminescence enhancement of complex 1 
(1 μ M) as a function of 3′ -side loop, 5′ -G3T3G3T3G3TnG3-3′  (in nucleotides).
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The mole ratio of ON1 and ON2 was fixed at 1:1 since ON2 was expected to hybridize to ON1 completely 
in the absence of adenosine. After optimization of the concentrations of ON1/ON2 (Figure S6) and complex 
1 (Figure S7), the luminescence response of the system to different concentrations of adenosine (0 to 300 μ M) 
was tested. For Route A, the system exhibited a ca. 5.7-fold enhancement in emission intensity at [adeno-
sine] =  300 μ M (Fig. 5a,b), with a linear range of detection for adenosine from 5 to 120 μ M (y =  0.027x  +  1.192, 
R2 =  0.992) (Fig. 5c). For Route B, the system showed a ca. 4.6-fold enhancement in emission intensity at [aden-
osine] =  300 μ M (Fig. 5d,e), with a narrower linear range of 5 to 60 μ M (y =  0.043x  +  1.073, R2 =  0.985) (Fig. 5f) 
for Route B. These results suggest that Route A is preferable to Route B, which could be attributed to the fact that 
in Route A, the more stable adenosine-ON1 complex is formed first, which could limit the dissociation of this 
complex by ON237. On the other hand, in Route B, the ON1-ON2 duplex is initially generated by a slow annealing 
process, and thus the desired dissociation of the duplex by adenosine may be incomplete. The detection limit of 
this assay for adenosine was estimated to be 5 μ M at a signal-to-noise ratio (S/N) of 3 (Figure S8a and S8b) for 
both Route A and B. This detection limit is comparable to those of previously reported aptamer-based label-free 
methods12,32 (Table S3).

The selectivity of this detection platform for adenosine was evaluated by investigating the luminescent 
response of the system to other nucleosides, such as cytidine (C), guanosine (G) and uridine (U). The results 
showed that only adenosine could significantly enhance the luminescence of the complex 1/ON1/ON2 system 
(Fig. 6), while no signal enhancement with the other nucleosides was observed. These results indicate that the 
system displays significant selectivity for adenosine over other nucleosides, which is attributed to the specific 
interaction of adenosine towards the adenosine aptamer.

To evaluate the robustness of the detection system, we investigated the performance of the sensing platform 
for adenosine in the presence of cellular debris. In a reaction system containing 0.5% (v/v) cell extract, the com-
plex 1/ON1/ON2 DNA system (Route A) experienced a gradual increase in luminescence intensity as the concen-
tration of adenosine was increased (Figure S9a–S9c). This result demonstrates that this assay could potentially be 
further developed as a sensitive adenosine detection method for biological sample analysis.

Discussion
In summary, the novel luminescent Ir(III) complex 1 has been found to display excellent selectivity for 
G-quadruplex DNA over dsDNA and ssDNA, and was utilized to construct a label-free G-quadruplex-based 
detection platform for adenosine. In the absence of adenosine, the free aptamer ON1 is captured by the 

Figure 5.  (a) Luminescence spectra of the system (Route A) in response to various concentrations of 
adenosine: 0, 5, 10, 20, 40, 60, 80, 120, 180, 240 and 300 μ M. (b) The relationship between luminescence 
intensity at λ  =  590 nm and adenosine concentration (Route A). (c) Linear plot of the change in luminescence 
intensity at λ  =  590 nm vs. adenosine concentration (Route A). Error bars represent the standard deviations of 
the results from three independent experiments. (d) Luminescence spectra of the system (Route B) in response 
to various concentrations of adenosine: 0, 5, 10, 20, 40, 60, 80, 120, 180, 240 and 300 μ M. (e) The relationship 
between luminescence intensity at λ  =  590 nm and adenosine concentration for (Route B). (f) Linear plot of the 
change in luminescence intensity at λ  =  590 nm vs. adenosine concentration (Route B). Error bars represent the 
standard deviations of the results from three independent experiments.
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complementary capture DNA ON2, forming a duplex structure that interacts weakly with 1. However, the 
luminescence of the system is significantly enhanced by the addition of adenosine due to the formation of 
adenosine-ON1 complexes, allowing free ON2 to fold into a G-quadruplex motif that is recognized by com-
plex 1. Furthermore, this assay was highly selective for adenosine over other nucleosides. Recently, we have 
reported a detection platform for adenosine-5′ -triphosphate (ATP) utilizing the [Ir(ppy)2(biq)]PF6 (where 
ppy =  2-phenylpyridine, biq =  2,2′ -biquinoline) as luminescent probe to monitor the G-quadruplex for-
mation induced by ATP. The sensitivity of this detection platform (detection limit =  2.5 μ M) is superior 
to that of the previously reported ATP detection method by using organic dye crystal violet (CV) (detection 
limit =  5.0 μ M)51. More recently, an Ochratoxin A (OTA) detection method by using a similar iridium(III) com-
plex [Ir(piq)2(tmphen)]+ (where piq =  1-phenylisoquinoline, tmphen =  3,4,7,8-tetramethyl-1,10-phenanthrolin
e) was developed by our group, and this G-quadruplex-based luminescent switch-on assay was able to detect 
down to 5 nM of OTA48. In this study, complex 1 can monitor as low as 5 μ M of adenosine, which is compara-
ble to other reported label-free G-quadruplex-based assays for small molecules detection by using iridium(III) 
complexes. Overall, this label-free G-quadruplex-based luminescence switch-on platform is simple, rapid and 
cost-effective compared to conventional chromatographic or label-based assays, and can be readily adapted for 
the detection of other analytes by modification of the aptamer sequence. Thus, this simple technique can offer a 
new direction in the design of label-free G-quadruplex-based biosensors for the sensitive and selective detection 
of a wide spectrum of targets.

Methods
Chemicals and materials.  Adenosine (A), cytidine (C), guanosine (G) and uridine (U) were purchased 
from Sigma Aldrich (St. Louis, MO) and were used as received. Other reagents, unless specified, were also pur-
chased from Sigma Aldrich (St. Louis, MO). Iridium chloride hydrate (IrCl3·xH2O) was purchased from Precious 
Metals Online (Australia). All oligonucleotides were synthesized by Techdragon Inc. (Hong Kong, China).

FRET melting assay.  The ability of 1 to stabilize G-quadruplex DNA or dsDNA was investigated using a 
fluorescence resonance energy transfer (FRET) melting assay. The experimental procedure was similar to previ-
ously described54.

G-quadruplex fluorescent intercalator displacement (G4-FID) assay.  The G4-FID experiment was 
used to evaluate the binding affinity of 1 to G-quadruplex DNA or dsDNA. The experiment procedure was the 
same as previously reported55.

Detection of adenosine in buffered solution.  The adenosine aptamer ON1 (100 μ M) and the capture 
DNA containing two split G-quadruplex-forming sequences ON2 (100 μ M) were separately heated to 95 °C for 
10 min, and then immediately immersed into 4 °C water to generate single-stranded oligonucleotides. The DNA 
was stored at –20 °C before use. As shown in Scheme 1, two different experimental routes for the assay were 
employed.

Route A: 0.5 μ M of aptamer ON1 was incubated with various concentrations of adenosine in 500 μ L Tris-HCl 
buffer (20 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, pH 7.4) at 37 °C for 1 h, leading to the formation of an 
adenosine-aptamer complex. Then, the capture DNA probe ON2 (0.5 μ M) was added to the reaction mixture 
to hybridize with the non-reacted aptamer ON1. After 1 h’s incubation at 37 °C, 75 mM of potassium ions were 
added to induce the formation of unhybridized ON2 into a G-quadruplex structure.

Route B: 0.5 μ M of ON1 was hybridized with 0.5 μ M of the capture DNA ON2 by annealing at 95 °C for 
10 min, cooling to room temperature at 0.1 °C/s, and further incubation at room temperature for 1 h to ensure for-
mation of the duplex substrate. The mixture was then reacted with various concentrations of adenosine in 500 μ L 
Tris-HCl buffer (20 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, 75 mM KCl, pH 7.4) at 37 °C for 1 h.

For both routes, 1 μ M of complex 1 was added to the mixture after the final step. Emission spectra were 
recorded in the 500–750 nm range using an excitation wavelength of 310 nm. For the detection of adenosine 
in cell extract, 0.5 μ M of aptamer ON1 was first incubated with different concentrations of adenosine in 500 μ L 

Figure 6.  Selectivity of the G-quadruplex-based detection assay for adenosine over other nucleosides. The 
concentration of adenosine was 80 μ M and the concentrations of the other nucleosides were 200 μ M. Error bars 
represent the standard deviations of the results from three independent experiments.
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Tris-HCl buffer (20 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl2, pH 7.4) containing 0.5% (v/v) cell extract at 
37 °C for 1 h, leading to the formation of an adenosine-aptamer complex. The following steps are the same as 
described for adenosine detection in buffered solution, Route A.

Synthesis.  Complex 1 was prepared according to (modified) literature methods. The precursor iridium(III) 
complex dimer [Ir2(mppy)4Cl2] was prepared as reported56. Then, a suspension of [Ir2(mppy)4Cl2] (0.1 mmol) 
and the corresponding N^N ligand (2,9-diphen) (0.22 mmol) in a mixture of DCM:methanol (1:1, 20 mL) was 
refluxed overnight under a nitrogen atmosphere. The work-up procedure was the same as previously reported57. 
Complex 1 was characterized by 1H-NMR, 13C-NMR, high resolution mass spectrometry (HRMS) and elemental 
analysis.

Complex 1. 72%. 1H NMR (400 MHz, acetonitrile-d3) δ  8.70 (d, J =  8.0 Hz, 2 H), 8.27 (s, 2 H), 7.88 (dd, 
J =  5.6, 1.2 Hz, 2 H), 7.65 (d, J =  8.0 Hz, 2 H), 7.61 (dd, J =  7.6, 0.8 Hz, 2 H), 7.42 (d, J =  8.0 Hz, 2 H), 7.09–7.04 
(m, 2 H), 6.85 (dd, J =  7.6 , 5.6 Hz, 2 H), 6.75 (t, J =  7.6 Hz, 4 H), 6.63 (d, J =  7.2 Hz, 4 H), 6.54–6,50 (m, 2 H), 
6.17–6.13 (m, 2 H), 5.40 (dd, J =  8.0, 1.2 Hz, 2 H), 2.7 (s, 6 H); 13C NMR (100 MHz, acetonitrile-d3) δ  165.6, 165.4, 
148.9, 148.3, 148.0, 143.6, 141.4, 138.6, 138.0, 131.9, 130.5, 130.1, 128.6, 127.7, 127.6, 127.6, 127.4, 126.9, 126.8, 
120.6, 120.0, 22.1; MALDI-TOF-HRMS: Calcd. for C48H36IrN4 [M–PF6]+ : 861.2569; Found: 861.2521. Anal.: 
(C48H36IrN4PF6 +  H2O) C, H, N: Calcd.: 56.30, 3.74, 5.47; Found: 56.67, 3.71, 5.59.

Complex 2. Reported58.
Complex 3. Reported59.
Complex 4. Reported60.
Complexes 5 and 6. Reported61.

References
1.	 Bai, Y. et al. A turn-on fluorescent aptasensor for adenosine detection based on split aptamers and graphene oxide. Analyst 139, 

1843–1846 (2014).
2.	 Huang, D.-W., Niu, C.-G., Zeng, G.-M. & Ruan, M. Time-resolved fluorescence biosensor for adenosine detection based on home-

made europium complexes. Biosens. Bioelectron. 29, 178–183 (2011).
3.	 Li, L.-L., Ge, P., Selvin, P. R. & Lu, Y. Direct detection of adenosine in undiluted serum using a luminescent aptamer sensor attached 

to a terbium complex. Anal. Chem. 84, 7852–7856 (2012).
4.	 Wu, Z.-S. et al. Reusable electrochemical sensing platform for highly sensitive detection of small molecules based on structure-

switching signaling aptamers. Anal. Chem. 79, 2933–2939 (2007).
5.	 Huang, L.-F., Guo, F.-Q., Liang, Y.-Z., Li, B.-Y. & Cheng, B.-M. Simple and rapid determination of adenosine in human synovial fluid 

with high performance liquid chromatography–mass spectrometry. J. Pharm. Biomed. Anal. 36, 877–882 (2004).
6.	 Langridge, J. I. et al. Gas chromatography/mass spectrometric analysis of urinary nucleosides in cancer patients: potential of 

modified nucleosides as tumour markers. Rapid Commun. Mass Spectrom. 7, 427–434 (1993).
7.	 Huang, P.-J. J. & Liu, J. Flow cytometry-assisted detection of adenosine in serum with an immobilized aptamer sensor. Anal. Chem. 

82, 4020–4026 (2010).
8.	 Huizenga, D. E. & Szostak, J. W. A DNA aptamer that binds adenosine and ATP. Biochem. 34, 656–665 (1995).
9.	 Helwa, Y., Dave, N., Froidevaux, R., Samadi, A. & Liu, J. Aptamer-functionalized hydrogel microparticles for fast visual detection of 

mercury(II) and adenosine. ACS Appl. Mater. Interfaces 4, 2228–2233 (2012).
10.	 Li, F. et al. Adenosine detection by using gold nanoparticles and designed aptamer sequences. Analyst 134, 1355–1360 (2009).
11.	 Liu, J. & Lu, Y. Fast colorimetric sensing of adenosine and cocaine based on a general sensor design involving aptamers and 

nanoparticles. Angew. Chem. Int. Edit 118, 96–100 (2006).
12.	 Lu, N., Shao, C. & Deng, Z. Rational design of an optical adenosine sensor by conjugating a DNA aptamer with split DNAzyme 

halves. Chem. Commun. doi: 10.1039/B810812A. (2008).
13.	 Zhao, W., Chiuman, W., Brook, M. A. & Li, Y. Simple and rapid colorimetric biosensors based on DNA aptamer and noncrosslinking 

gold nanoparticle aggregation. ChemBioChem 8, 727–731 (2007).
14.	 Feng, C., Zhu, J., Sun, J., Jiang, W. & Wang, L. Hairpin assembly circuit-based fluorescence cooperative amplification strategy for 

enzyme-free and label-free detection of small molecule. Talanta 143, 101–106 (2015).
15.	 Hu, P., Zhu, C., Jin, L. & Dong, S. An ultrasensitive fluorescent aptasensor for adenosine detection based on exonuclease III assisted 

signal amplification. Biosens. Bioelectron. 34, 83–87 (2012).
16.	 Lin, Y.-H. & Tseng, W.-L. A room-temperature adenosine-based molecular beacon for highly sensitive detection of nucleic acids. 

Chem. Commun. 48, 6262–6264 (2012).
17.	 Xiang, Y., Tong, A. & Lu, Y. Abasic site-containing DNAzyme and aptamer for label-free fluorescent detection of Pb2+ and adenosine 

with high sensitivity, selectivity, and tunable dynamic range. J. Am. Chem. Soc. 131, 15352–15357 (2009).
18.	 Zhao, N. et al. A Multimode Responsive Aptasensor for Adenosine Detection. J. Nanomater. 2014 (2014).
19.	 Feng, K. et al. Label-free electrochemical detection of nanomolar adenosine based on target-induced aptamer displacement. 

Electrochem. Commun. 10, 531–535 (2008).
20.	 Liu, H., Xiang, Y., Lu, Y. & Crooks, R. M. Aptamer‐based origami paper analytical device for electrochemical detection of adenosine. 

Angew. Chem. Int. Edit 124, 7031–7034 (2012).
21.	 Liu, Z. et al. Highly sensitive, reusable electrochemical aptasensor for adenosine. Electrochim. Acta 54, 6207–6211 (2009).
22.	 Ross, A. E. & Venton, B. J. Sawhorse waveform voltammetry for selective detection of adenosine, ATP, and hydrogen peroxide. Anal. 

Chem. 86, 7486–7493 (2014).
23.	 Sun, C. et al. An aptazyme-based electrochemical biosensor for the detection of adenosine. Anal. Chim. Acta 669, 87–93 (2010).
24.	 Wang, J., Wang, F. & Dong, S. Methylene blue as an indicator for sensitive electrochemical detection of adenosine based on aptamer 

switch. J. Electroanal. Chem. 626, 1–5 (2009).
25.	 Yan, F., Wang, F. & Chen, Z. Aptamer-based electrochemical biosensor for label-free voltammetric detection of thrombin and 

adenosine. Sens. Actuators B Chem. 160, 1380–1385 (2011).
26.	 Zhang, S., Xia, J. & Li, X. Electrochemical biosensor for detection of adenosine based on structure-switching aptamer and 

amplification with reporter probe DNA modified Au nanoparticles. Anal. Chem. 80, 8382–8388 (2008).
27.	 Wang, X., Dong, P., He, P. & Fang, Y. A solid-state electrochemiluminescence sensing platform for detection of adenosine based on 

ferrocene-labeled structure-switching signaling aptamer. Anal. Chim. Acta 658, 128–132 (2010).
28.	 Chen, L. et al. A sensitive aptasensor for adenosine based on the quenching of Ru (bpy)3

2+  -doped silica nanoparticle ECL by 
ferrocene. Chem. Commun. 46, 7751–7753 (2010).

29.	 Tian, C.-Y., Xu, J.-J. & Chen, H.-Y. A novel aptasensor for the detection of adenosine in cancer cells by electrochemiluminescence of 
nitrogen doped TiO2 nanotubes. Chem. Commun. 48, 8234–8236 (2012).



www.nature.com/scientificreports/

8Scientific Reports | 6:19368 | DOI: 10.1038/srep19368

30.	 Ye, S., Li, H. & Cao, W. Electrogenerated chemiluminescence detection of adenosine based on triplex DNA biosensor. Biosens. 
Bioelectron. 26, 2215–2220 (2011).

31.	 Ko, F.-H., Tai, M. R., Liu, F.-K. & Chang, Y.-C. Au–Ag core–shell nanoparticles with controllable shell thicknesses for the detection 
of adenosine by surface enhanced Raman scattering. Sens. Actuators B Chem. 211, 283–289 (2015).

32.	 Qiu, H. et al. A novel surface-enhanced Raman spectroscopy substrate based on hybrid structure of monolayer graphene and Cu 
nanoparticles for adenosine detection. Appl. Surf. Sci. 332, 614–619 (2015).

33.	 Xu, S. et al. Graphene/Cu Nanoparticle Hybrids Fabricated by Chemical Vapor Deposition as Surface-Enhanced Raman Scattering 
Substrate for Label-Free Detection of Adenosine. ACS Appl. Mater. Interfaces 7, 10977–10987 (2015).

34.	 Chen, J.-W. et al. Detection of adenosine using surface-enhanced Raman scattering based on structure-switching signaling aptamer. 
Biosens. Bioelectron. 24, 66–71 (2008).

35.	 Liao, D., Jiao, H., Wang, B., Lin, Q. & Yu, C. KF polymerase-based fluorescence aptasensor for the label-free adenosine detection. 
Analyst 137, 978–982 (2012).

36.	 Fu, B., Cao, J., Jiang, W. & Wang, L. A novel enzyme-free and label-free fluorescence aptasensor for amplified detection of adenosine. 
Biosens. Bioelectron. 44, 52–56 (2013).

37.	 Yan, X., Cao, Z., Kai, M. & Lu, J. Label-free aptamer-based chemiluminescence detection of adenosine. Talanta 79, 383–387 (2009).
38.	 Zhang, M., Guo, S.-M., Li, Y.-R., Zuo, P. & Ye, B.-C. A label-free fluorescent molecular beacon based on DNA-templated silver 

nanoclusters for detection of adenosine and adenosine deaminase. Chem. Commun. 48, 5488–5490 (2012).
39.	 Bhasikuttan, A. C. & Mohanty, J. Targeting G-quadruplex structures with extrinsic fluorogenic dyes: promising fluorescence sensors. 

Chem. Commun. 51, 7581–7597 (2015).
40.	 Chen, Y., Qiao, L., Ji, L. & Chao, H. Phosphorescent iridium(III) complexes as multicolor probes for specific mitochondrial imaging 

and tracking. Biomaterials 35, 2–13 (2014).
41.	 Li, C. et al. A nonemissive iridium(III) complex that specifically lights-up the nuclei of living cells. J. Am. Chem. Soc. 133, 

11231–11239 (2011).
42.	 Yu, M. et al. Cationic iridium(III) complexes for phosphorescence staining in the cytoplasm of living cells. Chem. Commun, doi: 

10.1039/B800939B. (2008).
43.	 Lim, M. H., Song, H., Olmon, E. D., Dervan, E. E. & Barton, J. K. Sensitivity of ru (bpy)2dppz2+ luminescence to dna defects. Inorg. 

Chem. 48, 5392–5397 (2009).
44.	 Liu, J. et al. Iridium(III) complex-coated nanosystem for ratiometric upconversion luminescence bioimaging of cyanide anions. J. 

Am. Chem. Soc. 133, 15276–15279 (2011).
45.	 Metera, K. L. et al. Luminescent iridium(III)-containing block copolymers: Self-assembly into biotin-labeled micelles for 

biodetection assays. ACS Macro Letters 1, 954–959 (2012).
46.	 Ma, D.-L. et al. Label-free luminescent oligonucleotide-based probes. Chem. Soc. Rev. 42, 3427–3440 (2013).
47.	 Castor, K. J. et al. Cyclometalated iridium(III) imidazole phenanthroline complexes as luminescent and electrochemiluminescent 

G-quadruplex DNA binders. Inorg. Chem. 54, 6958–6967 (2015).
48.	 Lu, L., Wang, M., Liu, L.-J., Leung, C.-H. & Ma, D.-L. Label-Free Luminescent Switch-on probe for Ochratoxin A detection using a 

G-quadruplex-selective iridium(III) complex. ACS Appl. Mater. interfaces 7, 8313–8318 (2015).
49.	 Ma, D.-L. et al. An oligonucleotide-based label-free luminescent switch-on probe for RNA detection utilizing a G-quadruplex-

selective iridium(III) complex. Nanoscale 6, 8489–8494 (2014).
50.	 Leung, K.-H. et al. Detection of base excision repair enzyme activity using a luminescent G-quadruplex selective switch-on probe. 

Chem. Commun. 49, 5630–5632 (2013).
51.	 Leung, K.-H. et al. A label-free luminescent switch-on assay for ATP using a G-quadruplex-selective iridium(III) complex. PLoS 

ONE 8, e77021 (2013).
52.	 Yu, H. et al. DNA loop sequence as the determinant for chiral supramolecular compound G-quadruplex selectivity. J. Med. Chem. 

53, 492–498 (2009).
53.	 Kypr, J., Kejnovská, I., Renčiuk, D. & Vorlíčková, M. Circular dichroism and conformational polymorphism of DNA. Nuc. Acids Res. 

37, 1713–1725 (2009).
54.	 Yang, P., De Cian, A., Teulade‐Fichou, M. P., Mergny, J. L. & Monchaud, D. Engineering Bisquinolinium/Thiazole Orange Conjugates 

for Fluorescent Sensing of G‐Quadruplex DNA. Angew. Chem. Int. Edit 121, 2222–2225 (2009).
55.	 Monchaud, D. et al. Ligands playing musical chairs with G-quadruplex DNA: a rapid and simple displacement assay for identifying 

selective G-quadruplex binders. Biochimie 90, 1207–1223 (2008).
56.	 Zhao, Q. et al. Series of new cationic iridium(III) complexes with tunable emission wavelength and excited state properties: 

structures, theoretical calculations, and photophysical and electrochemical properties. Inorg. Chem. 45, 6152–6160 (2006).
57.	 Lu, L. et al. Detection of nicking endonuclease activity using a G-quadruplex-selective luminescent switch-on probe. Chem. Sci. 5, 

4561–4568 (2014).
58.	 Ma, D. L. et al. Antagonizing STAT3 dimerization with a rhodium(III) complex. Angew. Chem. Int. Edit 126, 9332–9336 (2014).
59.	 He, H.-Z. et al. Label-free luminescence switch-on detection of T4 polynucleotide kinase activity using a G-quadruplex-selective 

probe. Chem. Commun. 50, 5313–5315 (2014).
60.	 Wu, S.-H. et al. Dynamics of the Excited States of [Ir(ppy)2bpy]+ with Triple Phosphorescence. J. Phys. Chem. A 114, 10339–10344 

(2010).
61.	 Lin, S. et al. Luminescence switch-on detection of protein tyrosine kinase-7 using a G-quadruplex-selective probe. Chem. Sci. 6, 

4284 (2015).

Acknowledgements
This work is supported by Hong Kong Baptist University (FRG2/14-15/004), Centre for Cancer and 
Inflammation Research, School of Chinese Medicine (CCIR-SCM, HKBU), the Health and Medical 
Research Fund (HMRF/13121482 and HMRF/14130522), the Research Grants Council (HKBU/204612 and 
HKBU/201913), the French National Research Agency/Research Grants Council Joint Research Scheme 
(A-HKBU201/12 - Oligoswitch), Interdisciplinary Research Matching Scheme (RC-IRMS/14-15/06), Inter-
institutional Collaborative Research Scheme (RC-ICRS/15-16/02A), the State Key Laboratory of Synthetic 
Chemistry, the Science and Technology Development Fund, Macao SAR (098/2014/A2) and the University of 
Macau (MYRG091(Y3-L2)-ICMS12-LCH, MYRG2015-00137-ICMS-QRCM, MRG023/LCH/2013/ICMS and 
MRG044/LCH/2015/ICMS).

Author Contributions
L.L., H.-J.Z. and B.H. carried out all the experiments, performed the data analysis and wrote the manuscript. C.-
H.L. and D.-L.M. designed the experiments and analyzed the results.



www.nature.com/scientificreports/

9Scientific Reports | 6:19368 | DOI: 10.1038/srep19368

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lu, L. et al. Development of a luminescent G-quadruplex-selective iridium(III) 
complex for the label-free detection of adenosine. Sci. Rep. 6, 19368; doi: 10.1038/srep19368 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Development of a luminescent G-quadruplex-selective iridium(III) complex for the label-free detection of adenosine

	Results

	Discussion

	Methods

	Chemicals and materials. 
	FRET melting assay. 
	G-quadruplex fluorescent intercalator displacement (G4-FID) assay. 
	Detection of adenosine in buffered solution. 
	Synthesis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic presentation of the aptamer-based adenosine detection by using a G-quadruplex selective luminescent probe showing experimental detection strategies Route A and Route B.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Chemical structures of Ir(III) complexes (1–6) used in this study.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Diagrammatic bar array representation of the luminescence enhancement selectivity ratio of complexes (1–6) for G-quadruplex DNA (ON2) over dsDNA (ds17) and ssDNA (CCR5-DEL).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) G4-FID titration curves of DNA duplex ds17 (0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Luminescence spectra of the system (Route A) in response to various concentrations of adenosine: 0, 5, 10, 20, 40, 60, 80, 120, 180, 240 and 300 μ M.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Selectivity of the G-quadruplex-based detection assay for adenosine over other nucleosides.



 
    
       
          application/pdf
          
             
                Development of a luminescent G-quadruplex-selective iridium(III) complex for the label-free detection of adenosine
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19368
            
         
          
             
                Lihua Lu
                Hai-Jing Zhong
                Bingyong He
                Chung-Hang Leung
                Dik-Lung Ma
            
         
          doi:10.1038/srep19368
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19368
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19368
            
         
      
       
          
          
          
             
                doi:10.1038/srep19368
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19368
            
         
          
          
      
       
       
          True
      
   




