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Luminescence switch-on assay of interferon-gamma using a G-
quadruplex-selective iridium(III) complex 

Sheng Lin,a Bingyong He,a Chao Yang,b Chung-Hang Leung,b,* Jean-Louis Mergnyc,d,* and 
Dik-Lung Maa,e,* 

In this study, we synthesized a series of 9 luminescent iridium(III) 

complexes and studied their ability to function as luminescent 

probes for G-quadruplex DNA. The iridium(III) complex 8 

[Ir(pbtz)2(dtbpy)]PF6 (where pbtz = 2-phenylbenzo[d]thiazole; 

dtbpy = 4,4'-di-tert-butyl-2,2'-bipyridine) showed high selectivity 

for G-quadruplex DNA over single-stranded and double-stranded 

DNA, and was subsequently utilized to for the development of a 

label-free oligonucleotide-based assay for interferon-gamma (IFN-

γ), an important biomarker for a range of immune and infectious 

diseases, in aqueous solution. We further demonstrated that this 

assay could monitor IFN-γ levels even in the presence of cellular 

debris. This assay represents the first G-quadruplex-based assay 

for IFN-γ detection described in the literature. 

A biomarker is a measurable indicator of biological states or diseases. 

As one kind of biomarker, interferon-gamma (IFN-γ) is an important 

inflammatory cytokine that is released by immune cells such as T-

helper (CD4+) cells and cytotoxic T-lymphocytes 1 in response to 

invading pathogens,2 and is involved in the regulation of 

differentiation, proliferation, and immunity.3 Consequently, the level 

of IFN-γ is highly related to various diseases such as viraemia, 

acquired immune deficiency syndrome (AIDS) and latent 

tuberculosis.4 Thus, the detection and quantification of IFN-γ can be 

used to investigate the roles of immune cells and to assess the vigor 

of the immune response.5 

At present, antibody (Ab)-based immunoassays are regarded as 

the standard for cytokine detection.6 While several approaches for 

the optimization and miniaturization of Ab-based cytokine 

immunoassays have been explored in the literature,7 these strategies 

are still limited by the relatively high cost and low stability of Abs. 

Moreover, Ab-based immunoassays tend to involve multiple 

washing steps, which reduces their utility in monitoring dynamically 

changing cytokine levels.8 

The SELEX (Systematic Evolution of Ligands by Exponential 

Enrichment) strategy 9 is a method to discover suitable aptamers for 

small molecules, proteins, metal ions and even cancer cells.10 

Aptamers are nucleic acid molecules that bind to their target species 

with high affinities and selectivities.11 Consequently, DNA is an 

attractive element for the construction of sensing platforms due to its 

facile synthesis and easy modification,12 and DNA-based assays 

have received increasing attention as viable alternatives to Ab-based 

immunoassays.13 Using the previously described IFN-γ-binding 

aptamer,14 Rezvin and co-workers have developed IFN-γ assays 

using fluorescence resonance energy transfer (FRET) and 

electrochemical methods.15 Meanwhile, the G-quadruplex is a non-

canonical DNA motif which is formed by guanine-rich sequences 

under the stabilization of monovalent cations such as potassium ions. 

The G-quadruplex structure contains planar stacks of guanine tetrads 

stabilized by Hoogsteen-type hydrogen bonding.16 Due to its 

fascinating structural diversity, the G-quadruplex structure has found 

extensive use for the development of analytical assays.17 

Organic fluorophores have been widely investigated as probes for 

biomolecules, and many of these have been used in imaging or 

oligonucleotide-based sensing applications. However, their 

application is still limited by their short lifetimes, which reduces 

their utility in highly auto-fluorescence backgrounds. To circumvent 

this issue, pioneering researchers have developed long-lifetime 

phosphorescent transition metal complexes as luminescent probes.17i, 

18 Transition metal complexes also benefit from simple synthetic 

protocols that allow their photophysical properties to be easily tuned. 

Furthermore, transition metal complexes possess large Stokes shift 

values which help to avoid self-quenching. Among the reported 

luminescent transition metal complexes, some iridium(III) and 

ruthenium(II) complexes have been demonstrated to possess 

selectivity towards G-quadruplex over other DNA structures.19 

Compared to the relatively narrow range of emission wavelengths of 

Scheme 1. Schematic representation of the G-quadruplex-based 
luminescence sensing platform for IFN-γ detection. The green line 
represents the IFN-γ-binding aptamer sequence. 
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ruthenium(II) complexes, iridium(III) complexes can be fine-tuned 

to display different emission colors, from green to red, by 

modification of the auxiliary ligands. Additionally, iridium(III) 

complexes usually have longer lifetimes with higher relative 

quantum yields.20 And in recent years, different iridium(III) 

complexes have been used for the detection of various substances 

including metal ions, small molecules, enzymes and proteins.19d, 20b 

However, the application of iridium(III) complexes for the detection 

of disease-related protein biomarkers has been rarely explored. 

Therefore, we present a luminescent switch-on detection platform 

for IFN-γ by using a G-quadruplex-selective iridium(III) complex 

from a focused library of 9 iridium(III) complexes. As far as we 

know, the application of iridium(III) complex for the detection of 

IFN-γ has not yet been reported in the literature. 

The principle of the present G-quadruplex-based assay for 

IFN-γ is depicted schematically in Scheme 1. In the initial state, 

the IFN-γ-binding aptamer sequence (green line, D) is partially 

hybridized with a G-rich sequence (blue and red line, L), 

generating a double-stranded DNA structure with a loop region. 

The addition of IFN-γ induces a structural transition in the 

aptamer sequence due to the formation of the IFN-γ‒aptamer 

complex. This unmasks the G-quadruplex-forming sequence, 

which folds into a G-quadruplex structure in the presence of K+ 

ions. The nascent G-quadruplex structure is subsequently bound 

by the G-quadruplex-selective iridium(III) complex, resulting 

in a “switch-on” luminescent response to IFN-γ. 

We initially tested the selectivity of six iridium(III) 

complexes (1–6, Fig. 1) for binding to c-kit87 G-quadruplex 

DNA over double-stranded DNA (ds26) and single-stranded 

DNA (ssDNA). The top candidate from the primary screen was 

the cyclometallated iridium(III) complex 2, which contains the 

2-phenylbenzo[d]thiazole (pbtz) C^N ligand and the 2,9-

dimethyl-4,7-diphenyl-1,10-phenanthroline (dmdpphen) N^N 

ligand, as it possessed Ic-kit87/Ids26 and Ic-kit87/IssDNA luminescent 

intensity ratios of 2.99 and 1.84, respectively (Fig. S1a). We 

then used the structure of complex 2 to design a concentrated 

library of 3 other iridium(III) complexes that were enriched in 

the beneficial motifs for G-quadruplex-binding as revealed 

from the primary screening (7–9, Fig. 1). Complexes 1, 7, 8 

bear the same pbtz C^N ligand as complex 2, but differ in their 

phenanthroline-based or bipyridine-based N^N ligands. 

Meanwhile, complex 9 carry the same dtbpy N^N ligand as 2, 

but possess different C^N ligands. In the secondary screening 

campaign, the novel iridium(III) complex 8 (Fig. 2a) showed 

the greatest selectivity for G-quadruplex DNA over dsDNA and 

ssDNA (Fig. S1b). Structurally, complex 8 which bears the pbtz 

C^N ligand and the 4,4'-di-tert-butyl-2,2'-bipyridine (dtbpy) 

N^N ligand. 

Preliminary structure-activity relationships can be derived 

from comparing the DNA-binding behaviors of these 

iridium(III) complexes. Since complexes 1, 2 and 7 all possess 

the same pbtz C^N ligand, the superior G-quadruplex-

selectivity of complex 8 could be due to the dtbpy N^N ligand 

that it carries. Interestingly, although the N^N ligands of 

complexes 1, 5 and 8 all share the same basic 2,2'-bipyridine 

(bpy) framework, the superior performance of 8 suggests that 

the t-butyl substituents at the 4 and 4' positions of the bpy 

scaffold are important for G-quadruplex affinity, possibly due 

to their ability to facilitate additional contact interactions with 

the loop or groove regions of the G-quadruplex.21 Among the 

complexes in the focused library, although 9 bears the same 

dtbpy N^N ligand as 8, its lower G-quadruplex-binding 

selectivity suggests that the pbtz C^N ligand of 8 is superior to 

the 2-phenylpyridine C^N ligand carried by complex 9.  

Out of all of the complexes tested, complex 8 showed the 

highest selectivity for G-quadruplex DNA over ssDNA and 

dsDNA. The luminescence of complex 8 was increased by ca. 

6.0-fold enhancement in the presence of 5 μM of c-kit87 G-

quadruplex DNA (Fig. 2b). Complex 8 was also selective for 

G-quadruplex DNA over the natural calf-thymus duplex DNA 

(ct-DNA, Fig. S2).22 

We further utilized fluorescence resonance energy transfer 

(FRET) melting and G-quadruplex fluorescent intercalator 

displacement (G4-FID) assays study the G-quadruplex-

selectivity of complex 8. In the G4-FID assay, complex 8 

displaced thiazole orange (TO) from c-kit87 G-quadruplex 

DNA with a G4DC50 value of 5.5 µM, while less than 30% was 

displayed from dsDNA even at 7.0 µM of 8 (Fig. 2c). In FRET-

melting assays, 3 μM of complex 8 increased the melting 

temperature (ΔTm) of the F21T G-quadruplex by about 6.0 °C 

(Fig. 2d), whereas the melting temperature of F10T dsDNA 

was increased by only 1.5 °C increase under the same 

conditions (Fig. 2e). Finally, the ability of complex 8 to 

Fig. 2 (a) Chemical structure of complex 8. (b) Emission spectrum of 
complex 8 (1.0 µM) in the presence of 5 µM of ssDNA, ds26 or various G-
quadruplexes. (c) G4-FID titration curves of complex 8 with duplex (ds26) 
or G-quadruplex (c-kit87) DNA. (d) Melting profile of F21T G-quadruplex 
DNA (0.2 μM) in the absence and presence of 8 (3 μM). (e) Melting profile 
of F10T dsDNA (0.2 μM) in the absence and presence of 8 (3 μM). (f) 
Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence and 
presence of 8 (3 μM) and ds26 (10 μM) or ssDNA (10 μM). 

Fig. 1 Chemical structures of cyclometallated iridium(III) complexes 1–9. 
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stabilize the F21T G-quadruplex was unaffected by the addition 

of 50-fold higher concentrations of unlabeled dsDNA (ds26) or 

ssDNA (Fig. 2f). In summary, complex 8 is able to selectively 

discriminate G-quadruplex DNA from dsDNA or ssDNA.  
We next investigated the interaction of complex 8 towards 

G-quadruplex DNA structures with different loop sizes23 using 

a competitive FRET-melting assay in order to understand the 

role of the loop regions in the binding of complex 8 to G-

quadruplex DNA. The results showed that the highest increases 

in melting temperature induced by complex 8 occurred for G-

quadruplexes bearing a 3-nucleotide 5’-side loop, central loop 

or 3’-side loop (Fig. S3). The observation that the change in 

melting temperature is loop size and location-dependent 

indicates that complex 8 may make significant interactions with 

the G-quadruplex loop regions and is consistent with previous 

studies.24  

Based on the demonstrated selectivity of complex 8 for G-

quadruplex DNA, we harnessed complex 8 as a G-quadruplex-

selective probe for the luminescent detection of IFN-γ using the 

assay mechanism depicted in Scheme 1. In the absence of IFN-

γ, the G-quadruplex-forming sequence is hybridized to its 

complementary sequence, forming a duplex substrate that 

interacts only weakly with complex 8. However, in the 

presence of IFN-γ, the emission intensity of 8 was increased by 

ca. 6.0-fold (Fig. 3a). We presume that the increase in 

luminescence of complex 8 is due to the binding of nascent G-

quadruplex structure that is produced following the formation 

of the IFN-γ‒aptamer complex. We also performed a control 

experiment that utilized a mutant G-quadruplex sequence that is 

unable to fold into a G-quadruplex. No luminescent 

enhancement was observed in response to IFN-γ when the 

mutant sequence was used (Fig. 3a), indicating that the 8-G-

quadruplex interaction is critical for the functioning of the IFN-

γ assay. We also conducted circular dichroism (CD) 

spectroscopy to verify the conformational transition of DNA in 

response to IFN-γ. Upon addition of IFN-γ, a positive peak at 

265 nm and negative peak at 240 nm appeared in the CD 

spectrum (Fig. 3b), which are consistent with the formation of a 

parallel G-quadruplex structure. Finally, the luminescent 

intensity of complex 8 was not enhanced by IFN-γ when DNA 

was absent, indicating that complex 8 does not interact directly 

with IFN-γ (Fig. 3c).  

In order to achieve the best performance of the assay, various 

experimental conditions are then optimized, including the 

concentrations of DNA and complex 8, incubation temperature, 

and incubation time (Fig. S4). Under the optimized conditions, 

the luminescence signal of 8 was enhanced as the concentration 

of IFN-γ was increased (Fig. 4a). Using the 3σ method, the 

detection limit of this assay was determined to be 0.12 nM, 

while a linear relationship between the luminescent intensity 

and concentration of IFN-γ can be established from 1 to 100 

nM with the dynamic detection range from 1 to 300 nM. 

The selectivity of this assay for IFN-γ is over other proteins 

such as human serum albumin (HSA), bovine serum albumin 

(BSA) and immunoglobulin G (IgG). The luminescence 

enhancement of the assay in response to IFN-γ was 

considerably higher compared to 5-fold excess amounts of the 

other proteins (Fig. 4b).  

The ability of our IFN-γ assay for to function in the presence 

of cellular debris was next investigated. In a solution containing 

0.5% (v/v) cell extract from malignant melanoma A375 cells, 

the assay exhibited a dose-dependent increase in luminescence 

intensity in response to IFN-γ (Fig. 4c). We envisage that our 

G-quadruplex-based detection platform could be further 

optimized for the accurate detection of IFN-γ levels in 

biological matrices. 

In this work, we screened a total of 9 luminescent iridium(III) 

complexes containing various C^N and N^N ligands for their 

ability to discriminate G-quadruplex DNA over ssDNA and 

dsDNA. After two rounds of screening, the iridium(III) 

complex 8 emerged as the top candidate, and was utilized to 

construct a label-free G-quadruplex-based detection platform 

for IFN-γ. Compared to previously reported antibody-based 

immunoassays that require multiple steps and/or the use of 

expensive reagents, our strategy is more efficient as tedious 

washing steps and expensive antibodies are circumvented. 

Moreover, the luminescent transition metal complexes utilized 

our assay exhibit a number of advantages compared to more 

commonly-used organic probes, such as large Stokes shifts, 

facile syntheses and long-lived phosphorescence lifetimes (>2.9 

µs, Table S1). Additionally, the assay could perform efficiently 

in diluted cell extract. We envisage that this label-free 

oligonucleotide-based luminescent detection method for IFN-γ 

utilizing the iridium(III) complex 8 could be further developed 

into a useful technique in associated disciplines. 

 
Acknowledgments 
This work is supported by Hong Kong Baptist University (FRG2/14-15/004), 
Centre for Cancer and Inflammation Research, School of Chinese Medicine 

Fig. 3 (a) Luminescence of the system in the presence of wild-type and 
mutant G-quadruplex DNA. (b) CD spectra with and without 10 nM IFN-γ. 
(c) Luminescence enhancement of the system in response to IFN-γ (10 nM) 
in the presence or absence of hairpin DNA. Unless otherwise stated, the 
concentration of complex 8 was 1.0 μM, the concentration of DNA was 
0.14 μM, and Tris buffer (10 mM Tris, pH 7.2) was used. 

Fig. 4 (a) Luminescence spectra and the relationship between luminescence 
intensity of the 8/G4-quadruplex system at λ = 532 nm in response to various 
concentrations of IFN-γ: 0, 1, 3, 7, 10, 20, 50, 100, 200 and 300 nM. Inset: 
linear plot of the change in luminescence intensity at λ = 532 nm vs. IFN-γ 
concentration. (b) Relative luminescence intensity of the system ([8] = 1.0 
µM, [DNA] = 0.14 µM) in the presence of 10 nM or 5-fold excess of other 
proteins. (c) Luminescence spectra of the 8/G-quadruplex system in a 
reaction system containing 0.5% (v/v) cell extract in response to various 
concentrations of IFN-γ: 0, 1, 3, 7, 10, 20 and 50 nM. 

Page 3 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is ©  The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

(CCIR-SCM, HKBU), the Health and Medical Research Fund (HMRF/13121482 
and HMRF/14130522), the Research Grants Council (HKBU/201811, 
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), State Key Laboratory of Environmental and Biological Analysis 
Research Grant (SKLP-14-15-P001), the State Key Laboratory of Synthetic 
Chemistry, the Science and Technology Development Fund, Macao SAR 
(103/2012/A3) and the University of Macau (MYRG091(Y3-L2)-ICMS12-LCH, 
MYRG2015-00137-ICMS-QRCM and MRG023/LCH/2013/ICMS). 

 
References 
1 S. Romagnani, Clin. Immunol. Immunopathol., 1996, 80, 225. 
2 F. Belardelli, APMIS, 1995, 103, 161. 
3 U. Boehm, T. Klamp, M. Groot and J. C. Howard, Annu. Rev. 

Immunol., 1997, 15, 749. 
4      (a) D. J. C. Miles, L. Gadama, A. Gumbi, F. Nyalo, B. Makanani and R. 

S. Heyderman, Immunology, 2010, 129, 446; (b)  G. Pantaleo 
and R. A. Koup, Nat. Med., 2004, 10, 806; (c)  J. L. Flynn, J. Chan, 
T. K. J., D. K. Dalton, T. A. Stewart and B. R. Bloom, J. Exp. Med., 
1993, 178, 2249. 

5 W. H. H. Reece, M. Pinder, P. K. Gothard, P. Milligan, K. Bojang, T. 
Doherty, M. Plebanski, P. Akinwunmi, S. Everaere, K. R. Watkins, 
G. Voss, N. Tornieporth, A. Alloueche, B. M. Greenwood, K. E. 
Kester, K. P. W. J. McAdam, J. Cohen and A. V. S. Hill, Nat. Med., 
2004, 10, 406. 

6      (a)  M. J. Steffen and J. L. Ebersole, Biotechniques, 1996, 21, 504; (b) 
 B. Mäkitalo, M. Andersson, I. Areström, K. Karlén, F. Villinger, A. 
Ansari, S. Paulie, R. Thorstensson and N. Ahlborg, J. Immunol. 
Methods, 2002, 270, 85; (c)  J. F. Djoba Siawaya, T. Roberts, C. 
Babb, G. Black, H. J. Golakai, K. Stanley, N. B. Bapela, E. Hoal, S. 
Parida, P. van Helden and G. Walzl, PLoS ONE, 2008, 3, e2535. 

7      (a)  C. C. Wang, R.-P. Huang, M. Sommer, H. Lisoukov, R. Huang, Y. 
Lin, T. Miller and J. Burke, J. Proteome Res., 2002, 1, 337; (b)  R. 
Fan, O. Vermesh, A. Srivastava, B. K. H. Yen, L. Qin, H. Ahmad, G. 
A. Kwong, C.-C. Liu, J. Gould, L. Hood and J. R. Heath, Nat. 
Biotech., 2008, 26, 1373; (c)  S. P. FitzGerald, R. I. McConnell 
and A. Huxley, J. Proteome Res., 2008, 7, 450; (d)  M. Herrmann, 
T. Veres and M. Tabrizian, Anal. Chem., 2008, 80, 5160; (e)  H. 
Zhu, G. Stybayeva, J. Silangcruz, J. Yan, E. Ramanculov, S. 
Dandekar, M. D. George and A. Revzin, Anal. Chem., 2009, 81, 
8150. 

8      (a)  A. C. Karlsson, J. N. Martin, S. R. Younger, B. M. Bredt, L. Epling, 
R. Ronquillo, A. Varma, S. G. Deeks, J. M. McCune, D. F. Nixon and 
E. Sinclair, J. Immunol. Methods, 2003, 283, 141; (b)  J. H. Cox, 
G. Ferrari and S. Janetzki, Methods, 2006, 38, 274. 

9      (a)  D. Shangguan, Y. Li, Z. Tang, Z. C. Cao, H. W. Chen, P. 
Mallikaratchy, K. Sefah, C. J. Yang and W. Tan, Proc. Natl. Acad. 
Sci. U. S. A., 2006, 103, 11838; (b)  D. Shangguan, Z. C. Cao, Y. Li 
and W. Tan, Clin. Chem., 2007, 53, 1153; (c)  Y. Chen, A. C. 
Munteanu, Y.-F. Huang, J. Phillips, Z. Zhu, M. Mavros and W. Tan, 
Chem.–Eur. J., 2009, 15, 5327. 

10    (a)  H. Shi, X. He, K. Wang, X. Wu, X. Ye, Q. Guo, W. Tan, Z. Qing, X. 
Yang and B. Zhou, Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 3900; 
(b)  B. Hall, S. Cater, M. Levy and A. D. Ellington, Biotechnol. 
Bioeng., 2009, 103, 1049; (c)  J. Yin, X. He, K. Wang, F. Xu, J. 
Shangguan, D. He and H. Shi, Anal. Chem., 2013, 85, 12011. 

11    (a)  A. D. Ellington and J. W. Szostak, Nature, 1992, 355, 850; (b)  J. 
Liu, Z. Cao and Y. Lu, Chem. Rev., 2009, 109, 1948; (c)  X. Fang 
and W. Tan, Acc. Chem. Res., 2010, 43, 48. 

12    (a)  E. J. Cho, J.-W. Lee and A. D. Ellington, Annu. Rev. Anal. Chem., 
2009, 2, 241; (b)  A. D. Keefe, S. Pai and A. Ellington, Nat. Rev. 
Drug Discov., 2010, 9, 537. 

13    (a) M. N. Stojanovic and D. W. Landry, J. Am. Chem. Soc., 2002, 124, 
9678; (b)  M. Minunni, S. Tombelli, A. Gullotto, E. Luzi and M. 
Mascini, Biosens. Bioelectron., 2004, 20, 1149; (c)  N. Rupcich, R. 

Nutiu, Y. Li and J. D. Brennan, Angew. Chem., Int. Ed., 2006, 45, 
3295; (d)  N. de-los-Santos-Álvarez, M. J. Lobo-Castañón, A. J. 
Miranda-Ordieres and P. Tuñón-Blanco, J. Am. Chem. Soc., 2007, 
129, 3808; (e)  S. D. Jayasena, Clin. Chem., 1999, 45, 1628. 

14    (a)  P. P. Lee, M. Ramanathan, C. A. Hunt and M. R. Garovoy, 
Transplantation, 1996, 62, 1297; (b)  V. Balasubramanian, L. T. 
Nguyen, S. V. Balasubramanian and M. Ramanathan, Mol. 
Pharmacol., 1998, 53, 926. 

15    (a)  N. Tuleuova, C. N. Jones, J. Yan, E. Ramanculov, Y. Yokobayashi 
and A. Revzin, Anal. Chem., 2010, 82, 1851; (b) Y. Liu, N. Tuleouva, 
E. Ramanculov and A. Revzin, Anal. Chem., 2010, 82, 8131; (c)  Y. 
Liu, T. Kwa and A. Revzin, Biomaterials, 2012, 33, 7347. 

16    (a)  J. T. Davis, Angew. Chem., Int. Ed., 2004, 43, 668; (b)  O. Doluca, 
J. M. Withers and V. V. Filichev, Chem. Rev., 2013, 113, 3044; (c) 
 J. Zhou, A. Bourdoncle, F. Rosu, V. Gabelica and J.-L. Mergny, 
Angew. Chem., Int. Ed., 2012, 51, 11002. 

17    (a)  L. Deng, X. Ouyang, J. Jin, C. Ma, Y. Jiang, J. Zheng, J. Li, Y. Li, W. 
Tan and R. Yang, Anal. Chem., 2013, 85, 8594; (b)  Y. Du, B. Li 
and E. Wang, Acc. Chem. Res., 2012, 46, 203; (c)  F. Wang, C.-H. 
Lu and I. Willner, Chem. Rev., 2014, 114, 2881; (d)  K. Qu, C. Zhao, 
J. Ren and X. Qu, Mol. Biosyst., 2012, 8, 779; (e)  Z. Chen, Y. Lin, 
C. Zhao, J. Ren and X. Qu, Chem. Commun., 2012, 48, 11428; (f)  Y. 
Peng, X. Wang, Y. Xiao, L. Feng, C. Zhao, J. Ren and X. Qu, J. Am. 
Chem. Soc., 2009, 131, 13813; (g)  H. Xu, S. Gao, Q. Yang, D. Pan, 
L. Wang and C. Fan, ACS Appl. Mater. Interfaces, 2010, 2, 3211; (h) 
 C. Zhu, Y. Wen, D. Li, L. Wang, S. Song, C. Fan and I. Willner, 
Chem.–Eur. J., 2009, 15, 11898; (i)  L. Xiong, Q. Zhao, H. Chen, Y. 
Wu, Z. Dong, Z. Zhou and F. Li, Inorg. Chem., 2010, 49, 6402; (j)  J. 
Zhou, S. Amrane, D. N. Korkut, A. Bourdoncle, H.-Z. He, D.-L. Ma 
and J.-L. Mergny, Angew. Chem., 2013, 125, 7896. 

18    (a)  L. Deng, Z. Zhou, J. Li, T. Li and S. Dong, Chem. Commun., 2011, 
47, 11065; (b)  Y. Yang, Q. Zhao, W. Feng and F. Li, Chem. Rev., 
2012, 113, 192; (c)  Q. Zhao, C. Huang and F. Li, Chem. Soc. 
Rev., 2011, 40, 2508; (d)  K. Huang, H. Wu, M. Shi, F. Li, T. Yi and 
C. Huang, Chem. Commun., 2009, 1243; (e)  M. Yu, Q. Zhao, L. 
Shi, F. Li, Z. Zhou, H. Yang, T. Yi and C. Huang, Chem. Commun., 
2008, 2115; (f)  C. Li, M. Yu, Y. Sun, Y. Wu, C. Huang and F. Li, J. 
Am. Chem. Soc., 2011, 133, 11231; (g)  Q. Liu, T. Yang, W. Feng 
and F. Li, J. Am. Chem. Soc., 2012, 134, 5390; (h)  Q. Liu, B. Yin, 
T. Yang, Y. Yang, Z. Shen, P. Yao and F. Li, J. Am. Chem. Soc., 2013, 
135, 5029. 

19    (a)  D. Sun, Y. Liu, D. Liu, R. Zhang, X. Yang and J. Liu, Chem.–Eur. J., 
2012, 18, 4285; (b)  J. Sun, Y. An, L. Zhang, H.-Y. Chen, Y. Han, 
Y.-J. Wang, Z.-W. Mao and L.-N. Ji, J. Inorg. Biochem., 2011, 105, 
149; (c)  S. N. Georgiades, N. H. Abd Karim, K. Suntharalingam 
and R. Vilar, Angew. Chem., Int. Ed., 2010, 49, 4020; (d)  K.-H. 
Leung, H.-Z. He, B. He, H.-J. Zhong, S. Lin, Y.-T. Wang, D.-L. Ma and 
C.-H. Leung, Chem. Sci., 2015, 6, 2166. 

20    (a)  A. Ruggi, F. W. B. van Leeuwen and A. H. Velders, Coord. Chem. 
Rev., 2011, 255, 2542; (b)  S. Lin, W. Gao, Z. Tian, C. Yang, L. Lu, J.-
L. Mergny, C.-H. Leung and D.-L. Ma, Chem. Sci., 2015, 6, 4284. 

21 M.-Y. Kim, H. Vankayalapati, K. Shin-ya, K. Wierzba and L. H. 
Hurley, J. Am. Chem. Soc., 2002, 124, 2098. 

22 H. Yu, X. Wang, M. Fu, J. Ren and X. Qu, Nucleic Acids Res., 2008, 
36, 5695. 

23 A. Guédin, J. Gros, P. Alberti and J.-L. Mergny, Nucleic Acids Res., 
2010, 38, 7858. 

24 H. Yu, C. Zhao, Y. Chen, M. Fu, J. Ren and X. Qu, J. Med. Chem., 
2009, 53, 492. 

 

 

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


