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ABSTRACT: In this study, a series of 10 in-house cyclometalated iridium(III)
complexes bearing different auxiliary ligands were tested for their selectivity
toward split G-quadruplex in order to construct a label-free switch-on cocaine
detection platform employing a three-way junction architecture and a G-
quadruplex motif as a signal output unit. Through two rounds of screening, we
discovered that the iridium(III) complex 7 exhibited excellent selectivity toward
the intermolecular G-quadruplex motif. A detection limit as low as 30 nM for
cocaine can be achieved by this sensing approach with a linear relationship
between luminescence intensity and cocaine concentration established from 30
to 300 nM. Furthermore, this sensing approach could detect cocaine in diluted
oral fluid. We hope that our simple, signal-on, label-free oligonucleotide-based
sensing method for cocaine using a three-way DNA junction architecture could
act as a useful platform in bioanalytical research.
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■ INTRODUCTION

Cocaine is an addictive drug and is the second-most used illegal
substance in Europe and the United States.1 Traditional
methods for cocaine detection include chromatography
techniques incorporate with mass spectrometry2,3 and capillary
electrophoresis (CE).4 However, these instrumental analysis
techniques generally require heavy, expensive instrumentation
and labor-intensive sample preparation procedures and thus
cannot be used for in-field sample evaluation. Commercial
enzyme-linked immunosorbent assays (ELISA) for cocaine
detection are also available but are limited to the use of
expensive and thermally unstable antibodies.5

DNA three-way junctions are important building blocks in
the construction of DNA architectures and dynamic
assemblies.6 It contains three double-helical arms that are
connected at a junction point and form a branched structure.
The formation of DNA three-way junctions is usually dynamic
and acts as the simplified symbol for the replication fork and for
viral DNA integration into the host DNA during retroviral
replication.
Aptamers are oligonucleotides with a specific sequence that

selectively recognize and bind to a target.7,8 On the basis of the
discovery of cocaine aptamer, several oligonucleotide-based
cocaine detection methods with luminescent, colorimetric, and
electrochemical signal outputs have been reported.9−24 Upon
specific binding with cocaine, the aptamers could fold into a

typical three-way junction structure containing three stem loops
connected at the junction point. The single cocaine aptamer
chains, referred to as monolithic aptamers (MAs), can be cut
into two pieces to obtain double-fragment aptamers (DFAs).
Compared with MAs, the physical separation of two strands
enhances flexibility and enables the possibility for probe
modification in the development of new platforms for cocaine
detection, while the use of shorter oligonucleotides could
decrease the cost of the sensing platform for high throughput
screening approach.
The G-quadruplex is generated from guanine-rich DNA and

is stabilized by monovalent cations and Hoogsteen hydrogen
bonding.25−28 The rich structural diversity of G-quadruplex
made it become a versatile signal transducing element for
DNA-based sensing platforms.23,24,29−44 One special kind of G-
quadruplexes is called bimolecular or “split” G-quadruplexes,
which are formed by the combination of two separate short, G-
rich oligonucleotides. In this study, we combined the concepts
of DNA aptamers, three-way junctions and split G-quad-
ruplexes to construct a luminescent signal-on sensing platform
for cocaine detection. The cocaine detection platform is
described schematically in Scheme 1. P1 and P2 are designed
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two DNA oligomers that each hold the split cocaine aptamer
sequence in black and a split G-quadruplex sequence in blue,
which allows the formation of split G-quadruplex structure
when they get close to each other. First, P1 and P2 exist as a
single-stranded (ssDNA) conformation and are far apart from
each other. Thus, no split G-quadruplex motif could be formed,
resulting in a weak luminescence signal. Upon addition 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 getting close to each other,
leading to the split G-quadruplex formation, which is
subsequently identified by the G-quadruplex probe and
generate a high luminescence signal.
Compared to traditional organic fluorophore, transition

metal complexes can be synthesized easily with few
steps,45−47 while their photophysical properties and inter-
actions with biomolecules can be readily tuned by variation of
the coligands. Their relatively large Stokes shifts help to
effectively decrease self-quenching, and the long emission
lifetime of triplet metal-to-ligand charge transfer (3MLCT)
phosphorescence in the visible region allows their phosphor-
escence to be distinguished in highly fluorescent media through
the use of time-resolved spectroscopy.45,48−55 While iridium-
(III) complexes generally have longer lifetimes and higher
quantum yield than ruthenium(II) complexes. Our group has
previously developed a few iridium(III) complexes for
unimolecular G-quadruplex DNA probe;56−62 however, rela-
tively less work has been conducted on probes that detect split
G-quadruplexes.

■ EXPERIMENTAL SECTION
G-Quadruplex Fluorescent Intercalator Displacement (G4-

FID) Assay. The FID assay was performed as previously described.63

Fluorescence Resonance Energy Transfer (FRET) Melting
Assay. The FRET assay was performed according to literature.43

Synthesis. The following complexes were prepared according to
(modified) literature methods.46,50

Cocaine Detection. 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.
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, and then 1 μM of iridium(III) complex was

added into the mixture. The mixture was then allowed to equilibrate at
25 °C for 10 min for emission measurement.

■ RESULTS AND DISCUSSION
Evaluvation of Iridium(III) Complexes as Intermolec-

ular G-Quadruplex-Selective Probe. In this study, we first
evaluated the emission response of four luminescent cyclo-
metalated iridium(III) complexes (1−4, Figure 1) for their

ability to identify different kinds of DNA structure, including
split G-quadruplex DNA, ssDNA, and double-stranded DNA
(dsDNA, ds17). Among these four candidates, complex 1
incorporating the N∧N ligand 2,2′-biquinoline (biq) and the
C∧N ligand 2-phenylquinoline (phq) showed best G-quad-
ruplex selectivity (Figure 1), while showing small luminescence
enhancements toward ssDNA and dsDNA. A fold enhance-
ment ratio of ca. 3.8 and 3.9 was recorded for split G-
quadruplex/ssDNA and split G-quadruplex/dsDNA, respec-
tively. Based on the structure of complex 1, we further designed
and synthesized six derivatives of complex 1 (5−10, Figure 2).
This library contains several favorable substructures of complex
1 which emerged as the top candidate in the first round of
screening. Complexes 5−8 contain the same phq C∧N ligand as
complex 1, but bear different N∧N ligands with different biq
derivatives. Encouragingly, the second round of screening
revealed that the iridium(III) complex 7 has the best selectivity
toward split G-quadruplex as it displayed the highest enhance-

Scheme 1. Schematic Diagram of the Split G-Quadruplex-
Based Luminescent Switch-on Detection Strategy for
Cocaine Using the G-Quadruplex-Selective Iridium(Iii)
Complex 7 and a Three-Way DNA Junction Architecture

Figure 1. Diagrammatic bar array representation of the luminescence
enhancement selectivity ratio of complexes 1−4 in the presence of
split G-quadruplex over ssDNA or dsDNA.
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ment ratio for split G-quadruplex over ssDNA and dsDNA
(Figure 2).
Based on the screening data obtained, a basic structure−

activity relationship can be deduced. Complex 7 contains the
larger aromatic ring number of pyrazino[2,3-f ][1,10]-
phenanthroline(pyphen) ligand, compared with the biq ligand
of the parent complex 1, indicating that the size and shape of
the N∧N ligand may play a crucial role for split G-quadruplex
binding. However, extremely bulky N∧N ligands appear to
reduce the split G-quadruplex binding, such as the two pendant
phenyl groups linked to the phenanthroline scaffold for N∧N∧

ligand 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(dmdpphen) in 6. Complexes 5 and 8 which contain the 5-
chloro-1,10-phenanthroline and 4,7-dichloro-1,10-phenanthro-
line ligand, showed the lowest luminescent enhancement in the
second round of screening, suggesting that chlorine atom is
undesirable for split G-quadruplex binding. Furthermore,
complexes 9 and 10, which contain the same pyphen ligand
as 7 but vary in their C∧N ligand, showed the relative low
luminescent enhancement than 7, indicating that complex 7,
which holds the phq C∧N ligand and pyphen N∧N ligand,
displayed the best selectivity toward intermolecular G-
quadruplex, with a luminescence enhancement ratio of ca. 7.1
and 6.7 over ssDNA and dsDNA (Figure 2).
To confirm the selectivity of iridium(III) complex 7 (Figure

3a) toward G-quadruplex DNA, we tested the luminescence
signal of complex 7 upon addition of 17 different kinds of G-
quadruplex sequences. Complex 7 displayed very weak
luminescence in aqueous buffered solution. However, the
luminescence intensity of complex 7 was significantly increased

upon the addition of various G-quadruplex DNA sequences,
especially the c-kit G-quadruplex DNA (Figure 3b). Complex 7
displayed a ca. 29.1-fold enhancement of luminescence signal
upon the addition of 5 μM of c-kit1 DNA, whereas ca. 20.4-fold
enhancement was measured for c-kit87up DNA and a ca. 17.4-
fold enhancement was measured for c-kit2 DNA. Regarding to
c-myc G-quadruplex DNA, complex 7 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 7 in the presence of human telomeric G-quadruplex
DNA was not as high as for the aforementioned G-
quadruplexes, with fold-changes of only 5−10 being observed.
In contrast, no obvious luminescence change of complex 7 was
measured in the presence of 5 μM of ssDNA and dsDNA.
Therefore, these data indicate that complex 7 has selectivity for
most G-quadruplex structures rather than ssDNA and dsDNA.
In line with other reported G-quadruplex selective probes,

complex 7 displays very weak luminescence for thrombin
binding aptamer (TBA) which only contain two G-quartet.
One explanation is that TBA is more suitable for flat aromatic
molecules than ribbon-like molecules. Moreover, complex 7
showed a relatively weak luminescence enhancement toward a
G-quadruplex structure without loops (5′-TG4T-3′). Therefore,
we anticipate that complex 7 may bind outside the G-quartet
and locate in the loop region. To prove this hypothesis, we
evaluate the fold-enhancement of complex 7 in the presence of
various G-quadruplex with different loop length. G-quadruplex
sequences hold a 5′-side loop (5′-G3TnG3T3G3T3G3-3′), a
central loop (5′-G3T3G3TnG3T3G3-3′) or a 3′-side loop (5′-
G3T3G3T3G3TnG3-3′), for which loop there are usually 1−12
nucleotides for loop length. The experimental data indicates
that no matter the location of the loop, the luminescence
enhancement of complex 7 increased with longer loop length
until the maximum value (Figure S1). For the G-quadruplex
structures with a 5′-side loop or central loop, complex 7
showed ca. 4-fold emission enhancement when the loop size
was 1 or 2 nt. The luminescence of complex 7 increased
uniformly to ca. 11-fold as the loop length was increased to 6
nt. With G-quadruplexes holding 3′-side loops, the fold
enhancement of complex 7 increased from 4- to 10-fold as
the loop length increased from 2 to 7 nt. These results outline
that the property of the loop region could influence the binding
between complex 7 and G-quadruplex and the G-quadruplex
loop plays an essential role in the G-quadruplex-complex 7
binding.
To examine the selective G-quadruplex binding of complex 7,

we performed G-quadruplex fluorescent intercalator displace-
ment (G4-FID). In principle, the additional G-quadruplex
binding ligand will displace the thiazole orange (TO) from TO-
G-quadruplex complex and decrease the luminescence of TO.
While 2 μM of complex 7 displaces 50% of TO from TO-G-
quadruplex assemble but only 20% displacement was observed
for dsDNA upon addition of 5 μM complex 7 (Figure 3c). The
result of FRET-melting assay is in line with this conclusion.
Then 3 μM of complex 7 stabilizes the G-quadruplex DNA and
increases the melting temperature (ΔTm) for 5 °C but only
about 1 °C for dsDNA (Figure 3d,e). Meanwhile, the enhanced
melting temperature is nearly unchanged upon addition of 50-
fold higher concentration of double stand or single strand DNA
competitor (Figure 3f). In short, these results demonstrate that
complex 7 selectively binds to G-quadruplex DNA but dsDNA
or ssDNA.

Figure 2. Diagrammatic bar array representation of the luminescence
enhancement selectivity ratio of complexes 1 and 5−10 in the
presence of split G-quadruplex over ssDNA or dsDNA.
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Luminescent Detection of Cocaine in Aqueous
Solution. Encouraged by the superior seletivity of complex 7
toward G-quadruplex, we utilized complex 7 to design a sensing
platform for cocaine detection in aqueous solution. We
introduced 1 μM of cocaine into a solution containing 0.5
μM double-fragment cocaine aptamer DNA. After incubation at
25 °C for 30 min, complex 7 (1 μM) was added to the solution.
Interestingly, we observed that complex 7 showed an enhanced
luminescence signal with cocaine (Figure 4a). However, no
luminescence enhancement of complex 7 was observed for the
system lacking cocaine aptamer (Figure 4b), proving that the
luminescence enhancement of complex 7 is not caused by
direct interaction between complex 7 and cocaine. We envisage
that the enhanced luminescence signal of complex 7 resulted
from the specific binding of cocaine with its binding aptamer,
which allows the formation of the three-way DNA junction
architecture and subsequently the G-quadruplex motif that is
recognized by 7. To demonstrate the mechanism of this assay, a
few control experiments were conducted. Double-fragment
cocaine aptamers containing mutant split G-quadruplex
sequences (P1m1 and P2m1) were designed. The mutant
sequences lack the important guanine bases that are essential
in G-quadruplex formation. No significant change in the

luminescence signal of complex 7 was displayed when mutant
P1 and P2 were incubated with the target cocaine molecule
(Figure 4c).
To further verify that the luminescence enhancement of

complex 7 resulted from the recognition of complex 7 to split
G-quadruplex induced by the binding between DFAs and
cocaine at a three-way junction, we tried the sensing system
with other DNA mutants, designated P1m2 and P2m2, which
lack key bases in the aptamer sequences leading to a loss of
binding affinity toward cocaine. The results showed that the
luminescence signal of complex 7 was significantly decreased
with those mutants (Figure 4c). Circular dichroism (CD)
spectroscopy was further performed to demonstrate the
proposed DNA switching in this platform. The characteristic
G-quadruplex signals appeared with cocaine were consistent
with literature (Figure 4d).64 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 obtained, which is a typical characteristic
for the G-quadruplex structure, thereby demonstrating the
formation of G-quadruplex motif (Figure S2). These results

Figure 3. (a) Chemical structure of complex 7. (b) Diagrammatic bar array representation of the luminescence enhancement of complex 7 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 7 (3 μM). (e) Melting profile of F10T (0.2 μM) in the
absence and presence of 7 (3 μM). (f) Melting profile of F21T G-quadruplex DNA (0.2 μM) in the absence and presence of 7 (3 μM) and ds26 (10
μM) or ssDNA (10 μM).
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suggest that the enhanced luminescence signal of the system is
highly related to the appearance of the G-quadruplex motif
resulted from the binding between the DFAs and cocaine at a
three-way junction architecture.
To further optimize the conditions of assay, we evaluated the

effect of several parameters that may influence the performance
of this sensing platform. First, it can be seen that the relative
luminescence signal of the system was dependent on the
concentration of complex 7 in solution, with a maximal
intensity obtained at 1 μM of complex 7 (Figure S3a). Second,
as potassium ions are crucial in the stabilization of the split G-
quadruplex, the effect of KCl concentration on the
luminescence signal of the platform was also investigated. We
found that 20 mM of KCl provided a higher signal
enhancement for the cocaine detection compared to 10, 50,
or 100 mM of KCl (Figure S3b). Furthermore, we observed
that the luminescence enhancement was the highest at a
cocaine DFA concentration of 0.5 μM (Figure S3c). Finally, we
also examined the effect of different asymmetrical “3 + 1” and

symmetrical “2 + 2” split G-quadruplex designs on this cocaine
sensing platform (Figure S3d). By using the previously
optimized detection conditions, the P1 and P2 sequences
showed the highest luminescence signal increase in the
presence of cocaine among all six types of split G-quadruplexes.
Under the optimized conditions, we tested the luminescence
intensity of the detection platform upon addition of increasing
concentrations of cocaine. The luminescence signal of complex
7 increased with the concentration of cocaine (Figure 4e). The
system displayed a ca. 3.5-fold enhancement at [cocaine] = 4
μM, with a linear relationship established between lumines-
cence intensity and cocaine concentrations of 30 and 300 nM
(Figure 4f). Furthermore, the detection limit of this assay for
cocaine was as low as 30 nM at a signal-to-noise ratio (S/N) of
3.
The selectivity of our assay for cocaine was examined by

testing the luminescence response of the system toward four
other small molecules (ATP, adenosine, warfarin, and suramin).
Encouragingly, the luminescence output for cocaine was

Figure 4. (a) Emission spectra of the system ([7] = 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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significantly higher than that for 5-fold higher concentrations of
the other small molecules (Figure 4g). The selectivity of this
platform for cocaine was further evaluvated by testing the signal
output of the system to various planar compounds which could
induce the structural switching of DNA, including ochratoxin A
(OTA), thiazole orange (TO), protoporphyrin IX (PPIX),
crystal violet (CV), thioflavin T (ThT) and adenosine
triphosphate (ATP). Only weak luminescence response of the
system were measured upon the addition of these compounds
(Figure S4a). A competitive experiment was then conducted by
adding these planar compounds to systems containing cocaine.
The luminescent intensity of the system was closely unchanged
in the presence of the other compounds (Figure S4b),
indicating that this cocaine sensing platform could potentially
be utilized to detect cocaine in a complicated matrix sample.
Application of Cocaine Detection Assay in Biological

Samples. To test the performance in biological samples, we
evaluated our sensing probe for the detection of cocaine under
physiological conditions. A urine sample and an oral fluid
sample were collected from a volunteer and diluted by Tris-
HCl buffer. Increasing concentrations of cocaine were then
spiked into the biological sample (0.5% v/v oral fluid and
human urine). Our results showed that the luminescence
intensity of system increased greatly as the concentration of
cocaine was increased in both urine and oral fluid samples
(Figure S5). Additionally, the assay showed acceptable
performance even when more concentrated oral fluid (5% v/
v) was used.
We also examine the performance of this assay to monitor

the cocaine level 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 (Figure S5). These results indicate that the specificity
of the 7/G-quadruplex interaction could be utilized for the
effective detection of cocaine even in the presence of
contaminating nucleic acids. These results suggest that our
sensing platform could potentially be improved as a sensitive
method for cocaine detection in the real application.

■ CONCLUSION
In summary, a series of 10 in-house cyclometalated iridium(III)
complexes bearing different ligands were tested for their
selectivity toward split G-quadruplex. We discovered that the
iridium(III) complex 7 exhibited excellent selectivity toward
split G-quadruplex DNA and thus could be applied in the
development of a cocaine detection platform. In our approach,
we combined the concepts of binding aptamers, three-way
junctions and split G-quadruplexes to develop a label-free
luminescent switch-on assay for the detection of cocaine.
Compared with the previous methods in literatures utilizing
fluorescently labeled nucleic acids, our “mix-and-measure”
detection approach is easy, fast, and low cost and uses only
unmodified oligonucleotides. A 30 nM detection limit for
cocaine was obtained using complex 7, with a linear relationship
from 30 to 300 nM. To allow for comparison with previous
studies, we have summarized the detection limit, type of DNA
used, and the practical application of other recently reported
methods in Table S2. Some of these methods require modified
DNA, which is much more expensive than the unmodified
DNA oligonucleotides used in our system, though those
methods do typically exhibit lower detection limits. A few of the
assays could perform in real samples, such as diluted human
serum and urine, which demonstrates the interest in potentially

using these assays for the clinical testing of cocaine. The
comparison table therefore highlights the fact that the
sensitivity of our assay is comparable to previous studies, as
well as the fact that our assay can perform in different kinds of
biological samples, which has not been demonstrated for some
of the previous assays. A more detailed discussion on recent
oligonucleotide-based sensing platforms has been reviewed by
Qu and co-workers.65 We hope that our novel signal-on, label-
free split G-quadruplex-based sensing method for cocaine could
aid the study of clinical diagnosis and bioanalytical research.
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