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ABSTRACT: A library of six luminescent Ir(III) complexes were
synthesized and studied for their capacity to function as probes for G-
quadruplex DNA. The novel Ir(III) complex 1 was discovered to be
selective for G-quadruplex structures and was subsequently used for
the construction of a label-free G-quadruplex-based ochratoxin A
(OTA) sensing platform in aqueous solution. The assay exhibited
linearity for OTA in the range of 0 to 60 nM (R2 = 0.9933), and the
limit of detection for OTA was 5 nM. Furthermore, this assay was
highly selective for OTA over its structurally related analogues.
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■ INTRODUCTION

Ochratoxin A (OTA) is a secondary metabolite manufactured
by fungal species such as Aspergillus ochraceus and Penicillium
verrucosum and is widely present in soil, animals, plants, and
various foodstuffs.1−4 Extensive studies have shown that OTA
causes nephrotoxic, carcinogenic, hepatotoxic, teratogenic, and
immunotoxic effects to humans.5−9 Thusly, OTA has been
categorized as a potential carcinogen (group 2B), and countries
have established limits to OTA levels in food and
beverages.10,11

The discovery of simple and facile OTA detection assays to
prevent the consumption of OTA by humans is therefore
highly required. Chromatographic techniques including gas
chromatography (GC),12 high-performance liquid chromatog-
raphy (HPLC),13−16 and liquid chromatography-tandem mass
spectrometry (LC-MS)17−19 have been employed to detect
OTA contamination. However, these techniques tend to
require expensive instrumentation, long processing times, and
specially trained personnel. The enzyme-linked immunosorbent
assay (ELISA) is relatively simpler but still necessitates the use
of protein antibodies that can be unstable and/or tedious to
prepare.20−25 In contrast, nucleic acid aptamers are generally
more robust under various conditions, and their binding
abilities can be retained even after many times of denaturation−
renaturation cycles.8 In 2008, Cruz-Aguado and Penner
reported the 36-nt OTA aptamer that binds to OTA, with a
Kd value of 200 nM.26,27 Interestingly, the binding is
accompanied by a transition of the aptamer from a random

single-stranded DNA (ssDNA) conformation into an anti-
parallel G-quadruplex structure. The “structure-switching”
response of the OTA aptamer has been transduced into
luminescent,28−36 colorimetric,37−41 or electrochemical sig-
nals42−45 in various OTA detection assays. However, the
majority of aptamer-based assays for OTA detection have
required labeled oligonucleotides and/or multiple DNA
probes.46

The G-quadruplex structure is a well-known nucleic acid
secondary structure formed by planar arrays of guanine tetrads
stabilized by Hoogsteen hydrogen bonding as well as metal
cations.47−50 The extensive structural diversity of G-quad-
ruplexes has made them as versatile signal transducers for the
construction of label-free detection platforms for environ-
mentally or biologically important analytes.51−53 In the label-
free approach, it is crucial for the G-quadruplex-selective ligand
to exhibit a high affinity and specificity for G-quadruplex DNA.
However, some commonly used organic dyes, such as crystal
violet, thiazole orange, and thioflavin T, show unrestricted
binding to various DNA conformations.54 At the same time,
luminescent metal complexes have attracted great interest as
probes for biomolecules due to their long lifetime, large Stokes
shift, simple synthetic protocols, and adjustable excitation and
emission maxima in the visible range.54,55 We have previously
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discovered that octahedral Ir(III) complexes can be harnessed
to develop probes that are selective for G-quadruplex
DNA.56−59 Therefore, we aimed to construct a label-free
luminescent switch-on sensing assay for OTA using Ir(III)
complexes and the OTA aptamer.

■ EXPERIMENTAL SECTION
Materials. OTA, OTB, and warfarin were purchased from Sigma-

Aldrich (St. Louis, MO) and used as received. Iridium chloride hydrate
(IrCl3·xH2O) was purchased from Precious Metals Online (Australia).
Other reagents, unless specified, were also purchased from Sigma-
Aldrich (St. Louis, MO). All oligonucleotides were purchased from
Techdragon Inc. (Hong Kong, China).
G4-FID Assay. The assay was performed as previously described.60

Absorption Titration. The titration was performed as previously
described.61

Detection of OTA in Buffered Solution. The random-coil OTA
aptamers ON1 (100 μM) and ON2 (100 μM) were annealed in Tris-
HCl buffer (20 mM, pH 7.0). The annealed DNA was placed at −20
°C before use. For assaying OTA, 500 μL of OTA binding buffer (10
mM Tris-HCl, 120 mM NaCl, 10 mM MgCl2, 10 mM KCl, pH 8.4)
with the indicated concentrations of OTA was added to the solution
containing the double-stranded DNA (0.5 μM). The mixture was
placed at 25 °C for 10 min to allow the formation of the G-quadruplex
to take place. Finally, 0.5 μM of complex 1 was added to the mixture.
Emission spectra were recorded in the 550−750 nm range while λex =
310 nm.

■ RESULTS AND DISCUSSION
Ir(III) complexes 1−6 (Figure 1) carrying the C^N ligand 1-
phenylisoquinoline (piq) and N^N ligands based on 1,10-

phenatheroline (phen) were used in the present study (Table
S1, Supporting Information). These complexes emit at λ > 590
nm; therefore, interference from the fluorescence of OTA (λem
= 435 nm) should be minimal. Complexes 1−6 were initially
tested for their capacity to discriminate G-quadruplex (G4)
from double-stranded DNA (dsDNA) and ssDNA (Table S2,
Supporting Information). Interestingly, the novel complex 1
[Ir(piq)2(tmphen)]+ (where tmphen = 3,4,7,8-tetramethyl-
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 (Figure 2). Complex 1
also exhibited the strongest luminescence response to the
PS2.M G-quadruplex (ca. 5.9-fold), while only slight
luminescence changes were observed for ssDNA (CCR5-
DEL) and dsDNA (ds17) (Figure S1a,g, Supporting
Information). On the other hand, complexes 2−6 showed

little or no selectivity for G-quadruplex DNA (Figure S1b−g,
Supporting Information). Of the six iridium(III) complexes
tested, complexes 4 and 5 containing two substituted benzene
rings showed the lowest enhancement to G-quadruplex DNA,
which could be attributed to their relatively bulky molecular
structure. Complex 1 possessing four methyl groups at the 3, 4,
7, and 8 positions of the 1,10-phenanthroline N^N ligand
exhibited the highest emission increase to the G-quadruplex
structure. Complex 2, which has no substituents, and complexes
3 and 6, which have two methyl groups and an amine group,
respectively, on the 1,10-phenanthroline core showed lower
luminescent enhancements to G-quadruplex DNA. These
results suggest that the specificity of the complexes for G-
quadruplex DNA are dependent on their molecular structure,
including molecular size and substitution pattern.
The specific binding of complex 1 toward G-quadruplex

structures was also confirmed by FRET-melting assay, UV/vis
absorption titration experiment, and G-quadruplex fluorescent
intercalator displacement (G4-FID) experiments. The melting
temperature (ΔTm) of the F21T G-quadruplex was raised by
approximately 16 °C in the presence of 1 (Figure 3a). On the
other hand, 1 increased the melting temperature of F10T
dsDNA by only 6 °C under the same conditions (Figure 3b).
Additionally, the UV/vis absorption titration assay showed that
the binding constant of 1 for the PS2.M G-quadruplex is 1.26 ×
105 M−1 (Figure S2a, Supporting Information), which is about
3-fold and 6-fold higher than that for dsDNA (0.4 × 105 M−1,
Figure S2b, Supporting Information) or ssDNA (0.21 × 105

M−1, Figure S2c, Supporting Information), respectively. The
G4-FID assay revealed that 1 could displace thiazole orange
(TO) from G-quadruplex DNA with a G4DC50 value (half-
maximal concentration of compound required to displace 50%
TO from DNA) of 4.2 μM (Figure 3c). By comparison, even at
the highest concentrations of 1 tested, less than 50% of TO was
displaced from dsDNA. In summary, these data show that
complex 1 interacts selectively with G-quadruplex DNA over
either dsDNA or ssDNA. As far as we are aware, the G-
quadruplex-binding selectivity of 1 has not been previously
reported. To additionally study the role of the loop regions of
the G-quadruplex structure in the interaction between complex
1 and G-quadruplex DNA, we examined the emission response
of 1 to different G-quadruplex DNA structures, including
structures containing a 5′-side loop (5′-G3TnG3T3G3T3G3-3′),
a central loop (5′-G3T3G3TnG3T3G3-3′), or a 3′-side loop (5′-
G3T3G3T3G3TnG3-3′), with loop lengths ranging from 1 to 15
nucleotides (nt) (Figure 3d−f). The results revealed that the

Figure 1. Molecular structures of Ir(III) complexes 1−6 used in this
study.

Figure 2. Bar array chart showing the luminescence enhancement
selectivity ratio of complexes 1−6 for G-quadruplex DNA (PS2.M)
over dsDNA (ds17) and ssDNA (CCR5-DEL). Error bars show the
standard deviations of the results from three independent experiments.
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emission of complex 1 was positively correlated with loop size,
for all kinds of loops. As the loop size was lengthened from 1 to
15 nt, the emission of complex 1 was enhanced from 1.8- to
7.1-fold (5′-side loop), from 3.1- to 10.5-fold (central loop),
and from 3.2- to 7.5-fold (3′-side loop). This data indicates that
the loop region of the G-quadruplex structure may be a
significant determinant in the binding interaction between
complex 1 and the G-quadruplex motif. This finding is also
consistent with prior studies reported by Qu and co-workers,62

who reported the binding between ligands and G-quadruplex
structures could depend on the nature of the loop region.
The proposed mechanism of the aptamer-based sensing assay

for OTA using the luminescent G-quadruplex-selective Ir(III)
probe is depicted in Scheme 1. The oligonucleotide sequence
ON1 containing the OTA aptamer (5′-GATCG3TGTG3T-
G2CGTA3G3AGCATCG2ACA-3′) is initially located within a
duplex substrate via hybridization with a partially comple-
mentary DNA strand ON2 (5′-C2ACAC3GATC-3′). The
addition of OTA can cause ON1 to dissociate from ON2 due
to the strong affinity of the OTA aptamer for OTA, allowing
ON1 to fold into a quadruplex structure. The OTA G-
quadruplex aptamer is then bound by the G-quadruplex-

selective Ir(III) complex 1 with an increased emission response,
enabling this system to act as a switch-on label-free luminescent
detection platform for OTA. Moreover, this duplex-to-
quadruplex approach is advantageous compared to a random
coil-to-quadruplex strategy because the initial duplex substrate
may be more resistant to the presence of interfering ions, such
as K+ and Na+, which may induce single-stranded OTA aptamer
into a G-quadruplex motif even without the addition of OTA.
We first studied the emission response of 1 and the ON1/

ON2 duplex to OTA in buffered solution. It was seen that the
emission of 1 was significantly increased when OTA was added.
To confirm that the observed emission increase arose from the
generation of the OTA-induced G-quadruplex, we performed
several control experiments. No notable enhancement in
emission was seen when OTA was added to 1 in the absence
of ON1/ON2, indicating that 1 did not interact with OTA
directly (Figure S3, Supporting Information). We also tested a
duplex substrate (ON1m, 5′-GATCT3TGTC3TG2CGT-
A3C3AGCATCG2ACA-3′; ON2m, 5′-G2ACAA3GATC-3′) that
cannot fold into a G-quadruplex structure in response to OTA
due to the absence of critical guanine bases. As anticipated, only
a small emission increase was detected at 60 nM OTA for the
mutant duplex, suggesting that the generation of the G-
quadruplex structure is critical for the mechanism of this assay
(Figure S4, Supporting Information). Circular dichroism (CD)
spectroscopy was also used to confirm the duplex-to-
quadruplex conformational transition induced by OTA (Figure
S5, Supporting Information). The CD spectrum of the ON1/
ON2 duplex without OTA shows a positive peak at 270 nm and
a pronounced negative peak at 240 nm, which is suggestive for
duplex DNA. Upon the addition of OTA, a positive band at 290
nm and a weak negative peak at 250 nm are observed,
consistent with previous reports on the OTA aptamer G-
quadruplex.63 In summary, this data indicates that the emission
increase of the detection platform can be attributed to the
specific binding of complex 1 with the OTA aptamer G-
quadruplex.
After optimization of the concentrations of duplex DNA and

complex 1 (Figures S6 and S7, Supporting Information), the
emission response of the assay to a range of OTA
concentrations (5 to 150 nM) was tested. The system showed
a ca. 4.8-fold increase in luminescence at [OTA] = 150 nM
(Figure 4a), with linearity for OTA from 0 to 60 nM (Figure
4b). We estimated the detection limit of this assay for OTA to
be 5 nM at a signal-to-noise ratio (S/N) of 3 (Figure S8,
Supporting Information). This detection limit is on the same
order of magnitude as other aptamer-based luminescent
methods reported in the literature.28,35,64 Moreover, this

Figure 3. (a) Melting profile of F21T G-quadruplex DNA (0.2 μM)
with and without 1 (3 μM). (b) Melting profile of F10T dsDNA (0.2
μM) with and without 1 (3 μM). (c) G4-FID titration curves of DNA
duplex ds17 and ds26 and G-quadruplex DNA PS2.M in the presence
of increasing concentration of complex 1 in Tris-HCl buffer. (G4DC50
value is defined by the half-maximal concentration of compound
required to displace 50% TO from G-quadruplex DNA). Emission
enhancement of 1 at different loop sizes: (d) 5′-side loop, (e) central
loop, and (f) 3′-side loop (in nucleotides).

Scheme 1. Schematic Representation of the Label Free OTA
Assay Based on a Duplex Substrate and G-Quadruplex
Selective Luminescent Probe
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detection limit is similar to the safe upper limit of OTA (2 μg/
L) contamination in beer, wine, and grape juice.1,4

The selectivity of this detection platform for OTA was
examined by evaluating the luminescent response of the
detection platform to structurally related analogues of OTA,
such as ochratoxin B (OTB) and warfarin (WF). The data
showed that only OTA could significantly increase the emission
of the complex 1/duplex DNA system (Figure 5), while no

signal enhancement with the structural analogues of OTA was
observed. This data indicates that the system displays notable
selectivity for OTA over structurally related compounds, which
is attributed to the specific interaction of the OTA aptamer for
OTA.

■ CONCLUSION
In summary, the novel luminescent Ir(III) complex 1 was
discovered to display excellent selectivity for G-quadruplex
structures over other types of DNA, including dsDNA and
ssDNA, and was utilized for the development of a G-
quadruplex-based detection platform for OTA. When OTA is
absent, the DNA substrate initially exists in a duplex structure
that binds inefficiently with 1. However, the addition of OTA
significantly enhances the emission of the system due to the
conformational shift of the DNA duplex into a G-quadruplex
motif, that is recognized by complex 1. Additionally, this probe
showed robust selectivity for OTA over its structural analogues.
This label-free G-quadruplex-based luminescence switch-on

platform is simple, rapid, and cost-effective compared to
conventional chromatographic or immunological assays.
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