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ABSTRACT: Six cyclometalated iridium(III) phenanthroimida-
zole complexes with different modifications to the imidazole
phenanthroline ligand exhibit enhanced luminescence when bound
to guanine (G-) quadruplex DNA sequences. The complexes bind
with low micromolar affinity to human telomeric and c-myc
sequences in a 1:1 complex:quadruplex stoichiometry. Due to the
luminescence enhancement upon binding to G-quadruplex DNA,
the complexes can be used as selective quadruplex indicators. In
addition, the electrogenerated chemiluminescence of all complexes
increases in the presence of specific G-quadruplex sequences,
demonstrating potential for the development of an ECL-based G-
quadruplex assay.

■ INTRODUCTION

Guanine (G-) quadruplexes are biologically relevant DNA
secondary structures formed through hydrogen bonding of
guanine units into stacked tetramers. They are localized in
specific regions of the genome including telomeres and
oncogene promoters. They are particularly interesting targets
for detection due to their roles in the development of human
cancers.1−3 G-quadruplex sensing can also aid in the detection
of other species, such as nucleic acids, proteins, small
molecules, or ions.4−7 The challenge resides both in the
sensitive detection and in the identification of the different G-
quadruplex polymorphs that are constituents of these biological
processes. In the past two decades, a variety of organic and
metal-based complexes have been reported as efficient binders
for many G-quadruplex-forming sequences including telomeric
DNA, as well as promoter sequences in c-myc, c-kit, and Bcl-2
protooncogenes.8−10 Square-planar (Pt(II), Pd(II), Ni(II), etc.)
and octahedral (Ru(II)) metal-based complexes, such as those
reported by us11−13 and others,14−18 present a variety of
attributes that make them ideal binders, including an inherent
positive charge, modular ligand design, and favorable
luminescent and electronic properties.
The potential of iridium-based complexes for the binding and

detection of biomolecules is becoming increasingly appa-
rent.19−24 Excellent features of this class of compounds include
high quantum yields, long luminescent lifetimes, large Stokes
shifts, and tunable emission wavelengths.25,26 In the past, issues
with poor water solubility overshadowed these advantageous
characteristics, but more recently iridium complexes have been
designed as labels for biomolecules27,28 and have been used to

detect target DNA strands with greater sensitivity than related
ruthenium complexes,29 antibiotics,30 and enzymes.31−33

We describe here a new class of cyclometalated iridium(III)
complexes that bind preferentially to G-quadruplex sequences.
These synthetically accessible complexes have the general
formula [Ir(ppy)2(N^N)]

+, where ppy = 2-phenylpyridinato,
and N^N refers to the ancillary ligand based on π-extended
phenylimidazole phenanthroline (Scheme 1). The complexes
were characterized by absorbance/photoluminescence, electro-
chemical, and electrochemiluminescence (ECL) measurements,
and for complexes 3 and 4, crystal structure analyses were
conducted. The binding affinity of each complex for G-
quadruplex sequences 22AG-K and c-myc was also determined.
The iridium complexes show a “switch-on” effect, with weak
luminescence in water that is significantly enhanced (∼50×) in
the presence of guanine quadruplexes. Double-stranded or
single-stranded DNA does not cause this luminescence
enhancement, indicating that the complexes bind preferentially
to G-quadruplex DNA. On the basis of these studies, we
developed a simple agarose gel electrophoresis staining assay
for guanine quadruplexes, in which iridium complexes such as 2
and 4 can distinguish between duplex DNA and G-
quadruplexes; this assay also has the potential to distinguish
between different G-quadruplex polymorphs found in onco-
gene promoters and telomeres. Interestingly as well, complexes
2 and 5 exhibit enhanced electrochemiluminescence in the
presence of G-quadruplex DNA (human telomeric 22AG-K and
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oncogene c-myc), laying the preliminary foundations for a new
sensitive and selective detection method. To our knowledge,
this is the first report of direct ECL enhancement upon G-
quadruplex binding, and this phenomenon is selective for
specific G-quadruplex structures.

■ RESULTS AND DISCUSSION

Crystal Structure Analysis. Single crystals of trifluor-
omethyl complex 3 and p-chloro complex 4 were grown via
slow diffusion of acetic acid into a solution of 3 or 4 in
dichloromethane. The ORTEP diagram of complex 3 is
depicted in Figure 1 (see Supporting Information for details
of crystal structure of 3 and specifically at Figure S1 for crystal
structure and details of 4). Interestingly, both molecules 3 and
4 were found to crystallize into a stacked dimer (Figure 1b and
Supporting Information Figure S1b). The nitrogen atoms of
the phenylpyridinato ligands occupy axial positions on the
metal,34 which results in a cis-C,C trans-N,N chelate
configuration. Superimposition of the two molecules in the
asymmetric unit revealed that, within a dimer, their stereo-
chemistry was identical (Figure 1c and Supporting Information
Figure S1c), while both enantiomers were present in the crystal.

Photophysical Properties. Complexes 1−6 were first
assessed for their photophysical properties in dichloromethane
(DCM) and aqueous environments. From the absorbance data
(Table 1 and Supporting Information Figures S2 and S3), for
all complexes, intense absorption bands below 320 nm could be
observed and are assigned to spin-allowed π−π* ligand-
centered (LC) transitions for phenylpyridinato and phenan-
throline-based ligands.27,35−40 Moderately intense absorption
bands in the range 380-430 nm were also observed that are
assigned to spin-allowed metal-to-ligand charge transfer
(MLCT) (Ir dπ to phenanthroline π*), or ligand-to-ligand
(LLCT) (ppy π to phenanthroline π*) transitions (or a
combination thereof).28,35,41 Finally, the weak absorption tails
above 430 nm are assigned to spin-forbidden 3MLCT (Ir dπ to
phenanthroline π*) transitions.27,37

Scheme 1. Synthesis of Complexes 1−7

Figure 1. (a) Complete crystal structure of complex 3 showing thermal ellipsoids at 50% probability, (b) dimer of complex 3, and (c) overlay of two
metal complexes in the asymmetric unit, showing their identical stereochemistry.
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The room-temperature photoluminescence data of the
complexes in dichloromethane and water are summarized in
Table 1, and the spectra are shown in Supporting Information
Figures S2 and S3. All complexes emit in the range 579−593
nm with excitation at 280 nm in both DCM and H2O at room
temperature. We can assign the excited-state characteristics of
complexes 1−6 as mixed MLCT and LLCT transitions. The
MLCT results from the promotion of an electron from the
HOMO of the metal center (or delocalized between the metal
and the ppy, see UV−vis assignment above) to the π* orbital of
the phenanthroline ligand, while the LLCT transition arises
from the movement of electrons located on the phenyl-
pyridinato ligands to the phenanthroline π* orbital.41−44 The
complexes exhibit monoexponential luminescence lifetimes on
the order of 207−262 ns in dichloromethane.45 As a literature
comparison, we also assayed complex 7. Under our
experimental conditions, the lifetime of complex 7 is 145 ns,
which agrees well with a literature value of ∼190 ns.35

In aqueous conditions, the quantum yields are significantly
reduced. The lifetimes are biexponential with a very rapid decay
of 5−9 ns (1−11%), and a longer decay of 57−67 ns (89−
99%). The biexponential behavior is consistent with the
complexes’ poor solubility in aqueous solution, possibly
resulting in association, and a two-state decay.46,47 For
comparison, the more water-soluble complex 7 was shown to
have a monoexponential lifetime of 92 ns.

Luminescence Enhancement upon Quadruplex Bind-
ing. We previously demonstrated that platinum complexes
containing imidazole−phenanthroline ligand variations such as
that in 1 are excellent binders of guanine quadruplexes and are
telomerase inhibitors.12,13,48 We were thus interested in the
binding affinity and selectivity of the iridium complexes 1−7 to
G-quadruplexes, and whether their photophysical properties
were altered upon binding.49 To this end, we added DNA to
the iridium complexes in potassium-containing aqueous buffer,
using a 10× excess of DNA to maximize the complex binding.
The G-quadruplex-forming DNA strands used were a telomere

Table 1. Photophysical Properties of complexes 1-6

λ abs/nm (ε/M−1 cm−1) λmax em (nm)

Φem (%,
Ru(bpy)3

2+

std)a τo (ns)

DCM H2O DCM H2O DCM H2O DCM H2O
b

1 282 (52 500), 303 (49 400), 392 (12 000), 472 (2000) 281 (55 200), 308 (46 500), 405 (13 300),
477 (4100)

562 580 3.5 0.43 240 64

2 273 (35 800), 291 (36 400), 412 (6900), 472 (1600) 290 (37 700), 422 (8700), 477 (3500) 565 577 3.4 0.54 213 66
3 272 (45 800), 285 (45 600), 302 (41 100), 393 (9600),

413 (8400), 472 (1300)
284 (41 200), 306 (37 300), 393 (11 400),

415 (8900), 477 (3000)
563 580 3.3 0.89 262 61

4 284 (49 600), 304 (47 200), 394 (11 600), 417 (10 000),
472 (1800)

286 (52 700), 306 (49 900), 396 (16 700),
416 (14 000), 477 (5000)

563 580 3.3 0.16 242 62

5 273 (29 000), 301 (24 100), 389 (6900), 409 (6100),
472 (900)

274 (28 300), 302 (23 200), 398 (7100),
477 (2000)

570 575 3.3 0.98 209 67

6 285 (41 800), 302 (39 000), 391 (10 100), 412 (9000),
472 (1300)

286 (50 500), 304 (47 800), 350 (31 500),
395 (15 600), 477 (4600)

564 580 3.7 0.67 207 57

aThe Φ of Ru(bpy3)
2+ in water is 0.028. bThe second decay is given as it represents between 89% and 99% of the overall decay. The complete

lifetime data for the complexes in water are given in Supporting Information Table S2.

Figure 2. Enhancement of luminescence after incubation in 1×K buffer (10 mM sodium cacodylate with 100 mM KCl, pH 7.2) of the complexes 1−
6 (2 μM) with excess DNA (20 μM).
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repeat sequence (22AG-K), an oncogene promoter sequence
(c-myc), as well as duplex (dsDNA) and single-stranded
(ssDNA) short sequences as controls. The complete sequences
of all G-quadruplex polymorphs, duplex, and single-stranded
DNA used in this study are in Supporting Information Table
S1. The fluorescence results collected after incubation for 1 h at
room temperature are shown in Figure 2 and Table 2 (data for

ssDNA are shown in Supporting Information Figure S4). All
complexes exhibited blue-shifted emission upon DNA binding,
likely a result of the nonpolar environment surrounding the G-
quadruplex-bound complexes. The charged excited state of the
bound complex is not as stabilized by the surrounding medium
as for the unbound species by aqueous solvent. Excitingly, all
complexes 1−6 show much higher emission intensities when
bound to G-quadruplex. Binding of complexes 1−6 to G-
quadruplexes places the complexes in an environment that is
relatively solvent inaccessible, thus restoring their luminescence
to values closer to those in organic solvent.15,49−52 The greatest
enhancement (53×) was observed for the interaction of
complex 5 with telomeric 22AG-K, and this was accompanied
by the largest shift in emission maximum (a 42 nm blue-shift).
This “light-switch” effect was not observed with duplex or
ssDNA. In contrast, the luminescence of complex 7 decreased
in the presence of any added DNA (Supporting Information
Figure S5), as did the emission of 1−6 with added ssDNA
(Supporting Information Figure S4). This result was surprising,
but is possibly explained upon consideration of the various
possible binding modes of complexes to DNA. Besides
intercalation, electrostatic interactions and groove binding are
also available. Some ruthenium complexes related to complex 7

are known to be (minor) groove binders rather than
intercalators.53,54 It is possible that nonspecific binding to
DNA causes association of these complexes on the DNA
strands, and results in self-quenching for some of these
molecules. This phenomenon is currently being examined in
greater detail.
While complex emission was enhanced in G-quadruplex

versus in dsDNA, showing specificity toward G-quadruplex
DNA, enhancements were much more pronounced in
telomeric 22AG-K compared to c-myc. This behavior may be
attributed to the differences in the folded structures of these
polymorphs and the available binding pockets for complexes
1−6. Figure 3 shows one of the possible polymorphs for each
of 22AG-K and c-myc, illustrating differences in the placement
and rigidity of the loops above and below the surface of the
tetrads.55,56 These loops may be able to shield the iridium
complex from the solvent to different extents for these two
structures, if the imidazole−phenanthroline ligand inserts
between them and the G-tetrad.15 In general, the end-stacking
mode has been shown to be the dominant binding site for these
G-quadruplex structures.57 We verified by circular dichroism
that binding of complexes 1 and 7 to both G-quadruplex
polymorphs does not significantly affect their structure
(Supporting Information Figure S6).

Assessing Binding Affinity and Stoichiometry. After
assessing the luminescence enhancement when the complexes
bind to G-quadruplex DNA, we devised a direct luminescence
assay to study the binding affinity of the library with the
biologically relevant G-quadruplex polymorphs telomeric
(22AG-K) and c-myc.59−64 The curves were fit to a one-site
binding model in GraphPad Prism, resulting in KD (dissociation
constant) values that are represented in Table 3 (see
Supporting Information Figure S7 for the fitted curves). All
the complexes show binding affinity in the submicromolar
range, which indicates tight binding to the quadruplex
sequences examined. Among these samples, the lowest value
determined is 0.089 ± 0.031 μM for complex 1 with the c-myc
polymorph.
Due to the lack of significant fluorescence enhancement

when the complexes bind to duplex DNA, binding affinities to
duplex motifs could not be assessed using the direct
luminescence enhancement method. Instead, we performed
CD melting experiments to determine the extent to which the
iridium complexes could thermally stabilize duplex DNA. These
results show essentially no thermal stabilization imparted by

Table 2. Quantification of Luminescence Enhancement and
Blue-Shift as a Result of DNA Interaction

22AG-K c-myc ds26mer

1×K
buffer
λ(max) λ(max) Ibound/Io λ(max) Ibound/Io λ(max)

Ibound/
Io

1 593 557 38.1 566 15.0 582 1.42
2 588 558 27.8 565 14.0 578 1.17
3 584 560 13.0 564 2.45 587 1.05
4 585 559 18.5 564 9.20 579 1.10
5 595 553 52.9 570 11.7 578 0.745
6 583 566 7.3 570 2.92 579 0.493
7 592 568 0.309 562 0.399 588 0.637

Figure 3. Visual inspection of one of the possible solution structures of (a) 22AG-K and (b) c-myc (Pu-27)58 (PDB codes 2GKU55 and 1XAV,56

respectively). Each structure is shown with the wide groove in the foreground. Tetrads are indicated with arrows while loops are indicated by ellipses.
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representative complex 1 on the DNA duplexes (Supporting
Information Figure S8), consistent with the high selectivity of
1−6 for G-quadruplex DNA.65

To assess the binding stoichiometry of complexes 1−6, a
continuous variation method (Job plot) was conducted for
binding to 22AG-K and c-myc G-quadruplexes. In this assay,
the total concentration of DNA and complex are held constant
(10 μM) while the mole fractions of the two components are
varied, and each fraction is quantified by luminescence
intensity. Complexes 1 and 2 gave the clearest results and are
shown in Figure 4, although the results could be expected to be
similar for the other complexes as well. The inflection point
occurs at ∼0.50 mole fraction, which corresponds to a 1:1
binding stoichiometry, that is, one complex per quadruplex.66

Selective G-Quadruplex Dyes for Electrophoresis. An
interesting application of the selectivity of the complexes
toward G-quadruplexes may be as selective stains for gel
electrophoresis in visual, qualitative assays. To this end, we ran
duplex and single-stranded DNA along with eight different G-
quadruplex forming sequences, including telomeric (22AG-K)
and various oncogene sequences (c-myc, ckit1, ckit2, KRAS,
BCL2, PDGFA, and VEGF [Supporting Information Table
S1)], at 10 μM in structure per lane on a 2% (w/v) native
agarose gel (1×TBE-KCl) containing 1.0 μM iridium
complexes 1−6. We compared the staining capability of these
complexes to the commercially available nucleic acid stain
SYBR gold. The intensity graphs from the gel staining for 2 and
4, the brightest and most selective for G-quadruplex sequences,
are compared to SYBR gold in Figure 5. The gels for 2 and 4
are shown in Supporting Information Figure S9, and the
intensity graphs for 1−5 inclusive are in Supporting
Information Figure S10.
As can be ascertained from Figure 5, SYBR gold shows

relatively intense staining of double-stranded DNA, and
comparatively minimal staining of the G-quadruplexes. In
contrast, 2 and 4 show no, or minimal, staining, respectively, of
duplex and single-stranded DNA. For some of the complexes,
staining is even selective for specific G-quadruplex polymorphs.
For example, complex 2 strongly stains the VEGF G-
quadruplex structure over the other polymorphs. Complex 4
preferentially stains the c-myc polymorph (the bar graph in

Figure 5 shows intensities of the complexes that are normalized
to the intensity of the 22AG sequence; as such, the intensities
cannot be compared across different complexes). The results
for the other complexes are shown in Supporting Information
Figure S10. Complexes 1−5 can be used as selective indicators
for G-quadruplexes over double- or single-stranded DNA in gel
electrophoresis. Thus, it may be feasible to use complexes 1−5
to identify G-quadruplexes from cellular extracts in assays with
proper G-quadruplex standards for reliable comparison. In
analogy to ethidium bromide methods for duplex DNA, their
micromolar binding affinities possibly allow destaining and
removal of the complexes, in order to isolate and collect these
quadruplexes.67

Electrochemistry and ECL. The electrochemical data for
complexes 1−6 are summarized in Table 4, and cyclic
voltammograms (CVs) are shown in Figure 6. In acetonitrile,
the CVs are characterized by 2 major redox peaks: a one-

Table 3. Binding Affinity [KD (μM)] As Determined from the Direct Luminescence Assay

1 2 3 4 5 6

22AG-K 0.77 ± 0.01 0.22 ± 0.03 0.75 ± 0.14 0.84 ± 0.02 0.21 ± 0.02 0.70 ± 0.10
c-myc 0.089 ± 0.031 0.98 ± 0.02 0.66 ± 0.06 0.85 ± 0.12 1.1 ± 0.5 1.7 ± 0.4

Figure 4. Job plots indicating binding stoichiometry. The error bars represent the standard deviation from duplicate measurements.

Figure 5. Bar graph depicting the integrated intensities of the bands in
the gel staining assay. Gels are shown in Supporting Information
Figure S9. For each complex, the intensities are normalized to the
intensity of 22AG-K staining.
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electron oxidation peak around E1/2 = 1.3 V (vs Ag/AgCl-
QRE) and a one-electron reduction peak around E1/2 = −1.6 V
(vs Ag/AgCl-QRE) (Figure 6a).68 The quasireversible
oxidation peak is assigned to the Ir3+/4+ couple. Furthermore,
changing the scan rate (50−600 mV/s) still resulted in
quasireversible behavior. The close correspondence of the
E1/2 for Ir

3+/4+ for all complexes 1−6 (Table 4) suggests that
the HOMO of the Ir3+ center is not greatly perturbed by the
substitution of the imidazole phenanthroline portion of the

complexes. This is consistent with a HOMO that is centered on
the metal and the 2-phenylpyridinato ligands.69 The 3+ and 4+
forms are stable over repeated CV scans. The anodic and
cathodic peak currents (ipa and ipc1, respectively) were
proportional to the square root of the scan rate (v1/2)
(Supporting Information Figure S11). From the slope of ipa
versus v1/2 plot, the Randles−Sevcik equation yielded a
diffusion coefficient of 2.43 × 10−5 cm2/s for complex 5, and
the other complexes can be expected to have similar values.
The reversible reduction peak at around E1/2 of −0.8 V is

assigned to a TBA+ stabilized O2 reduction70,71 (Supporting
Information Figure S12), and as such presents no significant
shift with the various iridium complexes. The irreversible
reduction peak in the range −1.54 to −1.62 V is assigned to the
phenanthroline ligands, which is consistent with the assignment
of the unmodified phenanthroline ligand in complex 7 (−1.44
V).72 Finally, the reduction of the 2-phenylpyridinato ligands is
visible for most complexes at around −2.2 V.73 These
assignments are based on literature precedents.
The CVs of iridium complexes (0.05 mM) were also

recorded in aqueous buffer solution (0.2 M Tris, pH 7.4)
(Figure 6b). Under these conditions, the oxidation waves were
broader than those in acetonitrile and were irreversible, and
thus in Table 4 the oxidation peak potential (Ep,ox) is reported.
With the exception of 1 and 3, most complexes showed similar
oxidation peaks (Ep,ox = ∼1.2−1.5 V). Compared to their
oxidation in acetonitrile, all complexes except 1 and 3 were

Table 4. Electrochemical and ECL Data

ACN H2O

sample

E1/2
a

(Ir3+/Ir4+)
(V)

Ered
a (phen/

phen−) (V)
E1/2

a (ppy/
ppy−) (V) ECLb Ep,ox

a ECLb,c

1 1.33 −1.57 −2.18 1.00 1.39 1.00
2 1.38 −1.62 −2.08 0.44 1.18 0.79
3 1.34 −1.60 −2.23 1.11 1.44
4 1.27 −1.62 −2.23 0.71 1.25
5 1.30 −1.54 −2.13 2.07 1.23 0.57
6 1.24 −1.62 −2.23 0.73 1.23
7 1.26 −1.44 −2.09 4.26d 1.05 4.46

aPotentials are given vs the Ag/AgCl quasireference electrode. The
E1/2 for ferrocene methanol added as an internal standard is 0.48 V.75
bNormalized to complex 1. c[Iridium] = 0.05 mM for buffered
solutions. dThe intensity of complex 7 was not stable over continuous
CV cycles.

Figure 6. CV results for complexes 1−7: (a) in acetonitrile solution, and (b) in aqueous buffer solution. The test solutions contained 0.5 mM
iridium complex and 0.1 M TBAPF6 (acetonitrile) or 0.05 mM iridium complex and 0.2 M Tris buffer, pH 7.4 (aqueous). The potential was cycled
between −2.25 and 1.65 V (acetonitrile), or between −0.45 and 1.75 V (buffer) at a scan rate of 100 mV/s.
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oxidized at less anodic potentials in buffer solutions, consistent
with the increased polarity of the medium facilitating the Ir3+/4+

oxidation.74 The oxidation peaks of 1 and 3 in buffer are slightly
more anodic than the other samples. Interestingly, there were
no observed reduction peaks in the buffered solution.
The ECL of the complexes was examined through the co-

reactant mechanism. This relies on the oxidation of tri(n-
propyl)amine (TPrA), which yields a strong reducing agent
(TPrA•) that reacts with the oxidized iridium complexes to
generate an excited state.25,68,76−79 This mechanism can occur
both in organic and aqueous solvents, allowing comparison of
ECL behavior in these two media. In acetonitrile and in the
presence of 0.05 M TPrA, the ECL was measured during
multiple continuous CV scans, and the average integrated
intensity, relative to 1, is listed in Table 4. The ECL was
observed during the forward potential scan between 1.0 and 2.0
V, with a maximum intensity at approximately 1.5 V (Figure
7a). The ECL spectra are shown in Figure 7b and overlap well

with the fluorescence spectra indicating that similar excited
states are involved for both processes.74,80 At potentials more
anodic than +1.5 V, ECL is decreased possibly as a result of
quenching by the TPrA radical cation formed at higher
oxidation potentials.81 The reduced ECL response persists
during the reverse scan. For complexes 1−6, the ECL intensity
remained consistent over the multiple continuous CV cycles.
The stability of the ECL response is noteworthy.82 In
comparison, under identical conditions, the unsubstituted 7
had a stronger (∼2.5 times) ECL intensity during the first CV
scan, but it drastically decreased with subsequent CV scans

(Supporting Information Figure S13). The electrogenerated Ir
excited state in the ECL experiment partly arises from the
combination of tripropylamine radicals (TPrA•) with the
oxidized metal complex (Ir+• + TPrA• → Ir* + TPrA side
product). The efficiency of ECL thus depends on the energy
match between the HOMO of TPrA• and the LUMO of the
oxidized metal complex.83 The higher ECL intensity of phen
complex 7 compared to those of 1−6 may be related to the less
electron-rich (lower LUMO energy) phenanthroline ligand in 7
compared to the imidazole phenanthroline ligand in 1−6.84
The reason for the observed robustness of the ECL signal for
complexes 1−6 is unclear at present, but may possibly be
related to increased stabilization of the complex against
degradation, imparted by the extended imidazole phenanthro-
line ligand compared to the phenanthroline. The increased
stability of the ECL signals for 1−6 allows the collection of
more photons upon repeated ECL scans, thus increasing
sensitivity.
Interestingly as well, the ECL intensities increased with

increasing electron withdrawing ability of the phenyl group
attached to the imidazole phenanthroline ligand. In fact, they
correlated well with Hammett σ values of the substituents on
the phenyl group of the imidazole phenanthroline moiety85

(Supporting Information Figure S14). We are currently
investigating this trend, specifically regarding the extent of
delocalization between the imidazole−phenanthroline ligand
and the attached phenyl group.12,84,86 From the complexes
examined here, o-chloro complex 5 and trifluoromethyl
complex 3 had the most intense ECL response (the ECL
intensity of 5 is twice that of 1).
To use iridium complexes in subsequent G-quadruplex

binding experiments, ECL measurements of selected iridium
complexes were also conducted in aqueous buffer solutions
(Table 4). All samples were less emissive compared to the ECL
in acetonitrile solution, and the difference between their ECL
intensities was less pronounced. This reduction in ECL
emissivity mirrors the decreased photoluminescence intensities
observed above.

ECL-Based DNA Detection. Since these complexes bind
selectively to G-quadruplex sequences, we examined whether
this binding may also affect their ECL response, potentially
leading to an interesting detection method. In preliminary
experiments, the ECL response of three complexes 1, 2, and 5
in buffer (with added TPrA) was measured in the absence and
presence of the G-quadruplex sequence c-myc (ratios of Ir/
DNA were varied from 500 to 36) (Figure 8). These complexes
were selected on the basis of their ECL responses in
acetonitrile; 1 is the parent complex, and 2 and 5 produce
the smallest and largest ECL responses, respectively. Interest-
ingly, as the c-myc DNA content of the solutions is increased,
the ECL response increases. It reaches a maximum value at
(Ir:DNA quadruplex = 167:1), and decreases at higher DNA
concentrations. Many biological assays involve samples with
very small analyte concentrations, and this ECL range is
suitable for these assays. This response was reproduced for all
three tested complexes, which showed similar intensity with
added c-myc (Figure 8a).
To confirm that the complex:DNA interaction is specific to

the G-quadruplex sequence, we conducted two experiments
under the same conditions. First, we tested phenyl complex 1
(Figure 8b) in the presence of duplex DNA and both G-
quadruplex sequences c-myc and 22AG-K, at the same
concentration as the experiment above (concentration in

Figure 7. (a) Overlay of the simultaneous CV (black) and ECL (red)
scans for complex 5; (b) ECL spectra of 1−6. Both experiments are in
MeCN with [iridium complex] = 0.5 mM, [TBAPF6] = 0.1 M, and
[TPrA] = 0.05 M.
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structure, that is, one quadruplex and one duplex). The results
show that the addition of duplex DNA has a smaller effect on
the ECL intensity than does the c-myc G-quadruplex sequence.
Interestingly, the addition of 22AG-K causes a marked increase
of the ECL intensity. The second experiment was conducted
using 7 (Figure 8c) which should not show preference for G-
quadruplex sequences over duplex DNA. In these experiments
we added either c-myc or duplex DNA to solutions of 7 and
saw minimal changes in the ECL intensity as the DNA content
was increased. These experiments suggest that 1, 2, and 5
interact specifically with G-quadruplex sequences and can
detect their presence as low as 0.1 μM (using our ECL setup)
based on ECL response. Thus, while the original ECL intensity
of 7 is higher than those of complexes 1, 2, and 5, complex 7
does not show a response in the presence of G-quadruplexes,
and its ECL is not robust through many cycles.
The observed ECL enhancement of complexes 1, 2, and 5

may be related to the light-switch effect noted for photo-
luminescence experiments, in which the environment of the
complex while π-stacked on the G-quadruplex results in
enhanced emission. In fact, the greater ECL increase for 1
upon addition of 22AG-K compared to c-myc parallels its
photoluminescence behavior with 22AG-K and c-myc (Table
2). This phenomenon is structure-specific, as duplex DNA does

not cause this ECL enhancement and different quadruplex
structures cause different ECL responses. Moreover, complex 7,
which does not end-stack onto guanine quadruplexes but likely
interacts via groove binding with DNA, did not show an ECL
increase with these structures.
As hypothesized above, the binding site of the G-

quadruplexes, particularly the 22AG-K polymorph, may
effectively shield the complex from the solvent and result in
enhanced ECL. In addition, as DNA is negatively charged, it
may bring the iridium complexes and the co-reactant (TPrA,
which is expected to be protonated) in close proximity for an
efficient bimolecular reaction to generate the iridium excited
state. However, at higher DNA concentration, association of
complexes may possibly occur, resulting in gradual loss of the
ECL signal. It is important to note here that the range of ECL
increase (up to 167:1 Ir:DNA) is useful, in that it allows the
detection of small amounts of guanine quadruplexes.87 These
experiments, while demonstrating the exciting potential of these
complexes as ECL-based G-quadruplex indicators, are prelimi-
nary. We are currently examining this phenomenon further to
determine the precise mechanism by which this enhancement
occurs, and to measure and improve its dynamic range and
DNA detection limit.

■ CONCLUSIONS
In conclusion, we have described six iridium complexes with
extended imidazole phenanthroline ancillary ligands and
assessed their binding ability with various forms of biologically
relevant DNA sequences, including G-quadruplexes from
human telomeric and oncogene promoter sequences as well
as duplex DNA. These complexes exhibit luminescence
enhancement upon binding specifically to G-quadruplex
DNA, but not to duplex or single-stranded DNA. We showed
the use of these complexes as selective luminescent dyes for
detection of G-quadruplexes in agarose gel electrophoresis.
They were able to discriminate between G-quadruplex
structures and double-stranded DNA, but also among different
G-quadruplex polymorphs found in biologically relevant
structures. These complexes exhibit electrogenerated chem-
iluminescence (ECL) in organic solvents. In aqueous solvent,
the ECL signal significantly increased upon addition of guanine
quadruplexes, but not duplex DNA. This phenomenon is also
selective between different G-quadruplex structures. The
promising results from this preliminary assay may allow the
direct detection of low levels of G-quadruplex DNA in a
selective manner in aqueous conditions.
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