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ABSTRACT: Phosphorescence signaling provides a valuable alternative to
conventional bioimaging based on fluorescence. The benefits of using
phosphorescent molecules include improved sensitivity and capabilities for
effective elimination of background signals by time-gated acquisition.
Cyclometalated Ir(III) complexes are promising candidates for facilitating
phosphorescent bioimaging because they provide synthetic versatility and
excellent phosphorescence properties. In this Forum Article, we present our
recent studies on the development of phosphorescence sensors for the
detection of metal ions based on cyclometalated iridium(III) complexes. The constructs contained cyclometalating (C^N)
ligands with the electron densities and band-gap energies of the C^N ligand structures systematically varied. Receptors that
chelated zinc, cupric, and chromium ions were tethered to the ligands to create phosphorescence sensors. The alterations in the
C^N ligand structures had a profound influence on the phosphorescence responses to metal ions. Mechanistic studies suggested
that the phosphorescence responses could be explained on the basis of the modulation of photoinduced electron transfer (PeT)
from the receptor to the photoexcited iridium species. The PeT behaviors strictly adhered to the Rehm−Weller principle, and the
occurrence of PeT was located in the Marcus-normal region. It is thus anticipated that improved responses will be obtainable by
increasing the excited-state reduction potential of the iridium(III) complexes. Femtosecond transient absorption experiments
provided evidence for the presence of an additional photophysical mechanism that involved metal-ion-induced alteration of the
intraligand charge-transfer (ILCT) transition state. Utility of the mechanism by PeT and ILCT has been demonstrated for the
phosphorescence sensing of biologically important transition-metal ions. In particular, the phosphorescence zinc sensor could
report the presence of intracellular zinc pools by using confocal laser scanning microscopy and photoluminescence lifetime
imaging microscopy techniques. We hope that the significant knowledge gained from our studies will be of great help in the
design of new molecules as phosphorescence sensors.

■ INTRODUCTION

Biological research has benefited greatly from advances in
photoluminescence imaging techniques based on molecular
probes. A variety of fluorescent molecules have served as probes
for visualization of many important entities at cellular and
organismal levels. For instance, fluorescent sensors were
employed in elucidating signaling processes mediated by
calcium1,2 and zinc ions.3−6 The benefits of using fluorescent
probes are enormous; excellent spatiotemporal resolution can be
attainable with the minimum dosage of the compounds. More
importantly, the knowledge that has been accumulated about the
synthetic tuning and spectroscopic techniques of molecular
photoluminescence provides exceptional versatility.
It has been recognized that phosphorescence bioimaging

could be a promising alternative to fluorescence techniques
because long-lifetime phosphorescence emission can easily be
discriminated from background noise caused by autofluor-
escence and scattered light. Notably, NADH, a coenzyme
existing at millimolar levels in mammalian cells, exhibits broad
fluorescence emission ranging from 400 to 600 nm.7 In addition,

many endogenous chromophoric species exist, including flavins,
metal-free porphyrins, and components of lipofuscin, elastin, and
keratin. These fluorescent biomolecules reduce the signal-to-
noise ratios, limiting the reliability of fluorescence bioimaging.
Because fluorescence noise has a considerably shorter emission
lifetime (<100 ns) than that of phosphorescence emission (ca.
microseconds), gated phosphorescence acquisition at 100 ns
delay can completely eliminate the noise. This idea has recently
been demonstrated for bioimaging based on long-lifetime
emitters such as lanthanide complexes.8−14

Despite these advantages, phosphorescence bioimaging has
been significantly held back by a lack of high-efficiency room
temperature phosphorescent molecules. The recent develop-
ment of phosphorescent transition-metal complexes, such as
those containing platinum(II) and iridium(III),15 for use in
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electroluminescence has inspired new approaches to bioimag-
ing.16−35 Among the transition-metal complexes, cyclometalated
iridium(III) complexes have emerged as promising candidates
for use as phosphorescence sensors because of their high
phosphorescence quantum yields (Φp) and the ability for wide
spectral tuning.17,36−41 Several pioneering research groups have
already demonstrated the potential use of cyclometalated
iridium(III) complexes for phosphorescent staining of intra-
cellular organelles, including nuclei,42,43 mitochondria,44 lyso-
somes,45 endoplasmic reticuli,46,47 plasma membranes,44,48 and
cytoplasms.42,44,46,47,49,50 More details on phosphorescent
bioimaging including cellular staining using cyclometalated
iridium(III) complexes can be found in recent reviews.36,51−60

In contrast to the success of using iridium(III) complexes in
cellular staining applications, phosphorescence biosensors based
on such compounds are relatively underdeveloped. Although
r e c e n t r e p o r t s o n t h e d e t e c t i o n o f m e t a l
ions,16,17,20,21,28−30,33,34,60−65 oxygen,66−69 anions,70 and bio-
logical molecules, such as DNA,71,72 amino acids,73−79 and
glucose,80 have gained increasing interest, examples of successful
applications in vitro/in vivo remain sparse. This scarcity may
reflect our poor understanding of the principles underlying the
phosphorescence responses to the analytes. For instance,
tethering a metal chelator, di-2-picolylamine (DPA), to 1,10-
phenanthroline (phen) and 4,4′-distyryl-2,2′-bipyridine ligands
of cyclometalated iridium(III) complexes produced different
responses.63−65 To maximize biosensing capabilities of the
iridium(III) complexes, gaining an in-depth understanding of the
molecular principles of phosphorescence control is of crucial
importance. In this Forum Article, we disclose our recent
strategies to the creation of phosphorescence sensors of

biometals utilizing cyclometalated iridium(III) complexes. We
hope that the knowledge gained from our studies will provide
useful insight for the future development of phosphorescence
sensors.

■ MOLECULAR DESIGN OF PHOSPHORESCENCE
SENSORS

Phosphorescence emission of the cyclometalated iridium(III)
complexes is characterized with high quantum yields. The high
efficiencies are due to the strong spin−orbit coupling provided
by the iridium core, which enables the nonzero transition
probability to overcome the spin restriction of phosphorescence
transition. It is noted that the one-electron spin−orbit coupling
constant of iridium(III) (ζSOC = 3909 cm−1) is greater than that
of ruthenium(II) (ζSOC = 990 cm−1).81,82 Further details
surrounding the photophysics of phosphorescent iridium(III)
complexes can be found in recent reviews.40,41,83−85 To
systematically investigate control of the phosphorescence
properties by variations in the ligand structures, a series of
cyclometalated iridium(III) complexes with the general formula
[Ir(C^N)2phen]

+ (C^N = cyclometalating ligand) were chosen
(Scheme 1).86 Seven C^N ligands were employed, namely, 2-
[2 ,4 -b i s ( t r ifluoromethy l )pheny l ]pyr id ine , 2 - (2 ,4 -
difluorophenyl)pyridine, 2-(4-fluorophenyl)pyridine, 2-phenyl-
benzothiazole, 2-phenylpyridine (ppy), 2-(2-benzo[b]thienyl)-
pyridine (btp), and 2-(3-methoxyphenyl)pyridine.
As shown in Figure 1a, the UV−vis absorption spectra of the

[Ir(C^N)2phen]
+ complexes can be seen to be characterized by

the presence of multiple bands that involve the high-energy
ligand-centered transition bands (<350 nm) and the relatively
low-energy metal-to-ligand charge-transfer (MLCT) transition

Scheme 1. Structures of Biscyclometalated Iridium(III) Complexes Having Different Cyclometalating Ligands

Figure 1. (a) UV−vis absorption and (b) normalized phosphorescence spectra of iridium(III) complexes (10 μM, argon-saturated CH3CN) at room
temperature.
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bands (350−450 nm).87 The peak wavelength of the singlet
MLCT (1MLCT) absorption band increases in the following
order: Irdfppy (388 nm) > IrdCF3 (393 nm) > Irfppy (394 nm)
> Irpbt (407 nm) > Irppy (409 nm) > Irbtp (431 nm) > IrOMe
(436 nm). This order can be qualitatively correlated to the
electron densities of the C^N ligands, revealing the strong
influence of the C^N ligands on the MLCT transition energies.
Photoexcitation at the MLCT transition bands provokes

strong room temperature phosphorescence emission. The
phosphorescence quantum yields range from 0.21% to 23% in
degassed CH3CN solutions [Supporting Information (SI), Table
S1]. As shown in Figure 1b, the C^N ligand variations produce
color-tuned phosphorescence over a wide spectral range of 499−
650 nm. The phosphorescence peak wavelengths of the
iridium(III) complexes increase in an order similar to that for
the 1MLCT absorption bands (see the SI, Table S1), suggesting
that the MLCT transition state is responsible for phosphor-
escence emission. This assignment is supported by the linear
dependence between the phosphorescence energy versus the
redox gap of the IrIII/IV oxidation [E1/2(Ir

III/IV) = 0.94−1.70 V vs
SCE] and the phen ligand reduction (Ered ∼ −1.26 V vs SCE)
(SI, Figures S1 and S2).
The photophysical properties present several challenges for

applying a cyclometalated iridium(III) complex to bioimaging.
The MLCT transition band exhibits molar absorbance values (ε
< 104 M−1 cm−1) lower than those of typical organic
fluorophores, such as fluorescein (ε ∼ 104−105 M−1 cm−1).
This weak light absorption would significantly limit the

brightness. In addition, the MLCT bands remain in the UV or
near-UV regions, so the depth of penetration would not be
enough to allow visualization at the organismal levels. Although
multiphoton phosphorescence microscopy can overcome these
drawbacks, future research into improving the absorption
properties is urgently required.
Nevertheless, high-efficiency room temperature phosphor-

escence encourages the use of biscyclometalated iridium(III)
complexes for sensing applications for the detection of biological
metal ions, such as labile zinc. Because the zinc(II) ion itself has
no spectroscopic signature because of its fully filled d10 electronic
configuration, phosphorescence signaling on zinc-ion recog-
nition would rely on photophysical communication between the
iridium(III) complex and a zinc-ion receptor. DPA is frequently
chosen as the zinc-ion receptor because it has a strong affinity to
divalent transition-metal ions over biologically abundant alkali-
and alkaline-earth-metal ions.5 Although the Irving−Williams
series predicts a greater binding preference for copper(II) ions
over zinc(II) ions, considerably higher concentrations of labile
zinc preclude artifacts due to copper(II) ions.88−94 The
molecular design of phosphorescence zinc sensors can involve
the attachment of DPA at the ligand peripheries of the
iridium(III) complexes. In such dyad structures, photoexcitation
of the MLCT transition band would promote photoinduced
electron transfer (PeT) from DPA to the photoexcited iridium
species because of the higher oxidation potential of DPA (Eox =
1.28 V vs SCE),86 effectively suppressing the radiative transition
of the iridium(III) complex. Zinc-ion binding to DPA would

Scheme 2. Syntheses and Structures of the Phosphorescent Sensors for Metal Ions
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reduce the electron-donating ability of DPA to restore the
inherent phosphorescence emission. Thus, the overall response
to zinc ions is phosphorescence turn-on.
To validate the effectiveness of PeT from DPA to the series of

biscyclometalated iridium(III) complexes, we conducted phos-
phorescence quenching experiments. Tri-2-picolylamine (TPA),
instead of DPA, was employed as the electron donor to mimic
the structure of the DPA moiety attached to an iridium(III)
complex (see Scheme 2). Phosphorescence decays of the
iridium(III) complexes (100 μM in argon-saturated CH3CN)
after 377 nm nanosecond-pulsed laser excitation were monitored
with increasing TPA concentrations (Figure 2). TPA affected the
phosphorescence decays of Irdfppy, IrdCF3, and Irfppy, whereas
the decay traces of other complexes were unaffected by the
presence of TPA. We thus determined the bimolecular rate
constants for PeT (kPeT) from TPA to Irdfppy, IrdCF3, and
Irfppy to be 7.5 × 107, 9.4 × 106, and 6.0 × 106 M−1 s−1,
respectively (Figure 2). It is noted that the kPeT value increases in
proportion with the driving force for PeT,−ΔGPeT = e[Eox(TPA)
− E*red(Ir)], where e, Eox(TPA), and E*red(Ir) are the elementary
charge, the oxidation potential of TPA (1.28 V vs SCE), and the
excited-state reduction potential of the iridium(III) complex.
E*red(Ir) values were calculated by Ered(Ir) +ΔE00, where Ered(Ir)
and ΔE00 are the ground-state reduction potential and the band-
gap energy of the iridium complexes (see the SI, Table S1).
Figure 3 displays the positive dependence of kPeT to −ΔGPeT of
the iridium(III) complexes, which is typical of electron transfer

occurring in the Marcus-normal region. The kPeT values can be
fitted to the theoretical equation for adiabatic electron transfer of

Figure 2.Determination of the bimolecular rate constants for PeT (kPeT) from TPA to iridium complexes upon nanosecond-pulsed photoexcitation at λ
= 377 nm: (a) Irdfppy; (b) IrdCF3; (c) Irfppy. Top panels: phosphorescence decay traces of 100 μM iridium complexes in argon-saturated CH3CN
solutions containing increasing concentrations of TPA (λobs: Irdfppy, 520 nm; IrdCF3, 498 nm; Irfppy, 550 nm). Lower panels: plot of the electron-
transfer rate as a function of the TPA concentration. The electron-transfer rate was calculated by the relationship electron-transfer rate = 1/τ − 1/τ0,
where τ and τ0 are the phosphorescence lifetimes of the iridium complex in the presence and absence of TPA, respectively. The slope corresponds to
kPeT.

Figure 3. Plot of log kPeT versus the driving force for PeT from TPA to
the photoexcited species of the iridium complexes. The red curve is a
theoretical plot of eq 1 with a reorganization energy λ of 1.20 eV.
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theMarcus theory after diffusion processes between TPA and the
iridium(III) complex are taken into account (eq 1):95
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In eq 1, Z and λ are the collisional frequency taken as 1.0 × 1011

M−1 s−1 and the reorganization energy for the one-electron
transfer, respectively. The diffusion rate constant (kdiff) in
CH3CN at 298 K, 1.93 × 1010 M−1 s−1, was calculated by the
Stokes−Einstein−Smoluchowski equation, kdiff = 8kBNAT/3η,
where kB, NA, T, and η are the Boltzmann constant, Avogadro’s
number, the absolute temperature, and the viscosity of the
solvent, respectively. Iterations of nonlinear least-squares fits to
eq 1 returned a λ value of 1.20 eV. Because the −ΔGPeT values
(0.19 eV for Irdfppy, 0.16 eV for IrdCF3, and 0.05 eV for Irfppy)
are significantly smaller than 1.20 eV, increasing the driving force
can potentially improve the PeT rates. Zinc coordination
attenuates the electron-donating ability of TPA, restoring
phosphorescence emission.

■ SYNTHESESOF THE PHOSPHORESCENCE SENSORS
BASED ON IRIDIUM(III) COMPLEXES

The modulation of PeT by zinc coordination is highly
advantageous for sensing applications because the response is
prompt and fully reversible. In addition, the turn-on response is
specific to zinc(II) ions over other competing paramagnetic
transition-metal ions, such as copper(II) and iron(II). Taking
advantage of PeT, a broad range of biologically applicable
fluorescent zinc-ion sensors have been successfully developed to
date, including the attachment of DPA to fluorescent
chromophores such as coumarin,96,97 fluorescein,98−113 quino-
line,114−120 and hydroxybenzoxazole.121−125 The sensors have
found wide bioimaging utility in visualization of labile zinc in
synaptic vesicles and apoptotic cells.3−5,126−130 These previous
studies present the potential of phosphorescent zinc-ion sensors
consisting of DPA and iridium(III) complexes. On the basis of
this consideration, we have constructed three phosphorescence
zinc-ion sensors, ZIrdfppy, ZIrdCF3, and ZIrfppy (Scheme
2).63,86 DPA can be introduced at the 4 position of the phen
ligand through a methylene linker. The broken conjugation

between DPA and phen removes the possibilities of electronic
communication, allowing for phosphorescence responses
governed solely by PeT. Scheme 2 summarizes the synthetic
routes to the preparation of phosphorescent sensors for the
detection of zinc ions. The principle has also been applied to
create phosphorescence sensors for chromium ions (YJ1 in
Scheme 2) and cupric ions (ZIr2 in Scheme 2). The heteroleptic
iridium(III) complexes are typically prepared through a standard
two-step procedure involving use of the Nonoyama reaction to
prepare a bis(μ-Cl)IrIII dimer,131 followed by substitution of the
chlorides with the third ligand (phen or C^N ligand).
Subsequent metathesis with NH4PF6 enables the resulting
[Ir(C^N)2phen]PF6 to be treated using standard organic
synthesis methods, including silica gel column purification. The
metal-ion receptors can be readily incorporated into the phen
ligand, through SeO2-mediated oxidation of 4-methyl-1,10-
phenanthroline, followed by reductive amination with the
secondary amines that carry metal-coordinating entities.63,86

Attaching the receptors to the C^N ligands is challenging
because the Nonoyama reaction exhibits extremely poor
tolerance to the presence of metal-coordinating moieties, and
the high reaction temperature necessary for cyclometalation
frequently results in cleavage of the receptors. For instance,
cyclometalation of the 2-(2-pyripyl)benzo[b]thiophene (btp)
ligand having the DPA moiety to a biscyclometalated iridium
core proceeds with low yield.62

■ PHOSPHORESCENCE RESPONSES AND
PHOTOPHYSICAL MECHANISMS

The phosphorescence spectra of the zinc-ion sensors (i.e.,
ZIrdfppy, ZIrdCF3, and ZIrfppy) are almost identical with those
of their parent complexes (i.e., Irdfppy, IrdCF3, and Irfppy;
Figures 1b and 4), apart from significant decreases in the
phosphorescence quantum yields (Φp) for ZIrdfppy (0.45%),
ZIrdCF3 (1.4%), and ZIrfppy (3.0%). These particular iridium-
(III) complexes show phosphorescence turn-on responses
(Figure 4), with their phosphorescence turn-on ratios quantified
by dynamic range (DR) values [Φp(Zn

2+)/Φp(Zn
2+-free)] to be

31, 12, and 2.9 for ZIrdfppy, ZIrdCF3, and ZIrfppy, respectively.
The shape of the phosphorescence spectra does not vary upon
zinc-ion coordination; however, small bathochromic shifts are
observed for ZIrdfppy (529 cm−1) and ZIrfppy (805 cm−1). The
similarities in the phosphorescence spectra before and after zinc-

Figure 4. Phosphorescence responses of iridium(III) complexes (10 μM in deaerated CH3CN) to zinc ions [3 equiv of Zn(ClO4)2]: (a) ZIrdCF3; (b)
ZIrdfppy; (c) ZIrfppy. For more details, see ref 86.
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ion binding suggest that the triplet states responsible for
phosphorescence are identical.
It is especially noted that the DR values follow the order of

ZIrdfppy > ZIrdCF3 > ZIrfppy, which is consistent with the
trend in the kPeT values determined for their parent complexes
(Figure 3). Indeed, as shown in Figure 5, a positive correlation

between the DR and E*red(Ir) values is clearly evident, with
larger DR values obtained for iridium(III) complexes with larger
E*red(Ir) values. Considering the narrow range in Ered values for
the series of iridium(III) complexes (SI, Table S1), it is
concluded that the major molecular parameter governing PeT
is ΔE00. However, it should be noted that E*red(Ir), not ΔE00, is
directly correlated with the occurrence of PeT. The intra-
molecular PeT rate, calculated from PeT rate = (DR − 1)/
τ0,

132,133 ranges from 1.44 × 106 s−1 (ZIrfppy) to 1.56 × 107 s−1

(ZIrdfppy). These values are again proportional to the −ΔGPeT
values, suggesting that PeT occurs in the Marcus-normal region.
Femtosecond laser flash photolysis studies suggest an

additional mechanism for the phosphorescence turn-on response
of the zinc probes.63 As shown in Figure 6a, the transient
absorption spectrum of Irdfppy features absorption bands at 540
and 1100 nm. These bands are characteristic of the phen radical
anion (phen•−), indicating generation of the MLCT transition
state involving the phen ligand (MLN^NCT). For the zinc-free
form of ZIrdfppy, the peaks due to phen•− can be seen to be
hypsochromically shifted to 530 and 1000 nm (Figure 6b), which
suggests a different origin for the charge-transfer state. Because
DPA is more easily oxidized than the iridium(III) center (1.28 vs
1.56 V vs SCE), the signatures of phen•− of zinc-free ZIrdfppy
may result from charge transfer from DPA. Thus, it is reasonable
to assign the electronic state involving phen•− to the intraligand
charge-transfer (ILN^NCT; i.e., DPA → phen charge transfer)
transition state of the DPA-appended phen ligand. The weak
phosphorescence intensity of ZIrdfppy can therefore be
attributed to the presence of the ILN^NCT transition state
because the ILCT transition is typically characterized by weak
emission intensities.134−140 Zinc-ion binding restores the
MLN^NCT transition state, as observed in Figure 6c. The near-
IR ILN^NCT absorption band (1000 nm) converts to the
MLN^NCT absorption band (1100 nm) after 20 ps, which may

explain the phosphorescence turn-on. Taking these results into
account, the mechanism for the phosphorescence turn-on by
zinc-ion binding is summarized in Scheme 3. Photoexcitation
promotes prompt reductive electron transfer to the phen ligand.
Two electron donors, DPA and the iridium(III) core, exist, which
lead to the ILN^NCT and MLN^NCT transition states,
respectively, with nonradiative transition facilitated through the
former. In the case of the MLN^NCT transition state,
phosphorescence emission is effectively quenched by PeT from
DPA to the transiently generated iridium(IV) species. The
intramolecular PeT occurs at rates of 106−107 s−1, being far faster
than the radiative transitions (104−105 s−1; see the SI, Table S1)
in the complexes. Thus, the overall effect is phosphorescence
turn-off. Zinc-ion binding at DPA shuts down these phosphor-
escence quenching routes, producing phosphorescence turn-on.
It is noted that the extent of ILN^NCT and PeT in the

iridium(III) complexes varies, with the ligand structures having a
profound influence on the extent of phosphorescence quenching.
For instance, phosphorescence turn-off by DPA is not observed
for the triscyclometalated heteroleptic iridium(III) complex,
ZIr2 (Figure 7).62 The incorporation of the electron-rich btp
C^N ligand instead of the phen ligand abolishes PeT. The
detailed photophysical mechanism has yet to be fully elucidated,
but the absence of phosphorescence quenching in the metal-free
form of ZIr2 can be reasonably ascribed to suppression of PeT
from DPA. Interestingly, dual phosphorescence emission is
observed presumably because of weak electronic communication
between two separate ligands. ppy and btp ligands produce green
and red emission bands in the ranges of 470−570 and 580−700
nm, respectively (Figure 7). Coordination of paramagnetic
copper(II) ions to DPA preferentially quenches phosphor-
escence emission from the btp ligand. This phosphorescence
behavior can be utilized for visualization of intracellular cupric
ions in HeLa cells.
Another effect of metal-ion binding to DPA is the bath-

ochromic shift in the phosphorescence spectra (Figure 4). These
shifts are deduced to originate from the positive charge of the
metal ions because identical shifts are found when other Lewis
acids, such as scandium(III) ions, are added.86 It is likely that the
extra charge provides an additional stabilization effect on the
charge-transfer state. This effect is not limited to the DPA-
appended iridium(III) complexes; a similar ratiometric phos-
phorescence change is observed for Irdfppy having a bis-
(thioether)amino receptor at the phen ligand (Figure 8).61 The
addition of chromium(III) ions into acetonitrile solutions of the
iridium(III) complex leads to phosphorescence turn-on with a
significant red shift. This phosphorescence response can be
explained on the basis of the combined effect of extra positive
charge and suppression of ILN^NCT and PeT. Interestingly, air
equilibration of the acetonitrile solution restores the phosphor-
escence color. The second phosphorescence ratiometric
response is due to a biomimetic oxidation reaction by dioxygen
(O2) activation of the chromium(III) center (see Figure 8). To
the best of our knowledge, the phosphorescence chromium(III)
probe is the first system demonstrated to possess a dual-stage
ratiometric response.

■ APPLICATIONS TO VISUALIZATION OF LABILE
ZINC IONS

The phosphorescence zinc sensor, ZIrdfppy, retains its
phosphorescence zinc-ion sensing capabilities in buffered
aqueous solutions (pH 7.0, 25 mM PIPES). The phosphor-
escence turn-on response of the probe is barely affected by the

Figure 5. Plot of DR versus E*red of the phosphorescence zinc-ion
sensors. For more details, see ref 86.
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pH change in the range of 5.1−10.0 (SI, Figure S3), as is also
determined by the low pKa value (pKa = 4.42).63 An apparent
zinc-ion dissociation constant (Kd) is as low as 11 nM, and the
phosphorescence zinc-ion response is fully reversible and not
influenced by physiologically abundant alkali- and alkaline-earth-
metal ions, including Na+, Mg2+, K+, and Ca2+, and biological
transition-metal ions, such as Mn2+, Fe2+, Ni2+, Co2+, and Cu2+

(see ref 63 for details).
ZIrdfppy readily enters live HeLa cells when the cells are

incubated at 37 °C with media containing 5−10 μM ZIrdfppy.
On the contrary, treatments of the cells at 4 °C significantly
retard the uptake of ZIrdfppy, as seen by the lower
phosphorescence intensities in the microscopic images (SI,
Figure S4). Thus, the intracellular entry of the zinc probe may
involve active transport mechanisms. Colocalization experiments
with organelle-specific stains, MitoTracker Deep Red FM,
Hoechst 33258, LysoTracker Red, and ER−Tracker Blue−
White DPX, revealed localization of ZIrdfppy within the
mitochondria of HeLa cells (Figure 9). Because labile zinc
pools in mitochondria have been recognized in a broad range of
mammalian cells,141,142 the localization ability of the probe will
be valuable to investigations of the biological mechanisms of
mitochondrial zinc.

Figure 10a displays confocal laser scanning microscopy images
of live A549 cells preincubated with 5 μM ZIrdfppy.63 The
treated cells initially exhibit weak phosphorescence, but the
subsequent addition of zinc ionophore, ZnCl2/NaPT (ZnPT),
turns on phosphorescence. As expected for a zinc-ion sensor,
treatment with a strong zinc-ion chelator, N,N,N′,N′-tetrakis(2-
picolyl)ethylenediamine (TPEN), restores the lower phosphor-
escence intensity. Such successful monitoring of the cellular flux
of zinc ions suggests that the sensing utility can be potentially
extended to visualization of zinc-ion-rich specimens, such as the
hippocampus.
Photoluminescence lifetime imaging microscopy experiments

demonstrate the advantages of long-lifetime photoluminescence
signaling. Figure 10b shows photoluminescence lifetime micro-
graphs (80 μm × 80 μm area) of HeLa cells incubated with
ZIrdfppy in the absence and presence of ZnCl2/NaPT. A
photoluminescence decay trace collected at each pixel can be
fitted to a three-exponential model to yield short, midrange, and
long-lifetime components. The short and midrange time
constants are less than 10 ns and independent of the presence
of zinc ions.63 In contrast, the long-lifetime component is
increased by the zinc treatment, suggesting that this particular
component corresponds to phosphorescence signaling.

Figure 6. Femtosecond transient absorption spectra measured at 1 ps (black curves) and 30 ps (red curves) delay after photoexcitation at 420 nm: (a)
0.30 mM Irdfppy; (b) zinc-free form of 0.30 mM ZIrdfppy; (c) zinc-bound form of 0.30 mM ZIrdfppy (1.0 mM zinc ion). Reprinted with permission
from ref 63. Copyright 2011 American Chemical Society.
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One disadvantage of using the phosphorescent probe for live
cell imaging is photoinduced cytotoxicity. IC50 values reach 8.6
and 0.91 μM for A549 (5 h incubation at 37 °C) and HeLa (12 h
incubation at 37 °C) cells, respectively.63 It is speculated that the
observed toxicity is due to photosensitization of singlet dioxygen

(1O2) by effective energy transfer to the ground-state
O2.

45,143−145 1O2 is recognized as a highly reactive oxygen
species; therefore, photoinduced generation of 1O2 likely results
in abnormal cellular function and, eventually, cell death. Because
the quantum yield for 1O2 photosensitization of ZIrdfppy is as
high as 0.92, future efforts should be focused on reducing the
1O2-induced cytotoxicity. Incorporation of the complex into
passivation objects, such as polymer146,147 and silica148 nano-
particles, would be a promising approach.

■ SUMMARY AND CONCLUDING REMARKS
The biosensing application of a series of phosphorescent
cyclometalated iridium(III) complexes is here presented.
Metal-chelating receptors can readily be introduced into the
ligand peripheries of the iridium(III) complexes to create
phosphorescence sensors for detection of zinc, cupric, and
chromium ions. Alterations in the structures of the C^N ligands
produce varying extents of phosphorescence responses to metal
ions. Mechanistic investigations establish that a nonradiative PeT
process is dominantly responsible for phosphorescence modu-
lation. It is also found that PeT, occurring in the Marcus-normal
region, strictly adheres to the thermodynamic criterion dictated
by the Rehm−Weller theory. This finding provides an important
guideline for creating PeT-based phosphorescence sensors; large
responses can be obtained by increasing the driving force for
PeT. In addition to PeT, it is suggested that phosphorescence
turn-on might result from the effective suppression of non-
radiative ILCT transition. The zinc probe based on the
cyclometalated iridium(III) complex is cell-permeable when
added to the culture media and is localized within the
mitochondria of HeLa cells. The zinc-ion-sensing utility has
been verified by carrying out phosphorescent visualization of

Scheme 3. Proposed Photophysical Mechanism for Phosphorescence Signaling

Figure 7. Ratiometric phosphorescence sensor (ZIr2) for cupric ions.
The integrated phosphorescence intensities in the ranges of λ = 470−
570 nm (green) and 580−700 nm (red) were quantitated. Reprinted
with permission from ref 62. Copyright 2011 American Chemical
Society.
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Figure 8. Dual-stage ratiometric responses toward chromium ions. Reprinted with permission from ref 61. Copyright 2012 Wiley-VCH.

Figure 9.Mitochondrial localization of ZIrdfppy in HeLa cells: (a) 10 μMZIrdfppy (10 min incubation at 37 °C; λex = 405 nm; λem = 406−550 nm) and
500 nMMitoTracker Deep Red FM (45 min incubation at 37 °C; λex = 633 nm; λem = 637−758 nm); (b) 10 μMZIrdfppy (10 min incubation at 37 °C;
λex = 405 nm; λem = 571−758 nm) and 16 μMHoechst 33258 (10 min incubation at 37 °C; λex = 405 nm; λem = 406−487 nm); (c) 10 μMZIrdfppy (10
min incubation at 37 °C; λex = 405 nm; λem = 411−568 nm) and 500 nM LysoTracker Red (2 h incubation at 37 °C; λex = 561 nm; λem = 580−694 nm);
(d) 10 μMZIrdfppy (10min incubation at 37 °C; λex = 405 nm; λem = 600−750 nm) and 1 μMER−Tracker Blue−White DPX (30min incubation at 37
°C; λex = 405 nm; λem = 406−470 nm).
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intracellular zinc ions in mammalian cells. Despite the successes,
our studies present the essentials for future research to
addressing the disadvantages in the utilization of phosphor-
escence biosensors based on cyclometalated iridium(III)
complexes: (1) The low molar absorbance in the visible region
should be improved in order to facilitate imaging in vivo. (2) The
redox potentials need to be precisely adjusted to maximize the
DR values. (3) Photosensitization of cytotoxic 1O2 has been
suggested as being a potential disadvantage for live cell
applications; thus, further work to reduce this photoinduced
cytotoxicity is required.
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