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Abstract 

A cationic cyclometallated Ir(III) complex with 1,10-phenanthroline and 2-phenylpyridine 

ligands photosensitizes the production of singlet oxygen, O2(a
1g), with yields that depend 

appreciably on the solvent.  In water, the quantum yield of photosensitized O2(a
1g) production is 

small ( = 0.036 ± 0.008), whereas in less polar solvents, the quantum yield is much larger ( = 

0.54 ± 0.05 in octan-1-ol).  A solvent effect on  of this magnitude is rarely observed and, in this 

case, is attributed to charge-transfer-mediated processes of non-radiative excited state deactivation 

that are more pronounced in polar solvents and that kinetically compete with energy transfer to 

produce O2(a
1g).  A key component of this non-radiative deactivation process, electronic-to-

vibrational energy transfer, is also manifested in pronounced H2O/D2O isotope effects that indicate 

appreciable coupling between the Ir(III) complex and water.  This Ir(III) complex is readily 

incorporated into HeLa cells and, upon irradiation, is cytotoxic as a consequence of the O2(a
1g) 

thus produced.  The data reported herein point to a pervasive problem in mechanistic studies of 

photosensitized O2(a
1g)-mediated cell death: care must be exercised when interpreting the 

effective cytotoxicity of O2(a
1g) photosensitizers whose photophysical properties depend strongly 

on the local environment.  Specifically, the photophysics of the sensitizer in bulk solutions may not 

accurately reflect its intracellular behavior, and the control and quantification of the O2(a
1g) “dose” 

can be difficult in vivo.      

 

 

 

 

 

 

Page 2 of 38Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



3 
 

Introduction 

Singlet oxygen, O2(a
1g), is the lowest excited electronic state of molecular oxygen.  It has a 

unique chemistry that results in the oxygenation of many organic molecules.1  In this way, O2(a
1g) 

plays important roles in biology.  For example, it is involved in mechanisms of signaling that 

influence processes ranging from proliferation to death in mammalian cells.2-7      

O2(a
1g) can be produced in a photosensitized process wherein light is absorbed by a given 

molecule (the sensitizer) followed by energy transfer from the excited state sensitizer to ground 

state oxygen, O2(X
3g

-).2, 8  The production of O2(a
1g) in this way is used as a clinical tool to 

destroy/remove cells (e.g., photodynamic cancer treatments,4, 6) where the sensitizer is administered 

as the drug.  Although other photo-produced reactive oxygen species, ROS, (e.g., the superoxide 

ion) can likewise have important biological effects, O2(a
1g) is generally acknowledged as the key 

cytotoxic agent in photodynamic therapies.4-6 

The overriding feature in the design and development of an efficient photodynamic drug has 

long been to prepare photosensitizers with large quantum yields of O2(a
1g) production, .4  

Nevertheless, it is recognized that the site of O2(a
1g) production in or near a cell is also an 

important parameter in influencing the susceptibility of that cell to death.2, 5, 9-12  Although it is 

possible to find sensitizers whose ability to make O2(a
1g) varies little with a change in the local 

environment (e.g., 1-phenalenone),13-15 this is the exception rather than the rule.  Indeed, most 

sensitizers often show a modest solvent-dependent change in the yield of O2(a
1g) production.16  

This phenomenon has been extensively studied by many practitioners in the field, and it is generally 

found that an increase in the extent of solvent-controlled charge-transfer (CT) character, either in 

the sensitizer itself or in the sensitizer-oxygen complex that precedes O2(a
1g) formation, 

contributes to a low O2(a
1g) yield by facilitating other competitive pathways for excited state 
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sensitizer deactivation.8, 17  This is pertinent with respect to the fact that when developing 

photosensitizers optimized for a specific function (e.g., large two-photon absorption cross section), 

design parameters that increase CT character are sometimes included.2  For biological applications, 

unless steps are taken to control the local environment of such photosensitizers, bulk solution-phase 

experiments to characterize the photophysics of the sensitizer may not accurately reflect its 

intracellular behavior (e.g., local solvent effects and non-specific binding to proteins).18, 19  

Specifically, O2(a
1g)-mediated cytotoxic effects may derive from only a small population of the 

sensitizer localized in one intracellular domain, whereas the largest fraction of the intracellular 

sensitizer localized elsewhere may be benign. 

In the present report, we examine a cationic cyclometallated Ir(III) complex with 1,10-

phenanthroline (phen) and 2-phenylpyridine (ppy) ligands, denoted Ir(ppy)2(phen)+ (Fig. 1).   We 

demonstrate that the ability of this compound to sensitize the production of O2(a
1g) depends 

strongly on the solvent.  Moreover, we initially observed that cells incubated in solutions of 

Ir(ppy)2(phen)+ were, by far, more sensitive to light than were cells incubated with a typical 

porphyrin-based sensitizer, for example.   This observation might lead one to infer potentially 

incorrect things about the local intracellular environment of Ir(ppy)2(phen)+ and/or the effective 

photo-mediated cytotoxicity of the compound.  On the basis of these points, we set out to more fully 

elucidate the photo-initiated properties of Ir(ppy)2(phen)+, including its behavior when incorporated 

in a cell.  The results we obtain address a pervasive problem and should thus be useful in attempts 

to characterize photosensitizers that can better contribute to understanding mechanisms of O2(a
1g)-

mediated cell signaling and cell death. 
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Fig. 1.  Structure of the bis(2-phenylpyridine)-1,10-phenanthroline-ligated Ir(III) complex, denoted 

Ir(ppy)2(phen)+, used as the O2(a
1g) sensitizer in this study.   

 

 

Experimental 

Instrumentation and approach.  Published articles describe (1) the systems and approaches used to 

obtain O2(a
1g) quantum yields, excited state lifetimes, and two-photon absorption cross sections,20-

24  and (2) the microscopes and techniques used to both perturb and image cells.11, 25, 26  Lifetimes 

and quantum yields of the Ir(ppy)2(phen)+ phosphorescent state were independently determined 

using Hamamatsu Photonics Quantaurus Tau and QY spectrometers, respectively.  Note that the use 

of this QY spectrometer to determine phosphorescence quantum yields does not require the use of 

an emission standard.  

Quantum yields of Ir(ppy)2(phen)+-sensitized O2(a
1g) production were determined by 

recording the integrated intensity of the time-resolved O2(a
1g) → O2(X

3g
-) phosphorescence 

signal at 1275 nm and comparing it to the integrated intensity of the O2(a
1g) → O2(X

3g
-) 

phosphorescence signal obtained from a reference standard.  Because experiments were performed 

in water, CH2Cl2 and octan-1-ol, we opted to use standards dissolved in these particular solvents to 

avoid (1) optical detection problems that might derive from changes in the solvent refractive 

index,27 and (2) problems that might arise as a consequence of solvent-dependent changes in the 

N

N

N

Ir

N

Cl
+
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rate constant for O2(a
1g) radiative deactivation.8, 28   The standards used were the 2-sulfonic acid 

derivative of phenalenone in water ( = 0.97 ± 0.06),15 phenalenone in CH2Cl2 ( = 0.96 ± 

0.08),15 and phenalenone in octan-1-ol ( = 0.96 ± 0.08).  For our standard in octan-1-ol, we relied 

on the fact that the available experimental evidence indicates that the yield of O2(a
1g) sensitized by 

1-phenalenone varies little with a change in solvent.13-15  Thus, we assumed that the  value for 

O2(a
1g) production in octan-1-ol would be the same as that in CH2Cl2.  Two-photon absorption 

cross section measurements were performed using fluorescein in alkaline H2O as the fluorescent 

standard (800 nm = 36 ± 5 GM).29, 30      

For the two-photon initiated cell kill experiments, the 800 nm (spectral fwhm ~ 12 nm) 

output of a fs laser operating at 80 MHz (Mai Tai from Spectra Physics) was coupled onto a 

microscope objective (60× Olympus LUMPlanFI/IR, water immersion, NA 0.9) in an inverted 

microscope (Olympus IX71).11, 12, 25, 31  The optics used result in a beam diameter at the focused 

waist of ~ 1 µm.31  However, given that the probability of the two-photon transition depends on the 

square of the incident light intensity, only the light in a smaller spatial domain at the center of the 

focus results in the creation of excited states.31  For all experiments, the average laser power 

delivered to the cells at the microscope stage was 2.4 mW.  With a focused beam diameter of ~ 1 

µm, this corresponds to ~ 3 × 105 W/cm2.  However, the comparatively small two-photon 

absorption cross sections of the dyes used ensure that only a small fraction of this incident light is 

actually absorbed.12   

 

Chemicals. Ir(ppy)2(phen)+ 32 and the 2-sulfonic acid derivative of phenalenone33 were 

synthesized as described in the references cited.  D2O (99% D) was obtained from EurisoTop or 

Acros Organics, and ER-Tracker was obtained from Invitrogen/Molecular Probes. All other 

chemicals were obtained from Sigma-Aldrich, Acros Organics, or Wako Pure Chemical Industries, 
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Ltd. and used as received.  De-oxygenated solutions were obtained by gentle bubbling with argon 

for 20 min prior to a given measurement.  

 

Cells.  The general methods used to prepare and handle HeLa cells, and to add fluorescent markers 

to these cells, have been published.10-12, 25, 34   

Ir(ppy)2(phen)+ was incorporated into the cells using the following procedure: (1) The 

growth medium was removed and the cells were washed twice with our so-called artificial bath 

medium, ABM, which is composed of 140 mM NaCl, 3.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 

1.25 mM NaH2PO4, 10 mM D-(+)-glucose and 10 mM HEPES, all of which is maintained at pH 

7.4.  (2) The cells were then incubated with an ABM solution of Ir(ppy)2(phen)+ at a specified 

concentration in the range 0.1 – 20 µmole L-1 for 15 min.  ABM was used because Ir(ppy)2(phen)+ 

has a high affinity for the proteins that are present in the normal growth medium.  (3) The 

Ir(ppy)2(phen)+ solution was then removed and the cells washed twice with Ir(ppy)2(phen)+-free 

ABM.  (4)  The cells were placed into glass bottom coverslips (LabTek, Th. Geyer) and kept under 

either ABM for the short-term microscope-based experiments (< 6 h) or growth medium for longer-

term experiments (> 6 h). 

Upon exposure of a given cell population to ABM containing Ir(ppy)2(phen)+, we quantified 

the amount of Ir(ppy)2(phen)+ incorporated into the cells using the following procedure:35 (1) After 

exposure of the cells to Ir(ppy)2(phen)+ for 15 min, we washed the cells twice with Ir(ppy)2(phen)+-

free ABM, (2) we lysed the cells using 400 µL DMSO, then (3) we centrifuged the mixture and 

recorded absorption and emission spectra of the supernatant liquid.  The resultant spectra were 

calibrated against spectra of Ir(ppy)2(phen)+ standard solutions, and the concentrations thus 

obtained were  then normalized by the number of cells in that particular sample to yield an average 

amount of Ir(ppy)2(phen)+ per cell. 
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ER-Tracker was incorporated into the cells by first removing the growth medium and 

washing the cells twice with ABM.  The cells were then incubated with an ABM solution of 1 µM 

ER-Tracker for 30 min.  Thereafter, the cells were washed twice with ABM.   

 

Results and discussion 

1. Characterizing Ir(ppy)2(phen)+ photophysics in bulk solutions 

Absorption and emission spectra of Ir(ppy)2(phen)+ in a number of solvents are shown in 

Fig. 2.  A red shift in the emission spectrum as the polarity of the solvent is increased, and as seen 

in our data, is often described as reflecting CT character in the emitting state.32, 36, 37  We return to 

this point below.    

Other photophysical parameters of Ir(ppy)2(phen)+ pertinent to the present study were 

determined using established procedures and are shown in Table 1 and discussed in separate 

sections below.  

 

Fig. 2.  Normalized absorption (dashed lines) and emission (solid lines) spectra of Ir(ppy)2(phen)+ 

in H2O (black), D2O (red), octan-1-ol (orange) and CH2Cl2 (blue).  When we expand the intensity 

scale of our absorption spectra in the range ~ 450-500 nm we observe a weak band that has been 

previously observed32  and assigned to the population of the lowest triplet state of Ir(ppy)2(phen)+. 
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Table 1.  Selected Photophysical Parameters of Ir(ppy)2(phen)+ determined in four solvents.a 

Solvent 
 

 fP
b nr

air P
air P

Ar P
air 

(ns) 
P

Ar 
(ns) 

H2O 0.036 ± 0.008 0.11 ± 0.01 0.85 ± 0.04 0.042 ± 0.001 0.051 ± 0.004 92 ± 4 103 ± 2 

D2O 0.064 ± 0.006 0.23 ± 0.02 0.68 ± 0.03 0.086 ± 0.003 0.12 ± 0.01 212 ± 8 276 ± 8 

CH2Cl2 0.53 ± 0.04 0.77 ± 0.09 0.14 ± 0.01 0.095 ± 0.004 0.42 ± 0.02 176 ± 10 761 ± 35 

Octan-1-ol 0.54 ± 0.05 0.75 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.45 ± 0.02 208 ± 1 842 ± 11 

a)  Determined under air-saturated and de-oxygenated conditions.  The latter was achieved by bubbling with 

solvent-saturated Ar gas for 20 min prior to a measurement. 

b)  Fraction of the Ir(ppy)2(phen)+ phosphorescent state that is quenched by oxygen under air-saturated 

conditions.  This number was obtained through the expression 1 – (P
air/P

Ar ). 

 

 

Quantum yields of Ir(ppy)2(phen)+ phosphorescence.  Phosphorescence quantum yields, p, and 

lifetimes of the Ir(ppy)2(phen)+ phosphorescent state, p, were determined in both air-saturated and 

de-oxygenated solutions (Table 1).  The data recorded in water show an appreciable isotope effect 

that is consistent with D2O/H2O solvent effects recorded from related metal complexes.38-42  These 

data indicate that coupling between the chromophore and the surrounding water molecules is 

sufficiently strong and that energy transfer to solvent vibrational modes is important in the non-

radiative deactivation of the Ir(ppy)2(phen)+ excited electronic state.  The lower O-D vibrational 

frequency results in a smaller rate constant for non-radiative deactivation and this, in turn, results in 

a larger quantum yield for radiative deactivation.  For example, if we assume that the rate constant 

for Ir(ppy)2(phen)+ radiative deactivation, kr, does not change appreciably upon H/D isotopic 

substitution in water, then we can use experimental data on p in H2O and D2O and p in H2O to 

calculate p in D2O (eqn (1)). 

 

݇௥஽ଶை߬௣஽ଶை

݇௥
ுଶை߬௣

ுଶை 	߶௣
ுଶை ൌ 	߶௣஽ଶை																														ሺ1ሻ 
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The numbers obtained through this exercise are consistent with the experimentally determined p 

values in D2O (Table 1).  [i.e., p
Ar(calc) = 0.14 ± 0.02; p

Ar(expt) = 0.12 ± 0.01 and p
air(calc) = 

0.097 ± 0.010; p
air(expt) = 0.086 ± 0.003]   

 Although the discussion below focuses on solvent-dependent CT effects, the preceding 

interpretation of the D2O/H2O solvent effect  means that we cannot exclude the possibility that, to 

some extent, the data recorded in octan-1-ol and CH2Cl2 also reflect (1) a comparatively poor 

coupling between Ir(ppy)2(phen)+ and these solvents and (2) the comparative lack of vibrational 

modes in these solvents that can act as a sink for the excitation energy of Ir(ppy)2(phen)+. 

 

Quantum yield of O2(a
1g) production.  Quantum yields of Ir(ppy)2(phen)+-sensitized O2(a

1g) 

production were determined in air-saturated solutions (Table 1).  Values of  thus obtained can 

therefore be compared to the values of p that were likewise obtained from air-saturated solutions. 

The data obtained indicate that Ir(ppy)2(phen)+ is a very inefficient source of O2(a
1g) when 

dissolved in water (e.g.,  = 0.036 ± 0.008 in H2O).   In contrast, we ascertained that the 

Ir(ppy)2(phen)+-sensitized yield of O2(a
1g) is 0.54 ± 0.05 in octan-1-ol and 0.53 ± 0.04 in CH2Cl2.  

It is clear that the  values obtained in these less polar solvents (dichloromethane = 8.9 and octanol = 

10.3) are appreciably larger than that seen in water ( ~ 80). 

In all of our  experiments, we found no evidence that Ir(ppy)2(phen)+ quenches O2(a
1g) 

under our conditions.  Specifically, the lifetime of O2(a
1g) observed in the D2O experiments was 

67 ± 1 µs, whereas it was 95 ± 1 µs in CH2Cl2.  These numbers are consistent with what is expected 

for O2(a
1g) deactivation mediated solely by the solvent.43  This observation is likewise consistent 

with what has been reported in related studies of Ir(III) compounds.44, 45   
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It is relevant to note one feature about the CH2Cl2 data.  A larger  value of 0.93 has been 

determined for the Ir(ppy)2(phen)+-sensitized production of O2(a
1g) in a CH2Cl2-CH3OH (9:1) 

mixture using an indirect method in which O2(a
1g) was trapped in a chemical reaction.44  Although 

there are disadvantages to quantifying  values using a chemical trap as opposed to the direct 

detection of O2(a
1g) phosphorescence,16 this value of 0.93 likely differs from the value of 0.53 

shown in Table 1 principally as a consequence of the fact that these earlier experiments were 

performed in an oxygen-saturated solvent where a larger fraction of the Ir(ppy)2(phen)+ excited 

states are quenched by O2(X
3g

-) (note that fP in our air-saturated CH2Cl2 experiments is only 0.77 ± 

0.09, Table 1).   

We take this opportunity to also comment on another aspect of photosensitized O2(a
1g) 

experiments performed in CH2Cl2 solutions.  One molecule commonly added as a stabilizer to 

commercial CH2Cl2 is amylene.  Upon 400 nm irradiation of CH2Cl2 that contains amylene, we are 

able to detect a O2(a
1g) phosphorescence signal.  Although CH2Cl2 does not absorb at 400 nm, 

amylene or its polymerized products do absorb light at this wavelength and can sensitize the 

production of O2(a
1g) which, in turn, can yield a larger and erroneous value of  for a given 

sensitizer dissolved in CH2Cl2.  To avoid the necessity of accounting for this amylene-sensitized 

signal, it is advisable to use CH2Cl2 stabilized with methanol instead.   

 

Characterizing the O2(a
1g) precursor.     Over the years, an appreciable effort has been expended 

to quantify the photophysical properties of cyclometallated Ir(III) complexes,46, 47  including the 

effectiveness of these complexes to act as O2(a
1g) photosensitizers.44, 45, 48-50  The evidence 

provided indicates that Ir(III) complexes are generally quite luminescent and also sensitize the 

production of O2(a
1g) in high yield (i.e.,  values in the range 0.5-1.0).  However, most of the 

pertinent measurements to this end were made in non-polar solvents (e.g., benzene) that would not 
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promote a comparatively large amount of CT character in the system.  With respect to our present 

study, correspondingly small values of  have nevertheless also been observed from 

cyclometallated complexes, including examples with Os(II) complexes ( = 0.05 ± 0.01 in 

CH3CN)51 and Ru(II) complexes ( ~ 0.04 – 0.25 in D2O).42   Reasonable explanations for the 

large variation in photophysical properties of these compounds can be found in the effects that the 

cyclometallating ligands and solvent have on the relative energetics of the excited states and the 

extent to which metal-to-ligand charge-transfer (MLCT) states play a role in characterizing the 

photoinitiated behavior.32, 37, 42, 45, 46, 51, 52    

With these earlier studies in mind, the small values of  and p obtained for Ir(ppy)2(phen)+ 

in D2O and H2O are consistent with a model in which unimolecular non-radiative deactivation of 

the Ir(ppy)2(phen)+ phosphorescent state, that also serves as the O2(a
1g) precursor, is more efficient 

than the bimolecular process in which that state is quenched by O2(X
3g

-).  Indeed, the lifetime of 

the Ir(ppy)2(phen)+ phosphorescent state in a de-oxygenated H2O solution (103 ± 2 ns) is not 

appreciably longer than that in an air-saturated solution (92 ± 4 ns) indicating that only 11 % of the 

Ir(ppy)2(phen)+ phosphorescent states are quenched by O2(X
3g

-) under these conditions (Table 1).  

Our data also allow us to make a statement about those Ir(ppy)2(phen)+ phosphorescent states that 

are quenched by O2(X
3g

-).  Specifically, within the excited-state Ir(ppy)2(phen)+-O2(X
3g

-) 

encounter complex, it appears that CT-mediated deactivation processes likewise effectively 

compete with energy transfer to make O2(a
1g) (e.g., fp >>  in water).  The latter is an established 

phenomenon.8, 17, 42, 45 

In contrast, in the solvents with a much smaller dielectric constant (i.e., CH2Cl2 and octan-1-

ol), the extent to which the excited state processes involve CT character decreases.  In turn, 

bimolecular quenching of the Ir(ppy)2(phen)+ phosphorescent state by O2(X
3g

-) becomes 

kinetically competitive;  ~ 75% of the Ir(ppy)2(phen)+ triplet states are quenched by O2(X
3g

-) in 
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air-saturated solutions (Table 1).  Moreover, in these solvents, the inequality fp >  is not as great 

as in water.  

To better represent the preceding points, we used the relationship of 1 – fP – p
air to yield 

values for the quantum yield of unimolecular non-radiative Ir(ppy)2(phen)+ deactivation, nr, in 

these four solvents (Table 1). 

 

Two-photon absorption cross sections.  We also quantified the two-photon absorption cross 

sections, , of Ir(ppy)2(phen)+ in these same four solvents.  Data were obtained by comparing the 

probability of a two-photon initiated process in Ir(ppy)2(phen)+ to the probability of a two-photon 

initiated process in a standard molecule for which  is known.  For the present experiments, the 

intensity of two-photon initiated Ir(ppy)2(phen)+ phosphorescence was compared to the intensity of 

two-photon initiated fluorescence from fluorescein in alkaline H2O.  Using a fs-laser-based 

approach outlined in previous publications,20, 21, 24 measurements were made with excitation at 800 

nm.  The data obtained yielded Ir(ppy)2(phen)+ absorption cross sections that were, within the 

margins of our errors, independent of the solvent used: 800= 1.9 ± 0.5 GM in H2O, 800= 2.1 ± 0.5 

GM in D2O, 800= 2.8 ± 0.7 GM in octan-1-ol, and 800= 2.4 ± 0.6 GM in CH2Cl2 (1 GM = 10-50 

cm4 s photon-1).  Although these absorption cross sections are ~ 10 times smaller than cross sections 

that have previously been reported for similar Ir(III) complexes,53, 54 it is important to note that we 

did not record the full two-photon spectrum and, as such, may not be recording data at the 

absorption band maximum.  Nevertheless, for the purpose of our present study, and as outlined 

below, we do not expect an appreciable solvent-dependent shift in the two-photon spectrum.  As 

such, when compared to each other, these values of 800 provide useful insight. 

 It is acknowledged that an increased amount of CT character in one of the states involved in 

the two-photon process can result in a larger absorption cross section.55  Thus, at first glance, the 
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solvent-independent values of  shown above may seem anomalous, certainly in light of our CT-

based interpretation of the data shown in Table 1.  However, the one-photon data shown in Fig. 2 

provide what is perhaps the clearest way to explain these observations and justify our CT-based 

perspective.  The states involved in Ir(ppy)2(phen)+ light absorption do not appear to be influenced 

by an appreciable amount of CT character; the one-photon absorption spectrum is essentially 

independent of solvent.  On the other hand, the Ir(ppy)2(phen)+ state from which light is emitted, 

and that is the precursor to O2(a
1g) production, responds to solvent in a way that indicates it has a 

comparatively greater amount of CT character.   

    

2.  Ir(ppy)2(phen)+-sensitized O2(a
1g)-mediated cell death   

One observation that prompted this study was that, under our normal preparative conditions, 

cells incubated in media containing Ir(ppy)2(phen)+ were very sensitive to ambient laboratory 

lighting (i.e., typical fluorescent lights).  We found this surprising since the one-photon absorption 

spectrum of Ir(ppy)2(phen)+ has only a weak tail that extends out to wavelengths longer than 400 

nm (Fig. 2; the extinction coefficient at 420 nm is 3110 M-1 cm-1 in octan-1-ol).  On the other hand, 

and again under our normal preparative conditions, cells containing typical porphyrin-based 

O2(a
1g) sensitizers generally tolerate a small amount of ambient lighting, despite the fact that the 

strongly absorbing Soret band at ~ 420 nm overlaps well with the first intense emission band of a 

typical fluorescent room light.  Thus, we wanted to put this apparent photo-induced “super-

cytotoxicity” of Ir(ppy)2(phen)+ on a more quantitative footing. 

 

2.a.  Incorporation of Ir(ppy)2(phen)+ in mammalian cells 

Solubility of Ir(ppy)2(phen)+.  Although the octanol/water partition coefficient for Ir(ppy)2(phen)+ is 

not large (log Po/w  = 1.67),56 it nevertheless indicates that an appreciable fraction of the molecules 
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preferentially localize in octanol instead of water.  This clearly has ramifications in the intracellular 

localization of Ir(ppy)2(phen)+ and in the solvent-dependent photophysics of Ir(ppy)2(phen)+ 

pertinent to O2(a
1g) production.  

 

Quantifying Ir(ppy)2(phen)+ incorporation. There appears to be a general consensus in the literature 

that cellular uptake of Ir(III) complexes is most efficient for lipophilic compounds.57  Our data are 

consistent with this expectation.  Upon exposure of a given cell population to ABM containing 

Ir(ppy)2(phen)+, we quantified the amount of Ir(ppy)2(phen)+ incorporated into the cells using the 

procedure described in the Experimental Section.  The pertinent data are shown in Figure 3.  These 

data show that the amount of Ir(ppy)2(phen)+ in a cell scales according to the amount of 

Ir(ppy)2(phen)+ in the extracellular medium when the latter is in the concentration range of 10-7 to 

10-5 M.  

 

Fig. 3.  Semi-logarithmic plot of the amount of Ir(ppy)2(phen)+ incorporated in a cell against the 

concentration of Ir(ppy)2(phen)+ added to the extracellular medium.  The solid line is a linear fit to 

the data and is meant simply as a guide for the eye.  

  

Intracellular localization of Ir(ppy)2(phen)+.  An image of HeLa cells based on the emission from 

Ir(ppy)2(phen)+ suggests that, upon exposing HeLa cells to a medium containing Ir(ppy)2(phen)+, 
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Ir(ppy)2(phen)+ is preferentially incorporated in certain organelles (Fig. 4a).  Based on independent 

images of organelle-localized dyes,58, 59 we infer from Fig. 4a that Ir(ppy)2(phen)+ preferentially 

localizes in the mitochondria.  This is a reasonable assignment given the predilection for the 

localization of positively charged compounds in the mitochondrial membrane.60  Unfortunately, 

attempts to be more specific in this regard were somewhat complicated.  For example, rhodamine 

123 (Rh123) localizes in the mitochondria and yields distinct fluorescence images that show the 

typical mitochondrial association with cytoskeletal proteins (Fig. 4b).  However, in an attempt to 

perform a standard emission-based co-localization study, addition of Ir(ppy)2(phen)+ to cells that 

contain Rh123 caused a pronounced blurring of both the Rh123 image (Fig. 4c) and the 

Ir(ppy)2(phen)+ image (Fig. 4d).  In itself, this suggests that Ir(ppy)2(phen)+ is indeed localized in 

the mitochondria; Ir(ppy)2(phen)+ either displaces the mitochondrial-localized Rh123 or, when 

combined with Rh123, sufficiently perturbs the mitochondria such that both Rh123 and 

Ir(ppy)2(phen)+ are no longer specifically localized.  It is important to note, however, that cells 

containing both Ir(ppy)2(phen)+ and Rh123 do not show morphological signs of apoptosis or 

necrosis over a 2 h period and thus, by inference, mitochondrial function has not been adversely 

perturbed.  
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Fig. 4.  (a) Image of HeLa cells based on the emission of Ir(ppy)2(phen)+.  These cells were 

incubated in a medium containing 10 µM Ir(ppy)2(phen)+ for 15 min. (b) Image of HeLa cells based 

on the fluorescence of Rh123 under Ir(ppy)2(phen)+-free conditions.  (c and d) Images of HeLa cells 

into which Rh123 was first incorporated and then Ir(ppy)2(phen)+ was added to the medium.  Panel 

c shows the Rh123 image and panel d the corresponding image based on Ir(ppy)2(phen)+ emission.  

The colors used in the images were arbitrarily chosen.  Ir(ppy)2(phen)+ was excited at 420 nm and 

Rh123 at 480 nm, which allows us to discriminate between these respective dyes.   
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 On the basis of other images of organelle-localized dyes,58, 59 Fig. 4a could also be 

interpreted to indicate that Ir(ppy)2(phen)+ localizes in the endoplasmic reticulum, ER.  This 

perspective is reinforced by the image of HeLa cells shown in Fig. 5a which is based on the 

fluorescence of a dye that preferentially localizes in the ER (the so-called “ER Tracker”) and which 

appears very similar to the Ir(ppy)2(phen)+ image in Fig. 4a.  Upon incorporating Ir(ppy)2(phen)+ 

into cells that already contain ER-Tracker, the ER-Tracker-based fluorescence images change 

slightly suggesting a possible Ir(ppy)2(phen)+-induced morphological change in the cell and/or a 

Ir(ppy)2(phen)+-induced relocalization of ER-Tracker (Fig. 5b).  However, the Ir(ppy)2(phen)+-

dependent changes observed are clearly not as pronounced as those observed with Rh123 (Fig. 4c).  

Images of the cells based on the combined emission of Ir(ppy)2(phen)+ and the ER-Tracker indicate 

that, when in the cell together, these dyes do not localize in the same intracellular domain (Fig. 5c).  
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Fig. 5.  (a) Image of HeLa cells based on the fluorescence of ER-Tracker. (b) Image of HeLa cells 

based on the fluorescence of ER-Tracker after the addition of Ir(ppy)2(phen)+ to the extracellular 

medium.  (c) ER-Tracker-based image of the cells shown in panel b that also includes emission data 

from the Ir(ppy)2(phen)+ incorporated into the cells (the color red was used for the latter).  The 

Pearson co-localization coefficient obtained from this image is 0.28 indicating that the ER-Tracker 

and Ir(ppy)2(phen)+ are not localized in the same place.  Ir(ppy)2(phen)+ was excited at 420 nm and 

ER-Tracker at 480 nm, which allows us to discriminate between these respective dyes.  The colors 

used in the images were arbitrarily chosen.   
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 The emission spectrum recorded from a cell containing Ir(ppy)2(phen)+ (Fig. 6) indicates 

that Ir(ppy)2(phen)+ is localized in lipophilic domains in the cell (e.g., a membrane).  

 

 

Fig. 6.  Emission spectra recorded from Ir(ppy)2(phen)+-containing systems upon excitation at 420 

nm.  The spectrum recorded from a single cell is more consistent with that recorded from a 

lipophilic solvent rather than a hydrophilic solvent.   

 

 On the basis of the preceding information, particularly the data in Fig. 4, we conclude that 

Ir(ppy)2(phen)+ is indeed most likely localized in the mitochondria.  Further confirmation for this 

assignment is provided in the next section.  This assignment is also consistent with our initial 

observation that cells containing Ir(ppy)2(phen)+ are uniquely sensitive to light, given the current 

understanding that the production of O2(a
1g) in the mitochondria is more deleterious to the cell 

than the production of O2(a
1g) in other organelles.5, 9, 61 

 

2.b.  Controlling, characterizing and quantifying Ir(ppy)2(phen)+-sensitized cell death 

Incorporation of a reference sensitizer in a cell.   To help quantify the photo-induced cytotoxicity 

of Ir(ppy)2(phen)+, we opted to use protoporphyrin IX (PpIX) as a reference sensitizer.  Within the 

context of the present study, one important aspect of PpIX is that it is also readily localized inside 
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the mitochondria.  Specifically, PpIX can be generated endogenously by incubating the cells with 5-

aminolevulininc acid (ALA) which is a biosynthetic precursor of PpIX.62  The final steps in the 

conversion of ALA into PpIX occur in the mitochondria and, as such, PpIX is initially localized in 

this organelle.26, 62   

 Although PpIX is routinely used as an effective photodynamic agent,4, 12 to our knowledge 

there has only been one published study of its efficiency as a O2(a
1g) sensitizer; a  value of 0.56 

± 0.03 was determined in a study in which the extent of lysozyme deactivation upon PpIX 

irradiation was used to quantify .63  However, this number is consistent with the large amount of 

 data reported for the dimethyl ester of PpIX,64 confirming that PpIX is indeed a reasonable 

choice as a reference standard for O2(a
1g) production for our current experiments.  

In previous studies, we used the intensity of PpIX fluorescence from a given cell to assess 

the relative number of PpIX excited states produced upon irradiation.12  Although there are errors 

associated with this approach, including errors associated with values of the quantum yield of PpIX 

emission that depend on the local environment,65 the data thus obtained nevertheless yield a useful 

parameter which, along with the quantum yield of PpIX-sensitized O2(a
1g) production, allows us 

to quantify the photo-produced dose of O2(a
1g) in that cell.12  As outlined below, we used the same 

approach to control and quantify Ir(ppy)2(phen)+-sensitized O2(a
1g) production in a cell. 

 

PpIX and Ir(ppy)2(phen)+ co-localization study.  An emission-based co-localization study shows 

that Ir(ppy)2(phen)+ is localized very close to the ALA-produced PpIX (Fig.7).  This study also 

shows that, like the case of Rh123 and Ir(ppy)2(phen)+ discussed above, the presence of PpIX and 

Ir(ppy)2(phen)+ together in a cell appears to result in the general blurring of what is usually a clear 

image of mitochondria associated with skeletal proteins (see Fig. 4a for the pertinent 
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Ir(ppy)2(phen)+-based image and Breitenbach, et al.26 for the PpIX-based image).  We take this 

information as further confirmatory evidence that Ir(ppy)2(phen)+ is localized in the mitochondria.     

 

 

Fig. 7.  Image of HeLa cells based on the emission from Ir(ppy)2(phen)+ (green) and PpIX (red).  

Co-localization yields the orange color.  Cells were first incubated for 4 h in a medium containing 1 

mM ALA to produce intracellular mitochondrial-localized PpIX.  Thereafter, the cells were 

incubated for 15 min in a medium containing 10 µM Ir(ppy)2(phen)+.  (Inset)  Two-dimensional co-

localization diagram that yields a Pearson coefficient of 0.91 indicating that, in places where PpIX 

is localized, Ir(ppy)2(phen)+ is very nearby.  The plot also shows that, for cells which also contain 

PpIX, Ir(ppy)2(phen)+ de-localizes into a larger area of the cytoplasm.   

     

 As we have indicated, PpIX produced endogenously from ALA is initially localized inside 

the mitochondria.  The Ir(ppy)2(phen)+-induced blurring of the PpIX image (Fig. 7) confirms that, 

when using PpIX as a reference O2(a
1g) sensitizer in a cell kill study,  Ir(ppy)2(phen)+ cannot be in 

that same cell, and vice versa.  Thus, the cell kill experiments described below were performed 

using cells that contained only PpIX and, independently, only Ir(ppy)2(phen)+.  
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Two-photon irradiation of intracellular sensitizers.  Over the years, sensitizer excitation and 

O2(a
1g) production in cells have traditionally been achieved in a one-photon process wherein the 

energy of an incident photon is resonant with a transition in the sensitizer.  However, sensitized 

O2(a
1g) production can also occur via the simultaneous absorption of two low-energy photons that, 

by themselves, are not resonant with a transition in the sensitizer.2  Although the transition 

probabilities for this latter process are smaller and larger photon fluxes are generally required, it 

nevertheless has distinct mechanistic advantages with respect to spatial and spectral control of the 

excited states produced in a cell.2, 7, 11, 12, 25, 66   As such, we performed the present study using 

spatially-localized two-photon excitation of intracellular PpIX and, independently, Ir(ppy)2(phen)+ 

at 800 nm.  Although two-photon absorption cross sections have been determined for both PpIX 

and Ir(ppy)2(phen)+ at this wavelength, it is not necessary to use these parameters when controlling 

the dose of sensitized O2(a
1g) production.  Rather, as outlined in the next section, it is sufficient to 

monitor the relative intensities of emission from these molecules as a measure of the number of 

excited states produced.    

 

Controlling the O2(a
1g) dose.  To properly assess the photo-initiated cytotoxic effects of 

Ir(ppy)2(phen)+ relative to PpIX, we need to ensure that comparable amounts of O2(a
1g) are 

produced in these respective experiments.  This can be achieved by adjusting either (a) the actinic 

laser power, and/or (b) the intracellular sensitizer concentration using the emission intensity of 

PpIX and, independently, Ir(ppy)2(phen)+ from the cells as dosimetric parameters. 

 At a given incident laser power, the number of photons absorbed by the sensitizer, Nabs, is 

proportional to the emission intensity, Iem, divided by the quantum yield of emission, em (eqn (2)). 

௔ܰ௕௦ ൌ ߙ	
௘௠ܫ
߶௘௠

																								ሺ2ሻ 
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The proportionality constant  reflects, among other things, instrumental parameters used in 

the experiment.  The amount of O2(a
1g) formed in a given experiment is likewise proportional to 

the product of Nabs and the O2(a
1g) quantum yield, .   For our present experiment performed 

under conditions where  is always the same, the desired equality is shown in eqn (3) where the 

superscript ref refers to the reference compound PpIX. 

௘௠ܫ
߶௘௠

߶୼ 	ൌ 	
௘௠ܫ
௥௘௙

߶௘௠
௥௘௙ 	߶୼

௥௘௙									ሺ3ሻ 

 

 In the ideal case, incorporating known values of  and em into eqn (3) allows one to 

ascertain the desired ratio of sensitizer emission intensities, controlled either by the incident laser 

energy or the sensitizer concentration, that correspond to the same dose of O2(a
1g) from both PpIX 

and Ir(ppy)2(phen)+. 

 Focussing first on Ir(ppy)2(phen)+, the  and em data in Table 1 clearly show the 

importance of knowing whether this molecule is localized in a hydrophilic or hydrophobic 

intracellular domain.  Moreover, the pertinent parameters depend on the local oxygen concentration 

and this too will vary with intracellular location (i.e., oxygen is less soluble in water than in typical 

hydrocarbons).  For PpIX, although Iem refers to a fluorescent signal that does not appreciably 

depend on oxygen concentration, the magnitude of em may depend on intracellular location.65  

Relying on the data in Table 1, a (PpIX) value of 0.56 ± 0.03, and a em
ref value of 0.04 for 

intracellular PpIX,65 the desired ratio of sensitizer emission intensities, Iem/Iem
ref, that correspond to 

the same dose of O2(a
1g) from these respective molecules can thus range from ~ 3 for 

Ir(ppy)2(phen)+ in a hydrophobic domain to ~ 16 for Ir(ppy)2(phen)+ in a domain containing H2O. 
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 To accommodate this domain-dependent uncertainty in the doses of O2(a
1g) delivered upon 

irradiation of PpIX and Ir(ppy)2(phen)+, respectively, experiments to assess relative photo-induced 

cytotoxicity were performed using a range of intracellular concentrations of Ir(ppy)2(phen)+.   

  

Assessing cell death.  Cell responses to irradiation of Ir(ppy)2(phen)+ and PpIX were assessed using 

bright field images to record morphology changes associated with cell death (e.g., membrane 

located vacuole formation, chromatin condensation, cell shrinkage).  This is an accepted method 

that combines reasonable accuracy with ease of implementation.11, 12, 25, 26, 67-69
  

We first established that, in the absence of light, Ir(ppy)2(phen)+ is not cytotoxic over an 

observation period of  24 h.  These experiments were performed using cells that had been incubated 

with media containing Ir(ppy)2(phen)+ over the concentration range of 10-7 to 10-5 M (see Fig. 3).    

For the photo-initiated experiments, the focused irradiation was localized in the 

mitochondria-rich portion of the cytoplasm.  We have previously established that it is advantageous 

to perform such experiments under conditions where the initial signs of cell death all appear within 

180 min after the light dose has been delivered.12  To this end, we used an average incident laser 

power of 2.4 mW for cells incubated in H2O-based media.  The two-photon irradiation exposure 

period was 30 min (80 MHz laser).  We then counted the number of cells that showed a given 

morphological feature of death 150 min after the end of actinic irradiation.  Representative data are 

shown in Fig. 8.   
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Figure 8.  Histogram comparing different morphological features associated with cell death for data 

recorded upon irradiation of 14 cells containing Ir(ppy)2(phen)+ (dark pylons) and, independently, 

18 cells containing PpIX (lighter pylons).  In many cases, a given cell would show more than one 

morphological sign of death.  These data were recorded using cells incubated in a medium 

containing 0.35 µM Ir(ppy)2(phen)+ (see Fig. 3) and correspond to a Iem/Iem
ref ratio of 3.5 (i.e., 

Ir(ppy)2(phen)+ in a hydrophobic intracellular domain, see text).  The differences between the PpIX 

and Ir(ppy)2(phen)+ data for a given morphological response have no statistical significance 

indicating that O2(a
1g) sensitized by these respective dyes is equally cytotoxic under these 

conditions (non-directional z hypothesis test12).   

  

The data in Fig. 8 were recorded under conditions that yield Iem/Iem
ref = 3.5.  Recall that this 

ratio characterizes a situation where PpIX and Ir(ppy)2(phen)+ would deliver the same dose of 

O2(a
1g), with the stipulation that Ir(ppy)2(phen)+ is principally localized in a hydrophobic domain.  

Given the log Po/w = 1.67 value for Ir(ppy)2(phen)+ and the spectrum in Fig. 6, we believe this is a 

reasonably accurate condition to assess the cytotoxicity of Ir(ppy)2(phen)+.  The data obtained 

clearly show that, under these conditions, Ir(ppy)2(phen)+ and PpIX are equally cytotoxic.  Thus, 

our initial observation that Ir(ppy)2(phen)+-containing cells are quite sensitive to room lighting, 
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certainly in comparison to cells containing PpIX or other porphyrin-based sensitizers, appears to be 

a consequence of the fact that a high intracellular concentration of Ir(ppy)2(phen)+ is rapidly 

achieved upon incubation in a medium containing Ir(ppy)2(phen)+. 

On the other hand, if, for some reason, a non-negligible amount of intracellular 

Ir(ppy)2(phen)+ is principally localized in a more hydrophilic domain, then the data in Fig. 8 would 

indicate that the O2(a
1g) produced by Ir(ppy)2(phen)+ is appreciably more cytotoxic than the 

O2(a
1g) produced by PpIX.   This point was confirmed by monitoring cell death under conditions 

where Iem/Iem
ref = 16, and irradiation of Ir(ppy)2(phen)+ was indeed appreciably more cytotoxic than 

irradiation of PpIX.  To reiterate, however, we believe that the data in Fig. 6 confirm that 

Ir(ppy)2(phen)+ is principally localized in hydrophobic intracellular domains and the appropriate 

condition to monitor the relative cytotoxicity of Ir(ppy)2(phen)+ and PpIX is Iem/Iem
ref = 3.5.  The 

pertinent data are thus shown in the histogram of Fig. 8.   

Because both Ir(ppy)2(phen)+ and PpIX appear to be localized in the same organelle (the 

mitochondria) and because the diffusion distance of intracellular O2(a
1g) is sufficiently large 

relative to the size of a mitochondrion,2 it seems unlikely that the O2(a
1g) produced by 

Ir(ppy)2(phen)+ would be more cytotoxic than O2(a
1g) produced by PpIX as a consequence of 

targeting different location-dependent intracellular receptors (e.g., proteins).  This point is again 

consistent with the data in Fig. 8. 

 

O2(a
1g) is the cytotoxic agent.   With the preceding discussion in mind, it is important to establish 

that O2(a
1g) is indeed the initial photo-produced reactive intermediate responsible for adverse cell 

response in these studies.  To this end, we first found that irradiation of Ir(ppy)2(phen)+ in cells that 

had been incubated in a D2O-based medium showed morphological signs of death much sooner than 

cells incubated in an H2O-based medium.  This is consistent with the fact that the lifetime of 
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O2(a
1g) is appreciably longer in D2O than in H2O and hence, in D2O-incubated cells, (1) the 

intracellular diffusion distance of O2(a
1g) is greater, and (2) the probability for reaction of O2(a

1g) 

with a given substrate is likewise greater.2  Other cytotoxic ROS that might be initially produced 

(e.g., the superoxide ion) do not have a corresponding response to changes in the solvent H/D 

isotopic composition.  Second, upon the addition of an efficient and specific O2(a
1g) quencher to 

the D2O-based medium (i.e., 10 mM NaN3), we were unable to initiate cell death upon irradiation of 

either PpIX or Ir(ppy)2(phen)+.  We independently established using time-resolved absorption 

experiments that NaN3 does not quench the triplet states of both Ir(ppy)2(phen)+ and PpIX.  Thus, 

the protective effect exerted by NaN3 is indeed a consequence of quenching O2(a
1g), not the 

precursor to O2(a
1g).  [Although NaN3 is itself cytotoxic over long time periods, it is benign over 

the time periods of our studies.67, 70]    

 

Conclusion 

 We have identified a cyclometallated Ir(III) complex whose ability to photosensitize the 

production of O2(a
1g) depends strongly on the local environment of this molecule.  This sensitivity 

to the local environment points to a problem that could influence many O2(a
1g) photosensitized 

experiments in cells.  Specifically, the control and quantification of the O2(a
1g) “dose” can be 

difficult which, in turn, can be a hindrance in mechanistic studies of O2(a
1g) behavior.  The data 

reported herein provide a nice justification for the design and development, for example, of 

genetically-encoded protein-encapsulated sensitizers.19, 71  In the ideal case under these latter 

conditions, the local environment of the sensitizer will remain the same and photophysical data 

recorded from a bulk in vitro solution would be valid for an application in vivo.  The data reported 

herein likewise provide a nice justification for experiments in which intracellular O2(a
1g) is 

selectively produced upon the irradiation of oxygen itself in sensitizer-free experiments.72   
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