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Preface

The importance of light science and its applications is reflected by the fact that the

year 2015 has been proclaimed The International Year of Light and Light-based

Technologies (IYL 2015) by the United Nations General Assembly. Research on

the interactions of light with matter at the molecular level has been a topic of

long-standing interest. One particularly important aspect is the photophysical and

photochemical investigations of inorganic and organometallic transition metal

complexes. The presence of d-block metal centers endows transition metal com-

plexes with new electronic excited states, enabling them to exhibit characteristic

and tunable photophysical and photochemical properties that are very different

from those of fluorescent organic compounds, lanthanide chelates, and

nanocrystals. These properties have led to a wide range of applications including

the development of photocatalysts, photovoltaics, light-emitting diodes, and lumi-

nescent sensors. In terms of biological applications, photoactive and luminescent

transition metal complexes have recently emerged as a new class of reagents for the

photocontrolled release of biomolecules, molecular recognition, and bioimaging.

For this reason, a book devoted to these exciting topics is needed to provide a timely

overview on both the fundamentals and potential applications of these types of

functional transition metal complexes. This is the principal motivation for this

volume of Structure and Bonding.
The book starts with a chapter contributed by Professor Alexis D. Ostrowski and

Professor Peter C. Ford on the photochemical delivery of the gastrotransmitters

nitric oxide and carbon monoxide. The emphasis is on the molecular design

and photochemical properties of transition metal complexes that serve as

photoactivated nitric oxide releasing moieties (NORMs) and carbon monoxide

releasing moieties (CORMs). Additionally, strategies that allow red-light activation

and the development of complexes that will become photoluminescent after the

photorelease of such bioactive small molecules have been summarized.

In the second chapter, Professor Roberto Etchenique described in the second

chapter the use of ruthenium(II) polypyridine complexes as caging agents for a

range of bioactive amine molecules including 4-aminopyridine, glutamate, gamma
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aminobutyric acid, as well as sulfur-containing molecules such as isopropylthio-

galactose and methylthiogalactose. Another interesting application is the caging of

fluorescent dyes such as rhodamine with ruthenium(II) polypyridine complexes.

These conjugates can be uncaged using visible light, allowing fluorescence turn-on

of the organic dyes with high spatiotemporal control. Since many ruthenium

(II) polypyridine complexes show two-photon absorption properties, these interest-

ing applications can be realized using long-wavelength excitation.

In the third chapter, Professor Luca Salassa reviewed the recent trend of

photoactivatable organometallic platinum, rhodium, and ruthenium complexes as

potential anticancer drugs. Although many transition metal complexes have been

designed as photosensitizers for photodynamic therapy, the photoactivatable com-

plexes highlighted in this chapter are those whose photocytotoxic activity does not

rely on the generation of reactive oxygen species such as singlet oxygen. Various

mechanisms of action such as DNA-targeting (for example, adduct formation,

DNA-crosslinking, and photocleavage of DNA), formation of azidyl radicals,

perturbation of NAD+/NADH levels, and interference of protein transcription

processes have been proposed. The biological properties, in particular the antican-

cer activity of some of these interesting complexes, have also been evaluated in

animal models.

The fourth chapter was an account contributed by Professor Vivian Wing-Wah

Yam on the design and synthesis of luminescent transition platinum(II), ruthenium

(II), and rhenium(I) complexes that display interesting photoluminescence proper-

ties. Modification of these complexes with receptors such as crown ether deriva-

tives and amine units enables them to function as luminescent sensors for metal ions

and the proton, respectively. Another interesting sensing system is the conjugate of

luminescent transition metal complexes with gold nanoparticles, which have been

utilized to study enzyme activity. Additionally, the use of luminescent platinum

(II) complexes functionalized with amine- and sulfhydryl-selective groups as

biological labeling reagents has been described.

In the fifth chapter, the fast-growing interest in the applications of luminescent

iridium(III) polypyridine complexes in bioimaging has been reviewed by Professor

Kenneth Yin Zhang, Professor Qiang Zhao, and Professor Wei Huang. The favor-

able photophysical properties such as the intense and long-lived emission, large

Stokes’ shifts, high photostability, and two-photon absorption behavior of iridium

(III) polypyridine complexes, together with their efficient cellular uptake charac-

teristics, have led to the development of very useful cellular imaging reagents. The

structural design of luminescent iridium(III) complexes with a range of ligands and

functional pendants, the incorporation of these complexes into dendrimers, poly-

mers, and nanoparticles, and the biological applications of these interesting entities

have been discussed in detail.

Professor Chi-Ming Che reviewed in the sixth chapter an interesting class of

luminescent transition metal N-heterocyclic carbene (NHC) complexes that have

attracted considerable attention recently. The focus is on the molecular structures,

photophysical properties, and biomolecular binding behavior of planar d8 gold(III)-

NHC and platinum(II)-NHC, linear d10 gold(I)-NHC, and octahedral d6 iriduim
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(III)-NHC complexes and the rapidly emerging applications of these complexes as

new cellular probes. The cellular uptake properties and photocytotoxic activity of

these complexes and their potential applications as intracellular probes for thiols

such as glutathione have been described. Also, the anticancer potency of a selection

of these NHC complexes in animal models has been discussed.

In addition to the ease of synthesis and high photostability, one remarkable

advantage of using luminescent transition metal complexes as bioimaging reagents

is their long emission lifetimes, which are usually in the microsecond timescale.

Professor J.A. Gareth Williams detailed in the last chapter the historical develop-

ment and recent advances in time-resolved emission imaging microscopy (TREM),

with an emphasis on the use of phosphorescent transition metal complexes as

bioimaging reagents. Also, the distinction between time-gating and time-resolved

imaging has been explained. Additionally, the applications of TREM using

multiphoton excitation methods and the instrumentation involved have been

reviewed in detail.

Finally, I wholeheartedly thank all the authors for their valuable efforts and their

outstanding contributions. Undoubtedly, this book will provide a useful background

and fundamentals to beginners in the field as well as the most up-to-date develop-

ments by experts working in various areas such as inorganic and organometallic

coordination chemistry, photochemistry, and chemical biology. With their high

structural diversity and rich photophysical and photochemical properties, the

design of photoactive and luminescent transition metal complexes with interesting

biological functions and activity will open up new opportunities for advanced

diagnostic and therapeutic applications.

Hong Kong, China Kenneth Kam-Wing Lo

January 2015
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Photo-Controlled Release of NO and CO

with Inorganic and Organometallic

Complexes

Agustin E. Pierri, Dayana A. Muizzi, Alexis D. Ostrowski,

and Peter C. Ford

Abstract The photochemical delivery of bioactive small molecules to physiolog-

ical targets provides the opportunity to control the location, timing, and dosage of

such delivery. We will discuss recent developments of the synthesis and studies of

various metal complexes designed for targeted release of the bioregulatory

diatomics nitric oxide and carbon monoxide. Of considerable interest are those

systems where the NO or CO precursor and/or the photochemical product is

luminescent such that imaging techniques allow one to identify the release location.

Keywords Carbon monoxide � Luminescence � Near-infrared excitation �
Nitric oxide � PhotoCORM � PhotoNORM � Photoreaction
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1 Introduction: The Gasotransmitters Nitric Oxide

and Carbon Monoxide

The discoveries several decades ago that nitric oxide (NO, aka nitrogen monoxide)

is an endogenously produced bioregulator in mammalian (and human) physiology

has stimulated a remarkable body of research into the biological activity of this

diatomic free radical. It is now well established that NO plays important roles in

vasodilation, neurotransmission, immune response, and apoptotic cell death

[1]. Imbalances of NO, however, may also lead to various disease states such as

cancer [2, 3] and cardiovascular diseases [4, 5]. Furthermore, NO can have

contrasting physiological effects depending upon the localized concentration; if

present in high amounts, it leads to tumor cell apoptosis [3], but low levels can lead

to tumor proliferation [6]. Subsequent studies have shown that both carbon mon-

oxide (CO) and hydrogen sulfide (H2S) are also small molecule bioregulators [7–9].

Due to the multiple roles for nitric oxide in biological systems, there is consid-

erable interest in the potential applications of compounds that release NO in a

controlled and targeted manner (for examples, see [10–13]). One such strategy is

the use of light as the trigger for NO release from appropriate precursors, given that

this allows one to control the timing and location and potentially the dosage of such

NO delivery in biological tissues. Consequently, a new generation of NO releasing

compounds and materials have been developed, which involve transition metal

complexes with metal nitrosyls, nitrates, and nitrites that are activated only by light

[14–20]. The light-activated release of NO introduces targeting selectivity that

systemic NO releasing drugs do not offer. Targeting might also be achieved by

incorporating the photochemical NO precursor in a material for use as an implant,

with the timing and dosage still controlled by photoactivation [13, 21–23]. For sake

of simplifying our terminology, we will use the term “photoNORM” for such

photo-activated NO releasing moieties.

Like NO, discussions of the biological activity of CO previously focused on

toxicity, although it has been known for some time that CO is produced endoge-

nously through heme oxidation by the enzyme heme oxygenase (HO) [24, 25]. Its

endogenous production can be compared to that of nitric oxide [1], although its

biologic activity has not been as thoroughly elucidated [26]. Like NO, CO has also

been shown to be an important physiological signaling molecule [27], and exoge-

nously applied CO has been implicated in various physiological effects, including

preventing organ graft rejection, reducing ischemia-reperfusion injury, promoting

wound healing, etc. [28–37]. Understandably, such biological effects have

prompted a considerable interest towards developing targeted CO delivery tech-

niques. To address this challenge, a class of carbon monoxide releasing moieties

(CORMs) has been investigated [38–42]. These are typically metal carbonyls

complexes that release a CO payload either by direct thermal decomposition, or

triggered by environmental effects such as a change in pH, solvent, or temperature.

Another approach that several laboratories are pursuing is to use light as the

external trigger to stimulate CO release from photo-activated CO releasing moieties

4 A.E. Pierri et al.



(photoCORMs) [20, 42]. Again the advantage is that the use of light as an external

trigger should provide excellent control of the location, timing, and dosage of CO

release.

Key desirable features to be considered when designing photoNORMs or

photoCORMs include the need to be sensitive to longer wavelength activation,

since it is the red and near infrared (NIR) frequencies of light that have the deepest

penetration through tissue [43]. A second would be reasonable stability under

physiological temperatures and other conditions typical to living organisms, includ-

ing stability toward an aerated, aqueous medium. A third would be the lack of

undesirable toxicity either of the photochemical precursor or of the residual pho-

toproduct after the bioactive small molecule is released. Achieving activation with

red light is a challenge, however, since the energy required to break the bond

between the metal center and NO or CO may be greater than the energy provided

by the red light. Nevertheless, different strategies are being developed to generate

the release of NO upon red light or NIR activation [44–53].

Another feature of interest in the design of photochemical precursors for such

bioactive small molecules would be the ability to track their location and whether

the system has indeed undergone the desired release at the target. Photolumi-

nescence (PL) is a particularly sensitive imaging method in biological systems.

Unfortunately, the majority of the molecular systems that display the desired

properties as photoNORMs and photoCORMs tend to have at best, very weak PL

properties; however, there are several well-defined exceptions. In the present

review, we will describe the different classes of transition metal complexes that

have been used for photochemical NO and CO release, the different methods that

have resulted in the red light activation, those systems that demonstrate photolumi-

nescence properties, and the development of new photoactive materials for use

under biological conditions.

2 Nitric Oxide Releasing Compounds

Various transition metal complexes have been used as photoNORMs, and the

photochemistry and reaction mechanisms of these are varied. Photoactive ruthe-

nium, manganese, and iron-nitrosyl complexes are well known, and the mechanism

of NO release involves the dissociation of the metal-NO bond. On the other hand,

chromium and manganese can be coordinated to nitrite throughout the oxygen atom

to form metal O-nitrito complexes, and these can generate nitric oxide by homolytic

cleavage of the MO–NO bond. Figure 1 illustrates some examples of these metal

nitrosyl and metal nitrite complexes.

Photo-Controlled Release of NO and CO with Inorganic and Organometallic. . . 5



2.1 Metal Nitrito Complexes

2.1.1 Chromium Complexes

One extensively studied nitrito species is the trans-CrIII(cyclam)(ONO)2
+

(cyclam¼ 1,4,8,11 tetraazacyclotetradecane), also known as “CrONO.” This chro-

mium nitrito complex was designed considering that Cr is an oxophilic metal, and

therefore, when nitrite is a ligand, the β-cleavage of the CrO–NO bond may be more

favorable than the cleavage of the Cr–ONO bond [54, 55]. Changes in the absor-

bance spectrum when a deaerated solution of CrONO was subjected to long-term

photolysis at 436 nm, did indicate the formation of the corresponding aquo complex

(trans-CrIII(cyclam)(H2O)(ONO)
2+), the product of NO2

� aquation; however, the

quantum yield was relatively small (0.0092) [17, 18, 21]. In contrast, when CrONO

was photolyzed in aerated solutions at irradiation wavelengths (λirr) between

365 and 546 nm, NO was generated at substantially higher quantum yields (ΦNO

up to 0.25). This difference can be interpreted in terms of the principal photoreac-

tion being the reversible formation of the products NO and trans-CrIV(cyclam)(O)

(ONO)+ (Scheme 1). The back reaction occurs rapidly (kNO¼ 3.1� 10�6 M�1 s�1

at 298 K in aqueous solution) to regenerate the starting material (CrONO). There-

fore, in order to maximize the net NO release, it is necessary to trap the CrIV
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Fig. 1 Representative metal nitrosyl and metal nitrite complexes are shown along with the

pathways for NO release after light irradiation
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intermediate. This can be done with oxygen or with glutathione (GSH), an antiox-

idant agent present in biological tissue [18]. In this context, the photolysis was

developed in the presence of GSH and analyzed both by absorbance changes and by

direct measurement of NO by using a Sievers Nitric Oxide Analyzer (NOA). Both

measurements gave a ΦNO of 0.25 [17–19]. DFT computational studies as well as

sensitizer and quenching studies suggest that the excited state (ES) responsible for

homolytic cleavage of the CrO–NO bond is the doublet metal-centered (ligand

field) state that is typically the lowest energy ES of such CrIII complexes [18, 56].

In contrast with the results under aerated condition, photolysis of CrONO under

a reduced oxygen atmosphere with the gaseous products being swept from the

solution by entraining with helium, results in the generation of two moles of nitric

oxide per mole of CrONO. Since no oxygen is present to trap the CrIV intermediate,

this species apparently undergoes secondary photolysis to lose a second NO and to

generate a CrV species, presumably the dioxo complex [18]. However, attempts to

isolate and characterize this species quantitatively were unsuccessful.

The photolysis of CrONO in biological media has also been studied, in which it

was shown that the NO release generates the vasorelaxation in porcine arteries by

activating the enzyme soluble guanylyl cyclase [19]. Furthermore, CrONO and its

photoproducts have been shown to be non-toxic toward THP-1 cells (a human

monocyclic cell line) as evaluated with a lactate dehydrogenase (LDH) assay

[18]. This lack of toxicity as well as the relative stability of CrONO at 37�C in

aqueous media points to CrONO as a promising photoNORM. CrONO also dis-

plays relatively high quantum yield, but the low extinction coefficients and the
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Scheme 1 Photochemical pathways of NO release from trans-Cr(cyclam)(ONO)2
+ under both

aerated and deaerated conditions and in the presence of the biological reductant glutathione (GSH)

[18]
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wavelengths of the photoactive metal-centered absorption bands that lead to the NO

production from CrONO are not ideal for therapeutic applications. Therefore,

several strategies have utilized with the goal of triggering NO release from a

CrONO derivative upon longer wavelength excitation. One of these is illustrated

in Scheme 2.

In this context, DeRosa et al. [54] prepared CrIII complexes of cyclam ligands

modified by covalent attachment of antennas such as anthracene and pyrene. These

compounds did not display the desired longer visible wavelength absorptions but

did demonstrate that pendant chromophores can serve as antennae to gather light

and to sensitize reactions localized at the CrIII center. For example, the anthracene

tethered complex trans-[Cr(mac)(ONO)2]BF4 (mac¼ 5,7-dimethyl-6-anthracyl-

cyclam, Fig. 2) showed markedly enhanced rates of NO production when irradiated

at 470 nm owing to the stronger absorption of the antenna at this λirr. Furthermore

the anthracenyl fluorescence was largely attenuated, although a residual blue

emission remained. Thus, energy transfer to the CrIII center is efficient but not

complete. Notably this residual emission proved to be especially valuable in

tracking the presence of the trans-Cr(mac)(ONO)2
+ ion when that salt was incor-

porated into liposomes, a potential carrier mechanism for delivery of this

photoNORM to biological targets [57] (Fig. 2).

Scheme 2 Illustration of a CrONO derivative with an antenna chromophore such as anthracene or

pyrene conjugated to the equatorial cyclam-type ligand. Excitation of the pendant antenna leads

first to excitation of that chromophore, the excited state of which will decay by energy transfer to

the CrIII center or by nonradiative and radiative (hv0) deactivation to the original ground state

(nonradiative deactivation shown as dashed arrows). Similarly, the metal-centered excited states

of the CrIII center can decay to the original ground state or undergo reaction to generate NO plus

the CrIV oxo intermediate. The rate of NO release is the product of the intensity of the light

absorbed (Ia) at λirr times the overall quantum yield (ΦNO) for the photoreaction. ΦNO is a function

of the competitive rates of the various steps leading toward product formation vs. deactivation

8 A.E. Pierri et al.



2.1.2 A Manganese Complex

In 1991, Watson and Suslick reported the NO photolability of MnIII(TPP)(ONO)

through the β-cleavage of the MnO–NO bond resulting in the formation of

MnIV(TPP)(O) [58, 59]. However, the α-cleavage of Mn-ONO was also observed

with the formation of MnII(TPP) and nitrogen dioxide. Subsequent laser flash

photolysis studies (λirr 355 nm) by Hoshino et al. [60] showed the latter

photoprocess to be the more efficient. The quantum yield of NO2 release (ΦNO2
)

was 0.045 while ΦNO was only ~10�4. The complicated photochemistry of Mn

(TPP)(ONO) results in the formation of several intermediates in presence of NO,

NO2, and O2 [60] (Fig. 3). Nevertheless, manganese nitrito complexes show some

Fig. 2 Cartoon illustrating the encapsulation of the luminescent trans-Cr(mac)(ONO)2
+ salts in

liposomes [57] (the methyl groups of 5,7-dimethyl-6-anthracyl-cyclam are not shown). Reprinted

with permission from Ostrowski et al. [57]. Copyright 2012 American Chemical Society

Fig. 3 Flash photolysis of Mn(TPP)(ONO) in presence of NO, NO2, and O2. Adapted from

Halpenny et al. [22]
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NO release after light irradiation and may be promising candidates for use in solid

polymer platforms where the release of NO gas may be favored.

2.2 Metal Nitrosyls

Nitric oxide is a free radical in which the unpaired electron is in a π* orbital. When

bound to a metal center, nitric oxide can either accept or donate electron density

from or to the metal (Fig. 4). As a 3-electron donor, a linear M–NO bond angle of

180� is typical and the nitrosyl can be viewed as a nitrosonium cation (NO+), with

the corresponding NO stretching frequencies (vNO) between 1,820 and 2,000 cm
�1.

This is typically observed with oxidizing metal centers such as FeIII. With a more

reducing center, NO can act as a 1-electron donor and the charge transfer is in the

opposite direction to give a nitroxyl anion (NO�) displaying a bent M–NO bond

angle (~120�) with a much lower vNO. However, since the MNO unit is highly

delocalized, it may be better to use the Enemark–Feltham notation {M–NO}n,

where n is the sum of the electrons in the NO π* orbital and the total number of

d-electrons of the metal [61]. For example, the {Ru-NO}6, notation used for many

ruthenium nitrosyl complexes, has several resonance forms RuII-NO+, RuIII-NO, or

RuIV-NO�. While such species are indeed highly delocalized, Ru-NO complexes

are most commonly viewed as RuII-NO+ species based on EPR, IR, 1H-NMR, and

UV spectroscopic properties that indicate the bond order for NO to be greater than

that of N¼O [61–68].

2.2.1 Iron Complexes

A variety of iron-nitrosyl complexes (Fig. 5) have been demonstrated to be photo-

chemically active toward NO photodissociation. Among these is sodium

nitroprusside Na2[Fe(CN)5NO], which has long been used therapeutically as a

vasodilator during hypertensive emergencies [69]. Although photoactive [70, 71],

nitroprusside can also release NO thermally upon contact with tissue containing

M(n-1)+

N

O

Mn+

N

O

Nitrosonium cation NO+

Linear
180º

Nitroxyl anion NO-

Bent
120º

Nitrosyl NO
Slightly Bent

120º- 180º

M(n+1)+

N

O

Fig. 4 Different structural forms of metal nitrosyl complexes
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reducing species thereby limiting the photochemical control over the release of NO

in this case.

The iron sulfur nitrosyl cluster anions Roussin’s red salt (RRS) and Roussin’s
black salt (RBS) (Fig. 5) were first reported over 150 years ago by Roussin, and the

latter was shown to affect the vascular tone of rat tail arteries, presumably by the

slow release of NO [72, 73]. In 1997, Bourassa et al. demonstrated the quantitative

photochemistry of both RRS and RBS and showed that NO released by visible

wavelength irradiation of RRS was effective in sensitizing γ-radiation killing of

hypoxic V-79 (Chinese hamster fibroblast) cells [73]. Since hypoxic regions of

tumors are less susceptible to radiotherapy than normal tissue [74], this study

demonstrated that simultaneous delivery of NO to a tumor site might enhance the

effectiveness of such radiation treatment of cancer. For both RBS and RRS, NO

release has been shown by laser photolysis studies to be reversible in deoxygenated

solutions, especially in the presence of added NO [75]. However, in oxygenated

solutions, photolysis led to more permanent changes, for example, Eq. (1).

Fe4S3 NOð Þ7� !hv
O2

3:9Fe2þ þ 5:9NOþ 3S2� þ ? ð1Þ

Under such conditions, RRS is much more photoactive than RBS. For λirr between
313 and 546 nm NO generation from the RBS gave a modest ΦNO of ~0.007 while

ΦNO values for RRS proved to be about an order of magnitude larger. NO release

from RRS is dependent on the solvent, pH of the aqueous solution, and λirr.
Photoreaction quantum yields for RRS varied from 0.004 (pH 7, deaerated aqueous

solution, λirr 365 nm) to 0.4 (deoxygenated methanol, 365 nm), where aerated

solutions showed a larger quantum yield (~0.1) than deoxygenated (0.004) and

aerated organic solvents show even higher quantum yields. Computational studies

using density functional theory (DFT) and time-dependent DFT (TD-DFT) of Fe/S/

S
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S

Fe

S S
Fe
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Fig. 5 Structures of the Fe-nitrosyl complexes that release NO photochemically
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NO clusters as well as for the ruthenium nitrosyls discussed below have attributed

NO photolability to excited states (ES) displaying mixed d(metal)! p*
(NO) charge transfer and d! d metal-centered character [71].

Ester derivatives of RRS have been used as photoNORMs, and these Roussin’s
red esters (RSE) are also illustrated in Fig. 5 [45, 76–78]. The RSE have analogous

photochemistry to the RRS, where the largest quantum yields for NO release are

seen in aerated solutions [77]. There was also a fast second-order back reaction of

the RSE photoproduct with NO, so the net photochemistry is dependent on trapping

of the Fe-photoproduct by oxygen [77].

The RSE have also been used to create red light activatable NO releasing

compounds, where the ester derivative has a red light absorbing dye as antenna

[45, 76, 78] in analogy to the systems described by Fig. 2. For example, PPIX-RSE

[76] demonstrates enhanced rates of NO production upon red light photolysis owing

to the much greater absorbances of the porphyrin Q bands at those wavelengths.

Furthermore, although the fluorescence of the PPIX antenna is largely quenched by

conjugation to the RSE iron/sulfur/nitrosyl cluster, there is some (~15–20%)

residual emission, so that the presence of PPIX-RSE could be monitored with this

feature. From measurements of the respective emission intensities for free PPIX

and for PPIX-RSE and the characteristic lifetime of the former (~13 ns, [76, 79])

one can estimate rate constant for internal energy transfer from PPIX* to the cluster

as ~5� 108 s�1. Ultrafast pulse laser emission lifetime measurements confirmed the

partial quenching of PL from the PPIX antenna.

As will be described below, PPIX-RSE can also be excited by 800 nm light from

a pulsed ultrafast laser via two-photon absorption (TPA) at the PPIX antenna. This

process was evidenced both by the weak emission at ~630 nm and by NO gener-

ation which was detected using a nitric oxide specific electrode [44]. Another

approach to long wavelength NO photogeneration was to encapsulate RBS in

NIR absorbing nano-carriers to give effective NO release after 980 nm excitation

[51, 80]. These systems contain upconverting nanoparticles (UCNPs) that upon

NIR excitation emit visible light that is reabsorbed by the photoNORM to release

12 A.E. Pierri et al.



NO, and as a result can be tracked via their upconverted emitted light. Both the

two-photon excitation (TPE) and upconversion methods of utilizing NIR light for

such purposes will be described more fully below.

In 2002, Patra, Mascharak, and co-workers reported the NO photo-releasing

properties of iron-nitrosyl complexes with several carboxamide-containing

pentadentate ligands [50, 81]. Inspired by the structure of the photoactive

enzymenitrile hydratase, which contains an iron center coordinated to two

carboxamides groups, they prepared the diamagnetic low spin {FeNO}6 species

[Fe(PaPy3)(NO)](ClO4)2 (PaPy3H¼N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-
pyridine-2-carboxamide). This releases NO upon visible light activation with a

ΦNO of 0.185 at λirr 500 nm in acetonitrile (Eq. 2, Fig. 6). The ligand PaPy3
�

contains a carboxamide group in with the σ-donating anionic nitrogen atom posi-

tioned trans to the NO to enhance the NO photolability. However, the stability of

this complex in biological media is poor [81, 82]. From DFT calculations, it was

observed that the electronic transition that labilizes NO occurs from a bonding Fe–

NO orbital with a partial carboxamide character to an antibonding Fe–NO orbital.

N
N N

N
O

N
Fe

NO

[Fe(PaPy3)(NO)]2+

2+ hn
CH3CN

N
N N

N
O

N
Fe

CH3CN 2+

[Fe(PaPy3)(CH3CN)]2+

NO

NO

ð2Þ

2.2.2 Manganese Complexes

Eroy-Reveles, Mascharak et al. [48] also prepared the analogous [Mn(PaPy3)(NO)]

ClO4. This {Mn-NO}6 complex irreversibly releases NO upon visible light activa-

tion (500–600 nm) affording the corresponding solvento MnIII species (Eq. 3). The

NO photolability was observed in acetonitrile, DMF, and water solutions, with NO

Fig. 6 Absorbance

spectrum of [Fe(PaPy3)

(NO)](ClO4)2 in acetonitrile

where absorbance changes

are shown after light

activation with a 50 W

tungsten lamp (initial:

dotted line; final: solid line)
[81]. Reprinted with

permission from Patra

et al. [81]. Copyright 2003

American Chemical Society
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release increasing with the solvent (CH3CN>DMF>H2O) [83]. The ΦNO values

reported for this complex in acetonitrile are 0.33 and 0.31 at λirr 500 and 550 nm,

respectively.

N
N N

N
O

N
Mn

NO

[Mn(PaPy3)(NO)]+

+ hn
CH3CN, O2 N

N N

N
O

N
Mn

CH3CN 2+

[Mn(PaPy3)(CH3CN)]2+

NO
ð3Þ

Greater sensitivity to red light was achieved by replacing one pyridine of

PaPy3� by a quinoline to give PaPy2QH (N,N-bis(2-pyridylmethyl)amine-N-
ethyl-2-quinoline-2-carbox-amide). Spectral shifts due to the extended conjugation

are evident in the absorption spectrum of Mn(PaPy2Q)(NO)
+ (Fig. 7) [48]. Aqueous

solutions of Mn(PaPy3)(NO)
+ and Mn(PaPy2Q)(NO)

+ gave ΦNO values of 0.40 and

0.74 at 500 nm, 0.39 and 0.69 at 550 nm, respectively. The quantum yield decreases

at longer wavelengths, but Mn(PaPy2Q)(NO)
+ is still photoactive under NIR

excitation at 810 nm. Computational studies by Merkle et al. [84] using TD-DFT

[84] suggest that NO photolability is induced by population of excited states

(ES) formed by transitions from Mn–NO bonding (dπ_π*) orbitals into the Mn–

NO antibonding (π*_dπ) orbitals. These can be formed by direct excitation or by

internal conversion/intersystem crossing from ES populated by excitation of more

intense metal to ligand charge transfer (MLCT) absorptions.

Fig. 7 Absorption spectra

of [Mn(SBPy2Q)(NO)]

(ClO4)2 (pink), [Mn(SBPy3)

(NO)](ClO4)2 (orange),
[Mn(PaPy2Q)(NO)]ClO4

(red), and [Mn(PaPy3)

(NO)]ClO4 (green) in
acetonitrile [65]. Reprinted

with permission from

Hoffman-Luca

et al. [65]. Copyright 2009

American Chemical Society
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[Mn(PaPy2Q)(NO)]+

+

Other manganese-based photoNORMs described by this group utilized

pentadentate ligands similar to PaPy3
� and PaPy2Q

� but with an imine nitrogen

(rather than a carboxamide) trans to NO [65]. The manganese nitrosyls [Mn

(SBPy3)(NO)](ClO4)2 and [Mn(SBPy2Q)(NO)](ClO4)2 absorb strongly at even

longer wavelengths (Fig. 7) and have been shown to be photoactive toward NO

release upon 800–950 nm light activation. However, the Mn(SBPy2Q)(NO)
2+

cation is unstable in aqueous solutions [65].

Mn(SBPy3)(NO)2+ Mn(SBPy2Q)(NO)2+

N
N N

N
N

Mn

NO

N
N N

N
N

Mn

NO2+ 2+

Hitomi et al. [85] recently reported the photochemistry of related manganese

nitrosyl complexes with the pentacoordinate anion of H-dpaq as the ligand

framework (H-dpaq¼ 2-[N,N-bis(pyridine-2-ylmethyl)]-amino-N0-quinoline-8-yl-
acetamido). This pentadentate ligand was modified by adding substituents

(R¼OMe, Cl, and NO2) para to the carboxamide group, and the NO releasing

properties of these derivatives were studied at λirr¼ 350, 460 and 650 nm. For more

electron-donating groups (H and OMe), the highest quantum yields (0.58 and 0.61,

respectively) were seen for excitation at 460 nm. However, for electron-

withdrawing groups (Cl and NO2), the λirr leading to the most efficient NO release

was 650 nm with the respective ΦNO’s 0.73 and 0.78. The various manganese

nitrosyl complexes showing strong absorptions and photosensitivity at longer

wavelengths (Fig. 7) would appear to be very promising photoNORMs [86].

N
N N

N

Mn

NO

[Mn((R)dpaq)(NO)]+ 

+

N

O

R
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2.2.3 Ruthenium Complexes

Ruthenium nitrosyl complexes are generally quite robust, and this thermal stability

as well as the known photolability of such species has drawn considerable attention

to these as possible photoNORMs [20, 63, 67, 87–101]. Several representative

complexes are illustrated in Fig. 8. We will discuss several examples.

One such ruthenium nitrosyl is the cyclam complex trans-[Ru(NO)(Cl)
(cyclam)]2+ prepared by Tfouni and co-workers. This {Ru-NO}6 species releases

NO upon near-UV activation in aqueous solution with pH dependent quantum

yields (Eq. 4). At pH 7.4 ΦNO equals 0.16 [102].

ð4Þ

Early studies by Lorković and co-workers probed the photochemistry of various

ruthenium(II) porphyrin nitrosyl complexes Ru(Por)(X)(NO) (X�¼Cl� or ONO,

Por2�¼ for examples, TPP2�, tetraphenylporphyrinato, or OEP2�, octaethylpor-
phyrinato) [101, 103, 104]. Upon 355 nm flash excitation, these complexes revers-

ibly released NO to give the RuIII(Por)(X) intermediate, the second-order back

reaction displaying rate constants kNO¼ 3–5� 108 M�1 s�1, in benzene. When X�

is ONO�, photodissociation of NO2
� also occurs to give the {Ru-NO}7 species

RuII(Por)(NO), which, under excess NO, reacts rapidly to form a dinitrosyl complex

RuII(Por)(NO)2.

Another ruthenium nitrosyl platform encompasses the salen complexes Ru

(salen)(X)(NO) (salen¼N,N0-ethylenebis(salicylideneiminato)dianion, X¼Cl�,

Ru
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Fig. 8 Examples of NO photo-releasing ruthenium complexes
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H2O, ONO�) and the analogous salophen complexes Ru(salophen)(X)

(NO) (salophen¼N,N0-1,2-phenylene-bis(salicylideneiminato)dianion) [21, 91,

99]. Works et al. showed that photolysis of these photoNORMs leads to NO

labilization and formation of the corresponding solvento species RuIII(salen)(X)

(Sol), which display a characteristic UV band at 700–800 nm (Fig. 9). However,

flash photolysis of these complexes under added NO shows a facile back reaction

that is markedly sensitive to the nature of the solvent (and of the solvento complex,

Eq. (5) [91, 99]. The rate constants kNO for the back reaction in acetonitrile, THF,

CH2Cl2, toluene, and cyclohexane, have values in the ranges 10�2–10�4, 10�2,

10�1, 106–107, and 106–108 M�1 s�1, respectively [91, 99].

 
Ru(R-salen)(X)(NO)              Ru(R-salophen)(X)(NO) 

X = H2O, Cl–,ONO–, R = H or tBu 

N N

OO
Ru

R

R

R

R

NO

X

N N

OO
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R

R

R

R

NO

X

Ru(salen)(X)(NO) Ru(salen)(X)(Sol) + NO

hn

kNO

ð5Þ

As a consequence, in donor solvents such as THF, water, acetonitrile, NO

photolabilization from Ru(salen)(X)(NO) complexes is effectively irreversible.

Fig. 9 Absorbance changes

for 365 nm photolysis of Ru

(Salen)(ONO)(NO) in

acetonitrile
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For example, 365 nm photolysis of Ru(salen)(X)(NO) in acetonitrile gave a ΦNO of

0.13. This falls off at longer λirr; 546 nm irradiation gives a ΦNO of 0.07. Another

factor is the nature of the axial ligand trans to NO; over the series X¼Cl�, ONO�,
H2O, ΦNO also decreases by more than an order of magnitude [63, 91, 99].

Rose et al. [105] have also prepared ruthenium nitrosyl complexes of the PaPy3
�

anion described above. As noted for the analogous iron and manganese complexes,

this places a σ-donating negatively charged nitrogen base positioned trans to the

Ru–NO bond, thus stabilizing this moiety even in basic solutions. However, while

[Ru(PaPy3)(NO)](BF4)2 is more stable thermally than the iron analog, it required

irradiation in the near-UV to labilize NO (ΦNO,¼ 0.12 for λirr 355 nm under

physiological conditions) [105, 106]. Extending the conjugation by using PaPy2Q
�

as the chelating ligand (see above) gave greater lability at longer wavelengths.

Photolysis of a [Ru(PaPy2Q)(NO)](BF4)2 solution releases NO with a ΦNO of

0.17 at λirr 410 nm.
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These workers also probed the influence of the carboxamide group on the

photochemistry of similar {RuNO}6 complexes by preparing ligands with different

numbers of this functionality. Having more carboxamide groups resulted in a higher

bathochromic effect, higher quantum yields, and a better stability under physiolog-

ical conditions [90, 107, 108]. An example is the tetradentate anionic ligand bpb�

containing two carboxamide groups (H2bpb¼ 1,2-bis(pyridine-2-carboxamido)

benzene) from which they prepared the ruthenium complexes Ru(bpb)(NO)

(X) (X¼Cl�, py, Im, OH�, Resf) (Resf¼ resorufin). Different ligands X are in

the position trans to NO since this coordination site is not occupied by the H2bpb,

and such ligands influence the reactivity, perhaps due to a trans-labilization effect

[108]. Also altering the NO release efficiency are modifications of the H2bpb ligand

by adding substituents or increasing the conjugation. Increasing the electron-

donating strength of the phenyl group (H<Me<OMe) resulted in a bathochromic

effect of the d(Ru)-π(NO)! d(Ru)-π*(NO) transition and corresponding quantum

yield increases [90, 107, 108].
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Extending the conjugation of the carboxamide pyridyl group by using a quino-

line (H2bQb) or isoquinoline (H2IQ1) gives complexes with a red-shifted d(Ru)-π
(NO)! d(Ru)-π*(NO) transition and higher NO release efficiency. For example

ΦNO values of 0.010, 0.025, and 0.035, respectively were observed for 500 nm

photolysis of DMF solutions of Ru((OMe)2bpb)(NO)(Cl), Ru((OMe)2bQb)(NO)

(Cl), and Ru((OMe)2IQ1)(NO)(Cl) [90, 107, 108]. Interestingly, the more sterically

crowded Ru((OMe)2bQb)(NO)(Cl) (Fig. 10) is less photoactive than the

isoquinoline analog Ru((OMe)2IQ1)(NO)(Cl) [32].

2.3 Polymers and Other Platforms

In this section, we will discuss the development of materials for the targeted release

of NO in cells and tissues upon red light activation. For example, many of the

complexes already mentioned above have been incorporated in platforms such as

polymers and hydrogels. The ideal polymeric matrixes for such purposes should be

biocompatible and optically transparent in order to deliver NO photochemically to

the desired site. One method involves incorporation of a photoNORM into the

polymer via covalent attachment, thereby preventing undesirable leakage into the

host. For example, Borovik and co-workers have prepared a highly cross-linked

methacrylate-based polymer matrix that incorporates a ruthenium salen nitrosyl

complex that maintains its NO releasing properties (Fig. 11). This polymer is

porous, with an average pore diameter of 60 Å and a λmax of 373 nm in toluene

[23]. The NO release analysis was carried out under different solvents, and the same

solvent dependence characteristic of other ruthenium salen nitrosyls was observed

[99]. The polymer releases NO under near-UV (370 nm) excitation, and NO release

was detected by NO transfer to myoglobin (Mb) [23].

Fig. 10 X-ray structures of

Ru((OMe)2bQb)(NO)

(Cl) (top) and Ru

((OMe)2IQ1)(NO)

(Cl) (bottom) showing the

steric interactions leading to

non-planarity of the bQb

ligand [90]. Adapted with

permission from Fry and

Mascharak [90]. Copyright

2011 American Chemical

Society
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Similarly, Halpenny et al. [22] covalently attached Ru(Me2bpb)(NO)(4-vpy)
+

(4-vpy¼ 4-vinylpyridine) to the poly(2-hydroxyethyl methacrylate) (pHEMA)

backbone cross-linked with ethyleneglycol dimethacrylate (Fig. 12). The resulting

material released NO with a ΦNO of 0.11 (determined amperometrically and by

transfer to Mb) upon 350 nm excitation, a value only a little attenuated from that

seen for the complex in solution (0.18).

Another approach to NO releasing materials is the encapsulation of known

photoNORMs in polymeric gels [21, 22, 51, 86, 110–115]. For example, Bordini

et al. [21] encapsulated the ruthenium nitrosyl Ru(salen)(H2O)(NO)
+ in a silica

sol-gel to give a material which released NO upon visible light excitation, and,

more interestingly, could be regenerated by reaction of the photolyzed sol-gel with

acidic nitrite and a reducing agent such as Eu2+ (Fig. 13).

In a similar context, Eroy-Reveles et al. [48, 86] have encapsulated [Mn(PaPy3)

(NO)]ClO4 and [Mn(PaPy2Q)(NO)]ClO4 into a silicate sol-gel matrix with poly-

urethane or tetramethylorthosilicate (TMOS) (used to avoid the leakage of the

complexes). Consistent with the much greater photolability of these manganese

complexes at longer wavelengths (see above), the resulting materials release NO

Fig. 11 Photoactive polymer matrix containing a ruthenium salen photoNORM [109]. Reprinted

with permission from Welbes and Borovik [109]. Copyright 2005 American Chemical Society

Fig. 12 Cross-linked pHEMA covalently attached to Ru(Me2bpb)(NO)(4-vpy)
+ [22]. Reprinted

with permission from Halpenny et al. [22]. Copyright 2007 American Chemical Society
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upon visible and NIR light irradiation (Fig. 14). Although somewhat attenuated

from the ΦNO measured for [Mn(PaPy3)(NO)]ClO4 in aqueous solution (0.55), a

substantial quantum yield of 0.25 was reported for 532 nm irradiation of the

corresponding sol-gel formulation. This sol-gel matrix also rapidly delivers NO

to Mb upon visible illumination by an optical fiber catheter incorporated into the

polymer [112]. Moreover, the sol-gel encapsulated [Mn(PaPy2Q)(NO)]ClO4 is able

to deliver NO to Mb upon 780 nm light irradiation [48].

2.4 Toward Longer Wavelength Activation

Many of the NO releasing complexes and materials previously discussed exhibit NO

photolability, but do so only at the short wavelengths that have poor transmittance

through skin and tissue. As a result, various strategies have been designed to make

such species more susceptible to longer wavelength excitation [45, 48, 51, 52, 54, 76,

80, 85, 90, 116–119].With certain platforms, it has proved possible to achieve the NO

release at longer wavelength by extending the conjugation of the ligand frame and by

Fig. 13 Ru(Salen)(H2O)(NO)
+ sol-gel images before (a) and after (b) photolysis and the

regenerated starting sol-gel (c) [21] (Image supplied by Prof. E. Tfouni)

Fig. 14 Photolysis leads to color change of the sol-gel containing [Mn(PaPy3)(NO)]ClO4

[86]. Adapted with permission from Eroy-Reveles et al. [86]. Copyright 2006 American Chemical

Society
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adding key substituent groups at strategic positions [65, 85, 90]. However, another

approach is to develop antenna-photoNORM conjugates such as illustrated in

Scheme 2, where the strongly absorbing antenna harvests one or more photons in

order to form excited states from which energy transfer to the photoNORM occurs.

The result is a sensitized photoreaction of the photoNORM that depends on the

presence of excited states with appropriate energies and desired reactivities but does

not depend on population of those states by direct absorption of light.

Such antennas can be directly attached to the ligand frame or coordinate to the

metal center. Alternatively, in some cases the antenna and photoNORM can be held

in close proximity by a viscous medium (such as a polymer) or by electrostatic

effects. Examples of antennas covalently attached to ligand frames are the CrONO

derivative trans-Cr(mac)(ONO)2
+ [54] and the Roussin’s red salt ester PPIX-RSE

[76] described above. In both cases, the antennas retain a weak fluorescence and

(in principle) their locations could be imaged via this property [57].

Examples of direct attachment of a dye antenna to the metal center are illustrates

as Ru((OMe)2IQ1)(NO)(dye), where in this case the dye is resorufin (Resf) if

X¼O, thionol (Thnl) if X¼ S, or selenophore (Seln) if X¼ Se. Fry et al. [107]

have shown that 500 nm excitation of this chromophore in such complexes leads to

significantly higher values of ΦNO than for the analogous chloro complexes.

Furthermore, the higher absorbances at these wavelengths should also increase

the rate of NO production at comparable concentration. The absorption bands of

these complexes shift to longer wavelengths as X is varied from O to S to Se

(Fig. 15). As a result, Ru((OMe)2bQb)(NO)(Seln) proved to be photoactive at

λirr¼ 600 nm with a modest ΦNO of 0.04 [47].

Another interesting feature is that Resf complexes retain residual fluorescence,

although it is strongly quenched from that of free Resf in room temperature solution

[120]. For example, Ru(Me2bpb)(NO)(Resf) (Me2bpb¼ 1,2-bis(pyridine-2-

carboxamido)-4,5-dimethyl-benzene) in aqueous phosphate buffer (pH 7.4)

exhibits a broad, low intensity fluorescence at ~580 nm that is sufficient to see in

individual cells of human mammary cancer MDA-MB-231 cell cultures. Since NO

dissociation leaves the Resf coordinated to a paramagnetic Ru(III) center, the

fluorescence is quenched. Thus, this complex serves as a “turn-off” indicator of

NO release. A similar system is Ru(Me2bpb)(NO)(FlEt) (FlEt¼ fluorescein ethyl

ester) [121]. Again, coordination of the strongly absorbing dye enhances the

photolability of the coordinated NO at longer wavelengths (500 nm). In aqueous

solution, the photoproduct of NO dissociation undergoes further aquation of the

FlEt� moiety to “turn-on” fluorescence from the free FlEt unit.

Another approach to longer wavelength excitation is multiphoton excitation,

which involves combining the energy of more than one NIR photon to achieve the

energies necessary to effect the desired photochemistry from a suitable precursor

[53]. A second potential advantage of this approach is that, since the probability of

TPE is proportional to the square of the incident light intensity (I2), it is most likely

to occur at the focal point of the excitation beam. Thus, with a photoNORM

sensitized by a two-photon absorbing dye, it should be possible to use this property

to achieve greater spatial resolution in NO delivery using NIR excitation
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wavelength appropriate for medical applications where tissue penetration is needed.

The TPE of PPIX-RSE described briefly above [44] is the first example of such a

technique applied to a photoNORM, but this has been followed by additional

examples [45, 47, 51, 78].

One such example is Fluor-RSE, a Roussins red salt ester that has two fluores-

cein dye molecules attached to the iron sulfur cluster (Fig. 16). The resulting

compound remains fluorescent but the steady-state PL is quenched about 85%

Fig. 16 Two-photon excitation of Fluor-RSE

N

O N N O

N

MeO OMe

Ru

O

NO

N
X

O
[Ru((OMe)2bQb)(NO)(dye)]

Fig. 15 Spectra of

Ru((OMe)2bQb)(NO)(dye),

dye¼Resf, Thnl or Seln).

Reprinted with permission

from [49]. Copyright 2009

American Chemical Society
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relative to the free dye in solution [46]. The quantum yield in aqueous solution for

photodecomposition at 436 nm excitation was only 0.0036, although since all four

NOs were released, ΦNO¼ ~0.014. More interestingly TPE of Fluor-RSE with

intense pulses of light at a NIR wavelength (800 nm) leads both to NO generation

and to fluorescence from the fluorescein chromophore. Subsequent studies have

shown that the TPE technique with photoNORM conjugates can be used to deliver

NO to cells [78] and to tissue [51].

Another strategy that has been applied is to use semiconductor quantum dots

(QDs) and related nanoparticles as the light-gathering antenna to sensitize

photoNORMs [51, 80, 119, 122]. Quantum dots have very large extinction coeffi-

cients for single photon absorption as well as very high two-photon absorption cross

sections. Another very important feature is that the photophysical behaviors of

semiconductor QDs are strongly dependent on the nanoparticle shape and size, the

band edge absorption and emission bands shifting to longer wavelength with

increasing diameter. Furthermore, the QD surfaces can, in principle, be decorated

not only with a photochemical precursor of a bioactive small molecule but also with

targeting moieties to make these multifunctional nano-carriers [123].

With these properties in mind, Neuman and co-workers carried out proof of

concept studies demonstrating that CdSe/ZnS core/shell QDs photosensitize NO

release from CrONO in aqueous solutions (Fig. 17) [119, 122]. In these studies, the

QD/CrONO conjugates were an electrostatic assembly of the cationic CrONO on

the negatively charged surface of QDs, and subsequent work [124] noted a clear

correlation between the quenching of the QD PL and the spectral overlap integral

consistent with a Förster resonance energy transfer (FRET) mechanism for the

sensitization of the photoreaction. The antenna effect was evident in the marked

enhancement in the rate of the NO release (compared to CrONO alone) owing to the

much greater absorptivity of the QD chromophore.

In recent communications, Tan et al. [125, 126] have described the fabrication of

water-dispersible Mn2+-doped ZnS QDs encapsulated by the polysaccharide

chitosan and conjugated to the photoNORM Roussin’s black salt anion

Fig. 17 Representation of NO release from trans-Cr(cyclam)(ONO)2
+ using a CdSe/ZnS core/

shell QD (surface modified with dihydrolipoate) as a photosensitizer. From [124]. Reprinted with

permission from Burks et al. [124]. Copyright 2012 American Chemical Society
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Fe4S3(NO)7
� via electrostatic interaction. NIR excitation of these nanoparticles

(20–140 nm diameters) with a 1,160 nm laser led to two-photon induced PL

centered at 589 nm and labilization of NO from the RBS. At this stage it is not

clear what is the functioning energy transfer mechanism for NO release.

Another approach to utilizing NIR light for effecting the photoreactions of

visible or near-UV absorbing precursors of bioactive small molecules involves

lanthanide ion-doped UCNPs [53, 127–129]. Since such UCNPs function via the

sequential (rather than simultaneous) absorption of two or more NIR photons, a

major advantage is that these can be activated using relatively inexpensive diode

lasers rather than the pulsed lasers necessary with most TPE applications. For

example, Yb3+, Er3+(or Tm3+)- doped NaYF4 core-shell UCNPs will absorb

980 nm light to generate several visible wavelengths that can activate a

photoNORM (or other small molecule precursors) as well as image the location

of such conjugates. Thus, UCNPs have been shown to be effective sensitizers for

NO release of several photoNORMs on the nanoparticle surface in a nano-carrier

(Fig. 18) [80] as well as co-encapsulated in polymer composites [51, 130]. Such

UCNP-containing materials offer very promising platform for the photochemical

release bioactive small molecules at physiological sites, especially given that it has

been demonstrated that UCNPs can be activated for NO release even when excited

through tissue filters [51].

3 Carbon Monoxide Releasing Compounds

As discussed in Sect. 1, carbon monoxide is a natural product of mammalian

physiology and various studies have linked exogenously applied to mechanisms

of wound healing and inflammation suppression [25–40]. Notably, the mechanisms

of these actions remain relatively unknown, although it seems likely that metal

centers would be the most likely sites for reaction with CO. Here will be summa-

rized recent studies concerned with the design of better and more versatile systems

as photo-activated CO releasing moieties (photoCORMs), most of which are metal

Fig. 18 Preparation UCNPs with a mesoporous silica shell impregnated with Roussin’s Black Salt
(red dots), a photo active nitric oxide generator, and coated with poly(allylamine). NIR irradiation

leads to upconversion to wavelengths overlapping the RBS absorbance and NO uncaging [53]
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carbonyl complexes. Special attention will be directed to the growing interest in

developing multifunctional photo-activated pharmaceuticals [131–133].

3.1 Challenges Associated with Designing PhotoCORMs

Designing a novel photochemical pharmaceutical presents many challenges, most

of which are relevant to design of an “ideal” photoCORM. To work well as a

photochemical pharmaceutical agent, an ideal photoCORM should exhibit proper-

ties desirable to other photochemical small molecule releaser [118]. Most impor-

tantly, since these are to serve as benign reservoirs until activated, they should be

stable in the dark and only release CO upon irradiation with the appropriate

wavelength. Also, these should be biologically compatible—soluble in the appro-

priate delivery medium, relatively stable in an aqueous, aerobic environment, and

non-toxic. Furthermore, the remaining molecular byproduct(s) of photochemical

CO release (termed “iCORM”) (Eq. 6) should not display undesired or unantici-

pated toxicity [134].

MLx COð Þy !hv MLx COð Þy�z þ zCO ð6Þ

In addition, for many applications a photoCORM would be most effective if CO

release was enabled at longer visible wavelengths or in the NIR region (700–

1,000 nm), where light has the greatest transmission through physiological fluids

and tissue [135]. The most straightforward way to achieve this is by simply

red-shifting the photoCORM absorbance; however, the photodissociation of CO

from metal carbonyl complexes is notoriously wavelength-dependent. CO photo-

dissociation typically occurs from the ligand field (LF) excited states [136, 137],

and these photoactive LF bands typically lie in the UV or near-UV for most metal

carbonyls. The stronger and more easily tunable absorption and emission bands of

CO containing metal complexes generally involve MLCT states. While, computa-

tion techniques such as TD-DFT clearly show that such designations are simplified,

since there is considerable mixing of ES character [138], they still provide useful

qualitative indications of the photochemical reactivity to be expected in designing a

molecular system to give greater CO photolability [118, 139].

An additional issue to consider is the biological localization and delivery of

these photoCORMs. Since CO itself diffuses readily through both aqueous and lipid

environments, an effective photoCORMwould best be directly applied to the site of

interest via injection or an implant, or have some mechanism for targeting this site

[140, 141]. An important tool in facilitating this localization is the use of

multifunctional photoCORMs that provide an identifier tag that can be combined

with imaging techniques to identify the fate and localization of both the

photoCORMs and the iCORMs within biological systems. Being able to directly

identify the photoCORM makes this type of proposed therapy more powerful
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because identifying CO in vivo is significantly more difficult by comparison,

although there have been some recent developments in this regard [142–144].

The majority of reported photoCORMs are based on transition metal complexes

of group 6, 7, and 8, since these form stable metal carbonyls. Several reviews have

discussed the state of photoCORM research [20, 139, 145–149], so the present

review will discuss only some selected conventional photoCORMs, while empha-

sizing multifunctional photoCORMs with luminescent properties.

3.2 PhotoCORMs

3.2.1 PhotoCORMs Based on Group 6 Metals

Na3[W(CO)5(TPPTS)]: One early photoCORM study involved the complex ions

M(CO)3(TPPTS)
3� (M¼Cr, Mo, W, TPPTS¼ tris(sulfonatophenyl)phosphine

trianion) [42]. The sodium salt of W(CO)5(TPPTS)
3� is water soluble due to the

anionic tris(sulfonatophenyl) phosphine ligand and is stable in aerated media when

kept in the dark. However, irradiating a deaerated (or aerated) aqueous solution

containing this complex with near-UV light lead to the loss of one CO with high

apparent quantum yields for CO labilization; Φapp¼ 0.90 for λirr¼ 313 nm;

Φapp¼ 0.6 for λirr¼ 405 nm. In addition, the tungsten photoproduct

W(CO)4(H2O)(TPPTS)
3� is stable under deaerated conditions, although it does

react very slowly under a CO atmosphere to regenerate the starting complex.

However, in aerated media this photoproduct undergoes autoxidation to release

an additional 1.2–1.6 equivalent of CO (Scheme 3). In this context, the initial

photoproduct W(CO)4(H2O)(TPPTS)
3� is a proCORM, stable until converted by

oxidation to a more labile CO releasing moiety.

Scheme 3 Photoreactivity and subsequent CO release from W(CO)5(TPPTS)
3� in aerated aque-

ous solution.
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M(CO)5(TPPTS)3- (M=Cr, Mo, W, TPPTS =
tris(sulfonatophenyl)phosphine trianion)

The high quantum yield and biological compatibility of this complex suggest

that it can be used in pharmaceutical applications; however, as with many such

complexes, its electronic absorption spectrum is dominated by strong UV and near-

UV ligand field bands. Since UV light has very poor tissue penetration, it could only

be used in topical applications where shallow light activation could work. For

applications involving internal applications, it is important to develop complexes

that can be activated using longer wavelength light.

M(CO)4(DPPQ): In an effort to promote stronger visible absorption bands and

thermal stability in group 6 metal carbonyls, the bidentate P-N ligand diphenylpho-

sphinoquinoline (DPPQ) (Pierri AE, unpublished results) was utilized. Neutral

complexes of the type M(CO)4(DPPQ) (M¼Cr, Mo, W,) were found to meet

these criteria with methanolic solutions displaying strong absorption bands in

their visible spectra, 480 nm (ε¼ 1.52� 103 M�1 cm�1), 452 nm

(1.14� 103 M�1 cm�1), and 441 nm (1.30� 103 M�1 cm�1) for the Cr, Mo, and

W complexes, respectively [145, 150]. In addition the ligand indeed lends thermal

stability to the complex; aerated methanolic solutions of each were stable in the

dark under ambient conditions. The highly hydrophobic nature of the DPPQ ligand

unfortunately makes complexes of this type water-insoluble, although they are

soluble in dimethylsulfoxide, which is commonly used as a drug delivery agent.

M(CO)4(DPPQ) 

The improved visible absorbance of this complex does indeed lead to photo-

chemistry upon irradiation with longer wavelength visible light. For example,

irradiating an aerobic methanolic solution of Cr(CO)4(DPPQ) with λirr¼ 355,

366, 436, or 532 nm resulted in analogous spectral changes, namely, a decrease

of all bands in the UV–vis region, as well as in the net release of four equivalents

of CO. Thus, Cr(CO)4(DPPQ) behaves similarly to the previously described

W(CO)5(TPPTS)
3� in that it loses one CO photochemically with Φapp¼ 0.10 (for

λirr¼ 436 nm), followed in aerated solution by oxidation of the first intermediate to

release its full complement of COs, However, preliminary cell culture experiments

suggested that Cr(CO)4(DPPQ) may be too toxic to use as a photoCORM [150].
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3.2.2 PhotoCORMs Based on Group 7 Metals

Mn(CO)3(R-tpm)+: Schatzschneider and co-workers [151] have reported a novel

and versatile photoCORM platform based on manganese(I) tricarbonyl complexes

with the tripodal ligand tris(pyrazolyl)methane (R-tpm): (Mn(CO)3(R-tpm)+. With

R¼H, this complex exhibits a strong absorption band centered ~360 nm

(ε¼ 2,080 M�1 cm�1), and irradiation into this band liberates 1.9 equivalents of

CO. An attractive aspect of this platform is that the acidic methyl proton can be

replaced with a variety of different functional groups with minimal change to the

photophysics, affording a multitude of functionalities from the same photoCORM

backbone. An example of this functionalization is replacing the acidic proton with

an ethoxypropargyl ether (R¼�CH2OCH2CCH) which can serve as a linker to

other pendants via the copper catalyzed azide-alkyne 1,3-dipolar cycloaddition

(“click” reaction) or by Sonogashira coupling to aryl or vinyl halides. Using this

attachment point, Schatzschneider and co-workers have been able to prepare the

Mn(CO)3(R-tpm)+ photoCORMs with various pendant groups, from short peptide

chains for use in biological targeting [152], to silica nanoparticles as a delivery

vehicle [153], and to nano-diamonds for improved biocompatibility [154]. In each

of these cases, the authors have been able to show that the photochemical properties

of the Mn(CO)3(R-tpm)+ were retained regardless of the conjugation to the differ-

ent pendants; upon exposure to UV light, all these constructs released CO.

Mn(CO)3(R-tpm) 

Mn(CO)3(LLL)
+: Expanding on Schatzschneider et al.’s studies with manga-

nese carbonyls with tridentate amines, Gonzalez et al. reported a new class of

Mn(I) photoCORMs with tripodal polypyridine ligands [155]. Complexes of the

type Mn(CO)3(LLL)
+ (LLL¼ tris(2-pyridyl)amine (tpa), N,N-bis(2-pyridylmethyl)

amine (dpa) or (2-pyridylmethyl)(2-quinolylmethyl)amine (pqa)) showed broad

UV centered absorption bands at 330 nm (ε¼ 5.27� 103 M�1 cm�1), 350 nm

(2.86� 103 M�1 cm�1), and 360 nm (6.06� 103 M�1 cm�1) for acetonitrile

solutions of tpa, dpa, and pqa complexes, respectively. These complexes appeared

to be stable in dark aerated acetonitrile, but irradiation into the broad, near-UV

absorption bands (λirr¼ 358 nm) resulted in CO photodissociation with the respec-

tive quantum yields 0.07� 0.01, 0.09� 0.01, and 0.06� 0.01.
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Mn(CO)3(LLL)+

LLL

3.2.3 PhotoCORMs Based on Group 8 Metals

Norbornadiene iron(0) tricarbonyls: Lynam and co-workers [156] have reported

a novel photoCORM based on iron norbornadiene complexes

(Fe(CO)3(norbornadiene-R2)), where modifying the ligand substituents tunes the

CO release properties. In order to improve the thermal stability and the photochem-

ical properties of the complex, methyl ester substituents were added at the 2- and

3-positions of the norbornadiene backbone. Unlike other norbornadiene iron car-

bonyl derivatives, tricarbonyl(η4-dimethylbicyclo[2.2.1]hepta-2,5-diene-2,3-

dicarboxylate) iron(0) was found to be stable in the dark, although no comment

was made regarding the stability in aerated media. Upon irradiation with 400 nm

light, this complex undergoes CO photodissociation, resulting in the loss of two

equivalents of CO. The authors also made efforts to determine the cellular toxicity

of this complex by monitoring cell metabolism and assessing cell membrane

damage. Concentrations of up to 140 μM showed no detectable damage to

RAW264.7 cells, indicating that this complex shows no acute toxicity.

Fe(CO)3(norbornadiene-R2)
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3.3 Multifunctional PhotoCORMs for In Vivo Detection

Despite the knowledge that CO is tied to certain physiological responses, the

chemistry surrounding its biological activity is not well understood owing in part

to difficulties involved in detecting and measuring CO in cellular tissue [157]. In

order to address this issue, various strategies for detection and visualization of CO

in vivo are also being developed.

Two complimentary strategies may serve this application well. One approach

involves developing photoCORMs that can be imaged directly using microscopy

techniques. Another involves developing biologically compatible sensors for the

detection of free CO. These two techniques could be used concurrently, giving

information about the fate of the photoCORM and its iCORM, as well as the

optimal location for CO delivery. Developing a technique that can give spatial

and temporal information regarding the production of CO inside biological systems

would provide an invaluable diagnostic tool that can help elucidate the role CO

plays in human physiology. This, in turn, would provide guidelines for fine-tuning

CO delivery methods to maximize their efficacy.

fac-Re(bpy)(CO)3(tmp)+: Rhenium(I) tricarbonyl complexes of the type Re

(α-diimine)(CO)3X (X¼Cl, Br) are typically stable in aerated media and are

photoluminescent [158] but tend to be non-reactive toward photochemical substi-

tution reactions [159]. The PL properties have found applications in vitro and

in vivo imaging [160, 161]. Owing to an interest in using related compounds for

photochemical CO2 reduction Ishitani and co-workers [162] prepared complexes of

the type fac-Re(bpy)(CO)3(PR3)
+, where the phosphine, because of its π-acidity

renders the CO trans to it photolabile. Based upon these various observations,

Antony et al. [163] were able to prepare a truly multifunctional rhenium complex

that displayed a strong photoluminescence as well as CO photolability. This

photoCORM was an air-stable and water-soluble variant of Ishitani’s phosphine

complexes, namely the salt fac-[Re(bpy)(CO)3(tmp)]-(CF3SO3) (tmp¼ tris

(hydroxymethyl)phosphine). The ligand tris(hydroxymethyl)phosphine (tmp) pro-

vided the additional benefit of conveying water-solubility to the complex. Irradia-

tion (λirr¼ 405 nm) of this complex in aerated aqueous solution resulted in the loss

of one equivalent of CO, and the production of an air-stable complex, presumably

the solvento rhenium species Re(bpy)(CO)2(H2O)
+ (Eq. 7). A particularly remark-

able feature of this system is that both the photoCORM and the rhenium product

formed after photolysis display strong phosphorescence with respective PL λmax

values of 555 and 585 nm (Fig. 19). The quantum yield for emission from fac-Re
(bpy)(CO)3(tmp)+ is 0.15 in ambient temperature aqueous solution.
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The optical spectrum of fac-Re(bpy)(CO)3(tmp)+ displays a MLCT centered at

345 nm (ε¼ 3,500M�1 cm�1) that tails into the visible region (Fig. 19) enabling the

photosubstitution reaction with 405 nm excitation. The initial interpretation is that

the lowest triplet MLCT and LF excited states are close in energy, so MLCT

excitation also leads to population of the substitution labile LF excited state,

resulting in photochemical CO loss. Consistent with reports for similar compounds

studied by Ishitani et al. [164], the quantum yield for CO dissociation increases with

increasing temperature, which suggests that the photoreactive LF state is populated

thermally. The quantum yields for CO photodissociation from fac-Re(bpy)
(CO)3(tmp)+ was measured as 0.11 for λirr¼ 405 nm in ambient temperature

aqueous solution.

This remarkable combination of luminescence and CO photolability makes this

photoCORM attractive for in vitro imaging applications. Since fac-Re(bpy)
(CO)3(tmp)+ and its photoproduct display different emission maxima, one can

easily determine photoCORM uptake and localization inside cells, as well as CO

release within cells by monitoring the emission shift for the transformation of the

photoCORM to the iCORM. Using confocal microscopy, Antony et al. [163] were

able to demonstrate the photoCORM uptake by PPC-1 cancer cells where it

accumulates in the cytoplasm. No toxicity was observed up to 100 μM of the

fac-[Re(bpy)(CO)3(tmp)](CF3SO3) salt. Upon irradiation with 405 nm light in the

confocal microscope, the emission shift to longer wavelengths indicated that the

solution phase photoreaction is indeed occurring inside the cells. Thus, the unique

luminescent properties of this photoCORM provide a truly multifunctional platform

that can both deliver CO photochemically and provide information regarding the

Fig. 19 Left: UV–visible spectral changes during photolysis [Re(bpy)(CO)3(thp)]
+ in phosphate

buffered saline solution at λ¼ 405 nm. Right, emission spectra before (yellow) and after (red)
photolysis of [Re(bpy)(CO)3(thp)]

+ (λirr¼ 405 nm)
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spatial and temporal release of CO. However, the obvious limitation to this system

is the relatively high energy light needed to effect the photoreaction.

Xanthene-9-carboxylic acid: In 2013, Klán and co-workers reported a novel

multifunctional photoCORM based on a fluorescein derivative that also has dual

emissive and CO release properties [164]. In the dark, this water-soluble, air-stable

compound is stable for up to a month in an aerated aqueous solution, making it ideal

for biological applications. Additionally, this photoCORM, 6-hydroxy-3-oxo-3H-

xanthene-9-carboxylic acid, has a strong visible absorbance (λ¼ 488 nm,

ε¼ ~1.8� 104 M�1 cm�1) and a high fluorescence quantum yield (λem¼ 530 nm,

фem¼ 0.39) suitable for in vitro imaging. Irradiation with 500 nm light leads to

decarbonylation via a α-lactone intermediate, leading to a loss of one equivalent of

CO and an isolable iCORM (Eq. 8). This photochemical process has a relatively

small quantum towards CO loss of 6.8� 10�4 in phosphate buffer at pH 7.4, but

given the very high extinction coefficient, it is photoactive even at low power

irradiation.

ð8Þ

Unsaturated cyclic α-diketones:Another multifunctional organic photoCORM

was reported by Kabanov et al. [165], who described the photodissociation of CO

from cyclic α-diketones, where the fluorescent photoproduct (anthracene) may be

used for imagining. These researchers designed a series of compounds based on

anthracene derivatives with varying side chains to tune the hydrophobicity of the

photoCORM. A short PEG group decreased the hydrophobicity, and a short alkyl

chain increased the hydrophobicity (Eq. 9). This backbone was chosen because the

anthracene has less acute toxicity, than most other polyaromatic hydrocarbons.

Additionally, the well-known fluorescence of anthracene (фem¼ 0.36) provides the

opportunity for cellular imagining after CO release. These compounds exhibit a

broad n-π* absorption band centered around 465 nm, and irradiation into this band

(λirr¼ 470 nm, extinction coefficients not reported) leads to the generation of two

equivalents of CO, regardless of the side chains. This photochemistry was solvent

insensitive, with the exception of water, where a solution of the PEG-functionalized

compound in 1% DMSO/water exhibited no absorption band at 465 nm, nor any

photochemistry upon irradiation, owing to the likely formation of ketone hydrates.

ð9Þ

In order to protect the photoCORMs from ketone hydration, the derivatives were

encapsulated in Pluronic 127 micelles—a biocompatible block copolymer with
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polyethylene and polypropylene oxides commonly used for drug delivery

[166]. The micelle interior is highly hydrophobic, enabling both the PEG- and

alkyl-functionalized photoCORMs to be incorporated. These photoCORM loaded

micelles were soluble in water, and retained their photoactivity, indicating that they

were somewhat protected from hydration. Upon irradiation with 470 nm light, the

encapsulated photoCORMs released CO with high yields (71–90%, depending on

the side chains). To assess the biological compatibility of this multifunctional

photoCORM, Pluronic micelles loaded with the hydrophobic diketone

(R¼OC8H17) were incubated with acute myeloid leukemia cells (KG-1) and no

toxicity was detected up to 40 μM. Upon irradiation with 470 nm light and

subsequent fluorescence microscopy, the blue emission from anthracene was

observed in the treated cells, and they continued to proliferate normally after

irradiation, suggesting that neither the micelle, nor any photoproduct was toxic to

cells.

3.4 In Vivo Detection of CO

An important experimental challenge to understanding the biological activity is to

obtain spatial and temporal information on how CO is produced and behaves inside

living cells. In order to address this challenge, two groups have independently

reported “turn-on” luminescent sensors for determining CO inside of living cells

[143, 144]. Although still in early stages, such research into CO detectors should

provide the foundation of what is likely to become an important tool for elucidating

the roles CO plays in mammalian physiology.

COSer, a protein-based biosensor: In 2012, He and co-workers reported a

novel CO-sensitive biosensor (COSer) based on the heme-containing protein CooA,

a dimeric CO-sensing protein found in Rhodospirillum rubrum [144]. In the normal

protein, CO selectively binds to the reduced (FeII) heme center of this protein,

displacing a proline ligand, which, in turn, triggers a conformational change in the

long C helix. To take advantage of this change, a fluorescent protein sensitive to

conformational changes (a circularly permuted variant of yellow fluorescent pro-

tein, cpVenus) was inserted into the C helix (Fig. 20). Upon treating with 10 μM
CO, COSer showed a twofold increased in emission (λem¼ 528 nm), a much larger

increase than what was observed for other potentially competitive ligands: O2

(100 μM), NO (20 μM), CN� (100 μM), imidazole (100 μM), H2S (excess), and

GSH (excess), indicating that COSer is indeed selective for CO. Calibration curves

were generated for COSer, meaning that it can serve as an incremental sensor, and a

theoretical limit of detection was found to be between 1 and 2 μM CO.

To determine the efficacy of COSer in living cells, HeLa cells transfected with

the COSer-containing expression vector were used as control experiments. COSer

was found to be non-reactive towards a variety of typically encountered small

molecules in vivo: O2, NO, Na2S, and GSH, but highly reactive towards

CO. Detection was performed in two ways. In the first, addition of a saturated CO
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solution elicited a response with 5 μM. Alternatively, a thermal-releasing CORM

was added to mimic endogenous CO production, and this approach generated a

measurable response with 1 μM CO. This novel CO sensor shows great promise as

an in vivo tool in that its quick reaction times can provide temporal as well as spatial

information on CO generation. However, the low signal to noise ratio (COSer only

has a twofold increase in emission) may prove limiting.

COP-1, a palladium-based CO selective probe: In 2013, Michel et al. [143]

reported a novel turn-on probe for CO detection based on well-known palladium

carbonylation chemistry. They synthesized a palladium dimeric complex (COP-1),

a modified boron dipyrromethane difluoride (BODIPY) core fluorescent dye as a

ligand. While coordinated to palladium, the BODIPY fluorescence is quenched

through spin-orbit coupling. However, reaction with CO in aqueous media leads to

the carboxylation of the Pd–C bond and reduced Pd0 (Eq. 10). Release of the

BODIPY derivatized ligand from the Pd results in a strong fluorescence.

In Dulbecco’s phosphate buffered saline (DPBS, pH 7.4), COP-1 displays a weak

emission (λem¼ 503 nm, Φ¼ 0.01), but exposure to a thermal-releasing CORM

(Ru(CO)3Cl(glycinate) [38]) leads to the formation of the fluorescent carbonylation

product (λmax¼ 499 nm, ε¼ 2.3� 104 M�1 cm�1, λem¼ 507 nm, Φ¼ 0.44) over

the course of 60 min. With increasing CO concentration, they observed incremental

fluorescence increases, with a tenfold increase maximum and a detection limit of

approximately 1 μM.

Fig. 20 Diagram depicting COSer binding to CO. Upon binding to CO, the C helix of CooA

breaks in two (“C helix a” and “C helix b”). The yellow fluorescent protein (cpYFP) is inserted just

at this breaking point, so that upon CO binding, cpYFP undergoes a conformational change,

increasing its emission
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ð10Þ

COP-1 was shown to have excellent specificity towards CO due to its very

specific reactivity: other biologically relevant reactive species, such as H2O2,

tBuOOH, OCl�, O2
�, NO, ONOO�, and H2S failed to produce the same fluores-

cence response as CO. This probe also found to work well as an in vitro sensor.

COP-1 incubated with HEK293T cells was found to be non-toxic up to 10 μM and

stable (non-emissive) for a period of 30 min. Co-incubating COP-1 (1 μM) with the

CORM (5 μM) resulted in a detectable emission increase in the cells after 45 min

monitored by confocal microscopy. This probe seems to be well suited for in vivo

detection of CO because it exhibits a highly selective robust turn-on indicator for

CO with low detection limits, and the absence of cellular toxicity under the working

concentrations.

Summary, Conclusions, Outlook

We have summarized here the studies from a growing number of laboratories

into the delivery of the bioactive small molecules nitric oxide and carbon

monoxide to physiological targets using light as a trigger for uncaging.

Photochemical activation of the prodrug corresponds to a very promising

technique since one is able to control timing and location. Furthermore, since

the concentration of agents like NO and CO dramatically affects the biolog-

ical response, it is extremely important to be able to control the dosage of

these molecules. The fact that the extent of a photochemical reaction is

generally directly proportional to the amount of light absorbed by the

photoNORM or photoCORM provides control of such dosing. A number of

different systems based on metal-coordination and organometallic complexes

were described. We have also discussed efforts to design some molecular

species as well as conjugates that allow one to image the delivery site, and

this will be a focus of continuing studies of caged NO and CO. A really

interesting example is the nanoplatform for dual-color fluorescent, bimodal

phototherapy described by Sortino and co-workers [166] that not only can be

imaged via PL but also generates both NO and singlet oxygen when subjected

(continued)
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to blue light. Also emphasized in our discussion were efforts to facilitate NO

or CO uncaging using long visible range or near infrared excitation wave-

lengths, since these will be more effective in penetrating tissue than blue or

near-UV wavelengths. Such attempts have taken two directions, one being

molecular design that shifts the excited states reactive toward the uncaging

process to lower energies, the other being the design of conjugate systems that

utilize photophysical multiphoton methods to access higher energy excited

states with NIR light. We can look forward to very interesting continuing

developments in these areas and anticipate the application of these systems

for clinical delivery of CO and NO.
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Abstract Here we describe the use of Ru polypyridine compounds as caging

agents for a variety of molecules. The photorelease of the caged molecule can be

triggered using visible light (450–500 nm) with a high quantum yield. These caged

compounds are very stable in aqueous environments and yield the molecule of

interest intact in a single step without secondary reactions. The affinity of the Ru

polypyridine for amine groups allows the caging of a variety of molecules, includ-

ing neurochemicals and neurotransmitters like 4-aminopyridine, glutamate, gamma

aminobutyric acid, glycine, serotonin, dopamine, and nicotine. These caged mole-

cules have been used to elicit the response of neurons, both in vitro and in vivo

experiments. Besides neurotransmitters other types of molecules, like antiproli-

ferative drugs, can also be caged. In addition, sulfur-containing molecules, such as

methylthiogalactose, can also be caged by this fragment. Another interesting

application of the Ru polypyridine fragment is the caging of fluorescent dyes

which can be uncaged using visible light. All of these applications can also be

implemented using infrared light, as one of the distinctive advantages of Ru

polypyridines as caging agents is their ability to be triggered in a two-photon

regime, allowing the use of high power IR pulses to uncage the desired molecule.
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1 Introduction

Caged compounds, also named phototriggers, are an interesting kind of molecules.

They are comprised of two parts: a molecule that has some properties

(i.e. bioactivity) and a “cage,” a fragment that hinders the activity of the mentioned

molecule. This fragment can be detached through a photochemical reaction using

UV, visible or IR light, allowing precise spatiotemporal activation of the bioactive

molecule. The first caged compounds were made by introducing a photocleavable

protecting group to a given biomolecule. These photoprotective groups were

o-nitrophenyl, o-nitrobenzyl, and some of their derivatives, and several molecules

having carboxylic groups were “caged” using this strategy. The most commonly

used were the caged glutamates of several kinds, but the same technique was

successfully used to cage γ-aminobutyric acid (GABA), inositol phosphate (IP3),

ATP, ADP, aspartate, glycine, etc. This approach can be used in principle with any

molecule bearing a carboxylic group which is involved in its biological

interactions.

The photoprotection through these organic reactions presents three main draw-

backs: (1) The resulting caged compounds must be photolyzed with high energy

UV photons, usually below 350 nm, (2) the stability of the caged compounds is

sometimes rather poor in physiological conditions (aqueous solutions, T ~ 37�C),
and (3) the photolysis occurs through a homolytic bond rupture, which starts a chain

of dark reactions with reactive intermediates and a range of kinetic rates, that

eventually yields the desired free molecule.

As a new strategy to circumvent these problems, ruthenium-based caged com-

pounds were presented in 2003. In brief, they are composed by a metal center to

which six octahedral coordination positions are occupied by various ligands, being

at least one of them a polypyridine (usually bpy¼ 2,20bipyridine). The core Ru–bpy
constitutes the center of the photochemical machinery of this kind of phototriggers,

showing several advantages over the organic-based analogs: (1) absorption and

photoactivity in the visible range, (2) enhanced stability in aqueous environments,
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and (3) heterolytic photolysis, yielding in the nanosecond timescale a complete

molecule in a single-step photoreaction without any intermediates.

2 Photochemical Basis

The complex ion [Ru(bpy)3]
2+ has been intensively studied as a tool to convert

electromagnetic radiation into chemical energy. Among the photophysical proper-

ties that support this research we can mention its intense absorption in the visible

range, its high efficiency to populate reactive excited states, and its stability, both

thermal and photochemical. This stability is not due to the absence of photosub-

stitution routes, but the efficient re-capture of the bipyridine ligands resulting from

its bidentate coordination. Hence, the quantum yield of photosubstitution of water

for bipyridine is very low (~2� 10�5), while for the homolog complex

[Ru(bpy)2(py)2]
2+ (py¼ pyridine) it is around 0.3 [1].

Ruthenium(II) complexes present octahedral symmetry, and therefore the [Ru

(bpy)3]
2+ does not have geometric isomers (although a pair of enantiomers are

possible). The complexes bearing two bidentate ligands (i.e., [Ru(bpy)2(H2O)2]
2+)

present two possible configurations. In the cis form, both water molecules are

adjacent, while in the trans form they are opposed by the metal center. For most

Ru–bpy complexes the thermally stable configuration is the cis form, although it is

possible to synthesize the trans form by irradiation in aqueous media [2] (Fig. 1).

Ruthenium is a group VIII transition metal. Its electronic configuration is

[Kr] 4d7 5s1. When it is the Ru2+ state, it holds six electrons in the d-orbitals.
Bipyridine is a heterocycle without absorption in the visible region of the spectrum.

It has donor σ orbitals on the N atoms and π-donor and π-acceptor orbitals on the

rings. When the coordination bond is established, the Ru atom accepts electronic

density from the σ orbitals of the bipyridines, while these in turn accept electronic

density from the metal in their unoccupied π-acceptor orbitals. The interaction

between them yields the structure of energy levels indicated in Fig. 2, which also

shows various transitions.

In the electronic configuration that corresponds to the ground state of Ru–bpy

complexes, the orbitals σL, πL, and π�M are occupied, while the higher energy

orbitals are unoccupied. The transitions that populate those excited states can be

Fig. 1 cis and trans forms of [Ru(bpy)2(H2O)2]
n+ complexes. The cis form is more stable, but the

trans form can be obtained through irradiation on the MLCT band
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classified regarding the localization of the involved molecular orbitals. In this way,

there are three fundamental transition types, as follows:

(a) Transitions between molecular orbitals localized in the Ru atom, mainly the

d-orbitals. These are the d–d or MC (metal centered) transitions.

(b) Transitions between orbitals localized in the bipyridines that are practically

unaffected by the presence of the metal. These are LC (ligand centered)

transitions and occur at UV wavelengths (<300 nm).

(c) Transitions between the orbitals in the Ru and the bipyridines, displacing

electronic charge from the metal center to the ligands, and named MLCT

(metal to ligand charge transfer) transitions. These bands are usually located in

the visible region (400–500 nm) and constitute the basis of Ru-based

phototriggering.

An aqueous solution of [Ru(bpy)2(py)2]
2+ exhibits the spectrum shown in Fig. 3.

The absorption bands that appear in the spectrum originate from the transitions to

the excited states mentioned above. The high energy UV bands at 185 and 285 nm

have been assigned to π–π* transitions centered in the heterocyclic ligands. The

bands around 240 and 460 nm correspond to MLCT transitions. The d–d
(MC) bands are usually obscured due to its low absorptivity due to selection rules

[3], although their presence is crucial for the phototriggering mechanism to work.

Light absorption through the dπ(Ru)–π*(bpy) transition populates an MLCT

state of essentially singlet character, which in a timescale of picoseconds decays to

a triplet 3MLCT that is not accessible from the ground state [4]. The emission from

this triplet lays around 600 nm [5]. For most complexes of this structure, the

emission at low temperatures is substantially stronger than that at room tempera-

ture. This fact has been explained through an intersystem crossing to a 3MC state

that is not usually accessible [6, 7].

The crossing to this d–d state involves the promotion of an electron to an antibond-

ing σ orbital [8]. This state, which can be described as (dπ)5(dσ*)1, has a highly

distorted conformation with respect to that of the ground state, and therefore has a

Fig. 2 Generic energy

levels for Ru–bpy

complexes showing the

main transitions involved.

Left: Ru orbitals levels.

Right: ligand levels
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strong tendency to decay rapidly through non-radiative pathways that include

photosubstitution processes. The substitution occurs through a dissociative mecha-

nism, without dependency of the entering ligand [1] and with kinetic constants in the

range of nanoseconds or faster [9, 10]. Figure 4 shows the state diagram and the decay

paths.

It is expected that, the smaller the energy difference between the 3MLCT and

d–d states is, the higher the probability to populate the latter will be, and hence the

higher the rate of photodecomposition will be, at expenses of the luminescence

time. The relative positions of the 3MLCT and d–d states strongly depend on the

ligands at the coordination sphere and their capacity to modify the electronic

density on the Ru center.

Historically, the major share of the research involving [Ru(bpy)3]
2+ and its

analogs were dedicated to eliminate or reduce the participation of the d–d states

in the decay paths, with the objective of enhancing the lifetime of the MLCT

excited states and minimizing the risk of photodecomposition. This research caused

Fig. 3 UV–Vis absorption

spectrum of [Ru

(bpy)2(py)2]
2+, showing the

different bands and their

assigned transitions

Fig. 4 Simplified energy

diagram of the

photochemical pathways in

Ru–bpy complexes.

Photoproducts are released

from the nonbonding d–d
state
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the accumulation of a great body of information on the photochemistry of ruthe-

nium polypyridines. This knowledge can also be used to design Ru–bpy complexes

in an opposite way: toward a preferential population of the d–d states that lead to

photodecomposition, thus obtaining caged compounds with high photodelivery

yields.

3 Photochemistry of [Ru(bpy)2(X)(Y)]
n+ Complexes

Many properties of the above-mentioned complexes can be extrapolated to com-

pounds having the structure of [Ru(bpy)2(X)(Y)]
n+, in which X and Y are two

identical or different ligands. In these compounds, the bipyridines are the chromo-

phoric ligands, allowing the existence of the 1MLCT band that absorbs the light in

the primary photoprocess. The monodentate ligands X and Y modified the position

of this band accordingly with their donor or acceptor character, although without

alteration of the nature of the excited state. Acceptor ligands, as nitriles, pyridines,

thioethers, phosphites, etc. reduce the electronic density on the Ru center and shift

the MLCT band to higher energies, due to stabilization of the dπ orbitals and the

resulting increase of the dπ(Ru)–π*(bpy) orbital separation [11]. On the other hand,
donor ligands, as chloride, H2O, aliphatic amines, etc. do the opposite, shifting the

MLCT band to the red. This allows us to define a spectrochemical series, depending

on the donor/acceptor character of the ligand as follows:

Cl�
donor

< OH� < NH3 < H2O < py � bpy < PMe3 < P ORð Þ3
< CH3CN < PPh3 < CN� �

acceptor
CO

Consistent with this interpretation, as the acceptor character of the ligand increases,

the E0 of the Ru(II)/Ru(III) couple also increases. A poor electronic density

stabilizes the Ru(II) state over the Ru(III), implying a higher energy to achieve

the MLCT excited state Ru3+-bpy�.
This shift of the MLCT band also influences the quantum yield of photosub-

stitution. Pinnick and Durham established that a higher energy of the MLCT band

corresponds to a higher photosubstitution yield [12]. This fact can be rationalized

from the fact that the 3MLCT! d–d intersystem crossing occurs through an

activated path, and that higher energies of the MLCT states contribute to a better

yield.

Table 1 and Fig. 5 resume the experimental data for several complexes, showing

the relationship between the band position, redox potential, and photosubstitution

yield [12].

In brief, the presence on the Ru(II) coordination sphere of acceptor monodentate

ligands shifts the MLCT band to the violet, increasing the quantum yield of

photosubstitution and the redox potential. The manipulation of these variables
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allows an ample spectrum of tuning possibilities in the design of Ru–bpy complexes

for use as caged compounds.

4 First Ruthenium Caged Compounds

The affinity of Ru(II) to pyridine ligands is well known. On this basis, the first

Ru-based phototrigger was designed. 4-Aminopyridine (4AP) is a blocker of K+

channels [13] that promotes depolarization in neurons, increasing neural activity in

a such a way that epilepsy can result. It has a single position of coordination to Ru,

the pyridine nitrogen (aromatic amines do not coordinate to RuII). The first synthe-

sized caged compound was the symmetric [Ru(bpy)2(4AP)2]
2+ (RuBi-4AP), which

Table 1 Correspondence

between maximum absorption

wavelength (λMLCT), redox

potential (E1/2), and quantum

yield of photolysis (ϕ) for
complexes of the series [Ru

(bpy)2(X)(Y)]
n+

Label X, Y ligands λMLCT/nm E1/2/V ϕ

1 (Py)(Cl) 505 0.79 0.04

2 (4-acPy)(Cl) 495 0.82 0.07

3 (imz)2 488 1.02 0.001

4 (N-me-imz)2 483 0.94 0.001

5 (CH3CN)(Cl) 481 0.86 0.12

6 (Py)2 454 1.3 0.2

7 (4-ac-Py)2 442 1.45 0.29

8 (3-IodoPy)2 442 1.36 0.24

9 (pdz)2 440 1.42 0.06

10 (CH3CN)2 426 1.44 0.31

Fig. 5 Correlation between ϕ and maximum absorption wavelength for the complexes listed in

Table 1
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expels one of its 4AP molecules under blue light irradiation [14]. The photochem-

ical mechanism by which this action takes place can be summarized in the simpli-

fied states diagram depicted in Fig. 4. A more realistic and comprehensive study of

the photophysics and photochemistry of [Ru(bpy)2(4AP)2]
2+ and other di-amino

analog complexes can be found in the exquisite work of Salassa et al. [15].

The biological activity of RuBi-4AP was established by using the leech Hirudo
medicinalis as animal model. This invertebrate presents a chain of nervous ganglia,

in which individual neurons can be reliably identified, comprised by about 400 neu-

rons each. A typical ganglion has two big cells named Retzius (Rz) cells that

receive inputs from many other neurons of the ganglion. Adding the caged com-

pound to the physiological solution bath does not appreciably change its electrical

behavior, as can be monitored through a glass microelectrode. Figure 6 shows the

changes that occur after the Rz soma is irradiated with 473 nm light. After

irradiation the Rz neuron dramatically increases its firing rate, as expected for the

sudden depolarization of its soma due to the blockade of K+ channels provoked by

the photodelivery of free 4AP.
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Fig. 6 (a) Leech (Hirudo medicinalis) ganglion scheme. (b) Experimental setup for Ru complex

administration. Laser radiation (473 nm) is focused onto one of the Retzius (Rz) cells. (c) Picture

of the ganglion under laser stimulation. (d) Electrophysiological record of the Rz neuron. The

arrow indicates the onset of laser pulse
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5 Two Photon Absorption Capabilities

Due to scattering, produced by the heterogeneous nature of a biological tissue, light

cannot penetrate very far into it. Due to Rayleigh effect, the penetrance of the light

into tissue scales with the fourth power of its wavelength. Hence, a blue photon

(473 nm) can reach into the cell more than three times deeper than a mild UV

(350 nm) photon with similar scattering. This deeper penetrance, together with the

much innocuous effect of visible light compared to UV, constitutes one of the main

advantages of Ru–bpy caged compounds versus the traditional organic-based

phototriggers.

However, there is another optical approach to achieve higher penetration into

tissue: two-photon (2P) absorption. In the 2P regime, not one but two photons of

half the needed energy are absorbed by the molecule to populate its excited state.

This mechanism is very improbable and it only appears at extremely high instan-

taneous power, where the high density of light allows the quasi-simultaneous

excitation of the ground state with two photons. These photons, having about half

the energy each, are usually in the IR region (700–900 nm) and thus present an

excellent penetrance.

Unfortunately, not every molecule can be efficiently excited in 2P regime. Just a

few of the organic-based caged compounds such as 4-methoxy-7-nitroindolinyl-

caged-L-glutamate (MNI-Glutamate) are active enough to be used in physiologi-

cally friendly environments. On the other hand, all tested Ru–bpy caged com-

pounds have presented 2P capabilities, allowing the use of high power IR pulses

to uncage the desired molecules.

RuBi-4AP is in fact active in 2P regime, as was proved by irradiating it with a

Ti–Sa laser around 800 nm [16]. The presence of emission at higher energy

(~600 nm) shows that a 2P process has taken place. After irradiation in aqueous

solution, just the aqua-complex and free 4AP appear, indicating that RuBi-4AP

undergoes the same clean photochemistry under 2P regime as using visible light. As

2P absorption capabilities are usually a function of the quadrupolar transition

moment of the molecules involved, and all Ru–bpy complexes share a common

structure, it is expected that most, if not all Ru–bpy phototriggers will be active in

2P regime.

6 Caging of Major Neurotransmitters

Neurotransmitters are small organic molecules used by neurons to communicate

other cells their inner states, and/or generate a response. This chemical-based

communication is the basis of the extreme plasticity of nervous systems and allows

them to accomplish almost any task. One of the more widely used applications of

caged compounds is the controlled release of neurotransmitters. In this way, it is

possible to “cheat” one neuron as if another cell were exerting an action on it.
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The spatiotemporal control of neurotransmitter release is key to understand and

manipulate neural circuits, the basis of nervous systems.

There are several kinds of neurotransmitters and neuromodulators that act in

different ways over the target cells. Some are excitatory, causing the neurons to

increase their membrane voltage and eventually fire action potentials, the main

form of communication at long distances. The most important example of an

excitatory neurotransmitter is glutamate. Others are inhibitory, and thus opposing

to the later actions, generating a lower potential state and lowering the excitability.

GABA (gamma aminobutyric acid) is the most ubiquitous inhibitory neurotrans-

mitter. Other molecules have different actions regarding the organism, cell, or

group of cells that perform the action; these are glycine, serotonin, dopamine,

octopamine, etc.

Most neurotransmitters feature an aliphatic amine as one of their functional

groups. Aliphatic amines can coordinate to Ru(II) through the lone electron pair of

their basic nitrogen. The exception is acetylcholine, which is a quaternary amine,

and thus lacks this electron pair.

The most important inhibitory neurotransmitter in the central nervous system of

mammals is GABA. It contains an aliphatic amine group that can be easily

coordinated to Ru(II) with no interference from other groups. Although carboxylate

can coordinate to Ru(II), this bond is weak, and the amine will displace that group

to be coordinated; the exception is the α-carboxylate, which allows the molecule to

be coordinated in a bidentate form. Serotonin, (also named 5-hydroxy tryptamine,

5HT) is also an aliphatic amine and can coordinate in the same way. Figure 7 shows

a resume of several Ru-based caged neurotransmitters and neuromodulators.

The complex [Ru(bpy)2(GABA)2] is very similar to its analog [Ru

(bpy)2(4AP)2]
2+. The main difference is that at pH¼ 7 the carboxylates of both

GABA ligands exist in the deprotonated states, thus the complex has an overall

zero-charge. The basicity of the aliphatic amine in GABA is just slightly higher

than that of the pyridine nitrogen in 4AP and the MLCT band is just 1–2 nm

Fig. 7 Structure of several

Ru–bpy phototriggers. (a)

RuBi-4AP, (b) RuBi-

Nicotine, (c) RuBi-GABA,

(d) RuBi-Glutamate
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displaced to the red. The quantum yield of photorelease of GABA is 0.036, a similar

value was obtained for [Ru(bpy)2(4AP)2]
2+.

In the same way as with GABA, other biologically relevant amine molecules can

be caged, among them serotonin [16]. All these complexes are symmetrical and

present the cis configuration. Their redox potentials for the couple Ru(II)/Ru(III)

are around 1.0 V vs. SSCE, slightly higher than that of [Ru(bpy)2(4AP)2]
2+,

showing no redox activity in the usual physiological conditions. They present a

weak reddish emission from a triplet, with ϕ¼ 1.5� 10�3 and λmax around 670 nm.

This emission is lost when the phototrigger expels one of its amines to become an

aquo-amine complex.

In order to increase the efficiency of photouncaging, the Pinnick–Durham rules

which correlate quantum yield with MLCT transition energy can be used. In this

rationale, the MLCT band should be shifted to shorter wavelengths. Phosphines

present a very high capacity for π-retrodonation to Ru and are excellent acceptor

ligands that present at the same time a strong bond to the metal center.

The complex [Ru(bpy)2(PPh3)(GABA)]
2+ (PPh3¼ triphenylphosphine) presents

its maximum around 425 nm, more than 60 nm blue-shifted than its analog

phototrigger [Ru(bpy)2(GABA)2]
2+, with its maximum absorption at 488 nm.

Although both complexes release GABA under irradiation with blue light

(450 nm), there is a dramatic difference between their quantum yields: 0.21 ([Ru

(bpy)2(PPh3)(GABA)]
2+) vs 0.036 ([Ru(bpy)2(GABA)2]

2+). This brings an

enhancement of almost sixfold in efficiency [17]. The acceptor character of PPh3
also implies two additional advantages: a higher redox potential, which completely

prevents oxidation of the caged compounds by oxygen or other common oxidants in

physiological media, and a much higher stability towards the thermal attack of H2O

or other possible ligands, due to the inertness acquired by the Ru center in an

electron-deficient environment. Among its drawbacks it is important to point out

that the hydrophobicity of PPh3 can possibly render the complex lipophilic enough

to attach to the cell membrane when present in high concentrations.

At physiological pH, the γ-carboxylate of [Ru(bpy)2(PPh3)(GABA)]
+ (RuBi-

GABA) is in its deprotonated state, and the complex exists as a monopositive ion.

Its chloride salt is hygroscopic and very soluble in water, while its PF6 salt, which is

more suitable for storage, shows lower solubility in aqueous solutions, although

concentrations up to 10 mM can be achieved.

RuBi-GABA capacity as a caged GABA was firstly tested in Xenopus laevis

oocytes expressing GABAC receptors [17] and after this proof of principle it was

used to excite single spines in neocortical preparations of mice brains

[18]. Although in this work the excitation is effected through a single photon

laser (473 nm), RuBi-GABA has been capable of eliciting responses under 2P

excitation with a Ti–Sa laser at 800 nm.

Most caged compounds show a certain effect as GABAA antagonist [19] RuBi-

GABA, even though showing a lower antagonism, still presents it. It is not clear

whether this effect arises from specific interactions between the complex and the

receptor, or through some kind of alosteric effect provoked by hydrophobic
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interactions between RuBi-GABA and the cell membrane, due to the presence of

the highly lipophilic triphenylphosphine.

Among the possibilities opened by the first visible light activated caged GABA

we can find the medical applications. Focal epilepsy presents uncontrolled firing of

many neurons at the same time, promoted by an increased excitability. One of the

straightforward ways to stop epileptic seizures implies the release of inhibitor

neurotransmitters (i.e., GABA) in a focalized zone. This procedure could be done

using organic-based caged GABA compounds, but it must be triggered using UV

light [20, 21].

Although UV light can be administered through LEDs, its penetration power is

low. The advent of Ru-based GABA phototriggers allowed the use of blue light

(455 nm), which is useful in both slice preparations and live animals to stop

previously induced epilepsy [22].

The next step toward a better caged GABA must take into account this

lipophilicity and its possible problems. To solve this issue, the obvious path implies

the change of bulky, hydrophobic triphenylphosphine for the compact trimethyl-

phosphine (PMe3). This phosphine is much more basic than the latter, thus shifting

the MLCT band to the red and the redox potential to lower values. On the other

hand, these changes should be correlated with a somewhat lower quantum yield of

phototriggering.

The solutions containing the complex ion [Ru(bpy)2(PMe3)(GABA)]
+ have a

deep orange color, due to the MLCT band at 450 nm [23]. It also presents a weak

reddish emission. The quantum yield of GABA uncaging is ϕffi 0.085� 10�2,

being constant from 405 to 532 nm. This fact implies that it is active even at the

pure green light of a typical Nd-YAG laser (532 nm). The overall sensitivity of a

cage compound can be measured from the value of the product ε ϕ which in this

case is 49 M�1 cm�1, the highest value of any commercially available caged GABA

at 532 nm [23]. Moreover, like every complex of the form [Ru(bpy)2(PMe3)(L)]
n+,

this caged GABA can be used in 2P regime. This fact allowed for the first time the

possibility of uncaging GABA with green or IR light.

Glutamate is the most ubiquitous excitatory neurotransmitter in the mammalian

central nervous system. Therefore, the ability to precisely deliver glutamate in

space and time is crucial to modulate the activity of neural circuits. An ideal way

to achieve this is to use glutamate caged compounds. Most of glutamate caged

compounds are based on nitrobenzyl or nitroindole derivatives as cages

[24–26]. Uncaging occurs through a multi-step reaction, which is relatively slow

and difficult to control. Indeed, one of the most commonly used caged glutamates,

CNB-glutamate (CNB¼ c-carboxynitrobenzyl) [27], has a t1/2 of about 21 μs. Other
near UV caged compounds, such as CDMNB-capsaicin (alpha-carboxy-4,5-

dimethoxy-2-nitrobenzyl-capsaicin) [28], and the widely used MNI-Glut have

somewhat faster kinetics [29], but the use of UV light is required.

The first glutamate-releaser based on ruthenium chemistry was the complex [Ru

(bpy)(tpm)(Glu)]2+ (tpm¼ tris(pyrazolyl)methane, Glu¼ glutamate) [30]. This

compound has an important difference with all the other Ru–bpy phototriggers: it

contains just one bipyridine ligand. Three of the four remaining coordination
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positions are occupied by the tripodal ligand tpm, which prevents glutamate to be

coordinated in a bidentate way, through its α-carboxylate besides its amino group.

The coordination of the neurotransmitter is then achieved through its basic nitrogen.

The single bipyridine gives the LUMO required for the MLCT band to exist. The

photodelivery of Glu occurs through a mechanism that is similar to that observed

for [Ru(bpy)2(X)(Y)]
n+ complexes, although some loss of efficiency is expected

due to the fact that there is only one bipyridine. Its quantum yield of glutamate

photolysis is 0.035, which is very similar to the value obtained for [Ru

(bpy)2(4AP)2]
2+. Similar complexes capable of uncaging valine, glutamine, histi-

dine, and tyrosine have also been reported [30].

The first Ru-based caged glutamate which proved useful to elicit neuronal

responses was the complex [Ru(bpy)2(PMe3)(Glu)]. Similar to its GABA homolog,

aqueous solutions of RuBi-Glutamate are orange in color due to a MLCT band

centered at 450 nm [9]. It also has an orange phosphorescence, although its intensity

is very low. RuBi-Glutamate offers many advantages over all the available

organic-based caged glutamates. Not only is it activatable by visible light from

400 to 540 nm, but also displays activity upon excitation at 800–900 nm in the 2P

regime. The uncaging of glutamate is very fast, with a characteristic time controlled

by diffusion, and lies in the nanosecond range [9]. Its quantum yield of glutamate

photodelivery is 0.13 at pH¼ 7, and thus the sensitivity at blue–green regions is the

highest among all available glutamate phototriggers.

The biological applications ofRuBi-Glutamatewere shown for the first time by

Yuste et al. in slices of mouse cortex using a novel 2P technique that allows to

spread the main laser beam into many beamlets that can elicit action potentials by

exciting the soma of many pyramidal neurons simultaneously [31]. The caged

glutamate was also capable of changing the physiological state of single dendritic

spines, the small protuberances (~1 μm diameter) that putatively shares a good part

in neuronal computation. Glutamate phototriggers usually present some GABAA

antagonism, inducing an increased excitability that can lead to epilepsy. RuBi-

Glutamate also presents some effect, although it is certainly less pronounced than

that of MNI-Glutamate, the most used organic-based caged glutamate. Moreover,

the combination of higher 2P sensitivity and lower GABAA blockade implies that

RuBi-Glutamate is the first caged glutamate with which it is possible to follow

circuitry without complete loss of GABAergic signaling [31].

The design of RuBi-GABA and RuBi-Glutamate opened a wide spectrum of

possibilities to experiment with 1P- and 2P-active caged versions of the most

ubiquitous inhibitory and excitatory neurotransmitters. RuBi-Glutamate appears

to be a superb tool to determine circuitry in dense neuronal systems [32–35]. On the

other hand, the physiology of neuronal inhibition can be studied with the use of

RuBi-GABA, the first caged GABA with 2P capabilities, necessary to address

single dendritic spines [36–38].

Dopamine is a neurotransmitter/neuromodulator ubiquitous in the CNS. Dys-

function of its mechanisms of action underlies a variety of neuropsychiatric disor-

ders, such as Parkinson’s disease [39], schizophrenia [40], neuroleptic malignant

syndrome (NMS) [41], and drug and alcohol addictions [42]. Although the role of
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dopamine in the CNS has been studied for decades, there is no agreement as to how

dopaminergic inputs function and even whether they have an inhibitory or excit-

atory role on CNS circuits [43]. This situation arises from the lack of tools to study

dopaminergic inputs with good spatial resolution. The complex [Ru(bpy)2(PMe3)

(Dopa)]2+ (RuBi-Dopa) was the first 2P sensitive dopamine phototrigger. Araya

et al. used this phototrigger to show the presence of dopamine receptors in single

dendritic spines with exquisite resolution by means of a purely optical method, not

involving electrophysiological tools [44]. The sensitivity of RuBi-Dopa to IR

photons under 2P regime is high enough to be activated with good reliability, and

at the same time low enough to allow simultaneous measurement of Ca2+ release

through Fluo-4 fluorescence changes using the same 820 nm Ti–Sa laser switched

at two different powers. This work illustrates quasi-orthogonality based on sensi-

tivity, as opposed to real orthogonality, based on wavelength.

The major neurotransmitter involved in the motor functions of the central

nervous system in vertebrates is acetylcholine (ACh). It is also the molecule that

mediates the communication in all autonomic ganglia. This neurotransmitter exerts

its action through two main types of membrane receptors: (1) the ionotropic, also

can be activated by nicotine, and thus are named “nicotinic,” and (2) the

metabotropic, also activated by muscarine (“muscarinic”). Acetylcholine is a

quaternary ammonium salt and lacks lone electron pairs to be coordinated to

ruthenium. Therefore, a Ru-based ACh caged compound is not possible in princi-

ple. However, the nicotine molecule (agonist of nicotinic receptors) contains a

pyridine nitrogen that establishes a very strong bond with Ru(II) and can be easily

photolyzed using visible light in nanosecond range. The complex [Ru

(bpy)2(Nicotine)2]
2+ (RuBi-Nicotine) presents a very high quantum yield for

nicotine release (ϕ¼ 0.23 at λ¼ 450 nm) and is even active with green (532 nm)

light, releasing nicotine with a characteristic time of 17 ns, thus diffusionally

controlled [10]. Thus far, no biological experiment involving nicotine release has

been reported.

7 Ru-Phototriggering and Photodynamic Therapy

Most drugs are administered systemically, in a dose much higher than that actually

effective at the required site, in order to reach the minimum effective concentration

even after being cleared from the blood by the kidneys, and being enzymatically

modified by the lungs and the liver detoxification mechanisms. ¨Side effects¨ are the

physiological consequences of the action of the drug at non-intended targets.

For this reason, most drugs would benefit from a method for confining their

action to intended targets. This is especially true for antiproliferative drugs, whose

effect is typically to destroy (preferably dividing) cells.

Antiproliferative drugs act by one or a few of several mechanisms: They may

bind to cell-cycle control proteins. They may modify DNA, disabling DNA repli-

cation and triggering apoptosis. They may inhibit cell migration, thus hindering

cells from escaping the main tumor (which may be surgically removed) and
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establishing metastases (which are numerous, disperse, and difficult to find). Most

but not all of the cells in the body do not replicate at such a high rate as tumor cells,

and damage is then mostly done to the tumor, but other cell types with high

replication rates, particularly epithelia, may be compromised as well.

Approaches to confine the effects of such drugs include attaching the molecules

to antibodies which recognize a specific tumor-cell marker and designing the drugs

so that they are enzymatically activated in the tumor environment.

One current approach, photodynamic therapy (PDT), can be used if the approx-

imate location of the tumor is known. In PDT a nontoxic molecule is systemically

administered which only produces toxic chemical species upon excitation with

light. The PDT molecule itself is usually not modified in the process, so the amount

of cell killing is proportional to the amount of light. Although light application is

localized, the reactive chemical species (usually O2
·�) that perform the actual

damage are completely non-specific in cell or molecule types.

An alternative form of PDT is to photochemically modify the drug by adding a

photoremovable protecting group, and to remove this protecting group by applying

light. In other words: caging the drug. One advantage against classical PDT is a free

drug with greater chemical specificity. Also, the final amount and local concentra-

tion of the toxic species are known or can be reasonably approximated. This results

in a relatively low systemic concentration of the drug and the highest concentration

at the irradiation site and nearby tissues, which in turn means lower side effects and

higher therapeutic index (the ratio between the maximum tolerated dose and the

minimum therapeutic dose).

Putting together these ideas, Turro et al. synthesized a ruthenium bipyridine

complex with coordinated 5-cyanouracil molecules that can photorelease up to two

equivalents of 5-cyanouracil upon full photolysis. 5-cyanouracil is an inhibitor of

thymidylate synthase, which is controlled in the synthetic pathway to the DNA

precursor thymine [45].

In the visible range, its reported absorptivity value is εffi 8,500 M�1 cm�1

typical for a Ru–bpy complex, and its maximum absorbance is at 425 nm which

indicates weak electron donor ligands in the coordination sphere and usually high

quantum efficiency of photorelease for these ligands [12]. The quantum yield is

effectively ϕ¼ 0.16, similar that the one reported by the same group for the CH3CN

ligand photolysis (ϕ¼ 0.21) [46]. The authors also reported no dark activity, a hint

about its stability in physiological media. Furthermore, the other photolysis residue

is [Ru(bpy)2(H2O)2]
2+, known to bind DNA by photoinduced ligand exchange. This

was demonstrated by a DNA gel mobility shift assay in which a linear DNA

molecule, normally charged, is electrophoretically run through an agarose gel.

Although these results were obtained without cells, the expected cellular response

if the Ru compound enters the cell and the cell nucleus is that the cell cannot divide

because it cannot complete DNA replication and will enter the apoptotic pathway.

This compound absorbs mostly in the blue–violet region of the visible spectrum,

but has a “red tail” at wavelengths above 600 nm inside the most favorable

therapeutic wavelength window. This absorption is, however, very weak (estimated
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to be less than 100 M�1 cm�1). Further modification would be required to increase

the sensitivity at longer wavelengths.

8 Caged Genetic Inducers and Regulators

Other weak electron donors that result in caged compounds with good photodisso-

ciation quantum yields and blue-shifted spectra include thioethers. This group is

present in some molecules that can regulate gene expression.

Originally described in 1963 by F. Jacob and J. Monod [47], the set of genes in

E. coli known as the lac operon regulate the synthesis of the proteins needed to

catabolize lactose into galactose and glucose. The operon is today widely used in

many commercial constructs that require external manipulation of the protein

synthetic machinery. Galactose effects a positive feedback loop by lowering the

affinity of a regulatory protein (LacI) for its target DNA sequence (lacO) and

allowing transcription of the genes downstream. However, galactose is enzymati-

cally cleaved. Sulfur-containing, non-cleavable analogs like isopropylthiogalactose

(IPTG) and methylthiogalactose (MTG) are used in the lab to derepress the operon

and induce expression of the specific proteins under lac control.
These sulfur-containing small molecules have been coordinated to RuBi

protecting groups. As was the case with other weak donors, the maximum absorp-

tion wavelength results blue-shifted, and their quantum efficiencies of photorelease

are around 0.3. Nevertheless, if Cl� or NH3 are used as the fifth ligand, the electron

density on the Ru is not high enough and the sulfur-coordinated ligands can easily

be replaced by solvent at room temperature. Moreover, bulky groups near the sulfur

atom also make the complex thermally unstable. These problems can be overcome

by choosing a smaller ligand (MTG instead of IPTG) in exchange for a slight loss of

inducing power, and by increasing the electronic contribution onto the Ru by

choosing a phosphine, like PMe3 as the fifth ligand. [Ru(bpy)2(PMe3)(MTG)]2+ is

very stable in the dark and shows very good quantum efficiency and

biocompatibility.

This MTG phototrigger has been used to induce a subset of cells in a cell culture

of E. coli to express the enzyme β-galactosidase, which is able to cleave the

colorless molecule X-Gal into a strongly absorptive product, thus revealing the

geometrical distribution of enzyme activity, which was specified with a low-power

pocket video projector [48]. Current work is under way to demonstrate this system

working in mammals.
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9 Ru Activatable Fluorescent Dyes and FRET Extended

Absorption

An activatable (or caged) fluorescent dye is a molecule which presents poor or null

fluorescence in its native form, but turns into a bright fluorescent probe upon

irradiation with light of the proper wavelength. This behavior makes it possible to

control the probe activation in specific parts of the system under study, leaving the

remaining probe molecules in their dark, nonfluorescent form.

Uncaging (activation) of the caged probe can be done in parts of a tissue, in a

single cell, or in a specific subcellular compartment, places where injection of the

probe in such a small volume would be impossible. A caged fluorescent probe is

useful, for example, in cell-lineage tracing and fate mapping in developmental

biology studies [49], in microfluidics [50, 51], etc. If the irradiation wavelength

needed for uncaging the quenched probe is different from the fluorescence excita-

tion wavelength of the probe in its active form, the uncaging process is said to be

orthogonal to the emission process and fluorescence can be activated and detected

without interference. Conversely, if both wavelength ranges overlap, activation can

occur during the monitoring process. A quasi-orthogonal probe can be obtained if

the amount of light needed for activation is much higher than that needed to induce

emission, that is: εAϕA	 εfϕf where εAϕA is the product of the molar extinction of

the band leading to photouncaging times the quantum yield of uncaging and εfϕf the

product of the molar extinction for the probe excitation and the quantum yield of

fluorescence of the uncaged probe.

Organic caged fluorophores were pioneered by Cummings and Krafft [52–54] in

the 1980s, and quickly became a useful tool for biological studies [49, 55]. Organic

caged fluorescent probes, as their analog caged compounds, are activated using UV

Fig. 8 Top: Synthesis and structure of RhodB-MAPN. Bottom: False color images of a capillary

where a solution of caged fluorophore RuBi-RhodB-MAPN is flowing. At the bottom (not shown)

a laser pulse photolyzes a small zone, yielding free RhodB-MAPN, which is fluorescent. The

frames show the evolution of the fluorescence while the photolyzed zone flows into the capillary
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light (~350 nm) and the excitation/emission wavelengths usually fall into the

visible region.

Ruthenium-based caged fluorophores can shift the active region towards the

visible (blue, green) region. Rhodamine B can be engineered using a nitrile tail to

be coordinated to Ru(II). Once forming part of the complex, its fluorescence

diminishes in appreciable form. Excitation can be obtained using inexpensive

visible violet–blue laser diodes (405 nm) with high efficiency [56]. This compound

(RuBi-RhodB-MAPN) can be used to monitor the flow in capillary tubing with

similar accuracy than the organic-based caged fluorophores without the need of

expensive UV lasers (Fig. 8).

In the RuBi-Rhod complex, the quenching of the fluorescence has its origin in

the reverse Forster type energy transfer from the ligand to the Ru–bpy center

[57]. This fact implies that irradiation at the excitation band of the Rhod ligand

leads to some photouncaging due to the population of the d–d nonligand state in the
Ru center, losing orthogonality. On the other hand, this effect implies a red-shift of

the absorption capabilities of Ru–bpy complexes when used as phototriggers. In

brief, low energy (green, yellow) photons can be collected by the highly absorbing

Rhodamine ligand, and the harvested energy transferred to the Ru–bpy center. Even

though the spectral overlap is minimal, the very close proximity of both ligand and

metal implies a highly efficient FRET action. After the Ru–bpy moiety gets excited

through the energy transfer from the Rhod ligand (the antenna), the usual photo-

chemistry takes place, releasing a monodentate ligand. In the case of the complex

RuBi-RhodB-MAPN, the very Rhod is released, becoming a green activatable,

green excitable fluorophore (Fig. 9).

kd
3MLCT

1MLCT

S1

FRET

S0

products

Ru-bpy states
RhodB states

krR
knrR

kr1 knr1

kisc

3d-d

Fig. 9 Extended state

diagram of a Ru–bpy

complex (right states)
bearing a fluorescent ligand

(left states) that can transfer

energy through a Forster

mechanism. If a green

photon is absorbed by the

RhodB ligand and populates

the S1 state, FRET can

promote the Ru center to its
1MLCT excited state,

triggering the usual

photochemistry of Ru–bpy

complexes that yields a free

ligand as

photodecomposition

product

64 O. Filevich et al.



Bonnet et al. have used this strategy to deliver a ligand different of the one that

harvests the photons [58]. A 2,20,200-terpyridine (tpy) is modified with a Rhodamine

ligand as antenna, preventing the fluorescent ligand to be photolyzed due to the

tridentate nature of its coordination. A bipyridine occupies two other coordination

positions and allows the usual photochemical MLCT pathway, leaving one free

position for the ligand which has to be photoreleased. This approach makes it

possible to extend the sensitivity of Ru–bpy phototriggers to the yellow region

(570 nm) to deliver the thioether 2-methylthioethan-1-ol (Hmte) with ϕ¼ 0.011.

The low quantum efficiency is probably due to the fact that the replacement of one

bpy by tpy allows new paths of vibrational deactivation of the MLCT excited state

due to the stressed bond angles between tpy and Ru.

These findings show a new way to extend the absorption capabilities of Ru–bpy

phototriggers by using fluorescent ligands to circumvent the wavelength-quantum

yield restriction imposed by the Pinnick and Durham trend. By using this approach

it is possible to separate two characteristics that otherwise would be inextricable

joint: the photolysis quantum yield, determined by the redox potential of the excited

and ground states, and the absorption maximum, now being that of the fluorescent

ligand. In this way, even red-sensitive phototriggers are in principle feasible.

Conclusions

Ruthenium polypyridine complexes have proven to be a very flexible frag-

ment to cage bioactive molecules. The different nature of this fragment gives

them complimentary properties to other caging groups like 4-methoxy-7-

nitroindolinyl (MNI). For example, ruthenium polypyridines have a strong

affinity to amine groups, but they are not very suitable to cage O-ended

groups like carboxylate or alcohols. This results in the possibility of caging

new types biomolecules as demonstrated above.

One of the differential properties of the ruthenium polypyridines with

respect to other caging agents is their general ability to be stimulated under

two-photon regime, which opens the possibility to use penetrating infrared

radiation to trigger the photorelease of the active biomolecule. One can

envision that this property could be enhanced by the introduction of sub-

stituents on the pyridine rings. Another distinctive advantage of ruthenium

polypyridines is the accessibility of their MLCT excited states. The energy of

this relatively low energy state can be tuned, so it can be activated using

different wavelengths from the visible spectra. More importantly, they can

also engage in energy transfer reactions from neighboring groups. The pho-

tosensitization of the ruthenium polypyridines leads to the decoupling of two

properties, light absorption, and molecule release. This could result in caging

systems with improved optical characteristics. All these properties make the

ruthenium polypyridines a very versatile fragment for the development of

new caged molecules with enhanced features that will allow the development

of new applications.
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Abstract Fostered by the success of photodynamic therapy (PDT), light activation

of transition metal complexes has raised notable interest for applications in biology

and in medicine. The rich photochemistry of metal complexes and the arsenal of

chemical reactions accessible via light excitation have been exploited for develop-

ing therapeutic agents which exert their biological action through novel mecha-

nisms. This chapter aims to provide an overview of the concepts and strategies

adopted by leading scientists in the design and development of photoactivatable

metal complexes with potential use in cancer therapy. In particular, we focus on the

anticancer properties of Pt, Rh, and Ru complexes which have been demonstrated to

be amongst the most promising classes of compounds.
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1 Introduction

The success of photodynamic therapy (PDT) has attracted much attention on the use

of light and light-induced chemical reactions for applications in medicine [1]. PDT

employs a photosensitizer (e.g., Photofrin) and light to convert 3O2 to 1O2 and

generate reactive oxygen species (ROS) which induce oxidative stress, killing

directly irradiated cancer cells as well as shutting down tumor microvasculature.

Light activation introduces temporal and spatial control with regard to the delivery

and application of therapeutics. The attractiveness of PDT from a therapeutic point

of view lies in the unique nature of the biological effects generated. The relative

lack of induced resistance and a healing process that involves regeneration of

normal tissues rather than scaring makes PDT a viable therapeutic option which

can be used for a range of tumors in combination or as an alternative to more

consolidated cancer treatments [2].

The large volume of know-how accumulated over the years on metal-based

anticancer drugs (e.g., platinum and ruthenium) has facilitated the exploitation of

the rich photochemistry of metal complexes thereby providing a tremendous

potential that several groups active in the field have explored in the last few years

to develop light-activatable metal-based prodrugs for PDT [3]. Photochemotherapy

requires the complexes to be nontoxic and stable in the dark under physiological

conditions, but at the same time capable of generating cytotoxic species which

target key functions in cells upon light activation. Such difference in toxicity, i.e.,

dark vs light irradiation, is the basis of the phototoxicity index (PI) which is a key

parameter to gauge the effectiveness of metal complexes as photoactivatable

prodrug candidates.

Although metal complexes are currently being investigated intensively as pho-

tosensitizers for PDT [4–6], the key feature they offer as photoactivatable antican-

cer agents possibly lies in their capability to trigger new mechanism of cell killing,

independent from the generation of ROS. Indeed, the great variety of excited states

accessible in transition metal complexes can result in a wide range of chemical

reactivities [7]. Developing novel prodrugs, with different mechanisms of action

than those on which PDT photosensitizers currently rely on, could lead to overcome

some of the drawbacks associated with PDT. For example, PDT oxygen depen-

dency limits the effectiveness of the treatment since many tumors are hypoxic and

O2 concentration progressively decreases during therapy [1].

In this chapter, we provide an overview of the photochemical and photobiolog-

ical properties of representative families of photoactivatable transition metal com-

plexes. In particular we focus on anticancer Pt, Rh, and Ru complexes which have

been demonstrated to be amongst the most promising compounds in vitro and have

also been employed for in vivo studies. Nevertheless, it must be clear to the reader

that several other types of metal complexes have been developed during the last few

years for uses related to biology and medicine, e.g., photoactivatable compounds

for gene silencing [8] and caged complexes for the delivery of neurotransmitters

[9–11] and small bioactive molecules (CO, NO) [12, 13]. Several of these systems
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also show potential as anticancer agents and have been discussed elsewhere or will

be reviewed in this volume [14–17].

2 Photoactivatable Pt(IV) Anticancer Complexes

Barnett Rosenberg was the first to report (1967) light activation of Pt(IV)

compounds as a method to obtain cytotoxic species able to affect bacterial growth

in Escherichia coli [18]. Thirty years later Bednarski et al. investigated the

photochemistry, DNA-binding, and antiproliferative properties of iodido Pt(IV)

diamine complexes, upon light excitation and evaluated their potential as novel

agents for PDT. In the meantime, increasing evidences on Pt(IV) complexes were

indicating that the relatively high inertness of this class of compounds towards

hydrolysis (in the dark) could be exploited in the design of prodrugs, capable of

delivering cytotoxic Pt(II) species via biological reduction [19]. Hence, the

Bednarski group proposed to increase the rate of Pt(II) species in and around the

tumor with respect to normal tissues, by using light activation thus formulating a

therapy with less unwanted side effects.

The first photoactivatable Pt(IV) complexes investigated in the middle and late

1990s were trans,cis-[PtCl2I2(en)] (Pt1), trans,cis-[Pt(OAc)2I2(en)] (Pt2)

OAc¼OCOCH3), and trans,cis-[Pt(OH)2I2(en)] (Pt3), where en¼H2NCH2CH2NH2

(Fig. 1) [20, 21]. Pt1–Pt3 display good absorption properties with lowest-energy

bands at ca. 380 nm (ε ~1,000 M�1 cm�1) and tailing in the visible part of the

spectrum, up to λ> 550–600 nm. Such absorption bands are typically assigned to

ligand-to-metal charge transfer (LMCT) transitions, however ligand-field (LF) states

are also accessible. Both types of excited states are responsible for the photochemical

behavior of the complexes. LMCT states favor reduction of the metal center while

dissociation of coordinated ligands is associated to LF states [22]. Although the

primary photoreactions in Pt(IV) iodido complexes involve redox processes, ligand

substitution and isomerization can commonly occur.

Fig. 1 Schematic representation of the Pt(IV) iodido complexes trans,cis-[PtCl2I2(en)] (Pt1),

trans,cis-[Pt(OAc)2I2(en)] (Pt2) and trans,cis-[Pt(OH)2I2(en)] (Pt3)
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The parent compound Pt1 is quantitatively photolyzed to afford a range of

photoproducts using 410-nm light. Among them, [PtCl2(en)] was identified by

DNA-binding experiments. Indeed, irradiated solutions of Pt1 generated covalent

DNA adducts at a rate close to the one reported for free aqueous [PtCl2(en)].

However, full conversion of Pt1 into [PtCl2(en)] is not observed under light

irradiation since cell viability reductions comparable to direct administration of

[PtCl2(en)] are not obtained. [PtClI(en)] which displays lower cell toxicity could be

formed via cis elimination. Moreover, addition of NaCl (100 mM) inhibits the

formation of DNA adducts for Pt1, as also observed for its Pt(II) analogs.

Unfortunately Pt1 has low chemical stability in biological environments. For

example, incubation with serum rapidly converts Pt1 into Pt(II) species, making it

unlikely that the complex reaches the tumor site intact for photoactivation. Consis-

tently, no significant difference in cytotoxicity between the dark and light-irradiated

(λirr> 375 nm) Pt1 is observed in the TCCSUP (human bladder cancer) and

SK-MEL-24 (melanoma) cell lines (Table 1). Although unsuited for therapeutic

use, Pt1 demonstrated that light-induced generation of Pt(II) species could be

employed as a strategy to achieve tumor growth inhibition in vitro.

In the same year, Bednarski and coworkers reported on the anticancer activity of

the iodido Pt(IV) diamine complexes Pt2 and Pt3 under light irradiation conditions

[21]. Pt2 and Pt3 show electronic features similar to Pt1 as well as the capability to

platinate DNA after light excitation. In the case of Pt2, population of LMCT states

Table 1 IC50 values (μM)

reported for trans,cis-
[PtCl2I2(en)] (Pt1), trans,cis-
[Pt(OAc)2I2(en)] (Pt2), trans,
cis-[Pt(OH)2I2(en)] (Pt3), and
related photoproducts in

Kratochwil et al. [20, 21]

IC50 (μM)

trans,cis-[PtCl2I2(en)] (Pt1)

Cell line UVA, λirr> 375 nm, 1 h Sham (dark)

TCCSUP 17.2� 3.2 20.0� 2.9

SK-MEL-24 6.2� 1.1 7.9� 2.2

trans,cis-[Pt(OAc)2I2(en)] (Pt2)

Cell line UVA, λirr> 375 nm, 1.5 h Sham (dark)

TCCSUP 11.6� 1.7 16.5� 4.2

trans,cis-[Pt(OH)2I2(en)] (Pt3)

Cell line UVA, λirr> 375 nm, 3.5 h Sham (dark)

TCCSUP 7.3� 1.6 9.4� 2.2

[PtCl2(en)]

Cell line UVA, λirr> 375 nm, 1 h Sham (dark)

TCCSUP 6.0� 1.3 5.4� 1.2

SK-MEL-24 1.7� 0.3 2.1� 0.4

[PtI2(en)]

Cell line UVA, λirr> 375 nm, 1 h Sham (dark)

TCCSUP 19.3� 2.1 23.5� 2.6

SK-MEL-24 11.6� 1.2 11.6� 1.2

In the case of Pt1, cells were continuously exposed (37�C) to the
complex at different concentrations for 5 days, whereas for the

other compounds reported here cells were incubated for 24 h after

irradiation
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(λirr> 375 nm) leads to formation of Pt(II) species which covalently bind DNA

bases at a significantly faster rate than in the dark. When Pt2 is incubated with calf

thymus (CT) DNA it was found that more than 60% of the DNAwas platinated after

6 h of irradiation, whereas only 5% platination was observed in the dark after 24 h.

Pt3 does photolyze readily, but without generating Pt(II) species since no signifi-

cant DNA platination is observed within 24 h of irradiation. Most likely in the case

of Pt3 the photoproducts are Pt(IV) species. Nevertheless, Pt3 is reduced in the

dark in a solution containing GSH (glutathione) affording quantitative binding

to DNA.

When either Pt2 or Pt3 is incubated in the dark with Eagle’s medium

decomposition is observed within 6–8 h. The decomposition rate is much faster if

light (λirr> 375 nm) is turned on (<1 h for both). The improved dark stability under

biologically relevant conditions for both compounds compared to Pt1 is likely to be

responsible for the small but statistically relevant light-induced cytotoxicity in the

TCCSUP cancer cell line. Indeed, the IC50 value of Pt2 decreases upon light

irradiation from 16.5 to 11.6 μM, and for Pt3 from 9.4 to 7.3 μM. It could reasonably

be assumed that Pt2 owes its cellular effects to its DNA-binding properties. An

identified photoproduct of Pt2 photoactivation is cis-[Pt(OAc)2(en)] which can

undergo hydrolysis and affords the reactive aqua species which can then bind to

nucleobases. It is different in the case of Pt3, where a small amount of platination was

observed due to the prevalent formation of Pt(IV) photoproducts, which are only

partially reduced by cellular reductants (e.g., GSH) after irradiation.

Following on the above studies, Sadler and Bednarski further demonstrated by
15N-NMR that when Pt2 and Pt3 (15N labeled) were irradiated in the presence of

GMP (guanosine 50-monophosphate) totally different photoproducts were obtained

[23]. The former afforded hydroxido-Pt(IV) photoproducts but also the cis-[Pt
(50-GMP-N7)2(en)] adduct. The latter only gave mer-[Pt(OH)3I(en)] which does

not react with GMP over the 30 h period it was monitored.

After the described promising work on Pt(IV) iodido complexes, Sadler and

coworkers began investigating diazido Pt(IV) analogs as light-activatable antican-

cer agents. The choice of azides in the design of novel photoactivatable derivatives

was motivated by the need to achieve high stability towards cellular reducing

agents while retaining light-induced reactivity. Indeed, the photoactivity of

Pt-azido complexes, i.e., hexa- and diazido compounds, was known at the time to

lead to reductive elimination of N3
– ligands and formation of N2 [24, 25].

The first complexes of this family studied were cis,trans-[Pt(en)(N3)2(OH)2]

(Pt4), cis,trans,cis-[Pt(N3)2(OH)2(NH3)2] (Pt5), and trans,trans,trans-[Pt
(N3)2(OH)2(NH3)2] (Pt6), (Fig. 2) [26, 27]. Complex Pt4 reacts slowly with GSH

over a period of a week and does not react with blood plasma or nucleobases

(50-GMP and dGpG) in the dark. When Pt4 is irradiated at 458 nm, it undergoes

isomerization and reductive elimination, forming the dinucleotide derivative [Pt

(en)(50-GMP-N7)2] in the presence of 50-GMP, plus another species probably

containing a structurally modified 50-GMP. Irradiation experiments with dGpG

afford [Pt(en)(dGpG-N71,N72)2] as a sole photoproduct. The binding capability of

Pt4 towards plasmid DNA (pSP73KB, a T7 RNA polymerase promoter) and its
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transcription inhibition were also studied in comparison with cisplatin [28]. In the

dark, no platination of DNA is detected while irradiated sample of Pt4 showed

binding of Pt to DNA up to a level of r¼ 0.01 (one Pt bound per 100 nucleotides).

RNA synthesis on the platinated template is prematurely terminated with stop-sites

corresponding to those produced by cisplatin, i.e., guanines and mainly GG sites.

Furthermore, HPLC studies confirm that guanine is the preferred binding site for

photoirradiated Pt4 and that the photoproducts preferentially bind in a bifunctional

manner. A small amount (ca. 2%) of platinated adenine is also observed after light

excitation.

Pt5 is stable in the dark in aqueous and under physiological-like conditions,

showing a behavior similar to Pt4 in solution under light irradiation and in the

presence of dGpG. The light-induced DNA-binding properties of this derivative

and its trans analog trans,trans,trans-[Pt(N3)2(OH)2(NH3)2] (Pt6) were compara-

tively studied in the dark and under light irradiation [27]. Both complexes Pt5 and

Pt6 initially give Pt(IV) photoproducts, possibly resulting from photoisomerization

reactions. However, after 60 min of irradiation Pt(II) species also appear as

evidenced by multinuclear NMR studies. Notably, prolonged irradiation led to the

formation of precipitate, which is tentatively ascribed to oxygen-bridged species.

Nevertheless, photoirradiation of complex Pt6 results in a limited amount of

Pt(II) species (among which trans-[Pt(NH3)2(OH2)2]) and a smaller amount of

precipitate compared to Pt5.

In the case of Pt5, photodecomposition pathways were investigated under

different experimental conditions. Ronconi and Sadler [29] demonstrated that

light activation of Pt5 prompts the formation of nitrene (N:) and ROS in acidic

solutions, even though the favored photoproducts (under extensive irradiation)

remain to be Pt(II) species and N2. Figure 3 summarizes the light-induced reactivity

of Pt5 in PBS solutions. The results indicate that the reactivity of this compound

(and probably other analogs as well) is highly dependent on the environment

conditions. In PBS buffer, azide release as well as photoisomerization reactions

occur. In addition, the release of ammonia is confirmed by the raise in pH and

generation of 1O2 and other ROS are also detected. Photolysis experiments in the

presence of 1-methylimidazole (1-Melm) have been performed to investigate the

possibility of protein targeting. The results show that indeed such group can react

with Pt5 upon irradiation as formation of the tetrakis(1-methylimidazole) adduct is

observed [30].

Fig. 2 Schematic representation of the Pt(IV) azido complexes cis,trans-[Pt(en)(N3)2(OH)2]

(Pt4), cis,trans,cis-[Pt(N3)2(OH)2(NH3)2] (Pt5) and trans,trans,trans-[Pt(N3)2(OH)2(NH3)2] (Pt6)
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Although under irradiation conditions the majority of Pt6 kept the initial +4

oxidation state, in the presence of 50-GMP the complex rapidly reacts with the base

under UVA light. After only 1 min, 7% of the starting compound is converted into

the trans-[Pt(NH3)2(5
0-GMP-N7)2]

2+ adduct. Photoreduction proceeds faster in the

presence of 50-GMP, indicating that the nucleotide can trap reactive intermediates.

The prompt photoreactivity leading to bis-GMP adducts is remarkable since the

absence of this type of adducts are thought to be behind transplatin inactivity.

Photoactivation of transplatin was demonstrated to be a viable strategy to switch

on its cytotoxicity. Whereas the biological effects of cisplatin do not change upon

light excitation, in the case of transplatin it was shown by NMR spectroscopy that

the release of both chlorides could be achieved, differently from what happens in

the dark [31]. Formation of the trans-[Pt(NH3)2(OH/OH2)2]
0/2+ reactive species and

subsequent formation of the bifunctional adduct trans-[Pt(NH3)2(5
0-GMP)2]

2+

(mainly interstrand) only occur upon irradiation and are the likely reason for the

activity of transplatin under light irradiation. In the dark, only monofunctional

DNA adducts are formed and these are less effective in exerting antitumor effects,

resulting in no significant antiproliferative activity. Comet assays highlight that

both Pt5 and Pt6 are able to induce the formation of DNA cross-links in living cells

upon light activation. However, Pt6 does not act as a simple transplatin prodrug

since its mechanism of cell toxicity is markedly different from the latter, consis-

tently with DNA-binding data. Conversely, complex Pt5 has a toxicity mechanism

that resembles more to that of cisplatin.

Fig. 3 Photodecomposition pathway of Pt5 in PBS (Reproduced from Phillips et al. [30] by

permission of John Wiley & Sons Ltd)
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Photoplatination experiments on Pt6 show that the complex binds to calf thymus

DNAwith good platination rate. However, the binding of Pt6 to DNA is inhibited at

a chloride ion concentration >20 mM. Remarkably, Pt6 is stable in the presence of

ascorbate (5 mM) and GSH (10 mM) which do not promote any reduction, as

confirmed by the low DNA platination obtained in the dark after 6 h incubation. The

two reductants affect the photolysis rate of Pt6 in a distinct fashion. Even though

photo-induced (UVA) DNA platination is unaffected by the presence of ascorbate

(5 mM), GSH causes a decrease in DNA platination for Pt6 and a complete

inhibition at concentrations of 1 mM [32].

An early comparative study [27] on the cytotoxicity of Pt5 and Pt6 report no

sham (dark) activity in HaCaT cells (IC50> 288 μM) while UVA significantly

enhanced their cytotoxicity with IC50 values reaching 156 and 176 μM for Pt5

and Pt6, respectively. Pt6 is also active upon light activation in two esophageal

cancer lines (Kyse 510 and 520) [32]. Sadler, Bednarski, and coworkers have also

explored the cytotoxic activity of Pt4 and Pt5 in human bladder cancer cell lines in

the dark and under light irradiation (Table 2) [33]. The 5637 and cisplatin-resistant

5637-CDDP cancer cells were treated (6 h at 37�C) with Pt4 and Pt5. In the dark,

very poor growth inhibition was shown for the two complexes (IC50> 200 μM).

Light excitation at 366 nm (5.2� 10–8 Einsteins/min) causes a significant drop in

cell viability providing IC50 values of 49 and 67 μM for Pt4 and of 63 and 80 μM for

Pt5 in 5637 and 5637-CDDP cells, respectively. Importantly, the resistance factor

(RF¼ IC50[5637-CDDP]/IC50[5637]) for Pt4 and Pt5 drops from ca. 5 to 1 with

Table 2 IC50 values (μM)

reported for cis,trans-[Pt(en)
(N3)2(OH)2] (Pt4), cis,trans,
cis-[Pt(N3)2(OH)2(NH3)2]

(Pt5) and trans,trans,trans-
[Pt(N3)2(OH)2(NH3)2] (Pt6)

in Mackay et al. [27] and

Bednarski et al. [33]

IC50 (μM)

cis,trans-[Pt(en)(N3)2(OH)2] (Pt4)

Cell line UVA, λirr¼ 366 nm
5.22� 10�8 Einsteins/min, 6 h

Sham (dark)

5637 63.0� 20.2 440� 143

CDDP-5637 79.8� 16.6 >200

cis,trans,cis-[Pt(N3)2(OH)2(NH3)2] (Pt5)

Cell line UVA, λirr¼ 366 nm
5.22� 10�8 Einsteins/min, 6 h

Sham (dark)

5637 49.3� 28.1 357� 81

CDDP-5637 66.8� 17.5 >200

UVA, 5 J cm�2, 50 min

HaCat 176 (161–190) >288

trans,trans,trans-[Pt(N3)2(OH)2(NH3)2] (Pt6)

Cell line UVA, 5 J/cm2, 50 min Sham (dark)

HaCat 156 (141–167) >288

Testing of Pt4 and Pt5 in 5637 and CDDP-5637 cancer cells was

performed with 90 h incubation (37�C) after light excitation,

whereas in HaCaT keratinocytes incubation was of 24 h post

irradiation. Cisplatin IC50 values were ca. 1 and 3 μM in 5637

and CDDP-5637 cells, respectively, and 144–173 μM in HaCaT

cells
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respect to cisplatin. The finding also implies that the two photoactivatable azido

complexes have a different cytotoxicity mechanism with respect to cisplatin.

Morphological studies on 5637 cells confirm such observations. Without light,

Pt4 and Pt5 do not affect the morphology of the cells up to concentrations of

100 μM. Immediately after 6 h irradiation, Pt4 and Pt5 cause rounding of the cells.

After 17 h cells show shrinkage and loss of contact with their neighbors. At high

concentrations (100 μM) microscope images indicate that practically most cells are

dead, and the remaining ones were shrunken and showed very small and weakly

stained nuclei, suggesting nuclear breakup. Uptake of Pt4 and Pt5 was studied by

atomic absorption spectroscopy. Light did not induce any effect over a period of 8 h

and cisplatin is accumulated fivefold more than the Pt(IV) complexes in the dark

over a period of 5 h.

In 2007, the Sadler group reported the first photoactivatable Pt(IV)-azido deriv-

ative bearing pyridine ligands, namely trans,trans,trans-[Pt(N3)2(OH)2(NH3)(py)]

(Pt7) [33], which together with its dipyrido analog trans,trans,trans-[Pt
(N3)2(OH)2(py)2] (Pt8) [35] (Fig. 4) are the leading compounds of this class of

anticancer agents in terms of phototoxicity with longer wavelength light. Signifi-

cant efforts have gone into the study of Pt7 and Pt8 with regard to their chemical

and biological properties as well as their mechanism of action in comparison to

other analogs, such as trans,trans,trans-[Pt(N3)2(OH)2(NH3)(pip)] (Pt9), (Fig. 4)

[34–39].

The phototoxicity of Pt7was assessed in a large number of cell lines over the last

few years (Table 3). Dose-dependent cytotoxicity studies on HaCaT keratinocytes,

A2780 and A2780cis (cisplatin resistant) human ovarian carcinoma cells showed

that Pt7 is not toxic in any of these cell lines in the dark. On the contrary, a

significant increase in cytotoxicity was obtained for all the mentioned cell lines

after light activation. In A2780 cells, photoactivated (366 nm) Pt7 has an IC50 value

of 2 μM resulting in 80-fold more potency compared to cisplatin, while in HaCaT

and A2780cis cells, respectively, a 24-fold and 15-fold improvement was

(IC50¼ 6.1 and 16.9 μM, respectively). Pt7 showed light-induced anticancer activ-

ity also under 420-nm irradiation (IC50¼ 85.8 μM, comparable to cisplatin) and in

SH-SY5Y neuroblastoma cells (IC50¼ 2.4 μM). Notably, the short contact time

Fig. 4 Schematic representation of the Pt(IV) azido complexes trans,trans,trans-[Pt
(N3)2(OH)2(NH3)(py)] (Pt7), trans,trans,trans-[Pt(N3)2(OH)2(py)2] (Pt8), and trans,trans,trans-
[Pt(N3)2(OH)2(NH3)(pip)] (Pt9)

The Photochemistry of Transition Metal Complexes and Its Application in. . . 77



Table 3 IC50 values (μM) reported for trans,trans,trans-[Pt(N3)2(OH)2(NH3)(py)] (Pt7), trans,
trans,trans-[Pt(N3)2(OH)2(py)2] (Pt8), and trans,trans,trans-[Pt(N3)2(OH)2(NH3)(pip)] (Pt9) in

Farrer et al. [35] and Westendorf et al. [36, 37]

IC50 (μM)

trans,trans,trans-[Pt(N3)2(OH)2(NH3)(py)] (Pt7)

Cell line; IC50 value (μmol/L)� SD, 366 nm 0.216 J/cm2, (white light 1.17 J/cm2) for 30 min
37�C; [Resistance factor¼ IC50 resistant/IC50 wild]

(referred to oxoplatin)

5637; 30.7� 5.0 (69.27� 7.2) 5637-OXO; 33.0� 8.51 [1.08]

SISO; 43.4� 23.7 (59.15� 4.52) SISO-OXO; 38.1� 15.7 [0.88]

Kyse 70; 50.5� 4.5 Kyse 70-OXO; 60.6� 4.1 [1.20]

Kyse 510; 52.9� 4.0 Kyse 520; 66.2� 8.7

LCLC-103H; 38.8� 14.2 MCF-7; 62.0� 13.2

YAPC; 57.9� 17.7 RT-4; 136.9� 55.0

RT-112; 28.6� 3.0 A-427; 40.5� 8.3 (61.8� 31.62)

DAN-G; 64.2� 22.6 (60.78� 31.6) HL60; 35.1� 8.4

Cell line UVA, 365 nm 5 J/cm2 Sham
(dark)

420 nm 5 J/cm2 (TL03)

HaCaT 6.8 (5.4–8.6) >244.4 86.0 (43.7–169.0)

HepG2 5.0 (3.7–6.7) >244.4 –

A2780 1.9 (1.8–2.1) >244.4 –

A2780cis 16.9 (14.2–20.3) >244.4 –

SHSY5Y 2.0 (1.5–2.7) >244.4 –

OE19 10.0 (8.3–12.1) >244.4 32.0 (13.3–76.8)

trans,trans,trans-[Pt(N3)2(OH)2(py)2] (Pt8)

Cell line UVA, 365 nm 5 J/cm2 Sham
(dark)

420 nm 5 J/cm2 (TL03)

HaCaT 2.3 (0.8–6.5) >212.3 6.8 (5.2–8.9)

A2780 1.1 (0.6–1.9) >212.3 8.3 (3.4–20.4)

59.4 (34.7–101.8) + 500 μL
L-Trp

A2780cis 14.5 (2.1–21.2) >212.3 –

OE19 4.7 (4.0–5.4) >212.3 8.4 (6.5–10.8)

HepG2 2.5 >212.3 –

trans,trans,trans-[Pt(N3)2(OH)2(NH3)(pip)] (Pt9)

Cell line UVA 365 nm, 30 min, 0.12 mW/
cm2

White light, 30 min, 0.65 mW/cm2

DAN-G 41.17� 9.84 52.39� 10.82

5637 29.17� 2.23 43.31� 10.67

5637-OXO 25.82� 2.17 [0.89] –

SISO 41.80� 3.75 57.64� 47.97

SISO-OXO 52.26� 2.90 [1.25] –

Kyse 70 79.81� 3.14 –

(continued)
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between the drug and cells (1 h) and the low light dose (5 J/cm2) used in these tests

indicated that Pt7 exerts its action rapidly under light activation [34].

Bednarski and collaborators further investigated the cytotoxic properties of Pt7,

in a recent work which also reports on the in vivo anticancer behavior of this

complex (vide infra) [37]. Pt7 was tested against a wider range of cell lines

(Table 3) where it showed no dark activity, but significant phototoxicity under

UVA light. Within the experimental conditions adopted in the work (1 h

preincubation and 30 min irradiation) it is likely that Pt7 is activated while still

outside the cells. Indeed, preirradiating Pt7 in culture medium and then adding it to

cells gives practically the same IC50 than in the case of direct cell irradiation.

Activation of Pt7 can be achieved by blue light (420 nm), however less efficiently.

In such conditions IC50 values are twofold greater in 5637, SISO, A-427, and

DAN-G cell lines. Importantly, no cross-resistance is present for Pt7 in oxoplatin

resistance cells (5637-OXO, SISO-OXO, and KYSE-70-OXO). Photoactivated Pt7

shows however higher cross-resistance with the A2780cis cell line compared to the

parent A2780 line.

In the dark, Pt7 does not induce any changes in the cellular morphology which is

typical of cisplatin, i.e., apoptosis. Instead, photoactivated Pt7 appears to trigger an

autophagy-related cell death mechanism, as demonstrated by the high levels of the

microtubule-associated protein light chain (LC3) and sequestodome 1 (p62). The

clonogenic assay which determines antiproliferative activity was performed for Pt7

in SISO cells to obtain a better indication of the antitumoral potential. In such assay

the complex is tenfold more potent than in the crystal violet assay and 25-fold less

potent than cisplatin, still showing significant antitumor potential [37].

Studies on the mechanism of action of Pt7 highlight that the complex is

extremely stable in aqueous solution in the dark and in the presence of biological

reducing agents such as ascorbate (5 mM) and GSH (10 mM). In GSH-containing

solutions, only 5% of Pt7 decomposes after 21 days. Under light irradiation

(365 nm), only a small amount of conversion to Pt(II) occurs, rather the formation

Table 3 (continued)

IC50 (μM)

Kyse

70-OXO

90.07� 2.69 [1.13]

A-427 37.32� 6.41 36.94� 7.0

HL60 20.84� 0.99 –

Different exposure times to metal complexes and their photoproducts were employed for the

antiproliferative tests reported in the Table. Full details are reported in Mackay et al. [34], Farrer

et al. [35], Westendorf et al. [36, 37], and Butler et al. [38]. In Mackay et al. [34], fresh medium

was added right after irradiation of Pt7 and cells incubated for 24 h (IC50 values for ciplatin in the

range 144–261 μM). In the other tests performed with Pt7 and Pt9, cells were exposed for extra 6 h

after irradiation and then incubated for 42–96 h after fresh medium addition (IC50 values for

ciplatin in the range 1–4 μM). In the case of Pt8, the complex was preincubated with cells in the

dark for 1 h, irradiated and after substituting the medium incubated for another 24 h [35, 38]
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of the two main Pt(IV) photoproducts is observed by 15N-NMR, i.e., trans-[Pt
(OH)4(NH3)(py)] and mer-[Pt(N3)(OH)3(NH3)(py)], and there is no evidence of

pyridine release upon light excitation. As depicted in Fig. 5, Westendorf et al. [32]

have recently identified three photoproducts for Pt7 employing HPLC and mass

spectrometry (ESI). Upon UVA and white light excitation, Pt7 displays a pseudo-

first order kinetics of photodecomposition in buffered solutions. UVA light activa-

tion experiments in the presence of 2 eq. of 50-GMP readily leads to generation of Pt

(II) species, specifically the mono and bis-50-GMP adducts trans-[Pt(N3)(NH3)(py)

(50-GMP)] and trans-[Pt(NH3)(py)(5
0-GMP)2], respectively [34].

Whereas no platination is observed in the dark, UVA-activated Pt7 binds to calf

thymus DNA at a much faster rate compared to the diammino Pt6. However,

photoplatination of DNA is significantly inhibited in the presence of [Cl]>
100 mM. Surprisingly, 4 mM chloride solution induces a slight increase in

platination after both 6 and 24 h incubation. Formation of DNA-Pt adducts in the

presence of ascorbate and under irradiation is increased. In such a case, Pt7 reaches

the level obtained for Pt6 with 6 h of incubation or even higher after 24 h. On the

other hand, GSH causes a decrease of DNA platination for Pt7 with complete

inhibition at [GSH] of 1 mM. Irradiated Pt7 binds to DNA in a similar fashion to

transplatin, prevalently to guanines and cytosines and less regularly than cisplatin.

Only few interstrand cross-links are formed by Pt7 with DNA. It is observed (via

EB fluorescence displacement experiments) that Pt7 forms monofunctional adducts

which can rapidly evolve to intrastrand adducts over time. Furthermore irradiated

Pt7 promotes cross-links between DNA and several proteins such as KF–, histone

H1, and NF-κB. Notably, DNA repair of irradiated Pt7 lesions is less efficient than

in the case of cisplatin and transplatin, hence implying that for this photoactivatable

complex the stability of its DNA adducts might play a significant role in the

Fig. 5 Photodecomposition pathways of trans,trans,trans-[Pt(N3)2(OH)2(NH3)(py)] (Pt7) pro-

posed in Westendorf et al. [32]
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mechanism of cytotoxicity. Contrary to cisplatin, Pt7 induces a limited inhibition of

DNA migration and does not promote the accumulation of p53, possibly indicating

limited formation of DNA cross-links. Evidences showed that a non-apoptotic

mechanism was triggered, in accordance with the aforementioned reports

suggesting an autophagic cell death [34].

Further insights on the photocytotoxicity of trans-diazido Pt(IV) complexes

were obtained by a structure-activity relationship study where the pyridine ligand

of Pt7 was substituted with the more basic and lipophilic piperidine to give trans,
trans,trans-[Pt(N3)2(OH)2(NH3)(pip)] (Pt9) [36]. The ligand was selected since

piperidine has similar steric hindrance to pyridine. As shown for other complexes

of this type, the photochemistry of Pt9 is triggered by the population of dissociative

LMCT/d-d states. Log P (partition coefficient) values show that Pt9 (�1.16) is less

hydrophilic than Pt7 (�1.84), in agreement with the log P values of the free

ligands.

In the human bladder cancer cell line 5637, Pt9 (similarly to Pt7) is practically

inactive under sham light conditions (Table 3). After light activation (UVA), Pt9

showed similar potency to Pt7. White light can also be successfully employed to

activate both complexes with only a marginal decrease in activity. IC50 values

determined for both Pt(IV) complexes in six cell lines (Table 3) upon UVA

irradiation show that Pt9 is more selective than its pyridine analog with an IC50

value of 20 μM in the acute myeloid leukemia cell line HL-60 and an IC50 of 80 μM
in the esophageal cell carcinoma cell line Kyse 70. Pt7 displays a smaller range of

IC50, indicating lower selectivity towards a specific cell line. Moreover, Pt9 is more

rapidly activated than Pt7. Only 10 min are required for Pt9 to reach similar

antiproliferative activity compared to 30 min for Pt7. The potency of these two

light-activatable complexes is 10–20-fold lower than cisplatin which however

shows no difference between light and dark conditions. As found for Pt7, also

Pt9 does not show any cross-resistance to oxoplatin resistant cell lines (SISO,

KYSE70, 5637).

In the dark, platinum accumulation of Pt7 and Pt9 in 5637 human bladder cancer

cells is very limited over 8 h of exposure. On the contrary, the uptake is rapid when

the two complexes are exposed to light irradiation (30 min). The maximum amount

of platinum (40 ngPt/1 million cells) is obtained for Pt7 after 4 h and for Pt9 after

6 h.

Pt9 binds irreversibly to CT DNA upon light activation. However when high

concentration of chloride ions is present the platination is significantly reduced.

Ethidium bromide fluorescence studies show that Pt9 forms bifunctional adducts as

does Pt7. The complexes perturb the duplex structure most probably via covalent

binding as well as intercalation (due to the py or pip ligand). Consistently, an

unwinding angle (24�) considerably greater than cisplatin when photoactivated is

achieved. The percentage of cross-links found in activated Pt9 and Pt7 is 6%,

similar to cisplatin.

When Pt7 was tested in mice bearing xenografted with OE19 tumors [37], data

indicated that the complex has activity in vivo, which is photoaugmented with

visible light irradiation (420 nm, 100 J/cm2). At the 21st day, four of the five mice

treated under sham (not irradiated) conditions Pt7 survived while seven out of

The Photochemistry of Transition Metal Complexes and Its Application in. . . 81



seven mice treated with photoactivated Pt7 survived. In the case of non-irradiated

and irradiated control mice (no Pt7 treatment) three out of seven and four out of six

died, respectively. At the 35th day, none of the control mice and sham-treated mice

with Pt7 survived, while two of the seven mice treated with light-irradiated Pt7

survived. Notably, the complex was administered at about ten times the maximum

tolerated dose of cisplatin, but no effect on mice behavior was found, e.g., no

oculocutaneous phototoxicity was observed. These results highlight that Pt7 is

active in vivo and might induce lower side-effects compared to other anticancer

agents.

Trans,trans,trans-[Pt(N3)2(OH)2(py)2] (Pt8) has been studied by the Sadler group

and their collaborators for its promising phototoxic properties in vitro [35, 37]. So far,

anticancer activity of Pt8 was assessed in five cancer cell lines (Table 3) under sham

conditions and light irradiation at 365 and 420 nm. While in the dark Pt8 is nontoxic

(IC50> 200 μM), at 365 nm IC50 values fall in the range 1–5 and 14.5 μM in the case

of cisplatin-resistant A2780cis. Phototoxic index (PI) at this wavelength reaches

values >151, as for example in A2780 cells. The toxicity upon 420 nm irradiation

is still significant since IC50 of 9.5 and 8.4 μM are obtained in HaCaT and OE19 cells,

respectively, despite the complex being able to absorb little in the visible. In this case

the PI is>22 and>25, respectively. Thorough characterization of Pt8 photoproducts

shows that the pyridine ligands are retained on the structure of the complex as well. In

the presence of 50-GMP, Pt(II) species are formed and can be assigned to [Pt(N3)

(py)2(5
0-GMP)]+ and [Pt(py)2(5

0-GMP)2]
2+ as confirmed by mass spectrometry, 1H,

and 195Pt NMR. In contrast to cisplatin and Pt7, photoactivation of Pt8 does not

induce fragmentation and condensation of cellular nuclei [35].

Recently crucial insights in the photochemistry and mechanism of action of Pt8

have been obtained employing EPR spectroscopy [38]. The spin trap

5,5-dimethylpyrroline N-oxide (DMPO) allows to detect light-induced formation

of radicalic species such as the azidyl radical.

No EPR signal is observed when incubating Pt8 with DMPO in the dark,

however upon excitation at 463 nm, azidyl radicals react with DMPO giving

distinct multiplet signals. Estimates of the concentration of azidyl radicals trapped

in aqueous solution and in PBS buffer indicate the concentration in aqueous

solution increases to ca. 470 μM in the first 14 min of light irradiation and then

decays to ca. 115 μM in the following 70 min. Reducing the concentration of Pt8

from 1 mM to 150 μM increases the yield of azidyl radicals formation consistently

with an decrease in the dimerization reaction of N3, a pathway which is known to

compete at higher concentrations.

EPR studies on the photoactivation of Pt8 were also performed in the presence

of 50-GMP and L-tryptophan (Trp) and L-tyrosine (Tyr) to mimic possible interac-

tion of the complex and azidyl radicals to DNA and proteins. 50-GMP has no

significant effects on the formation of azidyl radicals. Photoreaction gives soluble

Pt(II)-50-GMP species and causes no precipitation. No effects were also observed

for L-Tyr, up to high concentrations (1 mM). On the contrary, L-Trp acts as an

effective suppressor of azidyl radicals causing a total suppression of the radicals at
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1 mM concentration; however, it does not prevent decomposition of Pt8. Instead,

L-Trp appears to capture the radicals formed, which ultimately cannot evolve to

form DMPO adducts. The authors also evaluated if the azidyl radical formation

could be controlled in cancer cells using L-Trp. Interestingly co-incubation of Pt8

and L-Trp, followed by irradiation, reduces cell death. Whereas in the absence of

L-Trp light activation of Pt8 leads to an IC50 value of 8 μM, in the presence of

500 μM L-Trp, the viability increases and an IC50 of 60 μM was determined. Such

findings suggest that radicals play an important role in the mechanism of action of

this compound and its analogs. Oxidative attack of azidyl radicals towards Trp

residues in proteins might be crucially affecting cellular metabolism. Notably, there

is also evidence that serum L-Trp is depleted in certain cancer (e.g., lung, ovarian)

and if that is the case it might reinforce the activity of Pt8 in such cancers.

Further details on the mechanism of action of Pt8 and in particular on its DNA

targeting proteins have recently been reported by Pracharova et al. [39] The authors

point out that Pt8 holds promise since it behaves as other transplatin analogs and

might exert its action via different mechanisms compared to cisplatin. The study is

focused on understanding the DNA-binding properties of photoactivated Pt8 in

tumor cells at concentrations where the complex is not toxic in the dark. Typical

conditions used are [Pt8] ca. 25 μM and UVA light of 365 nm (4.3 mW/cm2) or

visible light of 458 nm (65 mW/cm2). Pt8 incubated for 1 h and irradiated with

UVA binds to DNA 16-fold more than cisplatin under the same conditions in the

dark (700 vs 43 fmol Pt/μg DNA). The complex binds CT DNA in cell-free media

efficiently. After 70 min of irradiation 70% of the platinum is bound, whereas in the

dark very little is bound, approx <5%. Interestingly, if Pt8 is pre-irradiated and

then incubated to DNA in the dark the binding is much slower.

Several Pt drugs initially form monofunctional adducts with DNA, by binding

preferentially to guanines, and then eventually form bifunctional adducts. This is

true particularly for cisplatin whereas transplatin only gives monofunctional

adducts. The latter type of adducts can be labilized using thiourea, which is not

the case for the bis-adducts. In the case of transplatin, labilization is due to

coordination (in trans to the guanine) of the thiourea, which has a strong trans
effect and causes the weakening of the Pt-N(G) bond. Thiourea displaces ca. 50% of

the bound Pt8 that is attached via photoactivation to DNA. If the incubation time of

Pt8 and DNA is increased after photoactivation the effect of thiourea is reduced and

less displacement was observed suggesting that monofunctional lesions evolve to

bifunctionals. DNA cross-linking was assessed to be approx 12% for both UVA and

visible light activation of plasmid DNA. The unwinding of DNA was also deter-

mined with standard procedures and resulted in ca. 28� for both types of light

activation. Transcription mapping experiments were run to understand at which

sites RNA synthesis was terminated. Results show that guanine and cytosine are the

preferred sites and to a significantly lower extent adenine. The types of DNA

aggregates have a greater variety in the case of the photoactivated Pt8 compared

to cisplatin. Furthermore, RNA poly II transcription experiments performed in vitro

showed that the enzyme is much more sensitive to the damages on DNA caused by
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photoactivated Pt8 than by cisplatin. RNA polymerase transcription studies using

duplex DNA highlight that the process stops at 1,2-GG and 1,3-GTG sites and

transcription of the full strand is not achieved [39]. Ethidium bromide displacement

experiments indicate Pt8 gives a more marked reduction in fluorescence compared

to cisplatin and transplatin at an equivalent rb value (defined as number of mole-

cules of Pt complex coordinated per nucleotide residue) and Tb3+ fluorescence

experiments confirm that Pt8-DNA adducts induce more significant alterations in

the DNA structure than cisplatin.

Zhao et al. [40] recently reported on the photochemistry and photobiology of

trans,trans,trans-[Pt(N3)(OH)2(NH2CH3)(py)] (Pt10), methylamine analog of Pt8,

and its thiazole (Tz) derivatives trans,trans,trans-[Pt(N3)(OH)2(NH2CH3)(Tz)]

(Pt11) and trans,trans,trans-[Pt(N3)(OH)2(NH3)(Tz)] (Pt12). As observed for

other Pt(IV) azido compounds, Pt10–Pt12 (Fig. 6) are capable of forming a range

of Pt(IV) and Pt(II) photoproducts upon light excitation due to their dissociative

LMCT states. In the dark, all three complexes are not cytotoxic in several normal

and cancer cell lines (Table 4). After photoactivation (365 or 420 nm) their toxicity

is highly increased and reaches 50–65-fold that of cisplatin. In A2780 cells Pt10

and Pt11 match the activity of Pt7 and Pt8, but they are ca. 3 times more active in

the cisplatin-resistant cells A2780cis. Comparing Pt12 with Pt7 (thiazole vs pyr-

idine) an increase in UVA phototoxicity in HaCaT and A2780cis cells is observed,

as well as a fourfold increase in blue-light phototoxicity in HaCaT cells for Pt12.

The methylamine group appears to lower the cytotoxicity of the complexes in the

dark without affecting the light-induced activity of the complexes. The resistance

factor (A2780/A2780cis) of Pt7 is higher in the ovarian carcinoma cells compared

to Pt11 and Pt12 indicating that thiazole containing molecules are more effective in

the resistant A2780cis.

Studies on the mechanism of action of Pt10–Pt12 highlight that light activation

causes formation of Pt(II) species and generation of monofunctional and bifunc-

tional adducts with 50-GMP, although also 50-CMP and 50-AMP monofunctional

adducts are detected. Platination of DNA oligonucleotides occurs upon light irra-

diation, leading to the formation of monofunctional (the majority) and bifunctional

adducts among which 1,3-intrastrand cross-links are predominant. Pt10 and Pt11

bind to calf thymus DNA and unwind plasmid DNA causing distortions with

unwinding angles of ca. 20�, similarly to their methylamine and Tz Pt

(II) analogs. As for other photoactivatable Pt(IV) azido derivatives, Pt10–Pt12

exert their biological action through a distinct mechanism of action to cisplatin.

Fig. 6 Schematic representation of the Pt(IV) azido complexes Pt10–Pt12
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In addition to the complexes described so far, the Sadler’s group prepared and

investigated the photochemistry of several other Pt(IV) diazido derivatives (Fig. 7)

[41–43]. The acetato complexes Pt13–Pt15were prepared to investigate their light-

induced decomposition in biologically relevant conditions [41]. The presence of

chelating ligands such as bpy and phen does not promote a significant change in the

absorption properties of the complexes, although the band centered at 370 nm has

MLCT character in Pt13 and Pt14. Interestingly, DFT calculations highlight how

weak transitions are available in the visible region 400–500 nm, thus explaining the

photoreactivity of these complexes using blue and green light. Light activation

(UVA) promotes efficient release of acetato ligands, as easily monitored by 1H

NMR.

Furthermore, it was also observed that irradiation of the Pt13 and Pt14 with

UVA light (2 h) leads to the formation (in significant quantities) of the two

photoproducts [Pt(L)(OH)2] and [Pt(L)(μ-OH)]2 (L¼ bpy, phen). Pt15 appears to

retain the two py in trans to each other, as observed for Pt7 and Pt8. Contrary to

other Pt(IV) azido complexes no significant increase in pH is observed upon

irradiation, consistent with the bond stability between the Pt ion and the chelating

aromatic ligands (which are also less basic).

Pt16–Pt28 also display the typical absorption profile of Pt(IV) azido complexes,

showing a maximum at 300 nm and a tail extending just over 400 nm. Upon light

Table 4 IC50 values (μM) reported for trans,trans,trans-[Pt(N3)2(OH)2(NH2CH3)(py)] (Pt10),

trans,trans,trans-[Pt(N3)2(OH)2(NH2CH3)(Tz)] (Pt11), and trans,trans,trans-[Pt(N3)2(OH)2(NH3)

(Tz)] (Pt12) in Zhao et al. [40]

IC50 (μM)

trans,trans,trans-[Pt(N3)2(OH)2(NH2CH3)(py)] (Pt10)

Cell line UVA, 365 nm 5 J/cm2 Sham (dark) 420 nm 5 J/cm2 (TL03)

HaCaT 2.6 (1.8–3.8) >236.3 14.7 (10.8–19.9)

A2780 2.3 (2.0–2.7) >236.3 6.6 (4.2–10.5)

A2780cis 4.4 (2.8–6.8) >236.3 13.2 (11.6–15.1)

OE19 10.1 (8.3–12.4) >236.3 13.9 (6.0–32.2)

trans,trans,trans-[Pt(N3)2(OH)2(NH2CH3)(Tz)] (Pt11)

Cell line UVA, 365 nm 5 J/cm2 Sham (dark) 420 nm 5 J/cm2 (TL03)

HaCaT 3.5 (2.7–4.5) >232.9 11.2 (8.5–14.8)

A2780 3.2 (3.0–3.5) >232.9 28.2 (11.4–69.9)

A2780cis 5.3 (3.2–8.5) >232.9 6.4 (1.6–24.9)

OE19 6.2 (5.5–6.9) >232.9 19.3 (15.4–24.2)

trans,trans,trans-[Pt(N3)2(OH)2(NH3)(Tz)] (Pt12)

Cell line UVA, 365 nm 5 J/cm2 Sham (dark) 420 nm 5 J/cm2 (TL03)

HaCaT 4.5 (2.9–7.0) >241.0 19.8 (18.2–21.5)

A2780 5.5 (4.6–6.5) 186.9 (170–205) –

A2780cis 9.9 (8.7–11.2) >241.0 –

OE19 – – –

Complexes were incubated with cells for 1 h, then irradiated and incubated for 24 h (IC50 values

for ciplatin in the range 143–229 μM)
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excitation of the LMCT band the absorption spectrum rapidly changes due to the

photoconversion of the complexes. NMR [1H, 15N] HSQC and mass spectrometry

experiments confirm the mono-azide derivative as the kinetic photoproduct of the

reaction.

Fig. 7 Schematic representation of the Pt(IV) azido complexes Pt13–Pt28
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The toxicity of several of these Pt complexes was assessed comparatively [43]

on A2780 carcinoma cells, the cisplatin-resistant A2780cis analog, and on HaCaT

cells. Contact time between the Pt(IV) prodrugs and the cells was kept short (1 h)

and the UVA (365 nm) irradiation dose was only 5 J/cm2. In such study, it was

possible to generalize that trans Pt(IV) azido complexes are more photoactive than

their cis counterparts (as for the cis analog of Pt7), contradicting once more the idea

that transplatin derivatives are less effective in vitro.

For example, Pt19 and Pt20 are active towards A2780cis cells to the level

reached by Pt7, however some toxicity is observed also in the dark for Pt19

(Table 5). The ortho-methylpyridine compound Pt18 is less active but interestingly

does not show any dark toxicity. In general it can be stated that introducing

pyridines (i.e., aromatic ligands) increases the photocytotoxicity although in some

cases it can result in dark instability. Structure activity relationship was also

investigated by changing the NH3 group for a primary amine bearing chains of

different lengths (Pt25 and Pt26). Evidences pointed out that the cis complex with

butylamine (Pt26d) is the most active (Table 5) compared to shorter and longer

chain lengths, including Pt5. In general, adding an aliphatic chain on the amine

moiety of trans complexes resulted in an increase in photocytotoxicity compared to

the parent compound Pt6. Aliphatic amines appear to dissociate less easily than

NH3 when irradiated. Among the tested compounds Pt19c shows specificity for a

specific cell line (A2780cis).

DNA could be a favorite target for these compounds since DNA-cross-linking is

observed when the Pt(IV) complexes are irradiated in the presence of DNA.

Table 5 IC50 values (μM) reported for complexes Pt18–Pt20 and Pt24–Pt26 in Farrer et al. [43]

IC50 (μM)

HaCaT A2780 A2780cis

UVA, 365 nm

5 J/cm2
Sham

(dark)

UVA, 365 nm

5 J/cm2
Sham

(dark)

UVA, 365 nm

5 J/cm2
Sham

(dark)

Pt7 6.8 >244 1.9 >244 16.9 >244

cis-
Pt7

100.9 >244.4 79.6 >244.4 108.7 >244.4

Pt18c 131.0 >236.3 65.9 >236.3 165.2 >236.3

Pt18t 54.0 236.3 51.0 236.3 59.7 236.3

Pt19c >236.2 >236.2 63.6 >236.2 >236.2 >236.2

Pt19t 22.0 144.1 2.6 26.8 2.9 57.7

Pt20 7.1 97.8 4.2 108.7 5.4 134.9

Pt24 61.0 108.0 15.8 31.3 38.2 54.4

Pt25a 65.6 >276.8 39.8 >276.8 128.7 >276.8

Pt25b 68.3 >266.5 58.4 >266.5 90.1 >266.5

Pt26c 203.9 >256.9 93.4 >256.9 – –

Pt26d 149.9 >247.9 – – – –

Pt26e 224.3 >239.6 >239.6 >239.6 >239.6 >239.6

Complexes were incubated with cells for 1 h, then irradiated and incubated for 24 h (IC50 values

for ciplatin in the range 144–229 μM)
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Nevertheless, more investigations are needed since compounds with comparable

cross-linking ability show difference in phototoxicity, hence suggesting that differ-

ent platinated species can be formed and that probably other targets could be

involved as well.

Cubo et al. [44] have investigated the photoactivation of the candidate prodrug

Pt27 and its Pt(II) analog Pt28. Irradiation (UVA) of Pt27 gives aquation and/or

isomerization reaction, as well as formation of Pt(II) species, most likely with a

structure assignable to Pt28 and its cis analog. This is confirmed by the formation of

broad signals, assignable to Pt(II)-NH2 species, in the ca. 4 ppm region of the 1H

NMR spectrum, as well as by 195Pt NMR. Pt28 in aqueous solution hydrolyzes but

upon light irradiation the diaqua compound is likely formed more abundantly, which

might provide a route for the activation of trans complexes. Interestingly,

photoirradiation of Pt24 seems to favor formation of adducts of Pt24 with DNA

nucleobases, such as GMP, AMP, and CMP. In the case of GMP formation of

bis-adducts is significantly increased. For AMP platinated monoadducts are

observed, both chlorido and aqua complexes, but no bis-adducts are detected. The

species formed are [PtCl(AMP)(ipa)(ma)]+ and [PtCl(AMP)(ipa)(ma)]+ (where

ipa¼ isopropylamine and ma¼methylamine), and light appears to have a

destabilization effect over their formation. The CMP-monoadduct is also formed

but no significant difference is observed between dark and irradiated samples.

3 Photoactivatable Rh(II) and Rh(III) Anticancer

Complexes

Dinuclear Rh tetracarboxylate complexes have been known since the 1970s for

their in vivo anticancer activity against several tumoral lines, such as L1210, P388,

sarcoma 180, and Ehrlich ascites [45–47]. As for cisplatin the mechanism of action

of this family of compounds is associated to their ability to bind DNA, and inhibit

its replication as well as protein synthesis. Structure-activity relationship studies

have elucidated the factors governing ligand substitution reactions and the antican-

cer activity of dinuclear rhodium derivatives. However, the mechanism of action is

not fully understood yet [48]. Two key features that govern the activity of the Rh

complexes are the great variety of DNA-binding modes that Rh complexes display

towards nucleobases, which ultimately leads to distinct Rh-DNA adducts, and the

increased lipophilicity due to the coordinated carboxylate ligands which generally

improve antitumoral activity.

In the dark, dirhodium compounds form highly stable adducts with adenine,

contrary to cisplatin which has a strong preference for guanines. The formation

of adenine adducts occurs via trans substitution of the axial ligands located

at opposite ends of the dimer. Adenine binds at the N7 position and H-bonds

between the exocyclic NH2(6) and the O atoms of carboxylate ligands

coordinated to the Rh centers provide further stabilization for the adducts, e.g.,

[Rh2(μ-O2CCH3)4(1-MeAdo)2] (a) in Fig. 8 [49].
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On the other hand, binding to guanine is not favored in the case of dirhodium

complexes bearing only carboxylate ligands. The guanine O6 atom gives electro-

static repulsive interactions with the carboxylate oxygen atoms and substitution of

two axial carboxylates with ligands displaying H-bonding capability is required to

observe the formation of guanine adducts (N7), as for trans-[Rh2(μ-O2CCH3)2(-

μ-NHCOCF3)2(9-EtGuaH)2] (b) in Fig. 8 [50]. In addition, alternative binding

modes have been observed for guanine and adenine in this family of compounds.

Indeed, X-ray structure determinations showed that stable adducts such as H-T cis-
[Rh2(μ-O2CCF3)2(9-EtGuaH)2(Me2CO)2]

2+ (c) [51] and H-H cis-[Rh2(-
μ-O2CCH3)2(9-EtGuaH)2(Me2CO)(H2O)]

2+ (d) [52] (Fig. 8) can be obtained

from the replacement of equatorial ligands and coordination of guanine at the N7

and N6 positions to give bridging head-to-head (H-H) and head-to-tail (H-T)

orientations. Notably, it was demonstrated that the guanine N1 atom undergoes

protonation (depending on the nature of the other coordinated ligands) due to the

dramatic reduction of its pKa (5.7 instead of 9.5 for the unbound base) associated to

the N7/N6 chelation. Comparable results were obtained in 50-GMP binding exper-

iments with the two H-H and H-T isomers formation. Adenine is also able to bind

equatorially to the Rh–Rh motif via the N7 and N6 sites. This is observed

for example in the case of H-T cis-[Rh2(DTolF)2(9-EtAdeH)2(NCCH3)]
2+

(e), where the N1 atom is protonated and the purine assumes the rare imino form

[53, 54].

Fig. 8 Molecular structure of [Rh2(μ-O2CCH3)4(1-MeAdo)2] (a), trans-[Rh2(μ-O2CCH3)2(-

μ-NHCOCF3)2(9-EtGuaH)2] (b), cis-[Rh2(μ-O2CCF3)2(9-EtGuaH)2(Me2CO)2]
2+ (c), cis-[Rh2(-

μ-O2CCH3)2(9-EtGuaH)2(Me2CO)(H2O)]
2+ (d), cis-[Rh2(DTolF)2(9-EtAdeH)2(NCCH3)]

2+ (e)
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In general, these type of equatorial adducts appear to have prevalence, as also

confirmed by NMR studies performed using dinucleotides, that is d(GpG). For

instance, the guanine N7 and O6 are directly bound to the metal center in [Rh2(-

μ-O2CCH3)2{d(GpG)}] while the base N1 is protonated due to its increased acidity.

The complex assumes an H-H arrangement and exhibits two major right handed

conformers.

Reactions with single- and double-stranded DNA indicate the formation of

several types of dirhodium DNA-adducts in line with the ones described in

Fig. 8. The reactivity of the complexes with ss-DNA correlates with the lability

of the leaving groups, and in the case of [Rh2(μ-O2CCH3)4], the bis-acetate

dirhodium adducts are prevalent when reacted with tetramers. The number of

coordinated acetates becomes lower when longer oligonucleotides are employed

in the experiments. Although this seems to question the integrity of the Rh–Rh unit

under physiological conditions, later studies seem to indicate that retention of two

acetates in the dirhodium coordination sphere is most probable [55, 56].

Dirhodium complexes such as [Rh2(μ-O2CCH3)4(H2O)2], [Rh2(-

μ-O2CCH3)2(CH3CN)6]
2+, and [Rh2(μ-O2CCF3)4] are capable of binding

covalently to ds-DNA, giving several adducts including stable DNA interstrand

cross-links. Among these, axial species are believed to be more labile than equa-

torial [57, 58].

To take advantage of the rich (ground state) chemistry of dirhodium complexes,

control the DNA-binding modes of dirhodium complexes and ultimately induce

novel mechanism of cell death, the Turro group has developed dimeric Rh

complexes capable of binding to DNA upon light activation and inhibiting

replication [59]. Inspired by the long-lived excited state lifetime of the

[Rh2(O2CCH3)4(L)2] (L¼H2O, pyridine, PPh3) complexes [60], the group

designed [Rh2(O2CCH3)4(H2O)2] (Rh1, Fig. 9) which causes plasmid DNA cleav-

age upon 395-nm irradiation. The presence of an electron acceptor (either cationic

or anionic, e.g., 3-cyano-1-methylpyridiniumtetrafluoroborate, Fe3+, Ag+, or 1,8-

anthraquinone disulfonate) is required in the photoreaction to promote the forma-

tion of the 1-electron oxidized complex [Rh2(O2CCH3)4(H2O)2]
+. In the dark or in

the absence of electron acceptors the complex does not cleave DNA. Inert atmo-

sphere increases the efficiency of the process, as expected for the reduced

quenching of the dirhodium excited state by O2. Furthermore, DNA cleavage

remains efficient up to 590 nm and still observable at 610 nm, in agreement with

the absorption profile of the complex. Under similar condition (Ag+, λirr¼ 395 nm)

pyridine and PPh3 analogs of Rh1 are not able to promote any cleavage indicating

that the labile H2O ligand is required in the process.

Earlier, Turro, Dunbar, and coworkers reported on two new photosensitive

dimeric Rh complexes and on their improved photobiological properties [61,

62]. [Rh2(μ-O2CCH3)2(η-O2CCH3)(CH3OH)(dppz)]
+ (Rh2) and cis-[Rh2(μ-

O2CCH3)2(dppz)2]
2+ (Rh3) display higher photoactivity in comparison to Rh1

due to the presence of the dppz ligand (dipyrido[3,2-a:20,30-c]phenazine) which
plays a key role in their photochemistry (Fig. 9). Rh2 binds to DNA strongly with

Kb¼ 1.8� 105 M–1, likely via intercalation, whereas Rh3 does not intercalate with
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DNA at all, and Rh1 only shows weak aggregation (Kb¼ 4.6� 102 M–1). However,

both Rh2 and Rh3, unlike Rh1, do not need the presence of electron acceptors in

solution to photocleave DNA, which occurs upon excitation at λirr� 395 nm, in a

direct and O2-independent manner. Upon visible light excitation Rh2 and Rh3 nick

pUC18 plasmid DNA, Rh2 complex being more efficient as a result of its interca-

lation capability. Nevertheless, under visible light irradiation (400–700 nm), Rh3

Fig. 9 Molecular structure of [Rh2(O2CCH3)4(H2O)2] (Rh1), [Rh2(μ-O2CCH3)2(η-O2CCH3)

(CH3OH)(dppz)]
+ (Rh2), cis-[Rh2(μ-O2CCH3)2(dppz)2]

2+ (Rh3), cis-[Rh2(μ-O2CCH3)2(bpy)

(dppz)]2+ (Rh4), cis-[Rh2(μ-O2CCH3)2(CH3CN)6]
2+ (Rh5), [Rh2(phen)2(CH3CN)6]

4+ (Rh6),

cis-H,H-[Rh2(OCCH3NH)2(bpy)(CH3CN)2]
2+ (Rh7), and cis-H,H-[Rh2(OCCH3NH)2(dppz)

(CH3CN)2]
2+ (Rh8)
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shows a better toxicity enhancement thanRh2 compared to sham conditions.Rh3 is

the least toxic against human skin fibroblasts (Hs-27) in the dark with an LC50 value

of 135� 8 μM which is reduced to 39� 1 μM after only 30 min of irradiation. Rh2

is significantly more toxic in the dark (LC50¼ 27� 2 μM) and show a modest

improvement under light (LC50¼ 21� 3 μM) [62].

In order to augment this difference in LC50 between light off and on conditions,

cis-[Rh2(μ-O2CCH3)2(bpy)(dppz)]
2+ (Rh4, Fig. 9) was developed [63]. The lower

hydrophobicity of Rh4, compared to Rh3, and the absence of open equatorial

coordination sites contribute to the reduction of its overall toxicity in the dark.

Indeed, the cytotoxicity in dark condition for Rh4 towards Hs-27 human skin

fibroblasts leads to a LC50 value of 208�10 μM, lower than both Rh3 and cisplatin

under comparable experimental conditions. Interestingly, the cytotoxicity of the

complex increases fivefold upon irradiation with LC50 values 44� 2 μM. DNA is a

likely preferred target for Rh4 and photocleavage proceeds via both oxygen-

dependent and independent mechanism.

The Turro group further explored the chemistry of dinuclear rhodium com-

plexes, reporting a photoactive analog of cisplatin, cis-[Rh2(μ-
O2CCH3)2(CH3CN)6]

2+ (Rh5, Fig. 9), which acts as an oxygen-independent

photochemotherapeutic agent [64]. The complex has a total of six CH3CN ligands,

two in axial position and four in equatorial position. The two axial CH3CN ligands

interchange easily with water molecules, while the four equatorial CH3CN ligands

remain stably coordinated to the metal in the dark, even after 5 days at room

temperature or 6 h at 60�C. When irradiated (λirr� 455 nm), Rh5 exchanges two

equatorial CH3CN for water molecules, with a photodissociation quantum yield

dependent on the irradiation wavelength (Φ355¼ 0.37 and Φ509¼ 0.07). Consis-

tently, light activation in the presence of N-donors (bpy and 9-EtG) results in their

coordination to the metal centers. Moreover, photolysis (λirr� 455 nm) experiments

in the presence of pUC18 plasmid confirm DNA binding, while no adduct forma-

tion is detected in the dark. The photocytotoxicity (λirr¼ 400–700 nm, 30 min) of

Rh5 against Hs-27 human skin cells is 34-fold higher with respect to sham

conditions. The LC50 value for Rh5 is reduced from 410� 9 to 12� 2 μM upon

irradiation.

Similarly, [Rh2(phen)2(CH3CN)6]
4+ (Rh6, Fig. 9) [65] undergoes axial ligand

exchange in the dark (as confirmed by the red shift of the band 480–540 nm band in

the absorption spectrum), but requires photoactivation (λirr� 590 nm) for promot-

ing the dissociation of two equatorial CH3CN ligands. Among the identified

photoproducts, Rh(II) paramagnetic species such as [Rh(phen)(CH3CN)(OH)]
+

and [Rh(phen)(CH3CN)(H2O)3(BF4)]
+ were found. The quantum yield for the

photochemical transformation is higher than 1 indicating the successive dark

reactions occur after the initial photoprocess. As for the other analogs, Rh6

photocleaves pUC18 plasmid upon light irradiation (λirr� 590 nm, 15 min) and

experiments with trapping agents confirm that the mechanism of formation of

radical Rh species is oxygen independent.
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Other promising derivatives for their light-induced DNA-binding properties are

cis-H,H-[Rh2(OCCH3NH)2(bpy)(CH3CN)2]
2+ (Rh7) and cis-H,H-[Rh2 (OCCH3NH)2

(dppz)(CH3CN)2]
2+ (Rh8) (Fig. 9). Both complexes lose one CH3CN ligand upon

light activation and coordinate a solvent (water) molecule. Interestingly, Rh8 holds

potential as oxygen-independent photochemotherapeutic agent since it intercalates

into DNA in the dark, however irradiation (λirr� 360 nm) promotes covalent

binding to DNA bases and stronger intercalation in CT-DNA [66].

The Morrison group has developed over the years a different class of mononu-

clear bis(bipyridyl)rhodium(III) complexes, which upon irradiation covalently bind

to nucleic acids, inactivate naked viral DNA, and display phototoxicity in vitro and

in vivo. The parent compound of the series is cis-[Rh(phen)2Cl2]
+ (Rh9, Fig. 10)

[67]. Rh9 acts as “photocisplatin” since it photoreleases one chloride ligand and

coordinates a water molecule upon UVB irradiation (Φ311¼ 0.026), however later

studies showed that both under aerobic and anaerobic conditions photo-induced

electron transfer from deoxyguanosine is driven by Rh9 (and not its aqua product)

to lead to the formation of Rh9-DNA monoadducts [68].

Substitution of one phen by the dipyrido[3,2-a:20,30-c]phenazine (dppz) ligand

affords Rh10 (Fig. 10), a complex with improved photochemical feature and with

promising photobiological effects towards tumor cells and viruses [69]. Compared

to its phen analog, Rh10 has a significantly higher photoaquation yield

(Φ311¼ 0.090) and the capability to strongly bind to DNA (via intercalation) in

the dark. Under 311 nm light,Rh10 induces nicking of DNA in small fragments and

exhibits phototoxicity in three different tumor cell lines, GN4, M109, and

KB. A40 μM solution of Rh10 (λirr� 311 nm, 60 min) induces 80% of

non-viability in KB cells whereas the complex is less effective on the M109 and

GN4 cells lines under similar conditions. Importantly, Rh10 is also photoactive

against SINV, a member of the Togaviridae family of viruses. The complex can

penetrate the viral capsid and use of 45 μM Rh10 solution and 355-nm light

irradiation causes a potent inhibition of the viral activity, both in the presence

Fig. 10 Molecular structure of cis-[Rh(phen)2Cl2]
+ (Rh9), cis-[Rh(phen)(dppz)Cl2]

+ (Rh10), cis-
[Rh(3,4,7,8-Me-phen)2Cl2]

+ (Rh11)
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and absence of oxygen. This suggests that the complex could also be active under

hypoxic conditions. Furthermore, immunological studies demonstrated that Rh10

inactivates the SINV RNA, a promising finding since it could prevent development

of resistance by the virus.

Enhanced photochemical and photobiological properties were also obtained by

the Morrison group with methylated analogs of Rh9 [70, 71]. The octa-methylated

Rh complex, cis-dichlorobis(3,4,7,8-tetramethyl-1,10-phenanthroline) rhodium

(III) chloride (Rh11, OCTBP, Fig. 10) is the most promising derivative in terms

of biological properties.Rh11 shows increased photoaquation yields (Φ254¼ 0.061,

Φ311¼ 0.20, Φ347¼ 0.63) with efficiencies up to tenfold higher than the parent

compoundRh9 at the same wavelength. In the presence of DNA (dark),Rh11 binds

most probably to the major groove, as observed for other methylated compounds,

with a Kb of 4.25� 103 M–1, which is higher than in the case of Rh9 but not as

strong as for Rh10. Photoactivation in the presence of deoxyguanosines leads to the

formation of covalent adducts, however their formation appears to be dependent on

the production of aqua species, likely the result of the higher photoaquation

quantum yield. These adducts are monoguanosine species and their formation is

inhibited under aerobic conditions.

The photocytotoxicity of Rh11 was tested against a wide range of tumor cells,

KB, Paca-2, PANC-1, UMUC, HT1376, HT29, HCT116, SKMEL-5, and UACC62

cell [71]. Among these, SKMEL-5 cells were showing lower dark toxicity and

higher photoresponsiveness to treatment with Rh11. Hence, in vivo tests on mice

were carried out SKMEL-5 (melanoma) xenografts. The complex was administered

intravenously and via intraperitoneal injections and the time of incubation before

irradiation was observed to be a key factor for increasing the effectiveness of the

treatment. For example, after 30 min of intravenous injection no effect of the

photoactivated Rh11 was observed in mice, probably due to the rapid clearance

of the compound. Compared to cisplatin, photoactivated Rh11 was more effective

in reducing tumor size at early stage as well as to delay tumor progression. The

latter observation is consistent with the appearance of drug resistance towards

cisplatin in SKMEL-5 cells. Apoptosis analysis indicated that there is an increase

of apoptotic cells in tumor tissues treated with the photoactivatable Rh11.

4 Photoactivatable Ru Anticancer Complexes

Sadler and coworkers have developed in recent years photoactivatable Ru(II) arene

complexes, a class of promising anticancer agents, which upon light excitation

generate reactive aqua species able to strongly bind DNA [72–75].

The first reported organometallic ruthenium arene complex capable of

undergoing photo-induced reactions with DNA bases is [{Ru(η6-indane)Cl}2
(μ-2,3-dpp)]2+ (2,3-dpp¼ 2,3-bis(2-pyridyl)pyrazine) (Ru1, Fig. 11). UV or visible

irradiation of Ru1 in aqueous (or methanolic) solution leads to arene loss, and the
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DNA binding of this organometallic ruthenium dimer increases after irradiation.

The non-irradiated form of the dinuclear complex preferentially forms DNA

adducts that only weakly block RNA polymerase, while irradiation transformed

the adducts into stronger blocks for RNA polymerase. Irradiation of Ru1 in the

presence of DNA leads to an increased frequency of cross-linking. In addition, there

is a 40-fold increase in fluorescence of the unbound compared to bound. These

results show that photoactivation of dinuclear Ru(II)arene complexes can simulta-

neously produce a highly reactive ruthenium species that can bind to DNA and a

fluorescent marker (the free arene). Importantly, the mechanism of photoreactivity

is also independent of oxygen. These complexes, therefore, have the potential to

combine both photo-induced cell death and fluorescence imaging of the location

and efficiency of the photoactivation process [72].

Another example of a piano-stool Ru(II) arene complex, [Ru(η6-p-cym)(bpm)

(py)]2+ (where bpm¼ 2,20-bipyrimidine and py¼ pyridine) (Ru2, Fig. 11) that can

be activated by visible light to photo-dissociate selectively the monodentate ligand

Fig. 11 Molecular structure of [{Ru(η6-indane)Cl}2(μ-2,3-dpp)]2+ (2,3-dpp¼ 2,3-bis(2-pyridyl)

pyrazine) (Ru1), [Ru(η6-p-cym)(bpm)(py)]2+ (Ru2) and its peptide-conjugate derivativesRu3 and

Ru4, and [Cp*Ru(η6-pyrene)]+ (Cp*¼ η5-C5(CH3)5) (Ru5)
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(py), which is non-labile in the dark, has been reported recently [73]. This work was

further extended to include many derivatives of the monodentate pyridine ligand as

well as a variety of the N,N0 bidentate chelating ligands and arenes [74].Ru2 and its
derivatives can selectively photo-dissociate the monodentate pyridyl ligands when

excited with UVA or white light allowing control of the formation of the reactive

aqua species [Ru(η6-arene)Ru(N,N0)(OH2)]
2+ that otherwise would not form in the

dark. All Ru(II) pyridine complexes follow a relatively similar photochemical

ligand dissociation mechanism, likely to occur from a series of 3MC triplet states

with dissociative character. The photochemical process proved to be much more

efficient when UVA-range irradiation was used. More strikingly, light activation

was used to photo-trigger binding of these potential anticancer agents with discrim-

inating preference towards 9-ethylguanine (9-EtG) over 9-ethyladenine (9-EtA).

Calf thymus (CT)-DNA-binding studies showed that the irradiated complexes bind

to CT-DNA whereas the non-irradiated forms bind negligibly. Studies of CT-DNA

interactions in cell-free media suggest combined weak monofunctional coordina-

tive and intercalative binding modes [74].

The [Ru(η6-p-cym)(bpm)(py)]2+ scaffold was also employed for conjugation of

two receptor-binding peptides, a dicarba analog of octreotide (Ru3) and the RGD

tripeptide (Ru4), Fig. 11 [75]. These peptides can act as “tumor targeting devices”

since their receptors are overexpressed on the membranes of tumor cells. Both

ruthenium-peptide conjugates are stable in aqueous solution in the dark, but upon

irradiation with visible light, the pyridyl-derivatized peptides were selectively

photodissociated from the ruthenium complex, as inferred by UV–vis spectroscopy

and NMR. Importantly, the reactive aqua species generated from the conjugates,

[(η6-p-cym)Ru(bpm)(H2O)]
2+, reacted with the model DNA nucleobase

9-ethylguanine, as well as with guanines of two DNA sequences, 50dCATGGCT

and 50dAGCCATG. Interestingly, when irradiation was performed in the presence

of the oligonucleotides, a new ruthenium adduct involving both guanines was

formed as a consequence of the photo-driven loss of p-cymene from the two

monofunctional adducts. The release of the arene ligand and the formation of a

ruthenated product with a multidentate binding mode might have important impli-

cations for the biological activity of such photoactivatable Ru(II) arene complexes.

Photoreactions with the peptide-oligonucleotide hybrid, Phac-His-Gly-Met-linker-

p5
0
-dCATGGCT, also led to arene release and to guanine adducts including a GG

chelate. The lack of interaction with the peptide fragment confirms the preference

of such organometallic ruthenium(II) complexes for guanine over other potential

biological ligands such as histidine or methionine amino acids.

The Ru(II)arene pyridine complexes of the type [Ru(η6-arene) (N,N0)(py)]2+

(where arene¼ p-cymene, hexamethylbenzene, indane, N,N0 ¼ bipyrimidine and

1,10 phenanthroline) were also found to catalyze the regioselective reduction of

NAD+ to form 1,4-NADH in the presence of formate (25 mol equiv) in aqueous

solution upon irradiation with UVA (λirr¼ 300�400 nm) or visible light

(λirr¼ 400�660 nm) at 310 K and pH 7.0 [76]. The coenzyme pair NAD+/NADH

is involved in many biological processes, such as regulation of energy metabolism

and redox balance, DNA repair and transcription, and immunological functions.
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Disruption of the NAD+/NADH ratio can lead to cell death [77]. The photo-

triggered reduction of NAD+ can act as a catalytic drug involved in the perturbation

of the redox balance in cells and can be potentially useful for the treatment of

Alzheimer’s, Parkinson’s diseases, and cancer [78, 79].

Another organometallic Ru arene complex able to perform a photocatalytic

reaction in biologically relevant conditions was recently reported by Meggers and

coworkers [80]. [Ru(Cp*)(η6-pyrene)]+ (Cp*¼ η5-C5(CH3)5) (Ru5, Fig. 11) cata-

lytically converts N-allylcarbamates to their respective ammines in phosphate

buffer and even in the cellular environment. In HeLa cells upon light irradiation

(λirr� 330 nm), Ru5 cleaves the carbamate protection of the caged Rhodamine

110, switching on the dye’s fluorescence as shown by confocal imaging experi-

ments. The fluorescence intensity increases up to 70-fold with only 10 min of light

exposure and shows to be membrane permeable. Although still in their infancy, this

type of photoactivatable catalysts can become powerful tools for the activation of

anticancer prodrugs.

Ru polypyridyl complexes with their rich photochemistry have also been

explored for application as anticancer agents. Turro and coworkers reported how

complexes such as cis-[Ru(bpy)2(NH3)2]
2+ (Ru6) and cis-[Ru(phpy)(phen)

(CH3CN)2]
+ (Ru7) (Fig. 12, phpy¼ 2-phenylpyridine) undergo light-induced

ligand loss (NH3 and CH3CN, respectively) and bind to guanine bases and DNA

[81–83]. Under irradiation (λirr� 345 nm), Ru6 binds to 9-MeG and 9-EtG forming

monoadducts with the DNA base models. In the presence of ss-DNA, the complex

does not bind in the dark. However, upon photolysis, mass spectrometry clearly

demonstrates that the Ru(bpy)2 fragment is attached to the DNA. When photolysis

is performed in the presence of ds-DNA, formation of Ru-DNA adducts

corresponding to intrastrand covalently binding to the duplex is also observed

[81]. Similarly, Ru7 binds to ds-DNA forming covalently bound species which

induce changes in the DNA tertiary structure resembling cisplatin. Photoaquation of

Ru7 is a key step in this process which can take place at wavelengths >500 nm,

owing to the significant red shift in the absorption of Ru7 caused by the

cyclometallated phpy ligand [82]. The cisplatin-resistant OVCAR-5 cell line

(human advanced ovarian epithelial cancer) was employed for assessing the

photocytotoxicity of Ru7 upon 690 nm excitation. A LC50 of 70 nM was found

(15 h exposure) under such experimental conditions, which correspond to a 14-fold

increase compared to the action of the complex in the dark. Notably, GSH seems to

play a role on the mechanism of action of Ru7 as it could facilitate ligand

substitution both in the dark and under light irradiation, inducing ultimately

increased phototoxicity [83].

The complexes [Ru(phen)2(biq)]
2+ (Ru8) and [Ru(phen)(biq)2]

2+ (Ru9)

(Fig. 12, where biq¼ 2,20-biquinoline) were designed by the Glazer group to

photorelease with high efficiency one chelating ligand and deliver reactive aqua

species in a controllable manner. The sterically demanding biq ligand introduces

significant structural distortions in the complex, favoring the stabilization of disso-

ciative 3LF states hence causing efficient ligand photoejection properties. Further-

more, introduction of biq ligands in the octahedral Ru scaffold extends the tail of
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lowest-energy absorption band as far as 800 nm [84]. Ru8 and Ru9 selectively

release one biq upon light excitation in a wavelength dependent manner. No release

of the phen ligand is observed under the experimental conditions employed. In the

presence of plasmid DNA, both complexes are able to form photoadducts with the

macromolecule. Based on mobility studies, DNA cross-links are most likely

obtained as for cisplatin, while intercalation and cleavage do not appear to occur.

Although blue light (λirr> 400 nm) is more effective, red light (λirr> 600 nm) and

near infrared (λirr> 650 nm) are still capable of inducing photobinding.

Fig. 12 Molecular structure of cis-[Ru(bpy)2(NH3)2]
2+ (Ru6), cis-[Ru(phpy)(phen)(CH3CN)2]

+

(Ru7), [Ru(phen)2(biq)]
2+ (Ru8), [Ru(phen)(biq)2]

2+ (Ru9), [Ru(bpy)2(Me2-bpy)]
2+ (Ru10), [Ru

(bpy)2(Me2-dpq)]
2+ (Ru11), [Ru(tpy)(5-CNU)3]

2+ (Ru12), [Ru(dppz)2(DMNPB-CppH)]2+

(Ru13) and [Ru(dppz)2(CppH)]
2+ (Ru14)
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Ru8 and Ru9 display similar potency in GK-60 human leukemia cell line under

blue light, having IC50 values similar to cisplatin, in the order of 3 μM. Activity

decreases using red light, however increasing light dose leads to higher potency.

Complex Ru9 is more phototoxic than Ru8 at λirr> 600 nm. Strikingly, the

phototoxicity index (PI) of Ru8 for blue light irradiation is 43, greater than in the

case of the PDT drug ALA (aminolevulinic acid, PI¼ 18). Ru9 reaches a PI value

of 20 and 9 with red light and near infrared activation, respectively.

Complexes [Ru(bpy)2(Me2-bpy)]
2+ (Ru10) and [Ru(bpy)2(Me2-dpq)]

2+ (Ru11)

(Fig. 12, bpy¼ 6,60-dimethyl-2,20-dipyridyl and Me2-dpq¼ 2,9-dimethylpyrazino

[2,3-f] [1,10]phenanthroline) exploit the same design concepts of Ru8 and Ru9,

being able to selectively release the methylated ligands and subsequently photobind

DNA [85]. Ru10 forms covalent adducts with DNA, likely cross-links, while Ru11

photoactivation leads to both photobinding and photocleavage.

The two complexes are extremely stable in the presence of high concentrations

of GSH and retain their light-induced DNA-binding properties even in such condi-

tions. In HL-60 and A549 (lung cancer) cells, the complexes are nontoxic in the

dark, but are effectively activated with blue light (λirr> 450 nm), reaching IC50 of

ca. 1 μM with 12 h of drug incubation in the dark. Remarkably, the PI index

obtained for these compounds in HL-60 and A549 cells is in the order of 100–

200. The promising activity of Ru10 and Ru11 was confirmed by studies in A549

spheroids which are more sophisticated models in mimicking the tumor environ-

ment, including hypoxic and necrotic regions [86]. In spheroids the compounds

retain non-toxicity in sham conditions as well as their activity at λirr> 450 nm,

showing IC50 of 42 and 64 μM for Ru10 and Ru11, respectively, double the

potency of cisplatin.

[Ru(tpy)(5-CNU)3]
2+ (Ru12), where tpy¼ 2,20:60,200-terpyridine and

5-CNU¼ 5-cyanouracil, was investigated for use as a dual PDT agent. Upon light

irradiation, the complex binds to DNA and simultaneously releases the biologically

active 5-CNU, an inhibitor of catabolism and a compound structurally related to the

well-known anticancer agent 5-fluorouracil [87]. Ru12 undergoes photorelease of

the two axial ligands to give the bis-aqua photoproduct [Ru(tpy)(5-CNU)(H2O)2]
2+.

In the dark Ru12 is nontoxic in HeLa cells (2 h incubation). LC50 values fall well

above 100 μM, while light excitation (λirr> 400 nm) causes significant cell death.

Photoactivated Ru12 induces practically the same cytotoxic effect as free 5-CNU,

suggesting that the mechanism of action of this agent relies prevalently on the

released ligand.

A novel type of photoactivatable polypyridyl Ru complexes was recently devel-

oped by the Gasser group, which reported the inactive caged complex [Ru

(dppz)2(DMNPB-CppH)]2+ (Ru13) and its related active analog [Ru

(dppz)2(CppH)]
2+ (Ru14), where CppH¼ 2-(2-pyridyl)pyrimidine-4-carboxylic

acid, DMNPB¼ 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl, and dppz¼ dipyrido

[3,2-a:20,30-c]phenazine (Fig. 12) [88]. Ru13 is a substitutionally inert complex

containing a photolabile DMNPB fragment which can be photocleaved upon light

irradiation (λirr¼ 350 nm) to afford Ru14. Whereas the former is inactive in the

cancerous HeLa and U2OS cells as well as in non-cancerous MRC-5 cells, the
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uncaged derivative displays high activity in these cell lines, with IC50 values of

10.0, 13.5, and 15.1 μM, respectively. Incubation of Ru13 (4 h) in HeLa and U2OS

cells followed by photoactivation (350 nm, 10 min) results in an IC50 value of

ca. 17.0 μM demonstrating that light restores the activity level of the active Ru14.

However, measurements highlight that 1O2 is also most probably contributing to the

cytotoxicity mechanism of Ru13, consistently with the capability of these com-

plexes to act as photosensitizers [89, 3].

Conclusions

The molecular systems and results discussed in this contribution clearly

demonstrate the high potential of photoactivatable transition metal complexes

as alternative agents for PDT-like application. The majority of these com-

pounds display significant toxicity in a range of cell lines and some of them

are also active in more sophisticated cellular models (e.g., spheroids) [85] or

even in vivo, as for example the trans,trans,trans-[Pt(N3)2(OH)2(py)(NH3)]

(Pt7) and cis-dichlorobis(3,4,7,8-tetramethyl-1,10-phenanthroline) rhodium

(III) chloride (Rh11, OCTBP) complexes [71, 37]. Notably, they show also

promising difference in toxicity with and without light irradiation, a funda-

mental requirement for phototherapeutic agents. Increments in IC/LC50

values of at least tenfold or more upon light irradiation were reported in

several cases, e.g., Pt12, Rh5, and Ru7.

Critically, transition metal complexes often exert their action through a

mechanism of action that differs from their ground state analogs. Further-

more, in comparison to classical PDT photosensitizers, transition metal

complexes do not necessarily rely on 1O2 or other ROS to induce cellular

damage, which is an advantageous feature to possess in the development of

novel anticancer agents. Not only do such metal agents efficiently bind DNA

and cause cellular death, they can also interfere with other fundamental

biological mechanism, as for example perturbation of NAD+/NADH levels

and protein transcription processes.

Nevertheless, the absorption properties of metal complexes in the 600–

1,000 nm range is a key limiting factor which needs tackling in order to push

metal light-activatable complexes toward more advanced preclinical and

clinical studies. Indeed, still only a limited number of complexes have been

demonstrated to work efficiently in the near infrared [84] where light pene-

tration into tissues is higher and direct damage is lower [90].

New strategies to overcome such limitation are currently being investi-

gated. These include the development of complexes bearing coordinating

dyes [91, 92] which shift the absorption wavelength toward the red and

simultaneously allow optical imaging, as well as coupling of photoactivatable

complexes to nanoparticles [93, 94]. In the latter case, the unique optical

properties of nanoparticles are exploited to trigger the photochemistry of

(continued)
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metal complexes at longer wavelength [93]. In addition, nanoparticles are

also used as platforms for delivery of the photoactivatable prodrugs and for

(multimodal) imaging purposes. Quantum dots are among the most employed

materials to mediate the photoactivation of bioactive metal complexes. Ford

and coworkers have used quantum dots to promote NO release from inorganic

cages [95, 96], while Mareque and coworkers have designed quantum

dot-based theranostic constructs which can promote the Pt(IV)! Pt

(II) conversion and allow multimodal imaging [97–100].

A different type of nanomaterials currently attracting interest as

phototriggers are lanthanide-doped upconversion nanoparticles (UCNPs).

Upon near infrared light excitation, these materials promote an anti-Stokes

phenomenon which converts the absorbed light into UV and visible photons

[101]. For example, the UCNP emission has been used to photoactivate with

980 nm light the NO-releasing Roussin’s Black Salt [102, 103] and promotes

the ligand photodissociation of a Ru polypyridyl complex [104]. Intriguingly,

UCNPs have also shown promising properties as optical, MRI, and

PET/SPECT imaging probes [101]. Although clinical applications are distant,

the unique structural and electronic properties of metal complexes and

their extremely rich photochemistry can be combined with the advantages

offered by nanomaterials to improve the selectivity, efficacy, and safety of

photoactivatable anticancer drugs [105]. New groundbreaking ideas and

research lines are envisioned to emerge from the integration of these fields.
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Abstract The design and synthesis of a number of luminescent transition metal

complexes will be described, and their rich photophysical properties will be exam-

ined. Upon the incorporation of various functionalities to the ancillary ligands, not

only will their electronic absorption and emission properties be tuned, but also they

may serve as optical and luminescent sensors for ions and molecules of biological

interest and as reagents and probes for biolabeling and cell imaging.
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Abbreviations

bpy 2,20-Bipyridine
DIC Differential interference contrast

DLS Dynamic light scattering

DMAP 4-(Dimethylamino)pyridine

FRET Förster resonance energy transfer

GNPs Gold nanoparticles

HSA Human serum albumin

IL Intraligand

LLCT Ligand-to-ligand charge transfer

MDCK Madin–Darby canine kidney

MLCT Metal-to-ligand charge transfer

MMLCT Metal–metal-to-ligand charge transfer

MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide

NIR Near-infrared

PET Photoinduced electron transfer

SPR Surface plasmon resonance
tBu3tpy 4,40,400-Tri-tert-butyl-2,20:60,200-terpyridine
tpy 2,20:60,200-Terpyridine

1 Introduction

Transition metal complexes with their luminescence derived from the excited states

of triplet metal-to-ligand charge transfer (3MLCT) origins have attracted immense

interest in the design of chemosensors and biological sensors, owing to their

phosphorescence nature arising from enhanced intersystem crossing as a result of

the large spin–orbit coupling imparted by heavy metal center [1, 2]. Apart from

their emission energies being readily tuned by the electronic properties of the

coordinated ligands, the large Stokes shifts and long emission lifetimes are the

characteristics of their phosphorescence derived from the 3MLCT excited states.

Such features endow this class of complexes with less interference from the short-

lived background autofluorescence [3–5], which has been a severe problem suffered

by the organic fluorescence sensor molecules. Together with the prominent sensi-

tivity of their photoluminescence properties towards the environment and the nature

of the media, the utilization of these complexes as the signal transduction compo-

nents in the design of sensors would deserve great attention for exploration.

Ruthenium(II) [6–13] and rhenium(I) [14–17] polypyridine complexes are the

most widely studied d6 transition metal complexes with 3MLCT excited state. They

show rich photoluminescence behaviors as well as high photostability and lumi-

nescence quantum yields. Apart from the commonly studied d6 transition metal

complex systems, square-planar d8 platinum(II) polypyridine complexes represent

another class of transition metal complexes which exhibit luminescence attributed
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to the 3MLCT origin [18–35]. Recent reports indicated that the incorporation of the

strong σ-donating alkynyls to the platinum(II) terpyridine moieties would result in

the enhancement in the luminescence properties of this class of alkynylplatinum

(II) terpyridine complexes [34]. Such observation can be rationalized by the

enlargement of the d–d ligand field splitting as well as the stabilization of the

emissive excited states of 3MLCT/triplet ligand-to-ligand charge transfer (3LLCT)

characters. In addition, an enhanced solubility could be achieved upon the incor-

poration of the alkynyls; hence, the exploration of the potential applications of this

new class of complexes in fluid solution has been feasible. These classes of d6 and

d8 transition metal complexes with their 3MLCT emissions in the visible region are

desirable for their use in detection. With the incorporation of the ion receptor units

or the functionalities which are responsive towards the molecules of biological

interest to these metal complexes, alterations of their electronic absorption and

emission properties are anticipated upon the addition of ions or biomolecules. Such

spectral changes are envisaged to serve as optical transduction signals for the

sensing events.

Another type of excited state associated with non-covalent metal–metal and π–π
stacking interactions has also been observed in the coordinate unsaturated platinum

(II) complexes with sterically undemanding ligands, which exhibit a strong pro-

pensity to assemble into oligomers in the solid states [18–29]. Such an excited state,

which is found to be absent in the d6 counterparts of octahedral geometry, is the

result of the overlap of the dz2 orbitals of the platinum(II) atoms of the adjacent

complex molecules. This would give rise to the formation of the dσ and dσ* orbitals
and hence the triplet metal–metal-to-ligand charge transfer (3MMLCT) emission.

The alkynylplatinum(II) terpyridine complexes of enhanced solubility not only

allow the investigation of their self-assembly behaviors in solution state [36, 37],

but also their 3MMLCT emissions in the low-energy NIR region have enabled them

to be desirable for imaging, owing to the increase in optical transparency and the

minimization of tissue autofluorescence upon low-energy radiation [3–5].

In this chapter, the design, syntheses, and photophysical properties of the classes

of platinum(II), ruthenium(II), and rhenium(I) polypyridine complexes will be

discussed. Their sensing applications based on the alteration of their electronic

absorption and emission properties upon the introduction of ions and molecules of

biological interest will be focused. The potential uses of these complexes as

biolabeling reagents and imaging probes will also be highlighted.

2 Sensors for Metal Ions

Host–guest chemistry has been a prevalent principle utilized in the design of ion

receptor host molecules to achieve the high selectivity towards the specific guest

molecules. Crown ether, the well-known artificial host, with its cavity favoring the

binding towards spherical ions and their sizes showing high selectivity towards

various alkali and alkaline earth metal ions, has been widely used in the
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construction of sensor molecules [38–41]. The replacement of one or more hard

oxygen donor atoms by the soft ones not only would induce changes in the size and

the conformation of the crown cavities but also would result in the weakening of the

binding affinity towards hard alkali metal ions and the enhanced affinity towards

soft transition metal ions based on the hard-soft-acid-base principle [41].

2.1 Platinum(II) Complexes

By the reaction of the acetonitrile-coordinated platinum(II) terpyridine precursor

complex with 4-trimethylsilylethynylbenzo-15-crown-5 and 4-trimethylsily-

lethynyl-N-phenylaza-15-crown-5 under basic conditions, the alkynylplatinum

(II) terpyridine complexes with crown ether pendants, 1 and 2, can be achieved

(Fig. 1) [42]. These two complexes were found to exhibit intense high-energy

absorptions at ca. 290–345 nm in acetonitrile, which were assigned as the IL

[π! π*] transitions of the terpyridine and alkynyl ligands [42]. A less intense

absorption at ca. 480 nm was observed for 1 and assignable as the MLCT

[dπ(Pt)! π*(tpy)] transition with the mixing of LLCT [π(C�C)! π*(tpy)] char-
acter. Apart from the less intense absorption at ca. 410 nm, a low-energy absorption

band at ca. 546 nm was found for 2. These absorptions were assigned as the MLCT

and LLCT transitions, respectively. These two complexes were shown to be

non-emissive in acetonitrile solution at room temperature, possibly ascribed to

the quenching of the emissive 3MLCT [dπ(Pt)! π*(tpy)] excited state by

PET [42].

Interestingly, these complexes were demonstrated to signal the metal

ion-binding events with significant UV–Vis absorption and emission spectral

changes. 1 with benzo-15-crown-5 functionality was found to display a blue-

shifted MLCT/LLCT absorption upon the addition of the mono- (Na+ and Li+)

and divalent (Mg2+, Ca2+, Cd2+, and Zn2+) metal ions in acetonitrile [42]. Such

spectral changes were suggestive of the lowering of both the dπ(Pt) and π(alkynyl)
orbital energy as a result of the reduction in electron-donating ability of the alkynyl

ligands upon the inclusion of the metal ions to the crown ether moiety. Substantial

emission intensity enhancement could only be observed with the addition of Ca2+ or
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Fig. 1 Synthetic route of alkynylplatinum(II) terpyridine complexes 1 and 2. Reproduced from

Tang et al. [42] with permission from The Royal Society of Chemistry
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Mg2+ ions upon the excitation at the isosbestic wavelengths. Upon the replacement

of the benzo-15-crown-5 functionality with the phenylaza-15-crown-5 moiety,

different spectral changes were observed for 2 upon the addition of these metal

ions investigated. Increasing concentration of the monovalent metal ions gave rise

to a blue shift in the LLCT absorption along with a slight growth in the MLCT

absorption [42], while a decrease in LLCT absorption together with a significant

enhancement in the MLCT absorption were observed upon the addition of the

divalent metal ions. In particular, drastic color changes from purple to orange,

yellowish-brown, or yellow could be observed upon the addition of the respective

mono- and divalent metal ions [42]. Such variation in the UV–Vis absorption

spectral changes could be attributed to the higher charge density of the divalent

metal ions which would favor the stronger interactions with the aza-crown ether

moiety. Moreover, these two complexes were shown to adopt a 1:1 binding mode

for the metal ions investigated. 1 was shown to exhibit a stronger binding affinity

towards the alkali and alkaline earth metal ions, while 2 was found with an

enhanced binding affinity towards Cd2+ ion [42]. These observations can be ratio-

nalized by the presence of the softer nitrogen atom in the aza-crown ether moiety

which favors the binding of the softer Cd2+ ion. Such prominent color changes and

intense emission enhancement upon the addition of the respective metal ions have

enabled these complexes to serve as colorimetric and luminescent metal

ion-sensing probes with the capability of differentiating the mono- and divalent

metal ions.

Calixarenes represent one of the representative macrocyclic hosts to be

employed in the design of chemosensors based on supramolecular host–guest

chemistry [43, 44]. Calix[4]crown, with higher rigidity because of its preorganized

conformation, is envisaged to bind metal ions in a more selective manner with

respect to the case of the flexible crown ether unit. Therefore the incorporation of

such ion-binding moiety to the sensor molecules is believed to provide an improved

selectivity in metal ion sensing.

The alkynylcalixcrown-containing dinuclear platinum(II) terpyridine complex

3 was prepared by the copper(I)-catalyzed dehydrohalogenation reaction of

chloroplatinum(II) tri-tert-butylterpyridine precursor complex with the 5,17-

diethynyl-25,27-dimethoxycalix[4]crown-5, followed by a metathesis reaction

with ammonium hexafluorophosphate (Fig. 2) [45]. This complex was shown to

exhibit intense high-energy absorptions at ca. 265–340 nm and less intense lower-

energy absorptions at ca. 410–465 nm in acetonitrile [45]. These were assignable as

the IL [π! π*] transitions of the calixcrown ligand and alkynyl/tri-tert-butylter-
pyridine moieties and the MLCT [dπ(Pt)! π*(tBu3tpy)]/LLCT [π(C�C)! π*
(tBu3tpy)] transitions, respectively. Upon photoexcitation, only a weak emission

could be obtained for 3 in acetonitrile, which was assigned as derived from the

excited state of 3MLCT [dπ(Pt)! π*(tBu3tpy)] origin with some mixing of the
3LLCT [π(C�C)! π*(tBu3tpy)] character [45]. Such weakly emissive nature could

be attributed to the intramolecular reductive PET quenching due to the presence of

the electron-rich alkoxy-substituted calixcrown moiety.
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The metal ion-binding properties of 3 towards Li+, Na+, K+, Ca2+, and Mg2+ ions

have also been investigated [45]. Only with the introduction of Li+, Na+, or K+ ions,

the MLCT/LLCT absorption of 3 was shown to be blue shifted together with a

growth in the absorbance. Concomitantly, a blue shift in the energy of the
3MLCT/3LLCT emission band and significant emission intensity enhancement

were observed. A decrease in electron-donating ability of the calixcrown upon

metal ion inclusion could account for such emission spectral changes, in which a

lower dπ(Pt) orbital energy would be resulted as well as the PET quenching

pathway would be prohibited. Moreover, an increase in the rigidity of the

calixcrown upon complexation with metal ions would slow down the nonradiative

decay process and hence give rise to the enhanced emission intensity. In particular,

the most remarkable spectral changes and strongest binding affinity based on the

1:1 binding stoichiometry were found for 3 upon the inclusion of K+ ion among the

various types of ions investigated [45], enabling 3 to function as a selective probe

for K+ ion sensing.

2.2 Ruthenium(II) Complexes

The reaction of the cis-[Ru(bpy)2Cl2]•xH2O with the thia-, selena-, and aza-crown-

containing 1,10-phenanthrolines followed by a subsequent metathesis with lithium

perchlorate has afforded the ruthenium(II) diimine complexes 4–8 (Fig. 3)

[46]. The electronic absorption spectra of these complexes were found to display

intense high-energy IL [π! π*] absorptions at ca. 270–290 nm and lower-energy

MLCT [dπ(Ru)! π*(bpy)] absorptions at ca. 420–460 nm in acetonitrile [46]. In

particular, 8 was found to exhibit an additional absorption at ca. 377 nm, assignable

as the metal-perturbed intramolecular charge transfer transition from the aza nitro-

gen atoms of the crown ligand to the phenanthroline unit coordinated to the

ruthenium(II) center. Upon photoexcitation, these complexes have been found to

emit strongly at ca. 605–615 nm in degassed acetonitrile, which was assigned as

Fig. 2 Synthetic route of alkynylplatinum(II) tri-tert-butylterpyridine complex 3. Reprinted with

the permission from Lo et al. [45]. Copyright 2006 American Chemical Society
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derived from an excited state of 3MLCT [dπ(Ru)! π*(bpy)] origin. The close

resemblance in their emission energies was indicative of the insignificant influence

of the nature of the heteroatoms in the crown unit on the excited-state energies.

The metal ion-binding abilities of these complexes towards Mg2+, Ca2+, Ba2+,

Zn2+, Cd2+, and Hg2+ ions in acetonitrile have also been examined [46]. With the

addition of these metal ions, only very small or insignificant changes were found for

4–7 in the UV–Vis absorption titration studies. Although the presence of the softer

sulfur and selenium atoms would favor the binding of the softer transition metal

ions, the lack of significant spectral changes has been ascribed to their remote

positions from the phenanthroline unit that would contribute little influence to the

energy of the π* orbital of the phenanthroline ligands. With increasing concentra-

tion of Hg2+ ion, the 3MLCT emission intensity of 4 was significantly quenched

along with a small red shift, while only slight emission quenching was observed for

the cases of 5–7 [46]. In contrast to 4–7, addition of the alkaline earth metal ions

and transition metal ions to 8 has resulted in substantial UV–Vis absorption spectral

N

N

N

N
N

N
Ru 2 ClO4

4

2

O
S

S

S
O N

N

N

N
N

N
Ru 2 ClO4

5

2+

N

N

N

N
N

N
Ru 2 ClO4

6

2

O
O

S

O
O N

N

N

N
N

N
Ru 2 ClO4

7

2

O
O

Se

O
O

N

N

N

N
N

N
Ru 2 ClO4

8

2

NH
O

O

O
NH

O
S

O

OO
S

-

-

+

-

-

-

+

+

+
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aza-crown derived from 1,10-phenanthroline. From Li et al. [46]
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changes with not only the enhancement in the MLCT absorption but also the

gradual disappearance of the metal-perturbed intramolecular charge transfer

absorption at ca. 377 nm [46]. These observations were ascribed to the

unavailability of the lone pair electrons on the aza nitrogen atoms of the crown

ligands upon complexation with the metal ion. Upon excitation at the isosbestic

wavelength, an increase in the 3MLCT emission intensity together with a small red

shift were observed for 8 in the presence of these metal ions investigated [46].

These observations have been rationalized by the removal of the intramolecular

reductive electron transfer quenching pathway, as well as the decrease in the

σ-donating ability of the phenanthroline ligand which gave rise to the stabilization

of its π* orbital, upon metal ion inclusion. A close agreement with the theoretical fit

for 1:1 binding stoichiometry was obtained for the spectral titration studies,

suggesting a 1:1 binding mode of 8 to the metal ions investigated [46]. Also,

8 was shown to exhibit higher binding affinities towards the transition metal ions

than the alkaline metal ions, with the strongest towards the Hg2+ ion. On the basis of

the hard-soft-acid-base principle, the presence of the softer nitrogen atoms on the

crown unit would favor the binding of the softer Hg2+ ion, indicative of the important

contribution of the aza nitrogen atoms in the crown moiety in such binding event.

2.3 Rhenium(I) Complexes

FRET has been one of the important detection strategies utilized in the design of

chemosensors [47–52]. Other than the dependence on the spectral overlap between

the donor emission spectrum and the acceptor absorption spectrum, the perturbation

of the linker distance as well as the orientations of the donor and acceptor would

also contribute crucial influence on the energy transfer efficiency [53]. With the

modulation of the distance and the orientation of the donor and acceptor upon

binding with ions or molecules of interest, the FRET efficiency would be altered to

signal the binding events, and such donor–acceptor motifs would be capable of

serving as a FRET-based sensor.

A series of rhenium(I) complexes, 9–12, has been synthesized by the reaction of

[Re(bpy)(CO)3(CH3CN)]OTf and the coumarin-appended pyridine ligands with

various lengths of oligoether spacers (Fig. 4) [54]. Their electronic absorption

spectra in acetonitrile were found to show intense high-energy IL [π! π*] absorp-
tions at ca. 250–340 nm and a lower-energy MLCT [dπ(Re)! π*(bpy)] absorption
at ca. 385 nm [54]. These complexes were found to exhibit strong yellow 3MLCT

[dπ(Re)! π*(bpy)] phosphorescence at ca. 570 nm which is typical of the rhenium

(I) complexes, together with a weaker blue emission at ca. 420 nm originated from

the IL fluorescence of the coumarin moiety [54]. The intensity ratios of the blue

emission of donor to the yellow emission of acceptor, ID/IA, were found to show a

strong dependence on the length of the oligoether spacers. An increase in the length

of the oligoether spacers from 9 to 12 resulted in a decrease in ID/IA and hence an

enhancement in the FRET efficiency between the coumarin donor and the rhenium
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(I) diimine acceptor [54]. However, this trend was not in line with that predicted

from the Förster theory, in which the energy transfer efficiency changes as a

function of the inverse sixth power of the interchromophoric distance. This was

ascribed to the flexibility of the oligoether spacers of which the separations between

the donors and acceptors were shorter than the geometrical lengths of the spacers.

Moreover, these observations were suggestive of the occurrence of an increased

degree of freedom in the longer oligoether spacers that would favor the adoption of

a folded conformation with the donor and acceptor held in closer proximity.

The metal ion-binding abilities of 9–12 towards Li+, Na+, Mg2+, Ca2+, Ba2+, and

Pb2+ ions in acetonitrile have been examined with the use of UV–Vis absorption

and emission spectral titration studies [54]. Their titration profiles were shown to be

in good agreement with that of a 1:1 binding model. 9 and 10 were found to exhibit

the strongest binding affinity towards Ca2+ ion, while 11 and 12 were shown to bind

Pb2+ ion with the largest binding constant [54]. Upon the addition of the same metal

ion, the metal complexes with increasing length of oligoether spacers were found to

exhibit stronger binding affinities, suggestive of the formation of more stable

ion-bound adducts. For 9–12, the emission of the coumarin donor was shown to

be enhanced while that of the rhenium(I) diimine acceptor was found to decrease

upon binding with either Mg2+ or Ca2+ ion [54]. The increase in the ID/IA indicated

the poor FRET efficiency resulting from these binding events. With the addition of

Mg2+, Ca2+, and Ba2+ ions, the ID/IA of 11 was found to show a correlation with the

sizes of the metal ions [54]. The binding of the smallest Mg2+ ion has been shown to

lead to the largest changes in the conformation of the molecules, which resulted in

an increase in the separation between the donor and acceptor and hence the largest

decrease in the FRET efficiency. Interestingly, the emission intensities of both the

donor and acceptor of 11 have been enhanced upon increasing the concentration of

Ba2+ ion [54]. These have been attributed to the suspension of PET quenching

pathway upon the complexation of Ba2+ ion to the oxygen atoms on the oligoether

spacer, as well as the rigidification of the complex molecule which would slow

down the nonradiative decay processes. 12 was found to exhibit similar emission

spectral changes as 11 upon the addition of the metal ions investigated. However, a

larger decrease in FRET efficiency was found upon its binding with Mg2+ ion,
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indicative of a higher sensitivity of 12 towards such metal ion than 11 [54]. With the

addition of Ba2+ ion, the least perturbation in the FRET efficiency of 12 was found.

This has been rationalized by the best fit of the Ba2+ ion towards the pocket of the

slightly longer oligoether spacer in 12 that resulted in the smallest changes in the

donor–acceptor distance.

Reaction of [Re(CO)5Br] and the bipyridine ligands with oligoether-tethered

coumarin fluorophores (bpy–On–CM) has been shown to give rise to the series of

rhenium(I) complexes 13–17 (Fig. 5) [55]. Similar to 9–12, these complexes were

found to display intense high-energy absorptions at 245–340 nm and less intense

lower-energy absorptions at ca. 380–390 nm in acetonitrile [55]. These were

ascribed to the IL [π! π*] transitions of bipyridine and coumarin moieties and

the MLCT [dπ(Re)! π*(bpy–On–CM)] transition of the respective complexes.

Upon photoexcitation, a high-energy emission at ca. 380–440 nm and a

low-energy emission at ca. 620–625 nm were observed for each of these complexes

[55]. These were assigned as the fluorescence from the derivatives of the coumarin-

3-carboxylic ester or the 7-alkoxy-4-methylcoumarin and the phosphorescence

derived from an excited state of 3MLCT [dπ(Re)! π*(bpy–On–CM)] character,

respectively. The ID/IA of 13–16 also exhibited a correlation with the length of the

oligoether spacers, in which the metal complexes with longer oligoether spacers

were found to show larger ID/IA values [55]. Although the adoption of folded

conformations were anticipated for the metal complexes due to the flexible nature

of the oligoether spacers, the lengthening of the oligoether spacers would still lead

to a larger separation between the donor and acceptor, giving rise to the diminution

in the FRET efficiency [55].

The metal ion-binding properties of these complexes towards Li+, Na+, Mg2+,

Ca2+, and Ba2+ ions in acetonitrile have been examined with UV–Vis absorption

and emission spectroscopies [55]. A 1:1 binding stoichiometry was determined

from the spectral titration studies. Similar to 9 and 10, 13 and 14 with shorter

oligoether spacers were found to bind Ca2+ ion with the largest binding constant,

while 15 and 16 gave the highest binding affinity towards Ba2+ ion, suggestive of

the better fit of the longer oligoether spacers to the larger Ba2+ion. Addition of Mg2+,

Ca2+, or Ba2+ ions would result in changes in ID/IA of 13–16 [55]. Similar to the case

of 11, the largest changes in ID/IA were determined from 15 upon the binding of
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Mg2+ ion. Owing to the smallest size of Mg2+ ion, the largest conformational

changes would be induced for the ion-bound adduct, giving rise to an increase in

the donor–acceptor distance and hence the largest drop in the FRET efficiency. In

particular, addition of increasing concentration of Ba2+ ion to 13–16 has been found

to result in the reduction in both the emission intensities of the donor and the

acceptor. This has been rationalized by the relatively large atomic mass of barium

which would facilitate the formation of the triplet excited state of coumarin via the

enhanced intersystem crossing as a result of the large spin–orbit coupling. There-

fore, the population of such non-emissive triplet excited state would lead to the

diminution in both the coumarin emission as well as the 3MLCT emission. On the

contrary, no observable spectral changes were found for 17, with its oligoether

spacer linked to the 7-position of the coumarin moiety, upon the addition of various

metal ions [55]. These observations indicated that the presence of the carbonyl

group on the coumarin moiety would play a critical role in the binding events, in

which such functionality would serve as an auxiliary group with the oligoether

oxygen atoms for metal ion binding.

3 Sensors for Molecules of Biological Interest

There has been an emerging use of GNPs in the field of chemosensing and

biosensing, owing to their high stability, excellent biocompatibility, and the ready

tunability of their optical properties that are sensitive to their sizes, shapes, and

surrounding environment [56, 57]. In addition, the broad SPR absorption feature of

GNPs in the UV–Vis region gives rise to their superb quenching ability via the

FRET process[56, 57] and enables the GNPs to be desirable platforms for the

construction of FRET-based sensors. Taking the merits of the large Stokes shift

and the ready tunability of the emission energy, the utilization of the transition

metal complexes as the luminophores in the hybrid system with GNPs could

achieve a better spectral overlap between the emission band of the transition

metal complexes and the SPR band of GNPs. In contrast to the use of fluorescent

organic dyes in the hybrid systems with GNPs, an enhanced energy transfer

efficiency is anticipated with the use of such an inorganic–organic hybrid system.

Moreover, the modulation of their FRET properties is envisaged to serve as a

sensitive detection strategy for sensing application.

A series of lipoic acid-containing ruthenium(II) and rhenium(I) complexes, 18–

22, has been prepared according to the methods for the syntheses of 4–8 and 9–12

(Fig. 6) [58]. 18 was found to display a low-energy MLCT [dπ(Ru)! π*(bpy)]
absorption at ca. 450 nm and a 3MLCT [dπ(Ru)! π*(bpy)] emission at ca. 625 nm

in aqueous buffer–methanol solution. 19–22 were found to exhibit absorptions at

ca. 350 nm and emissions at ca. 563 nm in the same aqueous buffer–methanol

solution, assignable as the MLCT [dπ(Re)! π*(bpy)] absorption and the emission

derived from an excited state of 3MLCT [dπ(Re)! π*(bpy)] character that is

typical of the rhenium(I) tricarbonyl diimine complexes. 18–22 have also been
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immobilized onto the surfaces of the DMAP-capped GNPs, each of which was

found to exhibit a SPR band at ca. 520 nm and a MLCT absorption of the attached

complex [58]. Upon treatment with the porcine liver esterase, the 3MLCT emission

intensities of these metal complex–GNP systems were found to increase with time

(Fig. 7), indicating that the hydrolytic cleavage of the ester linkages would result in

the release of the GNPs quenchers [58]. Interestingly, the 3MLCT emission inten-

sity of 19–GNPs was found to be much enhanced than the case of 18–GNPs upon

the enzyme treatment, which is possibly a consequence of a more efficient

quenching due to a better spectral overlap between the emission of 19 and the

SPR absorption of GNPs than that of 18.

In order to provide further insights into the emission quenching mechanism by the

GNPs, nanosecond transient absorption and time-resolved emission decay studies

have been performed. The transient absorption difference spectrum of 18 was found

to show absorptions at ca. 310 and 370 nm and a bleaching at ca. 450 nm [58].
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Other than a growth in the absorption at ca. 310 nm, 18 was found to exhibit a new

absorption band at ca. 520 nm upon its attachment onto the GNPs, suggestive of the

formation of the charge transfer product from the adjacent unprotonated DMAP

molecules and the excited ruthenium(II) complex. After the treatment with esterase,

the absorption at ca. 520 nm was found to drop in intensity similar to that of 18.

Moreover, the 3MLCT emission lifetime of 18 was found to change from a long-

lived monoexponential decay of 535 ns to a biexponential decay consisting of a

long-lived and a short-lived component with 359 and 7.81 ns, respectively, upon its

attachment onto the GNPs [58]. Based on the observations of the presence of the

short-lived component together with the shortened long-lived component, a com-

bination of charge transfer and dynamic energy transfer pathways was tentatively

assigned for the quenching mechanism of 18–GNPs. In the transient absorption

study of 19, it was found to exhibit absorptions at ca. 345, 375, and 465 nm, typical

of the tricarbonyl rhenium(I) polypyridine complexes [58]. After functionalization

onto the GNPs, the transient absorption of 19–GNPs was shown to remain nearly

the same as that of the attached complex with no electron transfer products being

generated. In addition, the monoexponential 3MLCT emission lifetime of 19 was

shown to decrease significantly from 207 to 112 ns upon the attachment of 19 onto

the GNPs [58]. Based on these results, dynamic energy transfer was proposed for

the quenching mechanism of the 3MLCT excited state of 19 by the GNPs. Also, the

emission intensity enhancement of the rhenium(I) complex–GNPs systems after the

treatment with esterase was found to show a strong dependence on the length of the

spacers between the luminophores and the GNPs [58]. The Stern–Volmer plot of

19–GNPswas more upward deviated than that of 20–GNPswhich possessed a rigid

but more lengthened polyphenylene spacer. The plot of 21–GNPs was found to

display a larger upward deviation with respect to that of 22–GNPs which contained

a longer oligoether linker. These results were supportive of the involvement of the

FRET mechanism for the observed dynamic energy transfer quenching pathway.

Fig. 7 Emission spectral changes of (left) 18–GNPs and (right) 19–GNPs dispersed in aqueous

buffer–methanol solution over time upon treatment with porcine liver esterase with excitation at

456 and 346 nm, respectively. Reprinted with the permission from Leung et al. [58]. Copyright

2014 American Chemical Society
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By monitoring the emission intensity enhancement as a function of time with the

presence of various substrate concentrations, Lineweaver–Burk plots were obtained

with Michaelis–Menten constants, KM, and maximum reaction rates, Vmax, deter-

mined to be 1.78 μM and 0.917 μM min�1 for 18–GNPs and 1.17 μM and

1.39 μM min�1 for 19–GNPs, respectively [58].

4 Probes for pH Changes and Cell Imaging

In light of the limited examples on the metal complex-based pH sensors which can

show drastic colorimetric response upon the changes in pH, a series of

alkynylplatinum(II) terpyridine complexes functionalized with various basic

amino moieties has been synthesized, and their pH sensing properties have also

been explored (Fig. 8) [59]. 23–25 in either OTf– salts or Cl– salts were also shown

to exhibit MLCT [dπ(Pt)! π*(tpy)] absorptions at ca. 410 nm and the low-energy

LLCT [π(C�C)! π*(tpy)] absorptions at ca. 510–545 nm in acetonitrile or water,

which were responsible for the purple color of the solutions [59]. All these

complexes were found to be non-emissive in nature, which were ascribed to the

quenching of the emissive 3MLCT [dπ(Pt)! π*(tpy)] excited state by the lower-

lying non-emissive 3LLCT [π(C�C)! π*(tpy)] state or by PET because of the

presence of the electron-rich amino functionalities [59].

With increasing concentration of the p-toluenesulfonic acid, dramatic color

changes from purple to orange then to yellow were observed for these complexes

along with the diminution in the intensity of LLCT absorption and a concomitant

rise in the MLCT absorption [59]. Such drastic color changes are the results of the

protonation of the amino functionalities which would decrease the electron-

donating ability of the alkynyl ligands. Also, prominent emission intensity incre-

ments were observed for 23–25 upon the addition of the p-toluenesulfonic acid.
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moieties. From Wong et al. [59]
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The revival of their 3MLCT emission has been attributed to the shifting of the
3LLCT excited state to higher energy as well as the elimination of the reductive

electron transfer quenching pathway upon the protonation of the amino function-

alities [59]. The pKa values of 23–25 in Cl� salts in the respective aqueous buffer

solution have been determined [59], which were found to be dependent on the steric

bulk and the electron-richness of the amino functionalities. Together with the high

reversibility of the colorimetric response upon the alternate addition of

p-toluenesulfonic acid and triethylamine, these complexes were demonstrated to

be promising candidates for the visual detection of pH changes.

A water-soluble alkynylplatinum(II) terpyridine complex, 26, was prepared

according to a method for the synthesis of 3 (Fig. 9 (left)) [60]. This complex

was shown to undergo aggregation in aqueous solution at pH 4 at ambient temper-

ature, as supported by the less broadening of terpyridine proton signals in the 1H

NMR spectra upon increasing temperature as well as the observation of large

particles in μm range in the DLS experiment [60]. Other than the MLCT

[dπ(Pt)! π*(tpy)]/LLCT [π(C�C)! π*(tpy)] absorptions at ca. 465 nm which

are typical of the alkynylplatinum(II) terpyridine complexes, 26 was found to

exhibit a lower-energy absorption tail at ca. 600 nm in aqueous solution at pH 4,

of which the absorbance was found to increase with decreasing temperature

[60]. Together with the findings of 1H NMR and DLS studies, the lower-energy

absorption tail was suggested to be originated from the metal complex aggregates

with the involvement of metal–metal and π–π stacking interactions and hence was

assigned as the MMLCT transition. In particular, a red-shifted MMLCT absorption

was observed at pH 10 with respect to that at pH 4. This was attributed to an

increase in electron-donating ability of the alkynyl ligands upon the deprotonation

of the phenol functionalities and hence a rise in the dπ(Pt) orbital energy [60]. How-
ever, only a smaller extent of the MMLCT absorption changes was observed for 26

at pH 10 upon decreasing temperature, suggestive of a weaker extent of metal

complex aggregation under such basic condition [60]. This could be rationalized by
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Fig. 9 (Left) Structure of water-soluble alkynylplatinum(II) terpyridine complex 26. (Right)
Emission spectral changes of 26 in aqueous solution at various pH values at ambient temperature.

Inset: plot of relative emission intensity of 26 at 795 nm versus pH. Reproduced from Chung

et al. [60] with permission from The Royal Society of Chemistry
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the deprotonation of the phenolic functionalities that led to an enhanced hydrophi-

licity of the complex molecules in aqueous environment and hence their

deaggregation. Upon photoexcitation, an NIR emission at ca. 795 nm was observed,

and the intensity was found to remain nearly unchanged from pH 3.5 to 5.6, while

the emission intensity was substantially decreased at pH above 5.6 and it was

completely “turned-off” at pH 7.6 or above (Fig. 9 (right)) [60]. Such an NIR

emission was assigned to the 3MMLCT emission associated with the formation of

metal–metal and π–π stacking interaction within the aggregated states of 26. The

drop in the NIR emission intensity was associated with the deprotonation of the

phenolic functionalities, of which the pKa* value was determined to be 6.27 from

the emission spectral changes with pH [60]. Apart from the enhanced hydrophilicity

of the complex molecules that would lead to the deaggregation of 26, such

deprotonation process would also increase the electron-richness of the alkynyl

ligand with the phenolate group, which would energetically favor the occurrence

of the PET quenching as supported by a more negative Gibbs free energy change

with respect to that estimated at neutral pH [60]. With the combination of the

aggregation/deaggregation behaviors of the complex molecules and the PET

quenching pathway, a 1,350-fold NIR emission intensity change was obtained for

26 upon a small change in pH.

In view of the remarkable emission spectral changes upon increasing pH as well

as their temperature-insensitive nature when below 50�C, the emission behavior of

26 was examined inside the fixed MDCK cells which were incubated with buffers

of different pH [60]. The intensity of the NIR emission of 26 in cellular compart-

ments was shown to follow a sigmoidal relationship with the intracellular pH,

which started to decrease with pH above 5.5 and dropped significantly from

pH 6–7. A pKa* value of 6.30 was determined, which is in good agreement with

that established in the aqueous solution at different pH, suggesting that such

pH-responsive emission of 26 was less interfered by the cellular matrix [60]. The

pH-responsive emission of 26 has also been demonstrated to track the acidic

cellular compartments of live MDCK cells, such as lysosomes [60]. The MDCK

cells were found to remain viable after incubation with 26, as supported by the DIC

images as well as ca. 97% viability determined from the MTT assay with respect to

the untreated MDCK cells. The Mander’s co-localization coefficient of 95% was

determined with respect to the green emission of LysoSensor Green DND-189,

illustrating the potential applicability of 26 to distinguish the acidic cellular com-

partments from the cytoplasm and other cellular organelles.

5 Reagents for Biolabeling

Through the modification on the amino functionalities of 27, complex derivatives

28 and 29 with isothiocyanate and iodoacetamide functionalities were obtained

(Fig. 10) [61]. These complexes were shown to display intense high-energy
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IL [π! π*] absorptions of the alkynyl and tri-tert-butylterpyridine moieties at

ca. 245–340 nm and low-energy MLCT [dπ(Pt)! π*(tBu3tpy)]/LLCT
[π(C�C)! π*(tBu3tpy)] absorptions at 400–490 nm [61]. The lower MLCT/

LLCT absorption energy of 27 than those of 28 and 29 was found to be in

accordance with the decrease in electron-richness of the substituent functionality

on the alkynyl ligands on going from the amino to the iodoacetamide to isothiocy-

anate functionalities. 27 was found to be non-emissive in acetonitrile solution,

while complex derivatives 28 and 29 were found to give an intense emission at

ca. 585 and 640 nm, respectively, upon photoexcitation, which was ascribed to an

excited state of 3MLCT [dπ(Pt)! π*(tBu3tpy)]/3LLCT [π(C�C)! π*(tBu3tpy)]
characters [61].

In light of the ready reactivity of isothiocyanate and iodoacetamide with the

primary amine and sulfhydryl group on the biomolecules, bioconjugation of these

complex derivatives with HSA via the formation of the thiourea and thioether

linkages has given rise to 28–HSA and 29–HSA [61]. These bioconjugated com-

plexes were shown to display MLCT/LLCT absorptions red shifted with respect to

their parent complexes, possibly due to the combination of the electronic and

environmental effects of the protein and the aqueous buffer media [61]. Interesti-

ngly, the 3MLCT/3LLCT emission of 28–HSA was found to show a different color

from that of its parent complex. This was suggestive of the reduced electron-

withdrawing ability of the thiourea functionality which rendered a higher dπ
(Pt) orbital energy when compared to case of 28. 29–HSA was shown to emit

with a higher luminescence quantum yield with respect to its parent complex. These

results have demonstrated the potential application of this class of complexes as

luminescent biolabeling reagents.

Fig. 10 Structures of alkynylplatinum(II) tri-tert-butylterpyridine complexes 27–29. From Wong

et al. [61]
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6 Conclusion

This chapter summarizes some of our recent efforts in the design, syntheses, and

photophysical studies of the classes of platinum(II), ruthenium(II), and rhenium

(I) polypyridine complexes. The metal ion-binding properties of these classes of

complexes based on the host–guest interactions have been demonstrated upon their

functionalization with the crown ether or hetero-crown ether moieties. With the use

of the flexible oligoether spacers and their binding abilities towards the metal ions,

the alteration of the distance between the coumarin donors and the rhenium

(I) diimine acceptors could be achieved. The spectral changes arisen from the

variation in the FRET efficiency could signal the binding events. Functionalization

of the GNPs with ruthenium(II) and rhenium(I) diimine complexes containing ester

linkage has been shown to exhibit FRET properties, of which their FRET efficien-

cies have been demonstrated to be modulated by the esterase hydrolysis. Such a

hybrid system has been shown to provide a “proof-of-principle” concept for the

detection of esterase. Moreover, the alkynylplatnium(II) terpyridine complexes

with pH-responsive functionalities have been illustrated to function as colorimetric

and luminescent pH sensors, of which the capability of tracking the cellular

compartments with deviation from the physiological pH has also been successfully

demonstrated. Upon the conjugation with biomolecules, the alkynylplatinum

(II) terpyridine complexes have been demonstrated to function as luminescent

labeling reagents for biomolecules with emission properties different from those

of their parent complexes. These examples have illustrated that the manipulation of

the 3MLCT and/or 3MMLCT emission properties of these classes of transition

metal complexes for the design of chemosensors and biological sensors has led to

an important research dimension. With the delicate design as well as the judicious

choices of ligands for the syntheses, versatile potential sensing applications are

envisaged to be explored for these classes of transition metal complexes in future.
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Phosphorescent Iridium(III) Complexes
for Bioimaging

Kenneth Yin Zhang, Shujuan Liu, Qiang Zhao, Fuyou Li, and Wei Huang

Abstract Phosphorescent iridium(III) complexes have received increasing atten-

tion in bioimaging applications owing to their advantageous photophysical proper-

ties and efficient internalization into live cells. In this chapter, we summarize the

recent design of bioimaging reagents based on phosphorescent iridium(III) com-

plexes. The utilizations of cationic, neutral, and zwitterionic phosphorescent irid-

ium(III) complexes in bioimaging applications have been described first.

Complexes showing aggregation-induced phosphorescence have also been

included considering the absence of the commonly observed aggregation-caused

quenching. Then we discuss the functionalization of iridium(III) complexes with

biological substrates and reactive groups, which allows non-covalent and covalent

interaction, respectively, with intracellular biomolecules. As the photophysical

properties of iridium(III) complexes are very sensitive toward their surrounding

ligands and microenvironment, the use of these complexes as intracellular sensors

for gas molecules, ions, and amino acids has been summarized. Additionally, the

incorporation of iridium(III) complexes into dendrimer, polymer, and nanoparticle

systems providing attractive functionalities has been discussed. Furthermore, var-

ious strategies, including the use of near-infrared-emitting and two-photon
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excitable complexes, upconversion nanoparticles, and lifetime-based microscopy

techniques, to enhance signal-to-noise ratios in bioimaging have been discussed. At

last, the design of reagents for multi-mode imaging techniques involving phospho-

rescence and magnetic resonance imaging has been described.

Keywords Bioimaging probes � Biosensors � Chemosensors � Iridium(III) com-

plexes � Phosphorescent materials
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1 Introduction

Bioimaging is an exciting and growing technical procedure that makes use of

microscopes and scanners to visualize cells, tissues, organs, and organisms. It not

only allows imaging of biological processes, molecular and cellular signaling and

interactions, and movements of cellular molecules, but also offers tracking of

metabolites that can be used as biomarkers for disease identification and treatment

response. In bioimaging, optical [1–11], ultrasound [12], and magnetic resonance

[13] signals have been used to produce digital photographs. Optical bioimaging
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attracts increasing interest owing to its relatively low cost, high detection sensitiv-

ity, short imaging time, and compatibility with long-term monitoring within the

same sample [1–11]. There are many types of emissive dyes available for optical

bioimaging. Fluorescent organic molecules play a key role in bioimaging because

of their high absorptivity and fluorescence quantum yields, which provide a low

detection limit and high sensitivity [1, 2]. Lanthanide chelates have been employed

because they show intense and extraordinarily long-lived luminescence with sharp

emission bands [4]. The development of luminescence transition-metal complexes

as bioimaging reagents has also attracted much interest as these complexes possess

tunable and intense emission, long emission lifetimes, large Stokes shifts, and high

photostability [5–11].

Most transition-metal complexes with a d6 electronic configuration such as those
of ruthenium(II), osmium(II), and rhenium(I) display emission associated with the

highest occupied molecular orbital (HOMO) at the metal center. In contrast, the

HOMO of many iridium(III) complexes also involves π orbitals of their coordinat-

ing ligands, which leads to much more complicated emissive states, and results in

tunable emission across the visible spectrum from blue to red, rendering the

complexes promising candidates for bioimaging. Importantly, the emission param-

eters, including wavelengths, quantum yields, and lifetimes, of iridium(III) com-

plexes are highly sensitive toward microenvironment of the complexes, which

enables the development of iridium(III)-based intracellular sensors [7–10].

In this review article, we summarize recent work on the design of bioimaging

reagents based on phosphorescent iridium(III) complexes. These imaging reagents

include simple iridium(III) complexes and those functionalized with different

biological substrates and reactive groups. The use of iridium(III) complexes as

intracellular sensors will also be discussed. Additionally, we will describe the

incorporation of iridium(III) complexes into dendrimers, polymers, and

nanoparticles affording new bioimaging materials with attractive functionalities.

We will also place an emphasis on strategies to enhance signal-to-noise ratios in

bioimaging. Furthermore, the design of reagents for multi-mode imaging tech-

niques involving phosphorescence and magnetic resonance imaging (MRI) will

be described.

2 Simple Iridium(III) Complexes for Bioimaging

2.1 Cationic [Ir(N^C)2(N^N)]
+ Complexes

Most of iridium(III) complexes for bioimaging applications have structurally been

designed as monocationic [Ir(N^C)2(N^N)]
+ with two negatively charged

cyclometalating ligands and one neutral diimine ligand. These complexes exhibit

high cellular uptake efficiency because of their positive formal charge and ligand-

controlled high lipophilicity. The former allows the attraction of the complexes by
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negatively charged cell surface, while the later facilitates the diffusion into cyto-

plasm. For example, multi-color phosphorescent iridium(III) complexes

[Ir(dfppy)2(N^N)]
+ (1–5) have been designed for live cell imaging [14, 15]. The

phosphorescence color is tuned from blue to red (λem¼ 457–632 nm) by employing

diimine ligands with different π* orbital levels. The emissive state of complex

1 involves metal-to-ligand charge-transfer (3MLCT) (dπ(Ir)! π*(C^N)) and

ligand-centered (3LC) (π(C^N)! π*(C^N)) character, whereas the phosphores-

cence of complexes 2–5 originates from a 3MLCT (dπ(Ir)! π*(N^N)) state that

is mixed with some 3LC (π(C^N)! π*(C^N)) character. Replacing the dfppy

ligands of complex 5 with 2-phenylisoquinoline gives complex 6, which is excit-

able at a longer wavelength in the visible region and exhibits near-infrared (NIR)

phosphorescence at 720 nm [15]. In vitro cytotoxicity investigation revealed that

human colorectal adenocarcinoma HCT-8 and breast cancer MCF-7 cells maintain

cellular viabilities greater than 90% when treated with the complexes at a concen-

tration of 5–100 μM for 24 h, which suggests that all these complexes are

non-cytotoxic and suitable for live cell imaging applications. Cervical cancer

HeLa cells incubated with the complexes display substantial cytoplasm staining

(Fig. 1). The photostability of these complexes is much higher than common

organic fluorophores. Under the same excitation condition at 405 nm, when the

fluorescence intensity of the nuclear stain DAPI decreases to 1%, the phosphores-

cence intensity of complex 5 remains more than 85%.
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The cellular uptake mechanism of cationic complexes has been investigated via

various techniques including laser-scanning confocal microscopy, flow cytometry,

and inductively coupled-plasma mass-spectrometry (ICP-MS). HeLa cells treated

with complex [Ir(ppy)2(N^N)]
+ (7) (5 μM, at 37�C for 3 h) reveal luminescent

granules with a diffuse background in the cytoplasm [16]. The amount of iridium in

an average HeLa cell has been determined to be 5.8 pmol. The uptake efficiency is

reduced when cells are incubated at 4�C or pretreated with carbonyl cyanide

3-chlorophenylhydrazone or potassium nitrate, which are metabolic and ATPase

inhibitors, respectively. Simultaneously, the cytoplasmic foci disappeared and only

a diffuse background is observed. These results suggest that complex 7 enters the

cells by both energy-requiring and diffusion-like pathways.
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Fig. 1 Confocal luminescence and bright-field images of HeLa cells: (a) cells without staining
with complexes; (b) cells incubated solely with complexes 1–6 (20 μM) in DMSO/PBS (pH 7,

1:49, v/v) for 10 min at 25�C; (c) DIC images of cells shown in (b); (d) overlay image of (b) and
(c). The excitation wavelengths are 405 and 488 nm for complexes 1–5 and complex 6, respec-
tively. Reproduced from Zhao et al. [15] with permission of American Chemical Society
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Due to the high lipophilicity, the intracellular localization of many of iridium

(III) complexes is usually non-specific. They either stain the whole cytoplasm or

surround the nucleus due to the interaction with hydrophobic organelles such as

endoplasmic reticulum, mitochondria, and Golgi apparatus. Specific organelle

staining can be achieved by rational structure design. For example, four iridium

(III) complexes [Ir(N^C)2(phenSe)]
+ (8–11) which display green, yellow, orange,

and red phosphorescence, respectively, show specific mitochondrial staining of

both live and fixed HeLa cells [17]. The mitochondrial staining of these complexes

shows high resistance to the loss of mitochondrial membrane potential (Fig. 2).

Most iridium(III) complexes do not show nuclear uptake because of their large and

rigid structure skeleton. Complexes that strongly bind to nucleic acids are able to

permeate the nuclear membrane. For example, complexes [Ir(N^C)2(N^N)]
+

(12–17) efficiently enter the nuclei of Madin–Darby canine kidney (MDCK)

cells, and are then extracted to hydrophobic pockets of nucleolar proteins

[18]. Since the fixed cells show the same staining pattern, the accumulation of the

complexes in the nucleoli is due to the affinity of the complexes to cellular

structures, rather than a consequence of active sequestration by the live cells.
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Fig. 2 Confocal phosphorescence images of carbonyl cyanide m-chlorophenylhydrazone (which
is an uncoupler of oxidative phosphorylation that abolishes the mitochondrial membrane proton

gradient, 10 μM) treated HeLa cells stained with complexes 8–11 (from left to right, 5 μM) for 1 h

at 37�C. Excitation wavelength: 458 nm; emission filter: 530� 20 nm (for 8), 550� 20 nm (for 9),
580� 20 nm (for 10), 600� 20 nm (for 11). Reproduced from Chen et al. [17] with permission of

Elsevier
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2.2 Cationic Iridium(III) Solvent [Ir(N^C)2(Solvent)2]
+

Complexes

Iridium(III) solvent [Ir(N^C)2(solvent)2]
+ complexes with two cyclometalating

ligands and two weak-bound solvent molecules, such as DMSO, acetonitrile,

and water, are non-emissive or weakly emissive in solution and solid states

[19–22]. The labile solvent ligands can be easily displaced by imidazole of histidine

(His) and His-containing proteins, resulting in significant phosphorescence

enhancement. This turn-on phosphorescence response is specific to His over other

amino acids. [Ir(ppy)2(DMSO)2]
+ (18) has been used for live cell imaging

[20]. Interestingly, unlike most other iridium(III) complexes that stain the cyto-

plasm, complex 18 selectively lights up the nuclei of the cells without interaction

with nucleic acids. The nuclear staining has been attributed to the intracellular

substitution of DMSO ligands. To further understand the live cell staining behav-

iors of the iridium(III) solvent complexes, systematic studies have been performed

using a series of complexes 19–24 with different cyclometalating and solvent

ligands [21, 22]. All these complexes show specific phosphorescence enhancement

in the presence of His or His-containing proteins. Variation in solvent ligands does

not affect the intracellular distribution of the complexes. Interestingly, the intracel-

lular localization is highly dependent on the size of cyclometalating ligands. While

complexes 18–21 with the small phenylpyridine ligand specifically stain the nuclei

and complex 22 with the ethyl substituents, shows additional cytoplasm staining,

the nuclear membrane is impermeable to complexes 23–25 with larger

cyclometalating ligands (Fig. 3).
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Fig. 3 Confocal luminescence images, bright-field images, and their overlay of live HeLa cells

incubated with complexes 18–24 (from left to right, 10 μM) in DMSO/PBS (pH 7.4, 1:99, v/v) for

10 min at 37�C, respectively. The amplification of their overlay is also shown. Reproduced from Li

et al. [21] with permission of Elsevier
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2.3 Neutral Iridium(III) Complexes

While cationic iridium(III) complexes have been extensively studied as imaging

reagents, the electronically neutral iridium(III) complexes for bioimaging are

relatively rare because of their inefficient cellular internalization. For example,

five iridium(III) carbene complexes 26–30 have been used to stain the cytoplasm of

HeLa cells [23]. Cells treated with the cationic complexes 26 and 27 exhibit much

more intense intracellular phosphorescence than those incubated with the neutral

analogs 28–30, suggestive of preferential cellular uptake of cationic compounds.

Cells treated with complexes at 4�C are non-emissive, suggesting that energy is

required during the cellular uptake of all these carbene complexes. In another

example, three neutral iridium(III) picolinate complexes 31–33 show cytoplasm

staining of HeLa cells [24]. The incorporation of a boron moiety into these

complexes giving the iridium–boron analogs 34–36 not only evidently tunes the

phosphorescence color, but also significantly reduces their cytotoxicity, making

them promising candidates for multi-color live cell imaging.
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2.4 Zwitterionic Iridium(III) Complexes

Zwitterionic compounds are neutral molecules that contain a positive and a nega-

tive electrical charge. They form a cationic, anionic, or both ionic states in the same

molecule depending on external conditions. A series of phosphorescent zwitterionic

iridium(III) complexes [Ir(N^C)2(Hdcbpy)] (37–41) has been designed as imaging

reagents [25]. The emission of these complexes originates from a variety of excited

states, as confirmed by theoretical calculations. Owing to the hydrophilic diimine

ligands, complexes 37 and 38 show water solubility in the millimolar scale, while

complex 41 is only slightly soluble in aqueous solution because of the hydrophobic
cyclometallating ligand. Cell imaging behaviors of these complexes have been

studied using human mouth epidermal carcinoma KB cells. Interestingly, cell

membrane of both live and fixed cells is impermeable to the most hydrophilic

complex 37, while cells treated with the most lipophilic complex 41 exhibit intense
phosphorescence from the cytoplasm. This work demonstrated that amphiphilicity

of molecules is the key point in the design of imaging reagents, which renders

molecules water-soluble and membrane-permeable.
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2.5 Iridium(III) Complexes Showing Aggregation-Induced
Phosphorescence

Dyes that show aggregation-induced emission exhibit enhanced emission in a

condensed phase compared to solution. They have attracted much interest in a

variety of applications including bioimaging because the commonly observed

aggregation-caused quenching is avoided. Iridium(III) complexes have been

designed to display aggregation-induced phosphorescence which commonly results

from restricted intramolecular relaxation or intermolecular excimer formation. For

example, an iridium(III) complex 42 is non-emissive in solution due to efficient

intramolecular structural relaxation, but emits intensely in the solid state because of

the restricted rotational motions [26]. Liver cancer SM-7721 cells incubated with

this complex reveal intense intracellular phosphorescence, indicative of aggrega-

tion of complex 42 inside the cells. For another example, the weakly emissive

iridium(III) complex 43 aggregates through π–π stacking of the ligands of adjacent

molecules, forming nanoaggregates which display intense red phosphorescence and

possess high specificity for the mitochondria of both live and fixed cells [27].
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3 Functionalized Iridium(III) Complexes for Bioimaging

3.1 Iridium(III) Complexes Containing Biological Substrates

Incorporation of biological substrates into iridium(III) complexes allows the com-

plexes to bind to specific biomolecules. The cellular uptake and intracellular

localization of the complexes are also affected by the substrates. Complexes

44–49 containing fatty acid derivatives undergo efficient internalization and

accumulate in the cytoplasm of HeLa cells [28]. Although a longer aliphatic tail

increases the lipophilicity of the complexes, which usually facilitates the cellular

uptake, the larger molecular size and possible self-aggregation limit the uptake

efficiency. The indole- (50) [29] and biotin-containing (51) [16] complexes enter

cells via an energy-requiring pathway. Upon internalization, the indole complex 50
forms very sharp phosphorescent rings surrounding the nuclei, while the biotin

complex 51 shows punctate staining (Fig. 4). Complexes 52–54 containing lysine
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(Lys) moieties show increased water solubility [30]. The mono-substituted complex

52 exhibits much higher cellular uptake than the bis- and tris-substituted complexes

53 and 54, respectively.
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Complexes containing substrates that bind to membrane transport proteins

across the cell membrane in a specific pathway. For example, iridium(III) complex

55 has been used to label reducing sugars including D-glucose, D-galactose, D-

lactose, and D-maltose, giving their corresponding conjugates (56–60) [31]. Inter-
estingly, only the glucose conjugate displays efficient cellular uptake, which has

been ascribed to the glucose transporters (GLUTs) in the cell membrane. The

GLUT-mediated uptake of the glucose-containing iridium(III) complex 61 is com-

petitively inhibited by D-glucose and 2-deoxy-D-glucose but independent of L-

glucose [32]. Additionally, complex 61 shows preferential internalization into

cancer cells over non-tumorigenic cells, because cancer cells show a high expres-

sion level of GLUTs. Furthermore, hormone stimulation such as insulin and 17β-
estradiol enhances the expression of GLUTs, and thus facilitates the uptake of

complex 61. The substrates of GLUTs are not limited to glucose; for example,

GLUT5, which is overexpressed in breast cancer tissues, selectively mediates the

Fig. 4 Fluorescence images of HeLa cells incubated with complexes 50 (5 μM, 1 h) and 51 (5 μM,

3 h). Reproduced from Lau et al. [29] and Zhang and Lo [16] with permission of American

Chemical Society
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uptake of fructose [33, 34]. An iridium(III) fructose complex 62 shows enhanced

uptake by breast cancer MCF-7 cells and localizes in the mitochondria [35]. The

uptake is inhibited by exogenous fructose. Similarly, the efficient internalization of

an iridium(III) complex 63 that contains a nucleoside unit into human carcinoma

KB3-1 cells is inhibited by 20-deoxyadenosine, indicating the uptake of this com-

plex is through a nucleoside transporter-mediated pathway [36].
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Many peptides show strong affinity and targeting properties to specific organ-

elles. Iridium(III) complexes containing such peptides can be transported to

targeted intracellular locations. As mentioned in Sect. 2.2, iridium(III) solvent

complexes can undergo substitution of the solvent ligands with the imidazole of

His [19–22]. The acetonitrile complex 20 has been used to label a cell-penetrating

peptide with a histidine residue at the N terminus [37]. This formed conjugate

shows vesicular staining and nucleolar accumulation in HeLa cells. When a

mitochondria-targeting sequence is introduced, the resulting conjugate displays

complete co-localization with MitoTracker, demonstrating that this conjugate

effectively targets mitochondria. Another peptide Ac-TZ14011 specifically binds

to chemokine receptor 4 (CXCR4) which is a G protein-coupled membrane recep-

tor and expressed in the cell membrane. Complex 64 containing this peptide stains

the cell membrane of MDA-MB-231 cells that overexpress CXCR4 [38].

64
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3.2 Iridium(III) Complexes Containing Reactive Functional
Groups

Complexes containing reactive functional groups can react with biomolecules

through, in most cases, their amine and sulfhydryl groups. Cells incubated with

these complexes allow labeling of intracellular biomolecules by forming covalent

bonds. For example, HeLa cells incubated with aldehyde-containing complex
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[Ir(pq-CHO)2(Ph2-phen)]
+ (65) show a similar perinuclear staining pattern to those

treated with the aldehyde-free analog [Ir(pq)2(Ph2-phen)]
+ [39]. Upon fixation and

washing with MeOH, the cells stained with the aldehyde-containing complex 65
retain the intense phosphorescence, while the pq-complex-treated cells become

almost non-emissive. It is because the aldehyde groups of complex 65 react with

the amine groups, which anchors the complex onto cellular structures. Complexes

containing an isothiocyanate group also react with amine groups forming a thiourea

linkage. The iridium(III) isothiocyanate complex [Ir(pq)2(phen-NCS)]
+ (66) accu-

mulates in the mitochondria of mammalian cells [40]. Proteomic analysis has

confirmed that more than 46 proteins take part in conjugation with complex 66.
The most luminescently labeled protein is voltage-dependent anion channel

1 which locates on the outer mitochondrial membrane.
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Bioorthogonal chemistry is a versatile method to realize intracellular labeling

without interfering with native biochemical processes [41, 42]. In a typical proce-

dure, a chemical reporter is first introduced into naturally occurring biomolecules of

a living system, and a bioorthogonal probe carrying the complementary function-

ality is then used for labeling. Cycloaddition between azides and cyclooctynes has

been widely used as one of the ligation strategies because of its high efficiency and

selectivity [43, 44]. An iridium(III) complex appended with a dibenzocyclooctyne

(DIBO) unit 67 has been designed as a phosphorescent bioorthogonal probe to label
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azide-modified biomolecules [45]. Azide groups are first introduced into Chinese

hamster ovary CHO cells through exposure of the cells to 1,3,4,6-tetra-O-acetyl-N-
azidoacetyl-D-mannosamine (Ac4ManNAz), which is metabolically converted to

N-azidoacetyl sialic acids on the cell surface. Upon incubation with complex 67,
these cells exhibit intense emission from the cell membrane, highlighting the

efficient labeling of the cell-surface glycans via bioorthogonal reactions.
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Diarylethene derivatives readily undergo reversible photoinduced ring-close

isomerization, and thus have been widely applied as molecular switches and

photochromic materials [46, 47]. An iridium(III) complex 68 with a diarylethene

derivative in each cyclometalating ligand has been designed [48]. The ring-close

isomerization of complex 68 is triggered by irradiation at 440 nm, which is revealed

by hyperchromic shifts of the absorption at 480 and 642 nm and significant

phosphorescence quenching at 568 nm. The reverse process requires irradiation at

600 nm or longer wavelengths in the visible region and results in phosphorescence

recovery. The intracellular photoswitch behavior of complex 68 has been demon-

strated. KB cells incubated with this complex show intense phosphorescence from

the cytoplasm. Irradiation at 458 nm (2 mW) for 1.5 min turns off the phosphores-

cence, which is slowly recovered by irradiation at 633 nm (0.7 mW) for 60 min.
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4 Iridium(III) Complexes for Intracellular Sensing

4.1 Sensors for Gas Molecules

Iridium(III) complexes display sensitive phosphorescence towards ligands and

surrounding microenvironment and thus have been widely used in the development

of sensors [7–10]. Hypoxia refers to a state in which oxygen supply is insufficient.

Although generalized hypoxia occurs in healthy people, it is more usually related to

various diseases including cancer [49]. Long-lived phosphorescent transition-metal

complexes have emerged for monitoring oxygen levels in real time nondestruc-

tively and reversibly because of the efficient quenching by the triplet ground state of

molecular oxygen. Live cells incubated with complex [Ir(btp)2(acac)] (69) exhibit
intense phosphorescence when cultured under a low oxygen condition but do not

show notable phosphorescence under normoxia [50]. This complex has been used

to monitor endogenous hypoxia induced by the mitochondrial respiratory function

[51]. In in vivo investigation, upon injection of complex 69 into a tumor-bearing

athymic nude mouse, phosphorescence has been detected in tumors and extratumor

regions are virtually non-emissive [50]. The detection limit of tumor size is about

2 mm in diameter. Complexes [Ir(btph)2(acac)] (70) and [Ir(btph)2(acac-COOH)]

(71) have also been designed as in vivo imaging reagents [50]. Their absorption and

emission occur at lower energy owing to the extended π-electronic ligands, which
leads to an increased detection depth of tumors.

Single-intensity-based sensors straightforwardly relate their phosphorescence

intensity to oxygen concentrations. However, the unequal distribution of iridium

(III) complexes in cells and tissues also leads to variation of the phosphorescence

intensity, thus resulting in inaccuracy in oxygen detection. A ratiometric oxygen

sensor 72 consisting of a fluorescent coumarin unit and a phosphorescent iridium
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(III) complex displays both blue fluorescence and red phosphorescence [52]. As

only the phosphorescence exhibits oxygen quenching, the oxygen-insensitive fluo-

rescence signal serves as an internal standard in the determination of intracellular

oxygen concentration.
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Nitric oxide (NO) is one of the most important cellular signaling molecules

involved in many physiological and pathological processes [53–55]. It is produced

endogenously in mammalian cells by nitric oxide synthases (NOSs), which catalyze

the production of NO from L-arginine [56]. Intracellular NO is difficult to be

detected because of its low concentration and short half-life. Since electron-rich

diaminoaromatic compounds readily react with NO yielding the triazole deriva-

tives, an iridium(III) complex 73 appended with a diaminoaromatic moiety has

been designed as an NO sensor [57]. This complex emits weakly because of the

intermolecular reductive quenching of the excited complex by the diamine moiety.

Upon addition of an NO-releasing agent, 3-(2-hydroxy-1-methyl-2-

nitrosohydrazino)-N-methyl-1-propanamine (NOC-7), complex 73 is converted

into its triazole counterpart 74, accompanied with 18-fold phosphorescence

enhancement. A similar phosphorogenic response is also observed in HeLa cells

when the cells are post-treated with NOC-7. The generation of the triazole product

74 in the HeLa cells has been confirmed by the electrospray-ionization mass-

spectrometry (ESI-MS) of the cell extract. The detection of endogenous NO by

complex 73 has also been demonstrated using the macrophage cell line RAW 264.7,

which is known to produce NO when stimulated by lipopolysaccharides.
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4.2 Sensors for Ions

Iridium(III) complexes with protonable ligands usually show pH-dependent phos-

phorescence. For example, complex 75 exhibits a structured phosphorescence band
at 496 and 521 nm, which undergoes significant red shift when the diimine ligand is

protonated [58]. Another complex 76 shows weak orange phosphorescence at

554 nm [59]. Addition of acids induces a considerable enhancement of phospho-

rescence intensity at 497 nm. Interestingly, upon internalization into live cells, both

complexes 75 and 76 stain the lysosomes, which maintain an acidic environment by

pumping protons from the cytosol.
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Metal cations play essential roles in biological systems. Some of them are tightly

bound in different macromolecules where they play structural and catalytic roles.

Others function as mobile ions in organs. For example, mobile zinc(II) ions

are essential in brain function, gene transcription, the immune response, and

reproduction [60]. A series of iridium(III) complexes 77–87 equipped with a

2,20-dipicolylamine (DPA) unit has been designed as Zn2+ sensors [61–63]. Binding

of Zn2+ suppresses the nonradiative photoinduced electron-transfer (PeT) process

from DPA to the excited cyclometalated iridium(III) polypyridine cores, leading to

phosphorescence enhancement of these complexes. Similar Zn2+-induced phospho-

rescence response has also been observed in an intracellular environment using

complexes 81 and 82 via confocal laser-scanning microscopy [62, 63]. Another

DPA-containing iridium(III) complex [Ir(ppy)2(btp-DPA)] (88) displays green and

red dual phosphorescence because of limited internal conversion between two

MLCT emissive states [64]. Copper(II) complexation selectively quenches the

red phosphorescence from the btp ligand to which the DPA moiety is tethered.

Complex 88-treated HeLa cells have been fixed and imaged through both green

(510–560 nm) and red (>600 nm) channels. Exogenously introduced Cu2+ prefer-

entially suppresses the red channel intensity (Fig. 5). In another study of cyanide

anion sensing, complex [Ir(ppy)2(bpy-DPA)]
+ (89) exhibits intense phosphores-

cence at 583 nm, which is quenched by Cu2+ but recovered upon addition of CN�

[65]. HeLa cells do not reveal any emission upon treatment with 89�Cu(II), but
become strongly emissive after incubation with NaCN. The design of phosphores-

cent sensors for mercury(II) ion is mainly based on the soft–soft interaction
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between mercury and sulfur atoms according to the Pearson’s concept. Complex [Ir

(bt)2(acac)] (90) exhibits a phosphorescence color change from orange to green in

response to Hg2+, not only because of the mercury–sulfur interaction but also due to

the Hg2+-induced substitution of the acac ligand with solvent molecules [66]. Expo-

sure of 90-loaded KB cells Hg2+ results in a ratiometric phosphorescence change of

I515/I570 from 0.1 to >0.6.
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Fig. 5 Intracellular copper imaging of fixed HeLa cells treated with 10 μM complex 88. Cells in
the lower panels were incubated with 500 μM CuCl2 prior to treatment of complex 88. (a)
Differential interference contrast images. (b) Phosphorescence acquired through a green channel

(excitation band path¼ 300–390 nm, emission band path¼ 510–560 nm). (c) Phosphorescence
acquired through a red channel (excitation band path¼ 400–450 nm, emission cut-on for

>600 nm). (d) Co-localization scatter plot of green and red channels. (e) Phosphorescence

intensity ratio images of green and red channels. Scale bar corresponds to 25 μm. Reproduced

from You et al. [64] with permission of American Chemical Society
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4.3 Sensors for Amino Acids

Thiol-containing amino acids, cysteine (Cys) and homocysteine (Hcy), play a

crucial role in many physiological and pathophysiological processes in organisms

[67]. Their thiol group, serving as a nucleophile, participates in many enzymatic

reactions. Phosphorescent iridium(III) sensors for Cys and Hcy have been designed

through different strategies. An iridium(III) complex 91 containing a

2,4-dinitrobenzenesulfonyl (DNBS) moiety, which is a strong electron-acceptor,

has been designed as a phosphorogenic sensor for Cys and Hcy [68]. It is

non-emissive in solution because of efficient electron transfer from the excited

complex core to the DNBS unit. Addition of Cys and Hcy cleaves the covalent

linkage between the complex core and the DNBS unit, which switches on the

phosphorescence. The generation of the alcohol analog 92 has been confirmed via

matrix-assisted laser desorption-ionization time of flight (MALDI-TOF) mass

spectrometry. Live HeLa cells incubated with complex 91 show intense intracellu-

lar phosphorescence, which should originate from the reduction product 92 by

Cys/Hcy, because cells do not reveal observable emission when pretreated with

N-ethylmaleimide (NEM) which is a thio-reactive compound to consume intracel-

lular Hcy/Cys. An azo-bridged dinuclear iridium(III) complex 93 shows a similar

phosphorogenic sensory behavior for Cys and Hcy both in solution and under

intracellular conditions [69]. Very interestingly, a structurally similar complex 94
shows no phosphorescence response to Cys/Hcy, but a significant phosphorescence

enhancement has been observed when sulfite and bisulfite are added to the complex

[70]. Complex 94 has been used to detect both extraneous and endogenous sulfite

and bisulfite in human hepatocyte HepG2 cells.
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Modification of ligands with an aldehyde group allows phosphorescent iridium

(III) complexes to selectively react with Cys and Hcy, converting the aldehyde

group to cyclic thiazolidine and thiazinane, which is usually accompanied with

significant changes of photophysical properties of the complexes. For example,

complex [Ir(pba)2(bpy)]
+ (95) containing two aldehyde groups readily reacts with

Cys and Hcy yielding cyclic thiazolidine and thiazinane derivatives, respectively

[71]. Upon cyclization with these amino acids, complex 95 shows significant

phosphorescence color change from yellow to orange because of switching of the

emissive state from 3LC (π(pba)! π*(pba)) to mixed 3MLCT (dπ(Ir)! π*(bpy))
and ligand-to-ligand charge-transfer (3LLCT) (π(N^C)! π*(bpy)). As a result, this
complex has been used to report changes in intracellular Cys and Hcy concentra-

tions in a ratiometric manner. KB cells incubated with complex 95 (20 μM, 37�C,
30 min) show an emission maximum at 570 nm with a ratio of I570/I530¼ 1.5

(Fig. 6), indicative of the generation of thiazolidine/thiazinane from the reaction

between the complex and Cys/Hcy. In a control experiment where the cells are

pretreated with NEM, the intracellular emission maximum blueshifts to 530 nm

with the I570/I530 ratio reduced to below 0.75. As the incubation proceeds, this ratio

increases slowly due to the newly produced Cys/Hcy by the cells. In another study,

a quaternary ammonium unit is introduced to the diimine ligand, affording complex

96, which is completely soluble in pure water, facilitating the bioimaging

applications [72].
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Fig. 6 Ratio phosphorescence images of complex 95 in KB cells. (a), KB cells incubated with

20 μM complex 95 for 30 min. (b), KB cells incubated with 200 μMNEM for 1 h and then further

incubated with 20 μM complex 95 for 30 min. (c), KB cells incubated with 200 μM NEM for 1 h

and then further incubated with 20 μM complex 95 for 1 h. Emission was collected by the green
channel from 530� 10 nm and red channel from 570� 10 nm (λex¼ 405 nm). Ratio of emission

intensity at 570� 10 to 530� 10 nm is also shown. Reproduced from Xiong et al. [71] with

permission of American Chemical Society
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5 Dendrimers and Polymers Containing Iridium(III)
Complexes

Incorporation of phosphorescent iridium(III) complexes into dendrimers and poly-

mers not only considerably alerts different properties with respect to bioimaging

including water solubility, cytotoxicity, uptake efficiency and pathways, intracel-

lular distribution, etc., but also provides various functionalities such as drug

delivery and transfection. Additionally, efficient intramolecular energy transfer

among these macromolecules offers new strategies to design intracellular optical

sensors.

The utilization of iridium(III) complexes in biological studies is limited because

the solubility of the complexes in aqueous media might not be sufficiently high and

most of the complexes are considerably cytotoxic to eukaryotic cell lines. This

problem can be well addressed by modification of the complexes with a poly

(ethylene glycol) (PEG) pendant. For example, iridium(III) PEG complexes

97–100 are soluble in aqueous buffer and the water solubility has been determined

to be higher than 0.3 M [73]. Additionally, the cytotoxicity of these complexes is

remarkably reduced compared to their PEG-free counterparts, because the long

PEG chains prevent the complexes from interacting with cellular proteins or

triggering immunogenicity and antigenicity inside the cells. HeLa cells loaded

with the PEG complexes show intense intracellular phosphorescence, and further

culturing for another 72 h makes no considerable difference in cell counts compared

to the case of complex-untreated cells, indicating that the internalized complexes

do not adversely interfere with the cell division. Considering the benefits of

transition-metal complexes in sensitization of singlet oxygen, related iridium(III)

PEG complexes 101–105 have been used for investigation of their potential

applications in photodynamic therapy [74]. Since these complexes are water-

soluble and non-cytotoxic in the dark, a large drug dose can be applied.

Photoexcitation leads to a significant increase in the cytotoxicity of these

complexes, and the IC50 values are reduced from >300 to 3.4–23.2 μM due to the

formation of intracellular singlet oxygen.
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The cellular uptake efficiency and intracellular localization of mononuclear

iridium(III) complexes depend on their coordinating ligands. For example,

[Ir(pq)2(bpy-Et]
+ (106) enters live cells much more efficiently than its ppy
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counterpart [Ir(ppy)2(bpy-Et)]
+ (107) due to the more hydrophobic cyclometalating

pq ligands, which increases the lipophilicity of the complex [75]. Upon

internalization, both complexes are localized in the perinuclear region with no

selectivity to organelles. Interestingly, their octanuclear dendritic counterparts

108 and 109 exhibit similar uptake properties that are independent of their

cyclometalating ligands [75]. They selectively bind to the Golgi apparatus of

HeLa cells. It is because the dendritic skeleton plays an important role in the

cellular properties.
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Poly(ethyleneimine) (PEI) has been commonly used as a transfection reagent to

delivery DNA into cells owing to its high positive-charge density and high proton-

buffer capacity over a wide pH range [76]. PEI–PEG copolymers containing

iridium(III) polypyridine cores have been designed [77]. These copolymers not

only retain the gene-delivery properties of PEI, but also show enhanced water

solubility and biocompatibility brought about by PEG. Additionally, the phospho-

rescent iridium(III) polypyridine cores allow intracellular tracing the transfection

process via confocal microscopy.

The intercellular sensing performance of polymers containing iridium(III) com-

plexes has been investigated. Two iridium(III) bisaldehyde complexes have been

integrated into poly(N-isopropylacrylamide), forming iridium(III)-containing poly-

mers 110 and 111, respectively [78, 79]. Upon reaction with Cys and Hcy yielding

thiazolidine and thiazinane, respectively, both polymers show significant phospho-

rescence enhancement. Compared to complex monomers, the polymeric sensors

possess the following advantages: (1) they are water-soluble and biocompatible;

(2) they can form hydrogels with cross-linking reagents, which allow applications

in quasi-solid state sensing devices; (3) these polymers show a lower critical

solution temperature at about 31�C, above which the polymers in aqueous solution

are converted from a swollen state to a collapsed conformation, which wraps the

iridium(III) complexes producing an hydrophobic local environment in the polar

solution and resulting in phosphorescence enhancement. Thus, these iridium(III)-

containing polymers can act as multifunctional cellular sensors.
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Most of small-molecular transition-metal-based sensors have been designed by

incorporation of an analyte-binding site into their coordinating ligands. Binding of

analyte leads to an alteration in the electronic structures of the ligands, and thus the

emission properties. Metallopolymers provide a new sensory strategy based on the

electronic communication between metal complexes and polymer backbones.

For example, hyper-branched (112) and linear polycationic (113) conjugated

iridium(III)-containing polymers have been designed to sense heparin, which is a

polyanionic biomacromolecule, based on strong electrostatic attraction

[80, 81]. Both polymers appear to be swollen in aqueous solution due to the intra

and intermolecular electronic repulsion between the monomers. Upon excitation,

they exhibited intense blue fluorescence from the polymer backbones and weak red

phosphorescence from the iridium(III) complexes. Electrostatic attraction with

heparin causes a conformational conversion and stabilizes the condensed polymers,

which exhibit intense red phosphorescence due to efficient energy transfer from

polymer backbones to iridium(III) complex cores. The linear polymer 113 has been
used for ratiometric detection of heparin in blood samples of patients [81]. Addi-

tionally, KB cells incubated with this polymer show membrane staining, which

is well colocalized with the commercially available membrane-staining dye

1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI).
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6 Nanoparticles Containing Iridium(III) Complexes

6.1 Polymer Nanoparticles

Nanoparticles have been widely used in many applications including catalysis, drug

delivery, and bioimaging. For example, an aggregation-induced phosphorescent

iridium(III) complex 114 has been embedded in water-dispersible polystyrene-
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based nanoparticles, which show good cell membrane permeability and exclusive

staining of the cytoplasm of KB cells [82]. In another study, polystyrene-based

nanoparticles embedding an iridium(III) complex [Ir(bt)2(pic)] (115) and a

diarylethene derivative DTE (116) have been designed as a photoswitchable

bioimaging reagent [83]. Upon excitation at 405 nm, intense phosphorescence at

540 nm from the iridium(III) complex 115 has been observed. Irradiation at 365 nm
switches DET from the open to the closed form, and the latter quenches the

phosphorescence of complex 115 through an energy-transfer process. Ring opening
of DET is triggered by irradiation at 532 nm, resulting in phosphorescence turn-on

of complex 115. The intracellular photoswitch behavior of the nanoparticles has

been demonstrated using KB cells.
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Polymer nanoparticles are good drug carriers that transport drugs into cells or

specific organelles including the nucleus. Polymer FA-PEG-b-P4VP containing

ethylene glycol and 4-vinylpyridine as repeating units and a folic acid (FA) head

has been designed to react with the chloride-bridged iridium(III) dimer [Ir(pq)2Cl]2
(117) though the polymeric pyridine units, and the resulting product undergoes self-

assembly in water to form nanoparticles with the FA-PEG as the hydrophilic shell

and the P4VP/[Ir(pq)2] as the lipophilic core [84]. The FA moieties on the particle

surface facilitate the uptake by cancer cells that overexpress folate receptors.

Intracellular histidine triggers the release of [Ir(pq)2]
+ residue and its intranuclear

accumulation. In another design, nanoparticles have been prepared using the same

iridium(III) dimer and nuclear targeting oligolysine (Fig. 7) [85]. Interestingly,

these nanoparticles show a pH-dependent particle size in aqueous solution; they are
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128 nm in diameter at pH 7.4, while in an acidic environment of pH 4, protonation

of the amine groups of lysine induces self-repulsion, which leads to decomposition

of the large nanoparticles into smaller ones with a diameter of 18 nm. HeLa cells

incubated with the large nanoparticles for 2 h show perinuclear staining. As the

incubation proceeds, decomposition occurs in the lysosomes which maintain a pH

value of about 4, and the small nanoparticles containing oligolysine readily perme-

ate nuclear membrane into the nuclei of cells. Electrostatic attraction between

positively charged oligolysine with negatively charged intranuclear DNA triggers

the release of the iridium(III) complex which then causes apoptosis.

N
C Cl

C Cl
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Fig. 7 Schematic description of preparation of the iridium(III)-containing oligolysine

nanoparticles in water, cell internalization of the nanoparticles into lysosome, dissociation of the

primary nanoparticles into small ones in lysosome, nuclear entry of the small nanoparticles via

nucleopores, and DNA triggered release of the iridium(III) compound in the nucleus. Reproduced

from Fan et al. [85] with permission of Elsevier
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6.2 Silica Nanoparticles

Mesoporous silica nanoparticles (MSN) have been widely used in many biological

applications. They can be readily prepared as nano-sized spheres filled with a

regular arrangement of pores. Their large surface area allows surface functiona-

lization, and they exhibit excellent hydrophilicity, biocompatibility, and stability

facilitating biological applications. A bisaldehyde iridium(III) complex (118) has
been immobilized on both the inner mesopore wall and exterior surface of MSN

[86]. The resulted iridium(III) nanostructures maintain the aldehyde-based sensing

ability for Cys and Hcy with high selectivity over other amino acids; reaction with

Cys and Hcy leads to considerable emission enhancement of the nanoprobe. The

nanoprobe shows efficient internalization into live cells with negligible cytotoxic-

ity. Intense intracellular emission has been observed and been assigned to the

thiazolidine/thiazinane products of the reaction between the nanoprobe and

Cys/Hcy, because pretreatment of cells with NEM results in much weaker emission.
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7 Strategies to Enhance Signal-to-Noise Ratio
in Phosphorescence Bioimaging

7.1 Iridium(III) Complexes Showing NIR Phosphorescence

Despite the wide applications of iridium(III) in bioimaging, the design of imaging

reagents with high signal-to-noise ratio is challenging. One of the strategies is to

tune the phosphorescence to the NIR range from 650 to 900 nm where the

interference from tissue autofluorescence is minimized. Additionally, complexes

with longer excitation and emission wavelengths are preferred in in vivo

bioimaging because of deeper penetration into tissues. Iridium(III) complexes

119 and 120 exhibit structured phosphorescence bands at 690 and 760 nm with

quantum yields of about 3% in deaerated CH2Cl2 [87]. Human embryonic kidney

293 T cells incubated with these complexes show cytoplasm staining with negligi-

ble background fluorescence, which reveals a signal-to-noise ratio higher than 20.
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7.2 Two-Photon Excitable Iridium(III) Complexes

Complexes that show two-photon absorption reach an excited state by simultaneous

absorption of two photons. They are excitable by NIR excitation, which allows

deeper penetration, weaker autofluorescence, less photobleaching, and lower pho-

totoxicity than the ultraviolet and visible light excitation. Two iridium(III) com-

plexes 121 and 122 exhibit two-photon absorption cross section of about 98 and

350 GM, respectively, in the NIR region [88]. Two-photon microscopy shows that

while complex 121 stains cytoplasm of HeLa cells, complex 122 binds to the Golgi
apparatus. Another water-soluble iridium(III) complex 123 readily forms

nanoparticles, which display a two-photon absorption cross section of 33 GM at

800 nm [89]. Two-photon excitation images of HeLa cells have been obtained

under excitation at 680–800 nm.
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Another two-photon excitable iridium(III) complex 124 has been designed as an
intracellular sensor for biothiols [90]. This complex contains two α,β-unsaturated
ketone groups which undergo 1,4-addition reaction with Cys, giving the 124-Cys2
analog. Both complex 124 and the bis-Cys conjugate 124-Cys2 are two-photon

excitable at 800 nm, but only 124-Cys2 is intensely emissive, rendering complex

124 a two-photon phosphorogenic probe for biothiols. Cell imaging studies show

that, under two-photon excitation at 750 nm, complex 124 can be used for detection
of intracellular biothiols.
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7.3 Upconversion Nanoparticles Coated with Iridium(III)
Complexes

Lanthanide-doped upconversion nanoparticles that convert NIR excitation to visi-

ble light emission share the same advantages as two-photon emission imaging.

Coating of environment-sensitive phosphorescent iridium(III) complexes on the

particle surface affords upconversion luminescent sensors for different analytes.

For example, complexes 125 and 126 with cyanide-specific α,β-unsaturated car-

bonyl groups in respective cyclometalating and diimine ligands have been coated

onto lanthanide nanoparticles, which display upconversion luminescence (UCL) in

green, red, and NIR regions upon excitation at 980 nm [91, 92]. The intense

absorption of the iridium(III) complexes in the visible region results in efficient

quenching of the green UCL through luminescence resonance energy transfer.

Upon reaction with cyanide anions, the green absorption of the iridium(III) com-

plexes becomes very weak, and the green UCL is recovered. The upconversion

nanoparticles coated with complex 125 have been used for imaging cyanide anion

in live cells ratiometrically with the green UCL as the reporting signal and the red

UCL as an internal standard [91]. Pretreatment of HeLa cells with cyanide leads to

an increase in the intensity ratio of Igreen/Ired from less than 1 to about 3.
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7.4 Lifetime-Based Luminescence Microscopy

Lifetime-based luminescence microscopy is a powerful strategy to enhance the

signal-to-noise ratio in cellular imaging and sensing. Taking the advantages of long

phosphorescence lifetimes of iridium(III) complexes, time-gated luminescence

microscopy filters off the short-lived autofluorescence and photon scattering by

setting a time delay between excitation and acquisition of the image. For example,

complex 75 stains the acidic organelle lysosomes [58]. The intracellular lumines-

cence lifetime has been fitted to a monoexponential decay and been determined to

be 1.2� 0.2 μs. In a co-staining experiment involving complex 75 and a nuclear dye
Hoeschst 33342, cells show bright fluorescence from the nuclei with no time delay,

while time-gated imaging in a 10-ns delay reveals phosphorescence of complex 75
from the cytoplasmic organelles.

Fluorescence lifetime imaging microscopy (FLIM) has been employed as an

alternative technique to distinguish the long-lived phosphorescence signal from the

short-lived autofluorescence. For example, FLIM image of the membrane-staining

complex 64 gives a better signal-to-noise ratio than the intensity-based image

[38]. In another study, a tris-carborane modified iridium(III) complex 127 has

been used to image live HeLa cells via FLIM [93]. Results show that complex

127 exhibits a lifetime of 168 ns from the cytoplasm. The lifetimes detected from

the nuclei are much shorter (around several ns), suggestive of negligible nuclear

uptake.
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Similar to intensity-based imaging microscopy, lifetime-based luminescence

microscopy has been used for intracellular sensing based on the lifetime responses

to the analytes. A higher signal-to-noise ratio is usually obtained especially in a

noisy environment. For example, the iridium(III) DPA complexes 82 exhibit

emission enhancement and lifetime elongation upon binding of Zn2+ cations. The

Zn2+ sensing performance of these complexes has been evaluated in the presence of

10-methylacridinium (Acr+) ion, which simulates typical autofluorescence

[62]. The total emission of the mixture is enhanced by 1.7 fold upon addition of

Zn2+. In sharp contrast, time-gated acquisition of the spectrum after a 120 ns delay

completely filters off the fluorescence of Acr+, revealing a sevenfold phosphores-

cence enhancement. Additionally, FLIM experiments show that the intracellular

luminescence decay profiles are deconvoluted as a three exponential process. Only
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the most long-lived component that corresponds to complex 82 is elongated from

140 to 160 ns upon addition of Zn2+. Similar intracellular lifetime response has also

been observed when using structurally related iridium(III) DPA complex 81 [63].

In another study, the utilization of the iridium(III)-containing water-soluble

polymer 111 (τo¼ 366 ns) for Hcy sensing has been performed in the presence of

background interference provided by fluorescein (τo¼ 3.1 ns) [79]. Upon addition

of Hcy, the sensing mixture exhibits a 0.2-fold emission enhancement, but the

enhancement factor increases to 7.8 fold using time-gated measurements with a

100-ns delay. Time-gated imaging and FLIM experiments demonstrated that the

intracellular phosphorescence of 111 is distinguishable from the short-lived fluo-

rescent background interference. Similarly, the signal-to-noise ratio is significantly

enhanced via lifetime-based luminescence microscopy in detection of heparin using

the polycationic polymer 113 [81].

8 Phosphorescence and Magnetic Resonance Multi-Mode
Imaging

Confocal microscopy provides optical slice images with high subcellular resolution

and depth selectivity. However, in vivo imaging using phosphorescent transition-

metal complexes is limited by the low depth of penetration of biological samples.

MRI uses radiowaves to create images, which offers unlimited tissue penetration

and high spatial resolution [13]. The combination of both imaging technologies can

minimize the limitations of each single technology and provide complementary

information [94]. For example, a d–f heteronuclear complex 128 has been designed
by covalent attachment of a macrocycle-based gadolinium(III) chelate to a

cyclometalated iridium(III) polypyridine core, in which the iridium(III) core

exhibits intense yellow phosphorescence and the gadolinium(III) chelate offers a

high magnetic moment and long electronic relaxation time, both of which facilitate

the generation of MRI signals [95]. Confocal phosphorescence microscopy images

show that upon internalization into KB cells and normal liver L02 cells, complex

128 is localized in the mitochondrial. In vivo MRI has been investigated using mice

as models. Complex 128 was injected into mice through the tail vein, and a much

brighter liver image has been obtained after 30 min of circulation.
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An bis-carboxyl-functionalized iridium(III) complex 129 and the gadolinium

(III) ion have been employed as building blocks and metallic nodes, respectively, to

construct hollow coordination polymer particles [96]. Polyvinylpyrolidone modifi-

cation of these particles significantly enhances the water solubility. These particles

display intense red phosphorescence, moderate longitudinal relaxivity (r1), and low
cytotoxicity. In another design, oleic acid-modified NaDyF4 nanorods have been

coated with gadolinium(III) chelate-modified α-cyclodextrin [97]. A lipophilic

iridium(III) complex 130 has been loaded into the hydrophobic layer on the

nanorod surface. In addition to serving as MRI and phosphorescence imaging

reagents, these nanorods are suitable for computed tomography (CT) owing to the

strong absorption of X-ray by the heavy dysprosium(III) ions, rendering these

nanorods an MRI/CT/phosphorescence multi-mode imaging reagent.
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Core–shell structured nanoparticles have received increasing interest owing to

their multiple virtues. The core and shell allow independent modification to meet

their respective requirements. For example, a magnetic core coated with a phos-

phorescent shell provides the capability for dual-mode MRI and phosphorescence

imaging. Core–shell nanoparticles have been constructed with magnetic Fe3O4 as

the core and SiO2 as the shell [98]. The latter has been functionalized with a

phosphorescent iridium(III) complex 131. These Fe3O4@SiO2(Ir) nanoparticles

reveal a spherical shape, have a high size uniformity (about 55� 5 nm in diameter),

and importantly retain both magnetism and phosphorescence properties. In the
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MRI, a higher dose results in higher brightness of the MR signal. Phosphorescence

imaging reveals that these nanoparticles are probably accumulated in the lysosomal

compartment although the exact location could not be confirmed. Additionally,

these nanoparticles have been proven to be capable of generating singlet oxygen to

induce apoptosis. In another study, hollow MnO has been employed instead of

Fe3O4 as the core and the outmost surface of the mesoporous silica shell that

contains iridium(III) complex 132 has been labeled with PEG [99]. Nanocomposites

H-MnO@mSiO2(Ir)@PEG with the hollow core and mesoporous shell not only

increase water permeability to the interior hollow manganese oxide core for T1
signal in MRI but also enhance photodynamic therapy efficacy by enabling the free

diffusion of oxygen molecules.
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Conclusion
In this chapter, we have summarized the recent design of phosphorescent

iridium(III)-based bioimaging reagents, which include cationic, neutral, and

zwitterionic phosphorescent iridium(III) complexes. Complexes showing

aggregation-induced phosphorescence have also been included considering

their avoidance of aggregation-caused quenching. Functionalization of irid-

ium(III) complexes with biological substrates and reactive groups allows

interaction non-covalently and covalently, respectively, with intracellular

biomolecules. Making use of their sensitive photophysical properties toward

surrounding ligands and microenvironment, iridium(III) complexes have

been designed as intracellular sensors for gas molecules, ions, and amino

acids. Incorporation of phosphorescent iridium(III) complexes into

dendrimer, polymer, and nanoparticle systems not only considerably alerts

different properties with respect to bioimaging including water solubility,

cytotoxicity, uptake efficiency and pathways, intracellular distribution, etc.,

but also provides various functionalities such as drug delivery and transfec-

tion. Various strategies, including the use of near-infrared-emitting

and two-photon excitable complexes, upconversion nanoparticles, and

lifetime-based microscopy techniques, have been developed to enhance

(continued)
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signal-to-noise ratios in bioimaging. Additionally, the combination of MRI

and phosphorescence imaging technologies can minimize the limitations of

each single technology and provide complementary information. In

conclusion, we anticipate that phosphorescent iridium(III) complexes will

continue to contribute to the development of bioimaging materials.
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Strongly Phosphorescent Transition-Metal

Complexes with N-Heterocyclic Carbene

Ligands as Cellular Probes

Taotao Zou, Faan-Fung Hung, Chen Yang, and Chi-Ming Che

Abstract The development of functionalized luminescent transition-metal com-

plexes that selectively target specific cellular structures (proteins, organelles, or

nucleic acids) has been and continues to be an area of burgeoning interest in the

design of luminescent probes and/or anticancer agents. The prevalence of deriving

phosphorescent probes is owing to their long emission lifetimes (100 ns to ms),

tunable emission wavelength, and fairly large Stokes shifts (hundreds of nm).

However, metal complexes often suffer from the obstacles including low stability,

inadequate water solubility, and low cellular uptake. The charge neutral and strong

σ donor properties of N-heterocyclic carbene (NHC) ligands render NHCs as

excellent ancillary ligands to form cationic metal complexes with high stability.

More importantly, coordination of transition-metal ion with NHC ligand leads to

the destabilization of the strongly antibonding metal (ndx2-y2)-ligand orbital; con-

sequently the non-radiative decay of the emissive excited state is strongly

suppressed with concomitant enhancement of both the emission quantum yield

and emission lifetime. In this review, we highlight recent works on luminescent

transition-metal complexes with NHC ligands and their applications as cellular

probes and bio-imaging reagents. In particular, examples of luminescent transition-

metal complexes with planar d8 (e.g., Pt2+, Au3+), linear d10 (e.g., Au+), and

octahedral d6 (e.g., Ir3+) metal centers are focused. The structural features of
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luminescent metal complexes in relation to their cellular uptake, localization

properties, and designated biomolecular interactions for specific analytical and

biological applications are discussed.

Keywords Anticancer activities � Cell imaging � N-heterocyclic carbene �
Phosphorescent probes � Transition-metal complex
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1 Introduction

Phosphorescent metal complexes have wide spread applications in diverse areas

such as light-emitting diodes, photocatalysis, and molecular sensing [1, 2]. In recent

years, there has been a surge of interest in using phosphorescent metal complexes as

cell imaging agents due to their intriguing emission properties including large

Stokes shift and long emission lifetimes [3]. Long emission lifetime renders the

emission of phosphorescent metal complexes to display high sensitivity to oxygen

(i.e., oxygen can quench the phosphorescence via energy transfer from excited

triplet state T1 of metal complex to triplet ground state of oxygen) and to subtle

changes in local environment. As a result, phosphorescent metal complexes are

excellent candidate probes for noninvasive in vivo imaging of hypoxia regions

(e.g., tumor tissue) in animal models [4]. On the other hand, the long emission

lifetime can also be harnessed for live cell imaging, which could avoid background

interference caused by autofluorescence of proteins. By using time-resolved fluo-

rescence microscope, the cell images would display lower background interference

and thus higher resolution [5, 6].
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The metal ions widely used in phosphorescent metal complexes include iridium

(III), rhenium(I), osmium(II), ruthenium(II), platinum(II), gold(I), and gold(III).

For biological studies, the metal complexes should attain enough stability so as to

remain intact in physiological conditions. Since soft metal ions (Pt2+, Au3+, Au+)

have a strong binding affinity towards soft S atoms in thiol-containing glutathione

(GSH, 1–10 mM), auxiliary ligand(s) which forms strong metal–ligand bond should

be used in order for these phosphorescent metal complexes to gain enough stability

in cellular environment. Meanwhile, the metal complexes should be designed to

have favorable water solubility. In this regard, N-heterocyclic carbene (NHC)

ligands fulfill these aforementioned requirements. In recent years, there is increas-

ing interest in using planar d8 gold(III)–NHC and platinum(II)–NHC complexes

and octahedral d6 metal–NHC complexes as luminescent cellular probes. In this

chapter, the current status of phosphorescent transition-metal complexes bearing

NHC ligands as cellular probes and their biological activities (especially the

anticancer activities) are discussed.

2 N-Heterocyclic Carbene Ligands

Compared to traditional carbenes, NHCs are relatively stable and isolatable. The

strong σ-donor strength of NHC ligand raises the energy of metal ndx2-y2 orbital in

d8 metal complexes and the energy of non-emissive d–d state upon metal–ligand

coordination, rendering NHCs to be increasingly used in the design and synthesis of

phosphorescent metal complexes. In contrast to anionic C-deprotonated alkyl and

aryl ligands, NHC is neutral. Since cationic metal complexes can gain easier access

to go across cell membrane, the neutral NHCs serve as excellent auxiliary ligand in

the construction of bioactive metal complexes. Besides, NHC ligand can be readily

modified to allow for tuning of lipophilicity as well as binding interaction of metal–

NHC complex with biomolecules. The following examples are different kinds of

carbene ligands reported in literature. The imidazolylidenes are currently the most

widely studied carbene ligands used in the biological studies.
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2.1 General Description

N-Heterocyclic carbenes are stronger σ-donor than the classical phosphine ligands,
but they also display π-accepting property to allow for π back donation from metal d

electrons.

N

N

NHC

Metal

s donating (s to d) 

N

N

NHC Metal

p* accepting (d to p*) 

Through the substituent(s) at the N atoms, NHC ligands could impose steric

effect on the first coordination sphere of metal ions, which plays a pivotal role in the

binding interactions between metal complexes and biomolecules. The table below

shows the commonly used NHC ligands and their corresponding percent buried

volume (%VBur) [7]. The steric effect disfavors nucleophilic attack and/or hampers

ligand exchanging reaction with external nucleophiles, thereby improving the

stability of metal complexes.

NNR R R = H

1       2         3         4        5        6                  7                      8

Me Et CF3 tBu Ph

18.8   24.9   26.0   31.1   35.5   30.5             31.6                  33.6%VBur

M

 

2.2 Ligand Modification

Imidazolium compounds are a common type of precursors of NHC ligands. In

general, there are three routes to synthesize the precursors of N-substituted NHC

ligands (see below). Route 1 starts from imidazole compounds, and both symmetric

and asymmetric NHC precursors could be generated. But this route is confined to

the synthesis of alkyl substituted imidazoles by using RX (X¼Cl, Br, I). For the

synthesis of aryl-substituted NHC precursors, the cyclization of a symmetrical

α-diimine (route 2) or an unsymmetrical 1,4-diazabutadiene (route 3) with formal-

dehyde is needed. Again, both symmetric and asymmetric NHC precursors can be

generated.
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NHN NNR
NNR R

O O

X-

RNH2
NH4X

O O
2 RNH2

N NR R

HCHO

HCHO, HX 

1. base
2. RX

1

3

2

NHC 
precursors

Fürstner and coworkers recently reported a general synthetic route to obtain

substituted imidazolium compounds, where substituent at the two N, C4 and C5,

atoms can be modified [8]. The modification at different sites provides useful

handle to tune binding interactions of metal–NHC complexes with biomolecules.

2.3 Synthesis of Metal–NHC Complexes

As simple NHC ligand is highly reactive, metal–CNHC bond is usually formed by in

situ generation of NHC from its precursor. The widely used strategies to form

metal–CNHC bonds include direct deprotonation of imidazolium compounds and

transmetalation reactions:
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NN RR

H

NN RR
Base

Acid
NNR R

MLn-1MLn

pKa 25.6 - 39.1

+

+

NN RR

H

NN RR
+ Ag2O Ag

X

NNR R

MLn-1MLn

X-

Transmetalation reactions with Ag–NHC precursors usually take place under

mild conditions. High temperature, degassed condition, and strong base are gener-

ally not required. The as-formed AgX is insoluble and can be easily removed by

filtration. Various metal–NHC complexes (e.g., Cu, Ni, Pd, Au, Pt, Rh, Ir, Ru) can

be obtained from transmetalation reactions. Jenkins and coworkers recently

reported the transmetalation reactions of a dimeric macrocyclic silver complex

containing tetra-N-heterocyclic carbene ligand to afford monomeric tetra-NHC

complexes of Pt, Pd, Ni, Rh, Co, Ru, Fe, Cr, and Au [9].

3 Phosphorescent d8 Complexes Containing NHC Ligands

3.1 Gold(III) Complexes

Gold(III) complexes are generally unstable under physiological conditions due to

the ease of reduction of Au(III) to Au(I) and/or Au(0) and the strong binding affinity

of Au(III) ion towards thiols. The relatively low energy Au 5dx2-y2 orbital provides

an effective channel for non-radiative decay of potentially emissive electronic

excited states, thus accounting for the relatively few examples of gold(III) com-

plexes that show luminescence in solutions. Recently, by using chelating ligands

having C-donor atom, stable luminescent gold(III) complexes with long emission

lifetimes and high emission quantum yields have been reported [10, 11]. These

luminescent organogold(III) complexes are relatively stable in the solid state and in

solutions. Organogold(III) complexes bearing NHC ligands are examples of these

complexes, which display luminescence and have attained the stability for biolog-

ical study under cellular conditions. Through an appropriate choice of ligands, Che

and coworkers have made use of the ease of reduction of Au(III) ion, the strong

binding affinity of Au(III) ion towards cellular thiols, and the non-/weakly emissive

behavior of gold(III) complexes, in the design of luminescent “switch-on” probes

for the detection of cellular thiols in physiological environment as discussed in the

following sections.
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3.1.1 [AuIII(C^N^C)(NHC)]+ Complex

Yam and coworkers reported the structure and photophysical properties of phos-

phorescent [AuIII(C^N^C)(NHC)]+ (HC^N^CH¼ 2,6-diphenylpyridine) complex

[12]. In an independent study, Che and coworkers demonstrated the biological

activity of the luminescent [AuIII(C^N^C)(NHC2Me)]OTf (Au-1, Fig. 1a, b) com-

plex [13]. This complex could intercalate into DNA showing up to fivefold eleva-

tion of emission intensity (Fig. 2c, binding constant with DNA

K¼ 5.4� 0.8� 105 M�1). Complex Au-1 could inhibit topoisomerase activity

and potently inhibit cancer cell growth and is relatively inactive towards noncancerous

cells. Notably, it was observed to significantly suppress the tumor growth of mice

bearing PLC (hepatocellular carcinoma) tumor (47% inhibition).

Increased π-conjugation of C-deprotonated C^N^C ligand leads to a decrease in

non-radiative decay and an increase in radiative decay of the emissive intraligand

excited states of [Au(R-C^N^C)(NHC)]+ complexes. Thus, [AuIII(R-Cnp^N^Cnp)

(NHC2Me)]OTf complexes (Cnp^N^Cnp¼ 2,6-dinaphthalen-2-yl-pyridine;

R¼MeO-C6H4: Au-2, H: Au-3, Fig. 2a) display emission with improved excited

lifetimes (τ) and quantum yields (ϕ) (τ¼ 506 μs, ϕ¼ 11.4% for Au-2 and

τ¼ 282 μs, ϕ¼ 5.5% for Au-3) [11]. Consequently, the emission intensity of

[AuIII(R-Cnp^N^Cnp)(NHC
2Me)]OTf is highly sensitive towards oxygen with the

phosphorescence intensity recorded in degassed CH2Cl2 decreased by >100-fold

upon exposing of the solution to air. After a 2-h incubation of Au-3 with human

glioblastoma U87 cells which were then fixed with ice-cold methanol, the solution

mixture was non-emissive under aerobic conditions, but the yellow phosphores-

cence of Au-3 in cancer cells could be switched on upon blowing with N2 (Fig. 2b)

[11]. This finding reveals the prospect of using phosphorescent gold(III) complexes

as intracellular O2 sensors. On the other hand, due to its ability to efficiently

Fig. 1 (a) Structure of

[AuIII(C^N^C)(NHC2Me)]

OTf (Au-1). (b) Crystal

structure of [AuIII(C^N^C)

(NHC2Me)]+ (the counterion

OTf� is omitted for clarity,

CCDC 745030) [12]. (c)

Emission responses of Au-1

upon addition of increasing

amount of calf thymus

DNA. Reproduced with

permission from

[13]. Copyright 2010 Royal

Society of Chemistry
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generate singlet oxygen, Au-3 exhibits potent photocytotoxicity. Upon light irra-

diation (white light, 2.8 mW/cm2), the cytotoxicity of Au-3 was increased 12-fold

compared to that observed under similar conditions in the dark (Fig. 2c) [14].

Fig. 2 (a) Structure of [AuIII(4-MeO-C6H4-Cnp^N^Cnp)(NHC
2Me)]OTf (Au-2) and

[AuIII(Cnp^N^Cnp)(NHC
2Me)]OTf (Au-3). (b) Fluorescence microscopic analysis of U87 cells

treated with the gold(III) complex after 2 h; left : without blowing N2, right: with blowing N2.

Reproduced with permission from [11]. Copyright 2012 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim. (c) Cell viability after treatment withAu-3 in the presence (red) or absence
(dark) of light
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3.1.2 [AuIII(N^N^N)(NHC)]+ Complexes

As mentioned in the previous section, most reported Au(III) complexes are

non-emissive. This is attributed to the low energy unoccupied Au(5dx2-y2) orbital,

which leads to effective emission quenching via non-radiative decay. If the coor-

dinated ligand is strongly fluorescent, reduction of Au(III) to Au(I) accompanied by

a structural change from a 4-coordinated to a 2-coordinated geometry will result in

ligand release and hence a light “switch-on” effect. Most reported Au(III) com-

plexes undergo reduction by thiols. In view of the important role of cellular thiols

(including GSH, thioredoxin) in regulating the redox balance of intracellular

environment, Au(III) complexes with an appropriate choice of auxiliary ligands

may serve as useful fluorescent thiol “switch-on” probes. In molecular design study

by Che and coworkers, NHC ligand is incorporated into Au(III) so as to stabilize the

Au(I) species generated by thiol reduction, avoiding further reduction to Au(0).

They have thus designed and prepared a panel of Au(III) complexes containing

strongly fluorescent H2N^N^N ligands (H2N^N^N¼ 2,6-bis(imidazol-2-yl)pyri-

dine (H2IPI) or 2,6-bis(benzimidazol-2-yl)pyridine (H2BPB)) and NHC ligands

(Fig. 3a, b, Au-4 to Au-6) [15]. UV-visible absorption spectroscopy, electrospray

ionization mass spectrometry (ESI-MS), and 1H NMR experiments all indicated

that these Au(III) complexes could efficiently react with GSH accompanied by a

release of the fluorescent H2N^N^N ligand and the formation of [AuI(NHC)(GS)]

(Fig. 3c). The emission intensity of [AuIII(BPB)(NHC2Me)]OTf (Au-6) in

phosphate-buffered saline (PBS) was enhanced by more than 200-fold upon addi-

tion of thiol-containing Cys, GSH, or dithiothreitol. But no significant emission

enhancement was found upon addition of thiol-free amino acids and/or metal ions.

More importantly,Au-6 can be applied as a cellular thiol probe. Upon incubation of

HeLa cells in the presence of 20 μM of Au-6 for only 10 min, blue fluorescence

could be detected in cytoplasm with a major portion in mitochondria (Fig. 3d). In

addition, these [Au(N^N^N)(NHC)]+ complexes are anticancer active. Treatment

of mice bearing HeLa xenograft with [AuIII(IPI)(NHCMe, C16)]OTf (Au-5) signif-

icantly inhibited the tumor growth without notable side effects such as mouse death

or mouse body weight loss [15].

3.1.3 [AuIII(C^N)(bisNHC)]+ Complexes

Recently, Che and coworkers reported a series of cyclometalated Au(III) complexes

containing C-deprotonated C^N (HC^N¼ 2-phenylpyridine and its derivatives)

and bidentate bisNHC ligands (Fig. 4a) [16]. [AuIII(C^N)(bisNHC)]+ complexes

are luminescent in degassed solutions at room temperature with their emission

assigned to an intraligand excited state of the C^N ligand. Modification of the

C^N ligand, such as extending π-conjugation and fluorine substitution on the phenyl
group, allows tuning of the emission wavelength from 491 to 633 nm. With the use

of a sulfonate-functionalized bisNHC ligand, water-soluble Au(III) complexes have
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also been prepared. Au-7 displays both fluorescence (λmax¼ 450 nm) and phospho-

rescence (λmax¼ 610 nm) and has been used for ratiometric sensing of oxygen in

aqueous medium (Fig. 4b). The phosphorescence lifetime of Au-7 decreases by

around eightfold compared with that measured under degassed conditions. In

addition, Au-8 displayed significant inhibitory activity towards deubiquitinase

(DUB, important anticancer targets) UCHL3 with IC50 of 0.15 μM (Fig. 4c). This

Fig. 3 (a) Structure of [AuIII(N^N^N)(NHC)]OTf complexes of Au-3, Au-4, and Au-5. (b)

Crystal structures of [AuIII(IPI)(NHC2Me)]OTf (Au-3, CCDC 914048) and [AuIII(BPB)

(NHC2Me)]OTf (Au-4). (c) The reduction reaction of Au-3 with excess GSH. (d) Fluorescence

microscopic analysis of HeLa cells after treatment by Au-5 for 10 min. Left: fluorescence of

H2BPB ligand; middle: mitotracker staining; right: merged images. Reproduced with permission

from [15]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is attributed to the ligand exchange reaction between the active thiol group in most

DUBs and the labile nitrogen donor atom of the C-deprotonated C^N ligand.

3.2 Platinum(II) Complexes

The square planar coordination geometry of platinum(II) facilitates DNA interca-

lation interaction, especially for those Pt(II) complexes containing π-conjugated
ligands. Lippard and coworkers first reported the intercalation between DNA and Pt

(II) complex with [Pt(terpy)Cl]+ (terpy¼ 2,20:60,200-terpyridine) used in their study

[17]. Since then, a variety of platinum(II) complexes including the luminescent

ones have been reported to act as luminescent DNA probes as well as to display

potent anticancer activities. Besides targeting DNAs, Pt(II) complexes have been

shown to bind to other biomolecular targets such as cytoplasmic structures with

examples such as cyclometalated Pt(II) complexes containing N-heterocyclic

carbene ligand, which display strong luminescent and anticancer properties. The

Fig. 4 (a) Structure of [AuIII(C^N)(bisNHC)] complexes ofAu-7 andAu-8. (b) Emission ofAu-7

in water was quenched by addition of oxygen. (c) Complex Au-8 inhibited DUB UCHL3 enzyme

activities. Reproduced with permission from [16]. Copyright 2014 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim
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luminescent properties have been used as a spectroscopic tool assisting elucidation

of the anticancer mechanisms of action.

3.2.1 [Pt(C^N^N)(NHC)]+ Complexes

The side effect and drug resistance problem of cisplatin could be related to its

instability under physiological conditions. In their endeavor to develop new Pt

(II) anticancer agents with different mechanisms of action and Pt(II)-based lumi-

nescent probes for biomolecules, Che and coworkers have synthesized a series of

cyclometalated platinum(II) complexes, a notable example of which is [Pt(C^N^N)

(NHC2C4)]PF6 (Pt-1, HC^N^N = 6-phenyl-2,20-bipyridine, Fig. 5a, b). This Pt

Fig. 5 (a) Structure of [Pt(C^N^N)(NHC2C4)]PF6 (Pt-1). (b) Crystal structure of [Pt(C^N^N)

(NHC2C4)]PF6 (CCDC 756500). (c) Fluorescent microscopic analysis of HeLa cells treated with

1 μM of the platinum(II) complex together with mitotracker (up), or Hoechst 33342 (middle), or
lysotracker (down). Reproduced with permission from [18]. Copyright 2011 Royal Society of

Chemistry
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(II) complex displays weak binding interaction with DNA showing a binding

constant K of ~5� 103 M�1. The favorable emission properties of Pt-1 with

emission quantum yield of 0.23 (τ¼ 1.2 μs) in degassed acetonitrile render this

complex to be an excellent luminescent probe for cell imaging studies. After

incubation of 1 μM of Pt-1 with HeLa cells which were co-stained with

mitotracker, or Heochst 33342, or lysotracker for 1 h, the major portion of phos-

phorescence was observed to localize in cytoplasm, which was also co-localized by

mitotracker instead of Heochst 33342 or lysotracker (Fig. 5c).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide) assay experiments

indicated that the IC50 of Pt-1 towards HeLa cells is down to 57 nM, whereas its

IC50 towards the normal CCD-19Lu cell line is 11.6 μM, indicating that the

complex is 204-fold more cytotoxic towards cancer cell lines. Mechanistic study

showed that Pt-1 is the first example of metal complexes reported to downregulate

the expression of survivin, an inhibitor of apoptosis. More importantly, treatment of

mice bearing NCI-H460 non-small lung carcinoma cells by Pt-1 at 3 mg/kg twice a

week by intraperitoneal injection for 28 days resulted in significant inhibition of

tumor growth by 55% (by weight); the treatment did not cause mouse death or

mouse body weight loss [18].

3.2.2 [PtII(C^N)(bisNHC)]+ Complexes

In view of the prominent anticancer activity of the [Pt(C^N^N)(NHC)]+ complexes

together with luminescent properties, Che and coworkers developed another class

of luminescent cyclometalated platinum(II) complexes, [PtII(C^N)(bisNHC)]+

(HC^N¼ 2-phenylpyridine (Hppy) Pt-2, or benzo[h]quinolone (Hbzq) Pt-3, or

2-(thiophen-2-yl)pyridine (Hthpy) Pt-4), containing bis(N-heterocyclic carbene)

ligands (Fig. 6a). [PtII(C^N)(bisNHC)]+ complexes are stable in PBS solutions

containing GSH. Pt-2c is weakly emissive in PBS; its emission intensity could be

enhanced by >tenfold upon addition of bovine serum albumin (BSA). Its binding

with BSA was determined to have a binding constant of 4.6� 105 M�1, which is

considerably stronger than the binding with DNA (K¼ 1.4� 104 M�1) [19].

Treatment of HeLa cells with 5 μM of Pt-2c for only 10 min resulted in the

development of green emission in cytoplasm, which was observed to be highly

specifically co-localized with ER-TrackerTM (ER¼ endoplasmic reticulum) staining,

with Pearson’s correlation constant R¼ 0.97 (Fig. 6b). Such high specificity was

further confirmed by using HeLa cells transfected with ER-resident proteins tagged

with yellow fluorescent protein (YFP-ER) or monomeric red fluorescent protein

(mRFP); the emission of both cells could be significantly co-localized with Pt-2c

(R¼ 0.92 and 0.98, respectively). The highly specific location in ER domain finally

led to the upregulation of phosphorylated RNA-dependent protein kinase-like ER

kinase (PERK), phosphorylated eukaryotic initiation factor 2α (eIF2α), and C/EBP

homologous protein (CHOP), suggestive of ER stress. Western blotting experiments

also indicated induction of apoptosis-related cleavage of PARP, caspase-9, -7, -3
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after treatment with 1.5 μM of Pt-2c. Complex Pt-4 displays high emission quantum

yields and long emission lifetimes, and they could induce photocytotoxicity in cancer

cells. The cytotoxicity of Pt-4 towards different cancer cells could be enhanced by up

to 33-fold upon exposing to light [19].

3.2.3 [Pt(N^C^N)(NHC)]+ and [Pt(NC-py)(NHC)2]
+

Similar to the luminescent pincer [Pt(C^N^N)(NHC2C4)]PF6, the analogue [Pt

(N^C^N)(NHC2C4)]PF6 (Pt-5; N^CH^N¼ 1,3-di(pyridin-2-yl)benzene, Fig. 7a, b)

is also luminescent in solutions (the emission quantum yield ϕ in degassed CH3CN

is 0.18 with λmax¼ 480 nm (τ¼ 2.9 μs) and 512 nm (τ¼ 2.7 μs)), comparable to that

of ϕ¼ 0.23, λmax¼ 545 nm, τ¼ 1.2 μs for Pt-1 [20]. Recent study by Che and

coworkers also indicated that Pt-5 can similarly inhibit cancer cell growth and be

Fig. 6 (a) Structure of [Pt(C^N)(bisNHC)]OTf. (b) Fluorescent microscopic images of HeLa cells

treated with 5 μM of Pt-2a (blue pseudo color) and ER-TrackerTM (up), or Lysotracker® (middle),
or Mitotracker® (down). The corresponding excitation and emission wavelengths are shown.

Reproduced with permission from [19]. Copyright 2013 Royal Society of Chemistry
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used as cell imaging agents [21]. [Pt(N^C-py)(NHC)2]PF6 (Pt-6, Fig. 7a, b) has a

free, pending pyridine moiety rendering it to be sensitive towards acidic environ-

ment. Due to the presence of free pyridine which may interact with Pt(II) ion, this

complex is non-emissive in the solid state. However, upon protonation of the

pyridyl group, the complex becomes emissive. Figure 7c shows that the emission

of Pt-6 in the film can be switched on in the presence of acid vapor, whereas the

emission of the protonated Pt-6 can be switched off upon treatment with ammonia

vapor. These interesting properties are suggestive of the prospect of using pyridyl-

Fig. 7 (a) Structure of [Pt(N^C^N)(NHC)]PF6 (Pt-5) and [Pt(N^C-py)(NHC)2]PF6 (Pt-6). (b)

Crystal structure of [Pt(N^C^N)(NHC)]PF6 (CCDC 803637) and [Pt(N^C-py)(NHC)2]PF6
(CCDC 803638). (c) Emission responses of [Pt(N^C-py)(NHC)2]PF6 film in the presence of

HCOOH vapor, and the off-state can be regenerated upon treatment with ammonia. Reproduced

with permission from [20]. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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functionalized platinum complexes as pH sensors, which may be further applied for

intracellular pH measurements.

4 Phosphorescent d10 Gold(I) Complexes Containing NHC

Ligands

4.1 cis-[AuI(bisNHC)2]Br2 Complex

Due to aurophilicity, Au(I) ions tend to aggregate through weak Au(I)–Au

(I) bonding interaction. In literature, the metal–metal bonded 3[5dσ*!6pσ] excited
state has frequently been invoked to account for the intriguing visible emission of

binuclear and polynuclear gold(I) complexes having Au–Au distances below 3.5 Å.
However, it should be noted that extensive spectroscopic studies including reso-

nance Raman spectral measurements and time-dependent density functional theory

calculations showed that the visible emission bands of dinuclear gold(I)–phosphine

complexes having Au–Au distances below 3.4 Å come from exciplex(es) with

anion or solvents [22]. Berners-Price and coworkers reported a dinuclear gold

(I) complex, cis-[AuI(bisNHC)2]Br2 (Au-9, Fig. 8a, b), bearing two asymmetric

bisNHC ligands. The intramolecular Au(I)–Au(I) distance of Au-9 is short, being

2.9290(4)Å. Importantly,Au-9 is stable towards intracellular GSH and emits in the

Fig. 8 (a) Structure of cis-[AuI(bisNHC)2]Br2 (Au-9). (b) Crystal structure of cis-
[AuI(bisNHC)2]Br2 (CCDC 295083). (c) Left: bright field image of RAW264.7 cells treated

with Au-9; right: fluorescent images of RAW264.7 cell treated with Au-9. Adapted with permis-

sion from [23]. Copyright 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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visible region (λ¼ 496 nm) upon excitation at 355 nm. Thus, this complex is

suitable for cell imaging experiments. After incubating 200 μM of cis-
[AuI(bisNHC)2]Br2 with RAW264.7 cells for 15 h, a regional emission which

could be co-localized with lysotracker staining was observed (Fig. 8c) [23]. Addi-

tion of Br� into a solution of cis-[AuI(bisNHC)2](PF6)2 leads to red shift of the

emission from 396 to 496 nm, which can be attributed to emission of exciplex

formed between the dinuclear gold(I) complex and Br� [24]. All these results

highlight the prospect of using luminescent binuclear gold(I)–NHC complexes as

emission probes for binding studies with biomolecules.

4.2 [(μ-bisNHC)AuI]2[OTf]2

Veige and coworkers reported another dinuclear gold(I) complex, [(μ-bisNHC)
AuI]2[OTf]2 (Au-10, Fig. 9a, b), containing bisNHC ligand [25]. The racemic

(+/�)Au-10 complex showed cytotoxicity similar to that of cisplatin; nonetheless,

Fig. 9 (a) Structure of [(μ-diNHC)AuI]2[OTf]2 (Au-10). (b) Crystal structure of Au-10 (CCDC

911726). (c) Normalized emission spectrum of Au-10. (d) Fluorescent images of HeLa cells

treated with Au-10 for 3 h (top) and 20 h (bottom). (c) and (d) were reproduced with permission

from [25]. Copyright 2013 Royal Society of Chemistry
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[(μ-bisNHC)AuI]2[OTf]2-(�) was observed to display lower IC50 values than

[(μ-bisNHC)AuI]2[OTf]2-(+). The bisNHC ligand was observed not to exhibit

significant cytotoxicity. Treatment of HeLa cells with [(μ-bisNHC)AuI]2[OTf]2-
(+/�) led to DNA fragmentation, indicative of apoptotic cell death. Interestingly,

this complex shows phosphorescence at 615 nm with excitation at 488 nm (Fig. 9c).

Fluorescence microscopic analysis indicated that red emission could be detected in

cell membrane after a 3-h treatment of HeLa cells with [(μ-bisNHC)AuI]2[OTf]2-
(+/�), and the complex gradually accumulated near the membrane upon longer

incubation time (Fig. 9d).

5 Phosphorescent d6 Iridium(III) Complexes Containing

NHC Ligands

5.1 [Ir(C^C*)2L]
n+ Complex

Cyclometalated Ir(III) complexes are well known to display luminescence and have

profound applications in material sciences especially as light-emitting doping

materials in OLEDs. In recent years, Ir(III) complexes have also been extensively

studied as luminescent bio-probes for cell imaging. Zhou and coworkers developed

a series of [Ir(C^C*)2 L]
n+X (R-HC^C*H¼R-3-methyl-1-phenyl-1H-imidazol-3-

ium, R¼H, CF3, CN; L¼ 2,20-bipyridine or 5-methoxypicolinate; Ir-1 to Ir-5)

complexes (Fig. 10a, b) [26]. These complexes are cationic or neutral depending on

the auxiliary L ligand. Cytotoxic MTT assays indicated that these [Ir(C^C*)2L]
n+

complexes are relatively nontoxic with IC50 values >100 μM in most cases.

Treatment of HeLa cells with the iridium complexes at 20 μM for 2 h resulted in

all cases the development of luminescence in the cytoplasm instead of in membrane

or inside nucleus (Fig. 10c). Notably, the emission intensity in cells did not change

even after 24 h of further incubation. Complex Ir-3 is less emissive in the intra-

cellular environment than the other Ir complexes.

5.2 [Ir(ppy)2(bisNHC2R)]+ Complex

Mao and coworkers studied a series of cationic iridium(III)–bisNHC complexes

[Ir(ppy)2(bisNHC
2R)]+Cl� (bisNHC¼ 1,10-methylenebis(3-R-imidazol-3-ium);

R¼Me, Et, Bu; Ir-6 to Ir-8, Fig. 11a, b) [27]. Cytotoxic MTT assays indicated

that these [Ir(ppy)2(bisNHC
2R)]+ complexes show higher cytotoxicity than cisplatin

against the human cancer cells (HeLa, A549, A549R, HepG2, MCF-7, LO2, etc.),

with IC50 values < 20 μM in most cases and the antiproliferative activity of the
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following order: Ir-8> Ir-7> Ir-6> cisplatin. Co-localization analysis with the

organelle-specific mitotracker (100 nM) and these iridium complexes (20 μM) for a

10-min incubation in HeLa cells revealed that these luminescent iridium(III)–

bisNHC complexes can be quickly and effectively taken up into HeLa cells and

specifically localized into mitochondria (Fig. 11c). Mechanism studies showed that

Ir-6 to Ir-8 could induce a series of mitochondrial dysfunction-associated ROS

production, release of cytochrome c, and cleavage of apoptosis-related caspases.

Similar to the aforementioned [Pt(C^N)(bisNHC)]OTf complexes, these iridium

(III) complexes also exhibited photocytotoxicity.

Fig. 10 (a) Structure of the [Ir(C^C*)2L]
n+X complexes. (b) Crystal structure of Ir-3 (CCDC

909214). (c) Fluorescence microscopic analysis of HeLa cells after treatment with Ir-1 to Ir-5 at

20 μM for 2 h. Reproduced with permission from [26]. Copyright 2013 Royal Society of

Chemistry
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Fig. 11 (a) Structure of the [Ir(ppy)2(NHC
2R)]+Cl complexes. (b) Crystal structure of Ir-8. (c)

Fluorescence microscopic analysis of HeLa cells after treatment with mitotracker (MTR, 100 nM)

for 20 min and then co-incubated with Ir-6 to Ir-8 at 20 μM for 10 min at 37�C. Reproduced with
permission from [27]. Copyright 2014 Elsevier Ltd
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6 Conclusions

Phosphorescent metal complexes have gained increasing attention as luminescent

bio-probes. Studies on phosphorescent metal complexes have mainly been confined

to octahedral d6 metal complexes. In contrast, the biological applications of lumi-

nescent d8 (e.g., Au3+) and d10 metal complexes having planar and linear coordi-

nation geometry, respectively, are underdeveloped. This is, at least partially,

attributed to the instability problems of the reported complexes under physiological

conditions. The introduction of N-heterocyclic carbene as an ancillary ligand to d8

and d10 metal complexes has greatly relieved the instability issue, and there has

been increasing interest to use luminescent d8 and d10 metal complexes for cell

imaging. The strong σ-donor strength of NHC ligands is also instrumental to raise

the energy of non-emissive d–d state and/or energy of metal–ligand antibonding

orbital, that is, ndx2-y2 orbital, leading to increase in both emission quantum yield

and lifetime via suppression of excited state structural distortion.

In recent years, several cyclometalated Au(III)–NHC complexes having emis-

sion lifetimes as long as several hundred microseconds and emission quantum

yields up to 11.4% have been reported [10, 11, 28]. These intriguing luminescent

properties would render the emission of these cyclometalated Au(III)–NHC com-

plexes particularly sensitive to oxygen and subtle changes to local environment. In

this regard, phosphorescent Au(III) complexes are promising to be further devel-

oped for in vivo imaging of hypoxia tissues (e.g., tumor) in animal models. For Pt

(II)–NHC complexes, they are usually highly emissive and thus could serve as

cellular imaging agents. The binding interaction of Pt(II)–NHC complexes with

DNA can be modulated by introducing a bulky substituent at the N atoms of NHC

ligand. Examples on specific accumulation of anticancer active Pt(II)–NHC com-

plexes in cytoplasmic region other than nucleus have been reported; the cellular

location could be revealed by their emission, which could assist the elucidation of

the mechanisms of anticancer activities displayed by these complexes. Luminescent

dinuclear/polynuclear Au(I)–NHC complexes having Au(I)–Au(I) interactions are

a potentially new type of luminescent bio-probes which could be distinctly different

from luminescent Ir(III) and Ru(II) probes. The exciplex emission induced by the

binding of Au(I) with nucleophile/anion present in close proximity renders lumi-

nescent gold(I) complexes to be used to probe binding interactions with biomole-

cules in the cellular environment. Collectively, NHC ligands offer many

opportunities in the design of new classes of luminescent and anticancer active

metal complexes which are stable under physiological conditions.
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Time-Resolved Emission Imaging

Microscopy Using Phosphorescent Metal

Complexes: Taking FLIM and PLIM

to New Lengths

Elizabeth Baggaley, Julia A. Weinstein, and J.A. Gareth Williams

Abstract Luminescent metal complexes are increasingly being investigated as

emissive probes and sensors for cell imaging using what is traditionally termed

fluorescence microscopy. The nature of the emission in the case of second- and

third-row metal complexes is phosphorescence rather than fluorescence, as it

emanates from triplet rather than singlet excited states, but the usual terminology

overlooks the distinction between the quantum mechanical origins of the processes.

In steady-state imaging, such metal complexes may be alternatives to widely used

fluorescent organic molecules, used in exactly the same way but offering advan-

tages such as ease of synthesis and colour tuning. However, there is a striking

difference compared to fluorescent organic molecules, namely the much longer

lifetime of phosphorescence compared to fluorescence. Phosphorescence lifetimes

of metal complexes are typically around a microsecond compared to the nanosec-

ond values found for fluorescence of organic molecules. In this contribution, we

will discuss how these long lifetimes can be put to practical use. Applications such

as time-gated imaging allow discrimination from background fluorescence in cells

and tissues, while increased sensitivity to quenchers provides a means of designing

more responsive probes, for example, for oxygen. We also describe how the

technique of fluorescence lifetime imaging microscopy (FLIM) – which provides

images based on lifetimes at different points in the image – can be extended from

the usual nanosecond range to microseconds. Key developments in instrumentation

as well as the properties of complexes suitable for the purpose are discussed,

including the use of two-photon excitation methods. A number of different research
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groups have made pioneering contributions to the instrumental set-ups, but the

terminology and acronyms have not developed in a systematic way. We review the

distinction between time-gating (to eliminate background emission) and true time-

resolved imaging (whereby decay kinetics at each point in an image are monitored).

For instance, terms such as PLIM (phosphorescence lifetime imaging microscopy)

and TRLM (time-resolved luminescence microscopy) refer essentially to the same

technique, whilst TREM (time-resolved emission imaging microscopy) embraces

these long timescale methods as well as the more well-established technique

of FLIM.

Keywords Cell imaging � Fluorescence � Fluorescence lifetime imaging

microscopy � Imaging � Iridium � Metal complex � Microscopy � Oxygen sensing �
Phosphorescence � Phosphorescence lifetime imaging microscopy � Platinum �
Ruthenium � Time-resolved emission imaging microscopy � Time-resolved

fluorescence � Time-resolved luminescence microscopy � Tissue imaging
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1 Introduction

1.1 Optical Microscopy in the Biosciences: Fluorescence
Versus Transmission

Optical microscopy is a key tool in the biological and medical sciences [1–5]. Mam-

malian cells are typically of the order of 1 μm in diameter, a size that is well-suited

to study through optics using visible light. The diffraction limited spatial resolution

d is normally determined by Abbe’s Law, d¼ λ/2NA, where NA is the numerical

aperture of the lens and λ the wavelength of light. Since visible light spans the

wavelength range 400–700 nm, optical microscopes are thus ideal for examining

cells and intracellular structure at length scales down to about 200 nm. Recent

developments in super-resolution imaging open up even shorter length scales [6, 7].

Simple white-light transmission microscopy is, of course, limited in the infor-

mation that it can provide, since the discrimination between structures relies

essentially on small differences between their refractive indices. For this reason,

cells and tissues are normally treated with stains, compounds whose role is to

increase the contrast between structures. Many widely used stains are based on

colour changes. For example, the famous H&E stain (haematoxylin and eosin) is

ubiquitous in histology and anatomical pathology [8]. The heamalum component of

this stain typically colours cell nuclei blue whilst the eosin Y colours other

structures in various shades of red. Such stains – which date back to the second

half of the nineteenth century – rely on the different absorption spectra of these two

components according to their environment within the cell: the technique is the cell

biology equivalent of absorption spectroscopy to the chemist.

In analytical chemistry, moving from absorption spectroscopy to fluorescence

spectroscopy is accompanied by huge increases in sensitivity, since light can be

detected with exquisitely high sensitivity. Similar benefits are obtained on moving

from transmission microscopy to fluorescence microscopy. The fluorescence

microscope was first developed around 100 years ago, as essentially an ordinary

microscope in which objects were illuminated by an intense beam of UV radiation,

without the visible light [9]. Thus, only objects that are fluorescent are observed:

other features remain invisible to the eye. In fluorescence microscopy, the com-

pounds that are used as stains are fluorescent, or become so on binding to certain

structures of compounds within the cell [10]. In a typical modern epifluorescence

microscope, the excitation light (typically UV or blue light) is focused through an

objective lens onto pre-stained samples, and emitted fluorescence is focused by the

same lens onto a detector. A filter is used to remove light at the excitation

wavelength that is simply scattered by the sample – as opposed to fluorescence –

relying on the Stokes shift of the fluorescent compound; i.e., the lower energy of the

S1! S0 fluorescence process compared to the S0! S1 in absorption.

Confocal fluorescence microscopy – initiated in the 1950s but only routinely

used since the 1980s as suitable lasers became available – is based on the same

principle, but uses point illumination of the sample by means of a pinhole at the
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confocal plane of the lens [11]. In this way, only fluorescence very close to the focal

plane is detected (as opposed to a large amount of unfocused light in

epifluorescence), so that the resolution is enhanced, particularly with respect to

depth. By varying the position of the plane in the vertical (z) direction, a set of

images can be built up to depths of hundreds of nanometres, showing the distribu-

tion of the fluorescence; the resulting images are commonly referred to as a z scan.
Many naturally occurring substances in biological systems are fluorescent, for

example, molecules as simple as the aromatic amino acids. The emission of such

compounds can be detected in its own right by fluorescence microscopy and can

provide useful information about its environment. Usually, however, fluorescent

stains are used, corresponding to the absorption-based stains like H&E. Indeed, a

very large number of compounds are now available commercially for this purpose

[12]. An ideal fluorescent stain targets some specific type of cell, subcellular

structure, or release of chemical substance within or from a cell, “lighting up” in

the process. For some structures such as the cell nuclei, there are excellent stains

available, such as DAPI or Hoechst. Stains for other organelles do not necessarily

work as well, and can sometimes have an adverse effect on cell viability.

1.2 Emission Lifetimes

An image from a fluorescence microscope consists of a plot of intensity I (over a
given range of wavelengths) as a function of x,y coordinates, just like in everyday

photography. The wavelength (λ) range is determined by the energy of the excited

state of the fluorescent molecule, and the intensity by the quantum yield Φlum of the

molecule under the prevailing conditions. However, a fluorescent substance is also

characterised by a lifetime of emission, τ. Most fluorescent compounds – when in a

well-defined, homogenous environment – display first-order decay kinetics of the

emitted light following excitation by a pulse of light; i.e., the intensity decays

monoexponentially with time t according to Eq. (1):

I tð Þ ¼ I 0ð Þexp kobstð Þ ð1Þ

Here, kobs is the first-order rate constant of decay, and

τ ¼ 1=kobs ¼ 1= kr þ Σknrð Þ ð2Þ

The magnitude of kobs – and hence of τ – is determined by (a) the radiative rate

constant of the excited state, kr, and (b) the sum of the radiative rate constants of

non-radiative decay Σknr. The former is determined by the oscillator strength of the

emissive transition, i.e. by the intrinsic electronic structure of the molecule, whilst

the latter is influenced not only by the structure of the molecule (e.g. how well

vibrational modes couple to the electronic excited state) but also by the environ-

ment. In particular, some molecules are able to act as quenchers, deactivating the
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emissive excited state by accepting energy. A classic example of such a molecule,

which will feature in the sections that follow, is dioxygen O2. It can accept energy

from other molecules in their excited states by being promoted from the 3Δg ground

state to either the 1Δg or
1Σg excited states. In the presence of such a quencher Q, the

lifetime is reduced to a quenched value τQ, where:

τQ ¼ 1= kr þ Σknr þ kQ Q½ �ð Þ ð3Þ

Here, kQ is a bimolecular rate constant for quenching. It is clear from comparison of

Eqs. (2) and (3) that measuring the lifetime in the presence and absence of quencher

can provide a means for determining the concentration of quencher Q in a sample:

τ�1
Q � τ�1

� �
=kQ ¼ Q½ � ð4Þ

and kQ can be determined by calibration at known quencher concentrations.

Of course, the intensity of emission is also influenced by such quenchers. For an

excited state formed with unitary efficiency, the quantum yield in the absence of

quencher is given by a similar expression to Eq. (2):

Φlum ¼ kr= kr þ Σknrð Þ ð5Þ

and, in the presence of quencher, by an expression similar to (3):

ΦQ
lum ¼ kr= kr þ Σknr þ kQ Q½ �ð Þ ð6Þ

In this case, since the equations are complicated by the numerator, simple subtrac-

tion is not possible as in (4), and the usual approach is to take the ratio:

Φlum=Φ
Q
lum ¼ 1þ τkQ Q½ � ð7Þ

This is the famous Stern–Volmer expression, which indicates that a plot of the

intensity ratio against [Q] should be linear. It is immediately clear from this

equation that, for a given kQ, molecules with long-lived excited states (i.e. large

value of τ) are likely to show a larger response for a given concentration of Q and

thus may offer lower detection limits.

1.3 Fluorescence Lifetimes in Microscopy and FLIM

Intensity-based imaging microscopy has been an extremely successful tool in the

biosciences, for example in allowing subcellular structures to be visualised. Its

application can, however, be limited by the fact that the concentration of a

fluorophore in a cell is not normally known, rendering difficult its use for
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quantitative analysis of ions or molecules in the cell. Moreover, fluctuations in the

efficiency of delivery and collection of light can affect the reliability of results.

Wavelength ratiometric probes provide one solution to these problems, since a ratio
of emission intensities at two wavelengths will be independent of concentration.

Another solution is the use of lifetimes in place of intensities: the lifetime of a

fluorophore is normally independent of its concentration.

The concept of generating an image based on fluorescence lifetimes as opposed

to intensities is called fluorescence lifetime imaging microscopy or FLIM

[13]. There are two general ways in which it can be carried out. The lifetime can

be measured in a point-by-point manner, i.e. at every pixel in the image, for

example, using time-correlated single-photon counting (TCSPC) or frequency-

domain phase-modulation-based techniques [14–16]. Alternatively, a wide-field

method can be used, whereby an intensity-based image of the sample is acquired

at different time intervals following an excitation flash; e.g., using a time-gated

camera [17]. At the advent of FLIM in the 1980s and early 1990s, a TCSPC-based

approach was largely impracticable, partly owing to the expense of the requisite

laser and detection systems, the need to handle large amounts of data and exces-

sively long acquisition times. However, rapid advances in both pulsed laser and

detection methods, coupled with computer power and data processing, have now

made FLIM almost routine. Irrespective of the method, it is common to represent

the lifetime data visually using false colour – generating a lifetime map whereby

different colours are used to represent different ranges of lifetimes.

1.4 Phosphorescence Versus Fluorescence: Longer
Lifetimes

The vast majority of compounds used to date for FLIM, and indeed for fluorescence

microscopy in general, are fluorescent in the strict sense of the word. That is, they

are molecules that emit light from a singlet excited state (usually the S1 state) to
regenerate a singlet ground state S0 (Fig. 1), a process that obeys the spin-selection
ruleΔS¼ 0. The rate constant of fluorescence in typical aromatic organic molecules

is of the order of 108 s�1, resulting in lifetimes that are usually around 0.1–10 ns. In

contrast, until recently, phosphorescent molecules had been little investigated in

imaging. Phosphorescence refers to the T1! S0 process (Fig. 1). In organic mole-

cules, this process is strongly forbidden, resulting in rate constants of around 1–

100 s�1. Such values are normally so small compared to the rate of Σknr in solution
at room temperature that phosphorescence cannot be detected under these condi-

tions. Only by cooling the sample down to low temperature (typically 77 K) and/or

rigidifying the environment in a solid-state structure or glass is phosphorescence

able to compete with non-radiative decay.

Spin–orbit coupling (SOC) relaxes the spin selection rule by mixing singlet and

triplet character of excited states. Under these conditions, the T1! S0 process is
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promoted, as indeed is the preceding intersystem crossing from singlet states,

initially formed following absorption of light, to triplet states. This can allow

phosphorescence to be observed at room temperature. A necessary – though not

sufficient – condition for efficient SOC is the presence of an element with a high

SOC constant ζ; since ζ increases with the fourth power of the atomic number, this

equates to heavy elements in the periodic table. The pathways by which SOC

operates are complicated, but a further condition is that the element plays a role

in an excited state thermally accessible from the phosphorescent (normally T1) state

[18, 19]. The past 15 years has witnessed intense activity in the design and synthesis

of complexes of second- and third-row transition metal ions which satisfy these

criteria, particularly those which feature significant metal-to-ligand charge-transfer

(MLCT) character in their lowest excited states, leading – in some cases – to intense

phosphorescence even in solution at room temperature. Nevertheless, although

increased compared to purely organic molecules, the triplet radiative rate constant

of such complexes is limited to about 105–106 s�1. Luminescence lifetimes are thus

typically of the order of a microsecond, the vast majority being in the range 100 ns–

10 μs.
Some of the lanthanide(III) ions may also display long-lived emission under

appropriate conditions, particularly the red- and green-emitting ions europium(III)

and terbium(III) respectively. Owing to the very poor orbital overlap between

lanthanide 4f orbital and ligand orbitals, lanthanide(III) excited states in complexes

are essentially the same as in the isolated gas-phase ions, and can normally be

treated in terms of Russell–Saunders coupling and Hund’s Rules. Thus, the main

transitions responsible for visible emission in Eu3+ complexes are the 5D0! 7FJ
(J¼ 0, 1, 2 and 4) and, in Tb3+ complexes, the 5D4! 7FJ (J¼ 6, 5, 4 and 3). These

Fig. 1 Generalised energy level (or Jablonksi) diagram showing the radiative processes of

fluorescence (ΔS¼ 0) and phosphorescence (ΔS¼ 1), and the non-radiative decay processes of

internal conversion (IC, ΔS¼ 0) and intersystem crossing (ISC, ΔS¼ 1). The rate constants of

emission from the singlet and triplet states are kSr and kTr , corresponding to the processes of

fluorescence and phosphorescence respectively
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transitions are phosphorescent in the sense that ΔS 6¼ 0, although the term lumines-
cent is preferred, reflecting the fact that S is not a reliable quantum number in such

ions where SOC is large. Their natural (radiative) lifetimes are very long, normally

several milliseconds, and, in suitably constructed complexes, observed lifetime is

indeed of the order of 1 ms for Eu3+ and a little longer in Tb3+ analogues. The

lanthanide(III) excited states are, however, not efficiently populated by light

absorption (ε� 1 M�1 dm3 cm�1 for most transitions), and sensitisation by

strongly absorbing organic chromophores is normally required [20].

1.5 Phosphorescence in Imaging: Time-Gating and PLIM

Over the past decade, there has been a rapid expansion in research activity focused

on the use of phosphorescent metal complexes as stains in “fluorescence micros-

copy” [21–27]. In the vast majority of studies, the approach is exactly the same as in

fluorescence microscopy with conventional fluorescent (organic) stains; i.e., it is

steady-state imaging, where an image of intensity versus spatial coordinates is

generated. It is important to note that the term fluorescence microscopy is a general
term, which does not make specific reference to the nature of the transition in the

emitting compound, and can therefore encompass the use of phosphorescent metal

complexes when used in conventional steady-state (intensity imaging) mode.

Phosphorescent complexes have, until recently, not been suited to FLIM set-ups,

because of the long timescale of emission compared to the high repetition rates of

the lasers used in FLIM. Very recent technological developments in both excitation

and detection methods have opened up the possibility of FLIM-like experiments on

the microsecond scale, using phosphorescent compounds, as discussed in Sects. 3

and 4 below. We shall employ the term PLIM for phosphorescence lifetime imaging
microscopy.

However, the long lifetimes of phosphorescent complexes can be exploited in

other ways and a number of isolated reports on this subject have appeared since the

1980s. Most of this work deals with what is perhaps best described as time-gated
detection for the purpose of suppressing background emission. The concept is

illustrated in Fig. 2. In most typical biological/medical samples, there are naturally

occurring, endogenous molecules present that are fluorescent. The emission from

such molecules, known as autofluorescence, can interfere with the emission of the

probes or stains that are to be visualised by microscopy. Such autofluorescence can

be particularly problematic for multicellular samples such as tissue sections, but

also affects studies on single cells and cell culture. Indeed, autofluorescence of cells

is estimated to be of the order of 10,000 fluorescein equivalents per cell, depending

on type and age [28, 29].

Since it arises from organic species, background emission is normally short-

lived, on the nanosecond timescale. If a phosphorescent probe with a long lifetime

is employed in conjunction with a pulsed source of light, its emission can be

detected after a time delay, without interference from the autofluorescence. For
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example, suppose the background emission has a lifetime of 10 ns and a phospho-

rescent probe is used that has a lifetime of 1 μs. If a delay of 100 ns is applied, the

background will have decayed to e�10 of its original value (¼4.5� 10�5)

when detection of light begins, whilst the intensity of the probe has decayed to

only e�0.1 (¼0.90) of its initial value, and thus will still be easily detected. The

length of time for which light is detected per pulse is often referred to as the

gate time.

It should be noted that this method is amenable to wide-field illumination and

does not require a point-by-point approach or the actual determination of decay

kinetics/lifetimes, and is thus quite different from FLIM or PLIM. Examples of the

instrumentation used and its application are discussed in Sect. 2. The terminology in

the field has not developed or been used in a systematic manner, and we have noted

that different researchers use terms in different ways. In an attempt to simplify the

area, we have summarised some of the terms in Table 1 at the end of this Section.

A further important point to note about phosphorescent transition metal com-

plexes, before moving on to detailed examples, is that the long lifetime of phos-

phorescence often renders it susceptible to efficient quenching, including quenching

by oxygen. We noted in Eq. (7) how the extent of quenching is directly proportional

to the lifetime. Moreover, the value of kQ tends to be high for O2, often approaching

the diffusion rate constant. Phosphorescent metal complexes with lifetimes> 1 μs
offer potential for oxygen sensing at physiologically relevant concentrations of O2,

whereas fluorescence on the nanosecond timescale is insensitive to such concentra-

tions. A number of studies have thus sought to develop phosphorescent metal

complexes as oxygen sensors, some of which are described in subsequent sections.

It should be noted that lanthanide(III) emission differs significantly from transition

metal complexes in this respect: their excited states are not normally quenched by

oxygen, a feature that renders them particularly attractive for imaging of cell

organelles, for example [30].

Fig. 2 Illustrating the

concept of time-resolved

imaging and time-gated

removal of background

fluorescence
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2 Imaging Using Phosphorescence: Time Gating

2.1 Early Instrumentation: From Becquerel to Harvey
and the “Phosphorescence Microscope”

E. Newton Harvey, working at Princeton in the 1930s, described various designs of

phosphorescence microscope [31, 32]. It is interesting to note that some of his work

preceded not only the quantum mechanical distinction between fluorescence and

phosphorescence, but also Jabłoński’s landmark paper of 1933 attributing phos-

phorescence to “metastable states” [33]. Indeed, one of Harvey’s designs is, in turn,
based directly on the phosphoroscope devised in 1849 by Becquerel, who was the

first to formalise the distinction between fluorescence and phosphorescence on the

basis of the timescale of emission [34].

Harvey’s set-up is shown in Fig. 3a, where two sector disks are mounted on the

same shaft of a motor with the openings staggered. One disk is positioned between

the (steady-state) light source and the microscope stage and the second between the

stage and the objective lens. The excitation light is thus never transmitted through

to the microscope, and the delay between excitation and detection can be controlled

Table 1 Acronyms, their expansion, and selected literature references that employ them

Acronym Meaning References

Microsecond

FLIM

Microsecond fluorescence lifetime imaging (in the pre-

sent authors’ opinion¼ PLIM)

[67–69]

PLI Phosphorescence lifetime imaging [94]

LIM Lifetime imaging microscopy [94]

TRLIM Time-resolved lifetime imaging microscopy [47, 53]

2P-LSM Two-photon laser scanning microscopy [81]

2PLM Two-photon phosphorescence lifetime microscopy [99–102]

PLIM Phosphorescence lifetime imaging microscopy [85–87, 92, 93,

109–111, 113]

TREM Time-resolved emission imaging microscopy [70, 106]

TGL Time-gated luminescence [55]

GALD Gated autosynchronous luminescence detector [56]

Commonly used prefixes:

MP Multi-photon

2P Two-photon

MPM Multi-photon microscopy

TS(LIM) Temporal sampling (lifetime imaging microscopy)

PS(LIM) Pinhole scanning (lifetime imaging microscopy)

TD Time domain

FD Frequency domain

TCSPC Time-correlated single-photon counting
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according to the rate of revolution and the number of staggered holes in the

disks [32].

A variant of this apparatus is the “microscope-centrifuge” of Fig. 3b, where two

separate synchronous motors are used to drive the microscope centrifuge head

(H) and a sector disk between the ocular and the central prism [35]. This set-up

similarly allows observation of the sample after a desired time interval following

irradiation.

These early microscopes were used primarily to detect relatively weak phos-

phorescence in the absence of the intense short-wave excitation light required to

initiate it. A diverse range of samples were studied, ranging from inorganic crystals

through oyster shells and cats’ teeth to dried potato [32].

2.2 The 1980s and 1990s: From Time-Resolved
Fluoroimmunoassay to Time-Gated Microscopy

The concept of time-gated removal of background fluorescence was initially

applied to in vitro diagnostics such as fluoroimmunoassays, pioneered by the

groups of Soini, Hemmilä and Lövgren in Finland [36–38]. They used europium

(III) or terbium(III) complexes (e.g. of polydentate ligands related to EDTA) that

emit on a timescale of around 100–1,000 μs. In a typical analysis, a xenon flashlamp

operating at 1 kHz was used (¼1 ms between pulses, pulse duration< 10 μs), with a

Fig. 3 (a) Left: Harvey’s phosphorescence microscope based on the design of Becquerel’s
phosphoroscope; S¼microscope slide, Q¼ quartz lens, L¼ ultraviolet light source, M¼motor,

Mic¼microscope; D and D0 are sector disks, and the solid and dotted circlesmark the positions of

the holes in the upper and lower disks respectively. (b) Right: The microscope centrifuge;

H¼ head, Obj¼ objective, Oc¼ ocular. Reprinted with permission from [32]. Copyright 1942,

AIP Publishing
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delay of 50 μs applied between the flash and detection of light for the subsequent

250 μs [37]. The sensitivity of such assays was found to be comparable or even

superior to radioisotopic assays, thanks to elimination of the competitive back-

ground signal.

The extension of this time-gating concept to imaging microscopy required

modifications to standard microscope set-ups. Much of the early work from the

late 1980s and 1990s has been led by Soini and co-workers and by Tanke and

colleagues in the Netherlands, using a mechanical approach to applying a time

delay, not unlike Harvey’s method. In an inspirational forward-looking article from

25 years ago, Tanke described the potential benefits of time-gated imaging to

microscopy (which he referred to as time-resolved microscopy or time-resolved
fluorometry) [39]. Preliminary experiments were reported that made use of small

crystals of yttrium oxysulfide activated with europium(III) as phosphors [40, 41],

attached to proteins such as immunoglobins or avidin. The equipment was based

around an epifluorescence microscope equipped with a 50 Hz xenon flash lamp

generating short (6 μs) pulses of UV light. A rotating disc with transparent and

non-transparent segments at the conjugate plane was used as a trigger for the flash

lamp, and the rotation speed chosen such that the transmission pathway was

blocked for 100 μs after each pulse [39]. Immunophosphor-labelled human T

helper/inducer lymphocyte cells (CD4) were imaged in this way, which had been

co-stained with ethidium (a red fluorescent nucleic acid stain) as a model of short-

lived autofluorescence. Conventional epifluorescence microscopy naturally gave no

separation of the red ethidium fluorescence and red europium emission. The time-

gated image, in contrast, showed the immunophosphor label only: the short-lived

ethidium fluorescence was successfully suppressed.

Meanwhile, Soini and co-workers used molecular europium(III) complexes as

labels for staining tissue sections, which were amenable to time-gated microscopy

[42]. They used the complex 1 from their immunoassay work (Fig. 4): a Eu3+

complex of a heptadentate azacarboxylate ligand related to EDTA but incorporat-

ing an ethynylpyridine unit able to absorb light strongly and sensitise the metal 5D0

excited state. The pendant isothiocyanate provided a means to covalently label

secondary antibodies or streptavidin through reaction with amine groups. The

microscope equipment used is schematised in Fig. 5 and was again based around

the use of a xenon flash lamp as a pulsed (70 Hz) near-UV excitation source, in

conjunction with a mechanical chopper. The rotating chopper plate was positioned

Fig. 4 The europium(III)

complex 1 used by Soini

and co-workers for time-

gated imaging of tissue

sections [42]
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in the emission light path at the ocular exit pupil of the microscope, blocking the

transmission pathway during the excitation pulse and for 200 μs thereafter,

followed by a 2,000 μs interval during which the light path was open.

An example of the resulting images and the effect of time-gating in removing

autofluorescence is presented in Fig. 6. Here, colon cancer antigen C242 was linked

to the Eu3+ complex 1 and used to stain the epithelial cells of malignant mucosa of

human colon. The sections were cut from a fixed and wax-embedded surgical

biopsy. Image B in Fig. 6 is the time-gated image acquired as described above,

whilst A is the corresponding image in “prompt” mode (i.e. where the excitation

flash and rotating disc are synchronised so that the flash occurs when the light path

is opened). Arrows S2 and S4 highlight an area of intense autofluorescence that is

suppressed in the time-gated image [op. cit.].
Although able to provide time-gated images, set-ups based on the use of

mechanical choppers have drawbacks such as synchronisation problems and limited

time resolution, and they are not readily amenable to carrying out true time-resolved
– as opposed to simply time-gated – imaging; i.e. determination of decay kinetics

within the image. Tanke and co-workers in Leiden developed more versatile

systems following their initial work described above. In one system, they used

ferro-electric liquid crystals (FLC) as electro-optic shutters for the emission path-

way, synchronised with a mechanical shutter for excitation [43]. The FLC device

consists of a half-wave plate with transparent electrodes mounted between two

crossed polarisers. Light that has been linearly polarised by the first polariser is

blocked by the second, but switching the polarity of the applied voltage changes the

Fig. 5 Schematic of the time-gated microscope developed by Soini and co-workers. Reproduced

with permission from [42]. Copyright 1992, Wiley-Liss
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angle of polarisation by 90�, allowing light to pass through. The closing speed is

such that a drop in transmission from 98% to 2% occurs within 50 μs, although one
drawback is that the use of FLC shutters does lead to significant losses of light.

A significant improvement in time resolution was made shortly thereafter by the

Leiden group, by using an argon ion laser chopped with an acousto-optical modu-

lator (AOM) as the excitation source, in combination with a gated multichannel

plate (MCP) image intensifier in the image plane [44]. This set-up allowed com-

puter control over the excitation and emission shutters with a time resolution of

0.5 μs: the rise time of the AOM and MCP was <0.5 μs. Not only was the time

Fig. 6 Images of epithelial cells of human colon malignant mucosa labelled with the C242

conjugate of 1. Images (a) and (b) are the prompt (i.e. no time delay) and time-gated emission

images. The corresponding intensity versus camera pixel elements along the white horizontal line

(M1 and M2) is shown in (c) and (d) respectively. Arrows S1 and S3 highlight areas where

europium emission is intense. S2 points to an area where autofluorescence is intense; at the

corresponding point S4 in the time-gated image, the autofluorescence has been suppressed.

Reproduced with permission from [42]. Copyright 1992, Wiley-Liss
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resolution improved in this way compared to earlier systems, but the set-up also

enabled measurement of the lifetime of phosphorescence in situ using a boxcar

detection method.

The performance of the system was evaluated using a platinum(II) porphyrin,

PTP, as the phosphorescent molecule {Fig. 7; PTP¼ platinum(II) meso-tetra
(4-carboxyphenyl)-porphyrin}, loaded onto Sephadex G25 superfine beads. Plati-

num(II) and palladium(II) porphyrins were amongst the first known metal com-

plexes to display intense phosphorescence, thanks to their high rigidity which

minimises non-radiative decay processes. However, the relatively small participa-

tion of the metal centre in the lowest lying 3π–π* state leads to rather long

luminescence lifetimes, of the order of 80 μs, and hence to efficient quenching by

oxygen. This is a potentially attractive feature if an oxygen sensor is required [45],

but less so for imaging. In the present instance, the local environment of the beads

was depleted of oxygen by treating with a glucose/glucose oxidase mixture.

The time-resolved detection scheme is shown in Fig. 8. The excitation light was

chopped with a pulse width Te of 50 μs, and the overall repetition period Tr was
250 μs. A 10 μs detection window (gate, Tg) was used with a delay time Tdelay
increased in 10 μs steps from 0 to 200 μs. In this way, the decay kinetics of the PTP
emission on the beads could be determined in situ and the data fitted well to a single

exponential with a lifetime of 47.8 μs, in excellent agreement with that obtained

using a Perkin-Elmer LS50B luminescence spectrometer (¼45.8 μs). The team also

formulated a theoretical model for the detection efficiency of a time-resolved

microscope in terms of the temporal parameters of Fig. 8, which showed that the

maximum achievable sensitivity is 50% provided that the luminescence dye is not

saturated. A detection efficiency of 42% was measured for their instrument, with a

1:5,500 suppression of the prompt fluorescence. Interestingly, the authors noted that

the ultimate sensitivity was limited by the delayed luminescence of the microscope

objective lens, which had a slow-decaying component.

Fig. 7 The structures of the platinum(II) porphyrins investigated by de Haas and co-workers as

phosphorescent labels [44, 46]
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2.3 Further Studies on Phosphorescent Metalloporphyrins
for Time-Gated Imaging

The use of platinum porphyrins in time-gated microscopy was developed further by

de Haas et al. [46] and by Soini et al. [47]. The former group compared the use of

PTP and PTCP (Fig. 7) as phosphorescent labels for covalent attachment to proteins

such as avidin and to a selection of antibodies. The chemistry involved the prep-

aration of N-hydroxysuccinimide (NHS) active esters of the porphyrins, using the

standard coupling agent DCC (1,3-dicyclohexylcarbo-diimide) catalysed by HOBt

(1-hydroxybenzotriazole). The mono-, di-, tri- and even tetra NHS esters could be

obtained, although the tetra NHS ester precipitated from DMF and were therefore

not used for labelling. The esters were treated with the antibodies/proteins at the

desired mole ratios, and the resulting conjugates purified by gel filtration on

Sephadex G50. PTCP proved to be a more attractive label than PTP, since the

conjugates of the latter showed reduced biological activity. For example, the

labelling of goat anti-mouse PTCP was well retained whereas the corresponding

PTP conjugate showed a reduction of biological activity of around 90% for a label/

protein ratio of 7/1; similar behaviour was observed with streptavidin. It was

suggested that this might be due to PTP being more hydrophobic than PCTP,

causing antibodies and streptavidin to denature and lose their normal activity.

An example of one of the images obtained using such a PTCP conjugate on the

group’s time-gated microscope is shown in Fig. 9. Here, streptavidin-PTCP has

been used to stain the 28S rRNA sequence in HeLa cells, with a propidium iodide

(PI) co-stain in the nucleus. The delayed red porphyrin phosphorescence was

selectively detected against the short-lived red PI fluorescence in the nucleus

when the microscope was used in the time-delayed mode. Meanwhile, Soini’s
group carried out a systematic study of the influence of the mounting media on

Fig. 8 The time-resolved detection scheme used by Hennink et al. in evaluating the efficiency of a

time-resolved microscope. The prompt fluorescence (dashed line) decays before detection of the

long-lived luminescence (solid line) starts. The shaded area represents the detection window.

Reproduced with permission from [44]. Copyright 1996, Wiley-Liss
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the intensity and stability of the phosphorescence signal of PTCP-labelled samples,

and noted that non-aqueous permanent mounting media gave the best results [47].

Subsequent studies moved on to explore the use of related conjugates in imaging

of tissue sections which, as noted earlier, pose a more significant challenge from the

point of view of strong autofluorescence compared to single-cell studies. For

example, appropriate conjugates were shown to be able to respond to glucagon in

human pancreas tissue, p53 in rat live tissue, and prostate-specific antigen in human

prostate tissue, using time-gated detection [48].

Soini and co-workers went on to demonstrate how a combination of several

phosphorescent probes could be used simultaneously with a fluorescent stain,

enabling multiple-colour immunocytochemistry [49]. The use of more than one

fluorescent stain in biological imaging is common. However, owing to the typically

broad emission spectra of standard fluorophores, which leads to significant overlap

or “cross-talk” in excitation/detection, usually only two or a maximum of three can

be used at the same time. In contrast, some of the metal-based phosphorescent

probes discussed so far have rather narrow emission bands. This is particularly true

for the f–f transitions of the lanthanides, but also (though to a lesser extent) for

metalloporphyrins. The authors used a combination of terbium(III) and europium

(III) complexes and platinum(II) and palladium(II) porphyrins, with emission

maxima at 545, 615, 642 and 673 nm respectively. Selective detection at approx-

imately these wavelengths using suitable filter sets allowed each to be monitored

independently with little cross-talk. Moreover, a fifth label could be added, namely

a green fluorescent nuclear stain, Syto25™. Despite having a broad emission

spectrum in the range 500–700 nm – and hence spectral overlap with all of the
phosphorescent labels – it could be successfully used as a fifth stain, since its

emission could be suppressed in the images, when required, by time-gating.

Fig. 9 Staining of 28S rRNA sequence in HeLa cells with a streptavidin–PTCP conjugate

acquired using a time-gated microscope in (a) continuous mode (i.e., no time delay: all emission

detected), and (b) time-delayed mode. Scale bar¼ 30 μm. Reproduced with permission from

[46]. Copyright 1997, The Histochemical Society. Reprinted by permission of SAGE publications
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3 Widening the Scope of Phosphorescent Emitters Under

One-Photon Excitation

3.1 Overview

As mentioned above, one of the key advantages of the use of long-lived luminescent

labels (τ> 100 ns) is a dramatic increase in contrast and probe selectivity due to the

possibility of rejecting scattered excitation light and short-lived autofluorescence. It

is important to make clear the distinction between time-gating and lifetime imaging

(Fig. 2). Time-gating is effectively the acquisition of an integrated, “steady-state”

image for a fixed period of time after a delay time during which all unwanted signal

has decayed. In the alternative approach of lifetime imaging, the intensity is

monitored at several different time intervals following excitation (represented by

the vertical bars in Fig. 2), giving the decay kinetics and lifetime of the probe in situ.

Not only is unwanted short-lived signal rejected in this case, but the method also

gives detailed information about the local microenvironment of the probe through

variations in its emission lifetime.

The contemporary methods to achieve time resolution on the microsecond

timescale in imaging are essentially the same as those employed in solution.

These are either based on intermittent (pulsed, so-called time domain) or periodic

(phase modulated, so-called frequency domain) excitation. Detection windows are

displaced in time or phase with respect to the excitation. Mechanical shutters,

pulsed lamps, liquid crystal and ferroelectric shutters, photoelastic modulators,

and of course pulsed lasers, have been used to achieve intermittent excitation,

whilst various shutters or time-gated detectors can be used for time-resolved

detection.

At the end of the 1990s, several developments appeared towards detecting long-

lived emitters in a time-resolved fashion. Vereb et al. provided a comparative

analysis of various technological ways used in the 1990s to achieve time resolution

in imaging on a longer timescale [50]. They described various configurations of a

microscope that integrated spectral and microsecond temporal resolution with

conventional digital imaging based on CCD cameras (Fig. 10). The temporal

resolution was demonstrated using a europium(III) complex incorporating a

carbostyril moiety as the sensitiser, but the methodology was proposed to be

translatable to cell imaging.

Since the beginning of this century, there have been rapid technological devel-

opments in both detection and excitation methodologies emerging in the field of

imaging with long-lived probes, selected examples of which are given in Sects. 3.2

and 3.3.
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3.2 Further Time-Gating Solutions

An instrumental method termed “time-resolved long-lived luminescence micros-

copy” (TRLLM) was developed using a conventional fluorescence microscope with

an image intensifier unit for gated signal acquisition and a xenon flashlamp as the

excitation source [51]. The technique was demonstrated by imaging live cells

incubated with a Eu3+ complex, with complete exclusion of short-lived fluores-

cence. In combination with a related green-emitting Tb3+ complex, time-resolved

dual-colour imaging was also achieved. With a view to taking the methodology

further to detection of analytes within a cell, the authors also used a Eu3+ complex

whose emission responds to Zn2+ ions, which permitted changes of intracellular

Zn2+ concentration to be monitored in the absence of a fluorescent background.

Similarly, time-resolved luminescence microscopy (TRLM) of bimetallic lantha-

nide helicates in living cells was achieved by Bünzli and co-workers using a pulsed

excitation of 10 μs and delay time of 50–100 μs to gate out short-lived emission and

Fig. 10 Schematic of the generic time-resolved and spectrally resolved imaging microscope

system developed by Vereb et al. [50]. The light source is a mercury pressure lamp with a DC

power supply; the emitted light is focused, chopped with a rotating wheel, and coupled into the

conventional epifluorescence excitation path of a microscope. Alternatively, pulsed or modulated

light sources can be used for intermittent excitation and can also be coupled directly to the filter

block. A dual emission port allows for the concurrent installation and alignment/focusing of both a

time-resolved and spectrally resolved detection system. Reprinted with permission from

[50]. Copyright 1998 Elsevier
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scattering [52]. Meanwhile, Miller and co-workers used a light-emitting diode for

pulsed epi-illumination in conjunction with an intensified ICCD camera for gated

wide-field detection on a microscope, recording background-free images of various

live cells incubated with Eu3+ and Tb3+ complexes [53, 54].

The timescale of >100 μs, whilst well-suited to lanthanide emission using the

gated approaches discussed above, is too long for transition metal complexes which

normally emit on the 100 ns–100 μs timescale (most often around 1 μs for the more

intense emitters). On the other hand, such values are too long for conventional FLIM

methods. The development of pulsed LEDs – now available with wavelengths

spanning the entire near-UV/visible region – has enabled the use of these relatively

cheap and compact sources for time-resolved imaging. Theminimumpulse length of

such LEDs is typically of the order of 100 ps, which is clearly short enough to be

compatible with luminophores emitting on a microsecond timescale. A solid-state,

time-gated luminescence microscope combining UV LED excitation and electron-

multiplying CCD detection was reported by Connally and co-workers, who termed

the method “time-gated luminescence” or TGL [55]. They later introduced a new

optomechanical instrument, the gated autosynchronous luminescence detector

(GALD), allowing sensitive detection of delayed luminescence. Using a compact,

high-power UV LED as the excitation source, images ofGiardia lamblia cysts were
obtained in the complete absence of autofluorescence, through indirect labelling

with a Eu3+ complex–streptavidin conjugate [56]. The signal intensity was sufficient

to capture high-resolution colour images within several seconds.

3.3 From Gating Out Autofluorescence to Determining
Intracellular Lifetimes of Long-Lived Probes

As briefly noted in Sect. 3.1, a different approach to the time-gated “zero/one” –

“autofluorescence/no autofluorescence” – imaging is to focus on obtaining detailed

information about the imaged object from the variations in the lifetime of the probe

depending on its location, generating a “lifetime map”. Following an initial pulsed

excitation, emission images can be acquired at specific time intervals after excita-

tion, represented by the vertical bars of Fig. 2, ideally over as many “slices” as is

permitted by a combination of (a) the lifetime of the luminescent molecule, (b) the

time-resolution of the detector, and (c) the length of the excitation pulse. Additional

factors that must be considered are the time necessary to acquire images of

sufficient signal-to-noise to extract the desired data, and the photostability of the

molecule. It is important to note that many organic fluorophores, such as DAPI for

example, readily photobleach, whereas many transition metal complexes reported

to date appear to be photostable under conditions used for live cell imaging.

Several instrumental set-ups have emerged for microsecond lifetime imaging in

life sciences under one-photon excitation. We note the diversity in terminology that

has been used to describe what in essence may be the same method. Many authors
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extend the historically well-known term “fluorescence lifetime imaging” to imag-

ing with transition metal complexes, others use “phosphorescence lifetime imag-

ing” or “PLIM”, reflecting the quantum mechanical distinction in the origin of the

emission (as discussed in Sect. 1), whilst others use “emission imaging” or “lumi-

nescent imaging” in various acronyms. At the end of Sect. 1, we provide a short

table that seeks to summarise some of these acronyms, accompanied by pertinent

literature references.

The diversity of terminology makes it somewhat difficult to follow all the

developments in this intensely growing area of research. Our brief overview in

this section is by no means exhaustive: it is possible to present only a few

representative examples of the technical solutions. Much of the work has been

targeted at intracellular oxygen sensing [57]. As noted in the introduction, the long-

lived triplet states of transition metal complexes are often efficiently quenched by

O2. Ruthenium(II) complexes have been the subject of most investigation to date

[58–60], but any phosphorescent transition metal complex is a potential oxygen

sensor, including platinum(II), palladium(II) and iridium(III) complexes [61–63].

A frequency domain lifetime imaging apparatus was used by Malak and

co-workers to image intracellular oxygen concentrations in macrophages using

the oxygen-sensitive lifetime of [Ru(bpy)3]
2+ [64]. Gerritsen and co-workers used

a time-domain lifetime-imaging system based on an argon ion laser with electro-

optical modulator yielding a repetition rate of 25 MHz, in combination with a

confocal scanning microscope, to image oxygen concentration in J774 macro-

phages, again using the lifetime of [Ru(bpy)3]
2+ emission as the reporting param-

eter [65]. The intrinsic difficulty in these experiments lies in achieving a repetition

rate of excitation sufficiently slow to accommodate the complete decay of the long-

lived probes, which in the case of [Ru(bpy)3]
2+-based compounds would be of the

order of >1 μs corresponding to a maximum repetition rate of 100 kHz. On the

other hand, slow repetition rates will limit the signal-to-noise available, unless long

acquisition times or high energy per pulse are used.

Mycek and co-workers developed a wide-field, time-domain lifetime imaging

system operating at a variable rate from 1 to 50 Hz, in which probe lifetimes could

be measured over the range 750 ps–1, with a temporal discrimination as short as

50 ps (Fig. 11) [66, 67]. The necessary high-power broad excitation range from

near-UV through the visible to NIR was achieved by using the output of a pulsed N2

laser at 337 nm to either directly excite the sample or to pump a pulsed dye laser

tuneable in the range 365–960 nm. Together with the intensified CCD detector, the

set-up provided a large temporal dynamic range from 600 ps upwards, high spatial

resolution of 1.4 μm, and rapid data acquisition and processing time of 10 s. The

set-up was later applied to imaging intracellular oxygen in various cell lines [68]

and to oxygen monitoring in microfluidic poly(dimethylsiloxane) bioreactors used

for continuous cell culture of living C2C12 mouse myoblasts [69]. In this study, the

phosphorescence lifetime of [Ru(bpy)3]
2+ was used as a measure of oxygen levels

in the range 0–300 (�8) μM.

Phosphorescent lifetime imaging using self-assembled nanoparticles loaded

with a pyrenyl-appended bipyridyl-ruthenium(II) derivative RuTEG (Fig. 12) has
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Fig. 11 Schematic of the tuneable set-up for microsecond imaging under one-photon excitation

designed by Mycek and co-workers. CCD¼ charge coupled device; HRI¼ high rate imager;

INT¼ intensifier; TTL I/O¼TTL input/output card; OD¼ optical discriminator. BS¼ beam

splitter; DC¼ dichroic mirror; FM¼mirror on retractable “flip” mount; L1, L2, L3¼ quartz

lenses; M¼mirror. Thick solid lines¼ light path; thin solid lines¼ electronic path. Reproduced

from [66]. Copyright IOP Publishing. Reproduced by permission of IOP Publishing. All rights

reserved

Fig. 12 Structures of a Ru(II) complex used by Choi et al. for oxygen sensing in vitro and in vivo

(left) [59], and an example of one of the Pt(II) complexes used by Botchway et al. for TREM

(right) [70]

226 E. Baggaley et al.



been used for quantitative measurements of the concentration of oxygen in vitro, in

a 3D-microfluidic tumour model, via ratiometric measurements of intensity relative

to an oxygen-insensitive fluorophore as a reference [59]. In vivo, the complex was

used to probe O2 concentrations in mouse vasculature, monitoring the phosphores-

cence lifetime. With both methods, micrometre-scale resolution and absolute cal-

ibration to the dissolved oxygen concentrations was demonstrated.

Using the time-slicing principle of Fig. 2 and in collaboration with Botchway,

we developed a method somewhat similar to that of Mycek and co-workers, which

we referred to as “time-resolved emission imaging microscopy” or TREM [70]. The

method was implemented using a family of cyclometallated platinum(II) com-

plexes based on tridentate N^C^N-coordinated dipyridylbenzene ligands (Fig. 12).

They are charge-neutral, low-molecular weight molecules that have low cytotoxicity

and accumulate intracellularly within a short incubation time of 5 min. They are

readily synthesised, and their microsecond lifetimes and high emission quantum

yields of up to 70% render them very attractive for time-resolved imaging

[71, 72]. The phosphors were applied both to time-gated imaging to eliminate

background fluorescence and to broad-field lifetime mapping in a range of cell

types (e.g. human dermal fibroplast, neoplastic C8161, Chinese hamster ovary).

The experiments were performed using an actively Q-switched nanosecond Nd:

vanadate diode-pumped microlaser operating at 355 nm with a repetition rate of 1–

20 kHz and short pulse duration of 0.6 ns (12 mJ/pulse). Pulses generated from a

Stanford DG535 pulse delay generator (PDG) were used to trigger the laser. The

355 nm laser pulses were directed to the epifluorescence port of the microscope and

reflected off a dichroic mirror and into the back aperture of a� 40 lens. Phospho-

rescence from the sample was collected by the same objective and imaged onto a

sub-nanosecond gated-intensified CCD with delays set by the PDG and

synchronised to the laser. The three exit ports of the microscope were used to direct

the output to the gated CCD camera, a steady-state colour camera, or an iDus CCD

camera. For the gated CCD, the typical exposure time was 0.02 s, with the number

of accumulations varied from 5 to 20. By monitoring “time slices” at increasing

intervals after the pulse, e.g. every 100 ns, the intensity within the image could be

monitored as a function of time.

The power of time-gating is demonstrated by low-resolution images obtained

from cells pre-treated with the Pt(II) complex of Fig. 12 in the presence of

fluorescein dianion (for which τ¼ 3.6 ns), whose emission serves as a challenging

model of short-lived background fluorescence. Immediately after the laser excita-

tion pulse (Fig. 13), little can be resolved because the fluorescein emission swamps

the image. By activating the camera after a delay of 10 ns following the laser

excitation pulse, the cells are visualised by the long-lived emission from the Pt

(II) complex [70]. A representative set of time-resolved images obtained from CHO

cells pre-incubated with the same complex within the time frame from 50 to

2,900 ns after the laser pulse (Fig. 14) demonstrate that even 3 μs after the excitation
laser pulse, the image is still of sufficient contrast for the cells to be visualised. The

quantitative kinetics of the decay of the emission intensity could be obtained from

such images by analysing a specific “region of interest” within the cell. In this

Time-Resolved Emission Imaging Microscopy Using Phosphorescent Metal. . . 227



instance, such analysis revealed a distribution of lifetimes from several hundreds of

nanoseconds to several microseconds.

A related example to the time-gated image of Fig. 13 is provided by the case of a

cyclometallated iridium(III) complex which was used to stain the cytoplasm of

CHO cells simultaneously with a blue-emitting fluorescent organic co-stain

(Hoechst) in the cell nucleus. The images (Fig. 15) were acquired on a simple

microscope using a Nd:YAG laser at 355 nm for excitation and a gated wide-field

camera for detection [63]. The “prompt” image with no time delay is dominated by

the Hoechst emission from the nuclei, whereas the time-delayed image shows only

emission from the Ir complex in the cytoplasm.

Fig. 13 An illustration of time-gating using Pt(II) complexes as phosphorescent probes: CHO

cells incubated with the complex of Fig. 12 imaged with no delay after excitation (left) and after a
delay of 10 ns with a gate time of 900 ns [70]

Fig. 14 Time-resolved gated emission images of CHO cells incubated with PtL1Cl (Fig. 12). The

images were recorded after 355 nm excitation at the time delays shown between 100 and 2,900 ns

after the laser flash. The time gate used was 100 ns, exposure time 20 ms, five accumulations per

time delay. Scale bar¼ 50 μm [70]
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A similar instrumental approach has also been used with a pulsed LED for

excitation on a wide-field microscope and an intensified CCD to collect time slices

of emission [73]. Pd(II)-based complexes having lifetimes of several hundreds of

microseconds, termed “oxyphors” in this work, were used to image intravascular

oxygenation in a mouse using this apparatus (Fig. 16).

The frequency-domain mode of phosphorescence lifetime imaging has been

applied to image oxygen distribution in the blood vessels of the mouse eye by

Shonat and Kight [74]. Vinogradov, Wilson and co-workers have developed further

the imaging of the vasculature of the eye using a water-soluble polyglutamic acid

Pd(II) tetrabenzoporphyrin dendrimer; spatial resolution of 10 μm was achieved,

allowing small vascular lesions in the mouse’s eye to be defined. They were also

able to determine both the size and severity of local regions of hypoxia as well as

revealing individual retinal capillaries with abnormally low oxygen levels [75].

Fig. 16 Imaging of intravascular oxygenation in a mouse using Oxyphor G4. The probe was

injected via the tail vein to achieve a final concentration of 4 μM in the blood plasma. Ten images

were collected using an ICCD camera at different delays after excitation, from 10 to 620 μs. The
images show (a) the calculated phosphorescence lifetimes (τ, colour scale in μs), and (b) partial

pressure of oxygen (pO2, colour scale in mm Hg). Reprinted with permission from [73]. Copyright

2011 American Chemical Society

Fig. 15 Emission images of live CHO cells co-stained with [Ir(N^C-ppy)2(N^N-pybz)]
+ (10 μM)

and Hoechst (350 nM) using pulsed excitation at 355 nm, pulse length 4 ns. Left: no delay between
laser pulse and image acquisition. Right: the image recorded after a delay of 10 ns. Reproduced

from [63] with permission from the Royal Society of Chemistry
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The most recent development in the area of wide-field imaging is that of “wide-

field time-correlated single photon counting (TCSPC) lifetime microscopy with

microsecond time resolution”, by Suhling and co-workers [76]. This new apparatus

uses a 1 MHz frame-rate CMOS camera – a new-generation detection device

allowing for previously inaccessible fast frame rates – and an image intensifier

for wide-field TCSPC imaging, creating a system which combines ultrafast frame

rate with single-photon sensitivity. It was employed on a fluorescence microscope

to image the emission decay of [Ru(dpphen)3]
2+ on the 1–5 μs timescale

(dpphen¼ 4,7-diphenyl-1,10-phenanthroline). The applicability of the method to

cell imaging was also demonstrated on an example of live HeLa cells incubated

with a Eu(III) complex with a 570 μs lifetime.

The technologies that have been outlined in this section, which may be relatively

easily implemented, are highly advantageous for imaging. Notwithstanding the

great progress achieved with these methods, however, there is naturally a set of

limitations, particularly: (a) the excitation is often with single-wavelength pulsed

LEDs, a pulsed flashlamp, or modulated by a chopper – thus, photon flux,

tuneability of the excitation wavelength, and temporal resolution are limited;

(b) the use of one-photon excitation and a non-confocal microscope configuration

severely restricts the spatial resolution attainable. To achieve a combination of sub-
microsecond time resolution and sub-micron spatial resolution, new methods are

required, which are discussed in Sect. 4.

4 Improving Resolution: A Clearer Lifetime View

4.1 Introduction

The development and application of cell-permeable, non-toxic transition metal

complexes and related bio-conjugates (with emission lifetimes in the region of

hundreds of nanoseconds to tens of microseconds) in biological imaging applica-

tion, has accelerated developments in imaging technologies. As outlined in Sect. 3,

a number of “home-built” imaging systems capable of measuring and mapping

emission lifetimes of small Pt(II), Ru(II) and Ir(III) based systems in vitro and

porphyrin based systems in vivo have been reported. Many of these are based on

widefield, single-photon excitation techniques with CCD detection, where emission

lifetimes are largely determined via a series of intensity measurements taken at a

range of time intervals after excitation. Whilst these phosphorescence lifetime

microscopes are relatively simple to use, the information that can be extracted

from full FOV (field of view) and ROI (region of interest) lifetime maps is generally

somewhat limited by poor spatial resolution, unwanted emission/scattered light,

lack of optical sectioning (emission lifetimes are averaged in the z direction) and
poor light penetration (single photon excitation).
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Spatial resolution is an important factor in all aspects of microscopy. In relation

to phosphorescence lifetime microscopy, to successfully characterise lifetime sig-

natures associated with the emissive molecules’ microenvironment and/or analyte

concentration (such as O2) within a single cell (or cell monolayer) we need the

power to clearly distinguish between sub-cellular compartments and structures. In

conventional fluorescence microscopy, improved spatial resolution (with respect to

widefield techniques) is routinely achieved by employing confocal scanning and /or

multiphoton excitation, both of which are well established methods in the bio-

sciences. Higher spatial resolution, beyond the diffraction limit, is also possible

using super-resolution techniques, such as PALM (Photo Activated Localisation

Microscopy) [77] or STORM (STochastic Optical Reconstruction Microscopy)

[78] (the reader is directed to references [79] and [80] for recent review articles

on super-resolution techniques). These techniques are, however, currently quite

specialised and require user expertise.

Combining phosphorescence lifetime imaging with confocal scanning or

multiphoton excitation provides a new series of challenges and possibilities. Nev-

ertheless, over the past 5–6 years, significant advances in imaging methodologies

have made both of these possibilities a reality.

4.2 Single Photon Confocal Scanning

Confocal scanning enables reconstruction of sharper 2D and 3D images with

respect to widefield methods. Improved spatial resolution is achieved by a series

of pinholes, filters and lenses that direct the excitation beam to a small focal spot

(unlike widefield where the whole sample is illuminated) and remove unwanted

out-of-focus emission light. In scanning confocal microscopes the field of view

selected for imaging is split into a grid of pixels. The excitation beam is moved

across the grid, point-by-point (in the x, y plane) and the full image of the field of

view is reconstructed from emitted light collected at each pixel in the grid. Out-of-

focus emission is prevented from reaching the detector via a pinhole, improving the

signal-to-noise ratio and therefore the spatial resolution. Confocal scanning can

also be used to conduct optical sectioning: by altering the depth (z position) of the x,
y scan it is possible to reconstruct a detailed 3D image from a series of 2D scans.

The speed at which phosphorescence lifetime imaging can be carried out using

this raster scanning approach is much slower than widefield techniques; as a result,

the user has to decide upon a compromise between speed and resolution. In order to

plot an accurate emission decay curve using confocal scanning, the microscope

scan head (detector) needs to stay on each pixel (known as the pixel dwell time) for

a time longer than the phosphorescence lifetime of the species being imaged.

Ideally, the excitation pulse between decays should be separated by at least 5–6

lifetimes [81]. In other words, the pixel dwell time must be approximately 5–6

times longer than the expected emission lifetime.
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For example, if the emission lifetime of the compound being imaged is 10 μs, the
pixel dwell timemust be around 50 μs. A typical confocal array (256� 256¼ 65,536

total pixels) at 50 μs per pixel will take approximately 3.3 s to scan the FOV once.

Scanning the FOV multiple times is necessary to achieve sufficient photon counts

and improve the signal-to-noise ratio; this in turn improves reliability of the data and

increases the experiment time (10 scans¼ 32.7 s; 50 scans¼ 163.8 s or 2.7 min;

100 scans¼ 327.7 s or 5.5min). The longer the emission lifetime of the dye or probe,

the longer the imaging experiment; for porphyrin based emitters that have emission

lifetimes around 60 μs, experiment timeswill be significantly longer (1 scan¼ 19.7 s,

50 scans¼ 983.0 s or 16.4 min). A lesser number of pixels would quite obviously

reduce the experiment time, which can be achieved by imaging a smaller sample or

increasing the size (μm2) of each pixel (the latter being a poor option in practice, as

spatial resolution will be reduced).

A less compromising trade-off between experiment time and spatial resolution

would be to use a probe/dye molecule that has a shorter phosphorescent lifetime

(<10 μs), and so would require a shorter pixel dwell time. Small molecule transition

metals complexes, mainly based on Pt(II), Ir(III), Ru(II) or Re(I), have gained

momentum in biological imaging applications over recent years [23, 25, 27, 82,

83]. These small molecules are, on the whole, able to cross cell membranes readily

and, as noted earlier, have emission lifetimes in the range 100 ns to 100 μs, and
often around 1 μs.

4.2.1 Confocal TCSPC-PLIM

In order to carry out phosphorescence lifetime imaging on a typical commercial

confocal laser scanning microscope, additional components are required. Recently,

Papkovsky and co-workers [84–87] demonstrated the application of a phosphores-

cence lifetime imaging accessory, made available by Becker and Hickl GmbH, for

mapping oxygen concentration gradients across 2D cell cultures, complex 3D

cellular aggregates and live tissue sections, using a series of oxygen-sensitive,

cell-permeable Pt-porphyrin probes, based on PtPFPP (Pt(II)-terakis

(pentafluorophenyl)porphyrin) (Fig. 17). This imaging module combines the

established detection method of TCSPC [88] routinely used in FLIM with laser

modulation to achieve TCSPC-PLIM – the microsecond extension of TCSPC

FLIM. The same company has also extended this principle to a combined FLIM/

PLIM TCSPC system, which is capable of simultaneously detecting short-lived

fluorescent photons and long-lived phosphorescent photons in the same imaging

experiment [89].

In these experiments, an upright AxioExaminer Z1 commercial (Zeiss) micro-

scope with a heat controllable stage was fitted with a Becker & Hickl DCS-120

confocal scanner, 405 nm picosecond diode laser, and TCSPC hardware. Using this

methodology, phosphorescent emission decays were recorded, and lifetimes deter-

mined, for every pixel in the FOV in order to create a lifetime map. Excitation was

achieved by a series of short laser pulses during a period of “laser on” time; this
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builds up the triplet population (phosphorescence) of the probe more than a single

excitation pulse would do whilst avoiding the use of high laser powers. This is

followed by a “laser off” period, during which time the excitation beam is blocked

by an electronic shutter, allowing for photon detection via TCSPC and subsequent

generation of a phosphorescence decay curve at every pixel. The confocal scanner

synchronises the “on”/”off” modulation of the excitation beam with the pixel clock

of the microscope scan head [90], as shown in Fig. 18, correlating pixel dwell time

with excitation and photon collection. On a practical note, in order to successfully

Fig. 17 Molecular

structure of Pt(II)-terakis

(pentafluorophenyl)

porphyrin (PtPFPP) used in

O2 imaging

Fig. 18 Principle of microsecond FLIM (or PLIM). Reproduced from [89]. with the permission of

Dr. Wolfgang Becker, Becker & Hickl GmbH
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integrate this PLIM module into other commercial microscopes, the microscope

must have a pixel clock output and allow for an input into its internal beam blanking

system.

This TCSPC-PLIM imaging implemented by Papkovsky and co-workers has

typically been performed alongside already established widefield PLIM and high-

throughput assay techniques, designed for O2 quantification. Lifetime maps gener-

ated by TSCPC-PLIM on a pixel-by-pixel basis are routinely converted into

“oxygen maps” by application of a pre-determined calibration function to each

pixel lifetime value. Calibration is usually achieved in vitro (under the same pH,

media and temperature conditions as the imaging experiments themselves) by

altering the percentage of oxygen in the atmosphere surrounding the cell culture,

after treatment with antimyocin A (which blocks cell respiration). This ensures that

changes in phosphorescence lifetime can be monitored accurately with known

levels of oxygen pressure without cell respiration altering the local concentration

inside the cell. Fig. 19 demonstrates the capability of confocal TCSPC-PLIM,

showing oxygen maps of (A) a resting 2D culture of MEF cells and (B) a single

2D slice from a PC12 multi-cellular 3D (spheroid) aggregate, both stained with a

PtPFPP type porphyrin conjugated to four glucose residues (τ¼ 57 μs) [86]. The
sensitivity of the porphyrin conjugate (Pt-Glc) to changes in oxygen concentration

in vitro is demonstrated by a series of lifetime maps recorded after stimulation with

a variety of chemical treatments: (a) FCCP (activates mitochondrial respiration),

(b) KCl (membrane depolarizing agent) and (c) sulfite (chemically deoxygenates

the sample), known to alter cell respiration and therefore intercellular O2 concen-

trations. Calcein green was used as a co-stain to demonstrate cell viability and serve

as a comparison for uniformity of staining with the Pt-Glc oxygen sensor (calcein is

a cell-permeable dye that is converted from a non-fluorescent to a green-fluorescent

form after hydrolysis by intracellular esterases, thus making living cells appear

green).

Optical slicing and 3D lifetime mapping, made possible by this confocal PLIM

technique, has also been demonstrated using cortical 3D neurospheres (tumour cell

spheroids) and the O2 probe, NanO2™ [87] (a nanoparticle formulation made up of

a cationic polymer and PtPFPP [91]). Figure 20 shows a series of cross-section

oxygen maps taken at a variety of depths through a 3D neurosphere. The spatial

distribution of oxygen concentrations from the more oxygenated outer (top slice,

10 μm) to the deoxygenated centre (50 μm) is clear from the colour plot. A similar

trend from cells residing on the outer (more oxygenated) edges to the deoxygenated

cell in the centre is also visible.

In addition to biological application, Papkovsky and co-workers have also

utilised this imaging technique to characterise solid state O2 sensors [92, 93]. O2-

sensitive thermoplastics, made by spot crazing Pt(II) and Pd

(II) mesotetrabenzoporphyrin in 2-butanone onto a commercial polyphenyle-

nesulfide (PPS) film, were tested for lateral and in-depth homogeneity of the

porphyrin dye using confocal TCSPC-PLIM. Optical slices at 0, 20 and 40 μm
below the film surface, covering an area of 366 μm2, were recorded. Lifetime maps

at higher depths showed a greater variation of emission lifetimes, which the authors
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attribute to increased light scattering by the upper layers. However, lifetime values

across the film width and depth are reported to show a normal symmetrical

distribution. Overall the O2 responsive thermoplastic, designed for applications

such as smart food packing, demonstrated high mechanical, chemical and

photostability.

Fig. 19 Images of multi-cellular aggregates of PC12 under different metabolic conditions.

Staining with Pt-Glc conjugate (2.5 μM, 16 h) and imaged on the confocal TCSPC-PLIM

microscope. Single optical sections are shown. (a) Transmission light and fluorescence intensity

images of Calcein Green (1 μM, 0.5 h) and Pt-Glc. (b) Images of O2 concentration (determined

from PLIM) under resting conditions and upon treatment with 4 μM FCCP, then 0.1 M KCl and

sulphite. (c) Phosphorescence images of several spheroids with indicated ROI (1–3). (d) Average

O2 levels for selected ROIs under different conditions. Scale bar is in μm. N¼ 3. Reproduced from

[86] by permission of The Royal Society of Chemistry
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4.2.2 Confocal Lifetime Imaging for Millisecond Emitters

Very recently, Grichine et al. demonstrated how live cell lifetime microscopy in the

μs–ms range can be conducted, in the time domain, on a commercial microscope

without further modification, under both one- and two-photon excitation [94]. The

authors made use of a Eu3+ complex (τ¼ 1.06 ms in water) to demonstrate the

capability of the technique, which they referred to as Temporal Sampling Lifetime

Imaging Microscopy (TSLIM), a complementary technique to Pinhole Scanning

Lifetime Imaging Microscopy (PSLIM) typically used for long lived time-gated

65 µs

35 µs

60

50

40

30

20

10

0
0 50 100 150

58.46 µs

a b

c

e

d
200

150

100

P
ho

to
n 

co
un

ts

50

0
0 50 100 150 200 250

45.15 µs

iO
2 

lin
e 

pr
of

ile
 [µ

M
]

10 µm 20 µm 30 µm 35 µm 40 µm 50 µm

Time [µs] Distance [µm]

Fig. 20 Confocal TCSCP-PLIM imaging of cortical neurospheres. (a) Phosphorescence intensity

image of the neurosphere cross section. (b) Lifetime image derived from (a); vertical colour

spectrum shows the range of measured lifetimes. (c) Probe phosphorescence decays for two pixels

with τ¼ 45.15 μs and τ¼ 58.46 μs. (d) O2 profile across a single confocal stack (indicated by

rectangle in (b)) (averaged 5� 1 pixel). (e) O2 image of neurosphere cross-section in μm.

Reprinted from [87], with kind permission from Springer Science +Business Media. Scale

bars¼ 50 μm
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imaging. Like PSLIM, TSLIM allows selected detection of long-lived species by

offsetting illumination and photon collection on a pixel-by-pixel or line-by-line

basis. This is achieved by closing the pinhole to 1 AU and lagging it behind the laser

spot by one or more AU (where AU is an Airy Unit – the length of time needed to

scan the number of pixels corresponding to the size of one airy disk), as shown in

Fig. 21. TSLIM requires the microscope to be used in the FRAP configuration

(Fluorescence Recovery After Photobleaching) in order to achieve pulsed excita-

tion from the “bleaching” laser, shaping of the excitation pulse via the acousto-

optical tuneable filter (AOTF), and continuous sampling of emitted photons at a

high rate (1 MHz), until photon counts reach noise level. Repeat raster scanning and

detection enable accurate lifetime determination.

The method was demonstrated and validated using the raster scanning LSM710

and rapid line scanning LSM7 LIVE confocal units (Carl Zeiss), and data was

processed using a home-written MatLab treatment. Emission lifetimes were

obtained from Eu3+ microcrystals (1.14� 0.05 ms, in good agreement with inde-

pendent solid state measurements) and in fixed T-24 cancer cells 1.02� 0.06 ms,

which shortened upon co-localisation with a FRET acceptor (Fig. 22).

The authors state that the high precision luminescence lifetimes recorded using

TSLIM are more accurate than PSLIM, but come as a trade-off with acquisition

time, which is of the order of minutes. However, this can be shortened by using the

line scanning approach (with a line-CCD detector).

4.3 Multi-Photon Excitation

Simultaneous absorption of multiple low-energy (NIR) photons instead of one high-

energy photon enables sub-micron spatial resolution to be achieved (as in confocal

scanning) alongwith improved light penetration though thick tissue samples [95]. The

probability of a molecule absorbing two-photons simultaneously to generate the

excited state is highest where the power density of the laser is also at its highest – at

the focal point of the beam. In reality, this means the typical sample volume excited

Fig. 21 Schematic presentation of the principle of pinhole shifting in raster (pixel) scanning (a)

and line (b) microscopy. The lagged positions of the pinhole or the confocal slit are presented by

dark blue lines, the long lifetime luminescence emission is in red. Reproduced from [94] by

permission of The Royal Society of Chemistry
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upon irradiation with low energy light is around 1 μm3 (this value will vary slightly

depending on wavelength and the NA and magnification of the objective lens being

used [96]).

Due to the very small sample volume excited using multiphoton excitation, no

pin holes or focusing mirrors are required in the set-up, as there is a negligible

amount of unwanted emission requiring removal. In order to extract quantitative

data from complicated biological samples, the microscope set-up must also be able

to scan across the sample. As the focal point of the laser is small, multiple

measurements from adjacent x, y coordinates are required to reconstruct a high

resolution image. Therefore, as realised with confocal scanning, experiment times

are largely dictated by the emission lifetime of the probe/dye being used, as

excitation pulses typically need to be separated by 5–6 times the expected value,

and by total pixel number.

Two-photon excitation also requires a femtosecond laser source, which typically

has a time interval of around 10 ns between pulses. Whilst perfectly suitable for

measuring nanosecond emission decays in FLIM, such an interval between excita-

tion pulses is clearly incompatible with the microsecond lifetimes of phosphores-

cent transition metal complexes.

The two main approaches used to circumvent this incompatibility between

multiphoton excitation and long-lived microsecond emitters in time-domain phos-

phorescent lifetime imaging are (a) reduction of the laser repetition rate to allow for

Fig. 22 FRET imaging by TSLIM of fixed T-24 cells loaded with a Eu3+ complex (donor) and

FRET acceptor. (a) Transmitted light DIC image of the cell. (b) Overlay of the europium

luminescence (red) and acceptor fluorescence (green); the dashed rectangle limits the region

measured by TSLIM. (c) Distribution of Eu3+ lifetime values. (d) and (e) distribution of donor

and acceptor intensities. (f) Scatter plot of FRET efficiency versus acceptor to donor intensity

ratio; each blue circle represents one pixel of the 20� 21 map. Reproduced from [94] by

permission of The Royal Society of Chemistry
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phosphorescence decays between excitation pulses, and (b) laser modulation to

build up phosphorescence over a period of femtosecond laser pulses before mon-

itoring the decay. Many of the imaging set-ups addressing these issues are “home-

built” and require a high degree of user understanding and input. The design of

these instruments is, as expected, heavily dictated by the particular application

being pursued.

Over the past 5 years, significant contributions in this area have come from

Vinogradov, Boas and co-workers, who have developed a series of dendritic, cell

impermeable porphyrin dyes and bespoke imaging apparatus for two-photon in vivo
oxygen imaging and quantification. These two-photon imaging systems comple-

ment – and are the logical extension of – the group’s existing single-photon

widefield phosphorescence quenching studies in surface skin tumours [97] and

the mouse eye referred to in Sect. 3 [75]. Multi-photon excitation enables deeper

tissue penetration, hence it is especially important in vivo imaging applications.

A case of a two-photon phosphorescence lifetime imaging technique operating

in the time domain was reported in 2008 [81]. The technique was named

Two-Photon Laser Scanning Microscopy (2P-LSM, Fig. 23) and its ability to

resolve microscopic oxygen gradients was validated using two methods: (1) A

deoxygenated solution of PtP-C343 (structure shown in Fig. 24), inside a thin

glass capillary, submerged in an air-equilibrated solution of PtP-C343 and

(2) in vitro imaging of live human endothelial cells stained with PtP-C343 (after

co-internalisation with surface modified latex microspheres via receptor mediated

endocytosis).

This 2P-LSM technique was the starting platform for a series of multi-photon

in vivo oxygen detection and mapping experiments. The first in vivo report

Fig. 23 Diagram of the 2P-LSM imaging set-up. APD1 and APD2: avalanche photodiodes; F1–

F4: short-pass (SP), long-pass (LP) and notch filters. Reproduced from [81] by permission of John

Wiley & Sons Ltd
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documented the measurement of oxygen partial pressure in cerebral vasculature and

tissue, up to 250 μm below the cortical surface [98]. The imaging set-up varies

slightly from the original design, featuring an upright confocal microscope and

galvo-mirrors for scanning, rather than the original inverted microscope and peizo-

scanning stage, as well as photon counting photomultiplier tubes for detection

rather than the avalanche photodiodes originally used (Fig. 25).

PtP-C343 phosphorescence in vivo is generated by exciting the coumarin (C343)

harvesting antenna, which transfers energy via a Forster-type process to the central

porphyrin sensor, via a train of excitation pulses from a fast femtosecond laser

(typically Ti:Sapphire, 100 fs at 840 nm). This pulse-train (excitation gate, which

varies in duration depending on the sample being imaged) is followed by long laser-

off periods (detection gates) where the phosphorescence signal is recorded. An

electro-optical modulator (Pockels Cell) acts as the beam chopper, on/off modulat-

ing the excitation source, which is controlled (along with the scanning mirrors) via

custom electronics and home-written LabVIEW software. The detection gate

(or imaging window) is typically 5–6 times the length of the expected emission

lifetime (usually around 300–500 μs). Phosphorescence emission is passed through

a series of filters before being directed to the photon counting module. Multiple

detection gates are summed to get a decay trace of sufficient quality (which varies

Fig. 24 Two-photon oxygen probe PtP-C343 consisting of phosphorescent Pt meso-tetraaryl-
porphyrin (PtP, red), several coumarin-343 units (C343, blue), polyarylglycine dendrimer (black)
and peripheral oligoethyleneglycol residues (green). Arrows in the cartoon depict excitation of the
C343 antenna via 2PA (brown), FRET (yellow) and phosphorescence of PtP-core (red).
Reproduced from [81] by permission of John Wiley & Sons Ltd
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widely across these in vivo experiments, 500–40,000). Where multiple dyes (with

different emission ranges) are being used, multiple PMT detectors and filters have

been incorporated. This methodology, using PMT detectors and signal amplifica-

tion (Figs. 25a and 26) was labelled Two-Photon Phosphorescence Lifetime

Microscopy (2PLM) by Vinogradov and co-workers in 2011 [99, 100].

Fig. 25 (a) Schematic of modified experimental set-up for in vivo imaging: EOM¼ electro-optic

modulator; GS¼ galvanometer scanner. PMTs indicates analogue-mode photomultiplier tubes,

and PMT counter indicates a Geiger-mode photomultiplier tube. (b) Maximum intensity projec-

tion along the z direction of a 250 μm-thick stack in the mouse cortex. The vasculature was labelled

with FITC. (c) Phosphorescence intensity image (from PtP-C343) of microvasculature obtained at

166 μm depth below the cortical surface. The colour bar shows the average number of photon

counts in each pixel collected during a single phosphorescence decay. Scale bar, 100 μm. (d)

Experimental measurement (dots) and corresponding single exponential fits (curves) of two

phosphorescence decays from the diving arteriole (A) and ascending venule (V ), with positions

marked by the arrows in b and c to obtain the phosphorescence lifetime, τ. Reprinted by

permission from Macmillan Publishers Ltd: [98], copyright 2010
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Fig. 26 (a) Experimental set-up used for in vivo 2PLM oxygen quantification and blood flow

imaging: An AOM is placed in the excitation path of a standard two-photon microscope, enabling

fast repetitive on–off switching of the laser excitation. (b) The probe (PtP-C343) is excited by a

brief gate (2.5 μs) of femtosecond pulses from a Ti:sapphire laser (λex¼ 850 nm, <250 fs,

76 MHz), followed by a phosphorescence detection period (~250 μs). The fluorescence emitted

by PtP-C343 is detected by a photomultiplier tube (PMT) in the green channel (PMT1); the

phosphorescence is detected by PMT2 in the red channel. Reprinted by permission from Mac-

millan Publishers Ltd: [100], copyright 2011
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In these 2PLM experiments the effect of laser power and length of excitation

gate on photon counts and spatial resolution were also investigated, to devise

imaging parameters that gave sufficient photon counts for accurate lifetime deter-

mination deep into the tissue, without (or with little) loss of resolution via saturation

effects.

In a typical in vivo imaging experiment (Fig. 27), the anesthetised animal is

injected with a solution of the O2 sensor, either in the tail or localised to the imaging

area. A two-dimensional survey map of the tissue is first acquired by fast-scan

method detecting probe fluorescence intensity, followed by a series of point 2PLM

measurements at selected locations and depths. Lifetime values are converted into

oxygen partial pressures using a predetermined calibration value and a Stern–

Volmer type equation. The fact that the porphyrin sensor is heavily protected by

its dendritic shell means re-calibration of the probe in multiple biological environ-

ments/conditions is not necessary.

Recent studies demonstrating the 2PLM technique [100–102] use the same

set-up with a range of optimised gate times. However, there are some reports of

adapted 2PLM systems, for combined lifetime and speckle contrast imaging –

designed to measure regional blood flow and pO2 in cortical arterioles before and

after occlusions [103], and quantification of oxygen gradients in bone marrow

through an intact rodent skull [104] with multi-probe intensity imaging.

The overall imaging speed in 2PLM experiments is dictated by the length of the

excitation and detection gates, as well as the number of scans required to get a

suitable decay curve. Emission lifetimes of the probe need to remain long to

Fig. 27 2PLM imaging of PtP-C343 inside microvasculature of a mouse brain. (a) Measured pO2

values (converted from lifetime values) in microvasculature at various depths (coloured dots),
overlaid on the maximum intensity projection image of vasculature structure (grayscale). Edges of
the major pial arterioles and venules are outlined in red and blue, respectively. Scale bar, 200 μm.

(b) Composite image showing a projection of the imaged vasculature stack. Red arrows mark pO2

measurement locations in the capillary vessels at 240 μm depth. Orange arrows point to the

consecutive branches of the vascular tree, from pial arteriole (bottom left arrow) to the capillary

and then to the connection with ascending venule (top right arrow). Scale bar, 200 μm. Reprinted

by permission from Macmillan Publishers Ltd: [98], copyright 2010
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maintain good O2 sensitivity. Therefore, in order to significantly shorten experi-

ment times the number of scans must be reduced. This can be achieved by

improving the photon efficiency of the probe, and so it is no surprise that optimi-

sation of the PtP-C343 probe is also ongoing alongside instrumentation improve-

ments. Very recently, a report of an improved oxygen probe, which boasts a 6-fold

improvement in signal output with respect to PtP-C343, was published by

Vinogradov and co-workers [105]. The new probe, PtTCHP-C307, has a similar

antenna design, but is constructed from an alternative Pt-porphyrin unit (tetracyclo-

hexenoporphyrin) and a different coumarin antenna (C307). The new probe has

already been shown fit for purpose in bone marrow imaging.

An alternative multi-photon approach, designed for high-resolution in vitro

studies, has recently been reported, developed by Botchway [106]. This technique,

coined Two-photon Time-Resolved Emission Imaging Microscopy (TP-TREM),

enables pico- to micro-second lifetime mapping and removal of unwanted auto-

fluorescence emission via time-gating. The bespoke instrument (Fig. 28,

constructed at the OCTOPUS facility of the Lasers for Science Facility, STFC,

UK) consists of an inverted Nikkon microscope, �60 water immersion objective

(1.2 NA) and appropriate emission filters, connected to an external galvanometer x,
y scanning system. A Ti:Sapphire multi-photon laser is used for excitation and a fast

multi-channel PMT as the detector, synchronised via a Becker and Hickl TCSPC

module (SPC830). Emitted photons were converted to decay traces, on a pixel-by-

pixel basis via TCSPC, and lifetime maps were plotted using SPCImage after fitting

decay data with a double exponential model.

To successfully achieve multiphoton excitation and lifetime mapping into the

microsecond domain, the very high repetition rate of the Ti:Sapphire laser (nor-

mally 76 MHz corresponding to 13 ns between laser pulses) was reduced to be

Fig. 28 Experimental set-up used for TP-TREM imaging at the STFC Lasers for Science Facility

[106]
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compatible with the microsecond lifetimes of the platinum(II) complexes employed

in the study [107, 108]. This was achieved by running the laser in a cavity dumped

mode. The loss of energy being delivered to the sample, as a result of this reduced

repetition, was compensated for by increasing the energy per pulse. In a typical

imaging experiment, the laser was operated at 250 kHz with an average energy per

pulse of 60 nJ (compared to typical multiphoton excitation energies in the pJ range).

After every excitation pulse the emitted photons (from picosecond up to 3 μs) were
recorded via TCSPC, on a pixel-by-pixel basis. Photons from multiple 2D scans

were combined to ensure a decay curve of sufficient quality at each pixel. In these

experiments, pixel arrays of 128� 128 and 64� 64 were imaged using a pixel

dwell time of 2 ms and 64 repeat scans, on average. Acquisition times are on the

order of minutes: 128� 128 array¼ 35 min, 64� 64 array¼ 8.7 min. Typical

lifetime maps from live CHO cells are shown in Fig. 29.

In addition to the numerous bespoke set-ups described above, a commercial

imaging system produced by Becker and Hickl GmbH has recently become avail-

able, which works on the principle of laser modulation and can simultaneously

record FLIM and PLIM decays from the same sample. This FLIM/PLIM technique

is also based on a multi-dimensional time-correlated single photon counting

Fig. 29 Microsecond imaging of live cells and sensitivity to the microenvironment. TP-TREM of

CHO-K1 cells labelled with PtLnCl complexes (structures show in Fig. 30; (a) and (b) water-

soluble derivative PtL3Cl; (c), (d), (e) PtL1Cl parent complex, under 760 nm, 120 fs two-photon

excitation. (a) and (c) Intensity images reconstructed by integrating total emission intensity pixel-

per-pixel; (b) lifetime map corresponding to (a); (d) lifetime map corresponding to (c); (e) kinetic

traces from pixels 1 and 2 on (d), red line corresponds to the fit with the lifetime of the main

component stated [pixel symbol magnified for clarity]; (f) emission spectra from nucleus and

cytoplasm on (d). Scale bars 20 μm. Reproduced from [106]. Published by The Royal Society of

Chemistry
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(TCSPC) process in combination with either confocal or multiphoton laser scan-

ning [90], and thus can be used with commercial microscopes (Fig. 31). In this

system, to record FLIM and PLIM data simultaneously, a high-frequency pulsed

laser is on–off modulated, via electronic shutter, synchronously with the pixels, for

a period of time in the microsecond range. For every photon detected, the TCSPC

process determines the time at which the photon arrives with respect to the

individual laser pulses and the laser modulation period, in order to build up x,
y (scan coordinates) photon distributions in two different time ranges (ns and μs).
The DDG-210 programmable pulse generator card, triggered by the pixel clock

(which begins when the scan head is positioned over the next pixel to be imaged),

delivers a laser modulation signal that is fed into the beam blanking system of the

microscope, followed by a second signal to the TCSPC module to indicate whether

the laser shutter is on (open) or off (closed). This allows fluorescent (laser on) and

phosphorescent (laser off) photons to be split into separate memory banks. The

results can be interpreted as two pixel (x, y coordinate) arrays that contain fluores-

cence or phosphorescence decay curves in each pixel.

Fig. 30 Molecular structures of PtLnCl complexes used in TP-TREM

LSM 710
Real-time

Computer

Beam blanking in
Pxl Clk

Laser on

Routing
SPC-150 Pxl

Clk

Laser on

Laser
Intensity

Routing

DDG-210
Pulse gererator

TCSPC module

Scan Sync Out

Fig. 31 On–off laser modulation schematic for LSM710 (used in method validation) of the

combined FLIM/PLIM method. The pixel clock of the LSM710 triggers the generation of a

laser-on pulse in the DDG-210 pulse generator module. The laser-on pulse controls the beam

blanking in the LSM710. The AOM of the LSM710 responds to the beam blanking with a delay of

a few 100 ns. A routing signal to the SPC-150 TCSPC module indicates when the laser is

on. Reproduced from [89] with the permission of Dr. Wolfgang Becker, Becker & Hickl GmbH
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Apart from allowing simultaneous FLIM and PLIM measurements, an advan-

tage of this technique is that the multi-photon laser is run at its standard high

repetition rate (~80–100 MHz). At a given peak power, the large number of laser

pulses during the “laser on” periods builds up more triplet population than a single

laser pulse would do. Therefore, the use of exceedingly high laser peak power,

leading to possible higher-order excitation or saturation effects, is avoided. In

addition, the length of the microsecond PLIM imaging window can be easily

changed by adjusting the laser modulation period or duty cycle without changing

parameters of the laser pulse itself.

This technique was validated using yeast cells stained with [Ru(bpy)3]Cl2
(τ¼ 670 ns) and zinc oxide nanoparticles in a zinc ointment, which displayed

both fluorescent (τ¼ 1 ns) and phosphorescent (τ¼ 2 μs) emission [90]. FLIM/

PLIM data were recorded on a Zeiss LSM 710 microscope connected to Becker and

Hickl hardware (DCS-120 confocal scanner, DDG-210, SPC-150 TCSPC module)

(Fig. 31).

Application of this unique FLIM/PLIM technique has also been reported

recently by the current authors in order to extend the microsecond imaging window

beyond the 3 μs limit achieved using TP-TREM. It has been demonstrated using the

Pt(II) complexes of Fig. 30 for multi-photon lifetime mapping of cells and tissue

sections [109]. Lifetime maps recorded using the TCPSC-FLIM/PLIM method

followed a similar trend to TP-TREM imaging, in that the Pt complex which resided

inside cell nuclei and nucleoli displayed a longer emission lifetime than that of the

surrounding cell cytoplasm or tissue matrix. However, the lifetime values them-

selves were longer (~10 μs in cell nuclei) than those previously reported (4.2 μs)
[70]. This longer lifetime component could not be fully resolved using TP-TREM,

as only a small proportion of the emission decay was collected (3 μs). Using the

TCSPC-PLIM/FLIM system, the PLIM imaging window could be increased to

50 μs, allowing for full decay of the Pt emission before the arrival of the next

laser pulse. Typical lifetime maps and distributions are shown in Fig. 32 (live RN22

Schwannoma cells) and Fig. 33 (fixed histological tissue section).

Fig. 32 TP-PLIM imaging of live RN22 Schwannoma cells stained with PtL2Cl complex (right,
50 μm, 5 min at 37�C). Reproduced from [109] by permission of The Royal Society of Chemistry
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This technique has also been used by Baggaley et al. to obtain high resolution

lifetime maps of isolated and in cellulo DNA using a dinuclear RuII “light-switch”

complex [110] (Fig. 34), and investigate live cell imaging using a dual emissive

heterometallic Ir–Eu complex [111]. The emission lifetime associated with these

two complexes varies widely: [Ru2(tpphz)(phen)4]
4+ is typically a few hundred

nanoseconds (190 ns in fixed DNA), whereas Ir based emission is around 1 μs
(in live cells) and Eu based emission is on the order of hundreds of μs to ms

(0.46 ms in H2O). The ease with which the length of the imaging window (laser

modulation period) can be altered using the Becker & Hickl FLIM/PLIM module

means that good temporal resolution can be achieved in all cases. The finite number

of “time channels” for photon collection is split accordingly, depending on the

length of the imaging window, to ensure sufficient data points for fitting. DNA

imaging using dinuclear [Ru2(tpphz)(phen)4]
4+ and Ir emission from the Ir–Eu dyad

were imaged using a 12 μs PLIM window, which was increased to 100 μs to detect

Eu-based emission.

Fig. 33 TP-PLIM imaging of fixed rat liver tissue section stained with PtL2Cl. Bottom: TP-PLIM
imaging at higher magnification focusing on just a single nucleus within the tissue. Tissue section

thickness 10 μm. Reproduced from [109] by permission of The Royal Society of Chemistry
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4.4 Multi-Photon Frequency Domain Lifetime Imaging

In the drive to combine phosphorescence lifetime imaging with deep tissue pene-

tration and high-resolution imaging, instrumentation developments for frequency

domain imaging are also underway. As frequency domain instrumentation has not

been significantly covered in this review, the reader is directed towards two papers

(briefly summarised below) which document recent developments. In 2012, a fast

3D FLIM and PLIM imaging system was reported by So and co-workers, which

combines two complementary techniques: temporal focusing wide-field (TFWF)

two-photon microscopy (for exciting a single 3D plane in a translucent specimen)

and camera-based heterodyne frequency-domain lifetime imaging method with

picosecond resolution [112]. The capabilities of this technique were demonstrated

using a series of short and long-lived species in solution, on polymer beads and

in vitro.

More recently (2013) Howard, Xu and co-workers reported on an imaging

methodology also designed to increase the speed (pixel rate) of multi-photon

PLIM imaging (which they abbreviate to MPM-PLIM) by a parallel-excitation/

parallel-collection method, described asmultifocal multiphoton modulation micros-
copy – M4 [58]. This technique increases the pixel rate by a factor of 100 with

respect to conventional point-scanning, whilst enabling lifetime and intensity

imaging at depth in vivo. Blood vessel intensity imaging and lifetime mapping in

the mouse brain was successfully achieved using [Ru(dpphen)3]
2+.

Fig. 34 TP-PLIM imaging of in cellulo (top) and isolated (bottom) DNA using light-switch

complex [Ru2(tpphz)(phen)4]
4+ (phen¼ phenanthroline, tpphz¼ tetrapyridophenazine).

Reproduced from [110] by permission of John Wiley & Sons Ltd
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Concluding Remarks

In this chapter, we have sought to highlight some of the historical and cutting-

edge developments in a particular area of imaging in life sciences – emission

lifetime imaging microscopy. It describes how the area evolved, and the

essential requirements for instrumentation, on the one hand, and for the

emissive probes on the other. Lifetime imaging is complementary to – and

can offer advantages over – conventional intensity and colour imaging. The

most well-established lifetime imaging method is that of fluorescent lifetime

imaging microscopy or FLIM, where the emissive probes (also termed labels,

dyes, markers or tags) are fluorescent, usually organic molecules or fluores-

cent proteins. The use of probes which are emissive though not fluorescent in

the strict sense of the word, but have emission of a different nature – for

instance, phosphorescence – may bring further advantages to imaging. The

probes in which emission is associated with a partly forbidden transition, of

which phosphorescence is the most common, offer a longer lifetime of the

probe’s “glow”. We describe why this is interesting, important, and advanta-

geous to life science imaging – from the point of view of gating out short-

lived unwanted signals of scattering and autofluorescence, and also from the

point of view of much greater sensitivity of longer lifetimes to any analytes.

Luminescent transition metal complexes offer many advantages over

conventional organic labels: synthetic versatility, ease of control of

photophysical properties including facile emission colour tuning and long

emission lifetimes. However, the use of longer-lived probes required methods

to be established which can reliably image on a longer timescale than

conventional FLIM, yet maintain the spatial resolution.

The synergic development of instrumentation for lifetime imaging micros-

copy and emissive, bio-compatible transition metal complexes has

transformed emission lifetime imaging from simply time-gated intensity

imaging to complex, fast lifetime mapping with submicron resolution.

One key point that requires standardisation for the imaging and sensing

community to go forwards is the nomenclature for lifetime imaging: the

terminology in the field has not developed or been used in a systematic

manner, and there are now numerous abbreviations and terms describing

what essentially can be the same technique. This lack of nomenclature

standardisation could be due to the bespoke nature of many of the imaging

set-ups as well as the different academic communities involved, being based

in physics, optics, chemistry, or the biosciences. Although some names are

similar (2PLM and 2P-PLIM, for example), a consensus amongst the imaging

community is highly desirable. As a first step in this direction, the – by no

means comprehensive – Table 1 summarises the abbreviations of microsec-

ond imaging that we have encountered. Some refer to time-gating and some

to lifetime-mapping (e.g. “slow” FLIM). PLIM seems to be the most common

(continued)
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abbreviation for phosphorescence lifetime imaging as it is the logical exten-

sion of FLIM. However, time-resolved emission imaging microscopy

(TREM) may also be a term of choice for combined fluorescence-

phosphorescence imaging using a combination of fluorescent and phospho-

rescent probes.

The arrival of widefield and high-resolution PLIM imaging set-ups

(described in Sects. 3 and 4) has enabled the use of small-molecule transition

metal complexes in various sensing applications. One of the best described

applications of PLIM to date has been in the field of sensing and mapping of

oxygen as an important metabolite in the body [113] and a key diagnostic

marker for tumours through hypoxia.

The combination of cell-permeable, analyte-sensitive probes and

sub-micron PLIM imaging has the potential to be a powerful tool for

non-invasive bio-detection and quantification, of pH, ion concentrations,

and real-time monitoring of biochemical processes in living systems, to

name but a few. The methods such as two-photon PLIM and its relatives, in

combination with the new generation of probes, should be able to shed new

light on both structure and function of living objects, visualisation in the

course of surgical treatments, disease diagnostics and therapies. The ongoing

development of small-molecule, bio-compatible transition metal complexes –

inspired by development of suitable methods, and vice versa – has the

potential to greatly widen the application of PLIM to biological sciences,

and to make it as widely applicable as FLIM.

Chemistry will play a pivotal role in realising this potential via the

development of such next-generation bio-tools – through development of

targeting, delivery, and multi-modal sensing approaches, whereby it should

be possible to combine several analytical capabilities in a single molecule.

The combination of transition metal complexes with methods enabling

sub-micron resolution and microsecond lifetime mapping has a bright future

in illuminating new horizons in life sciences.
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33. Jabłoński A (1933) Efficiency of anti-Stokes fluorescence in dyes. Nature 131:839–840

34. Becquerel E (1868) La lumière: ses causes et ses effets – Tome 2: Effets de la lumière. Firmin

Didot, Paris

35. Harvey EN (1932) The microscope-centrifuge and some of its applications. J Frankl Inst

214:1–23
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