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Spectroscopic Approaches to Tracking
Metal-based Drugs in Cells and Tissue
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Abstract: Metal-based drugs with novel targets and modes of action are increasingly being developed as
alternatives to classical platinum(i) chemotherapeutics. Imaging methods in tumour cells and tissues offer
valuable insights into the behaviour of these novel complexes; however, mapping the distribution of metal ions
and complexes within cellular environments remains challenging. The advantages and limitations of three modes
of imaging: synchrotron radiation-induced X-ray fluorescence, mass spectrometry, and fluorescence microscopy
are discussed in this review, with particular emphasis on their use in imaging ruthenium-based drugs.
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Introduction

Recent years have seen a marked
increase in the development of metal-
based drugs with mechanisms of action
that are distinctly different to the classical
platinum(1r) complexes.[!l In particular,
ruthenium complexes present a diverse
range of alternative properties, including
inhibition of metastases, phototoxicity, and
inhibition of specific enzymes (Fig. 1).12]
While the cellular targets and mechanisms
of actions have been postulated or
identified for many of these promising
compounds, bioimaging techniques in
preclinical in vitro and in vivo models are
a valuable tool in the development of new
metal-based drugs.’] An understanding of
the cellular distribution of a metallodrug
can aid in identifying possible targets,
uptake and efflux pathways, and potential
mechanisms for side effects or resistance.
Not only is such information important at
the cellular level, analysis of treated tumour
sections can also provide vital indications
on the degree to which a complex is able
to penetrate and to act upon all cells within
a tumour.
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Inspite of these incentives, the detection
of metal complexes within a cellular
environment is a challenging area.l*l
Total intracellular metal concentrations,
or metal concentrations within a specific
organelle, can be easily determined by
spectroscopic techniques such as atomic
absorption spectroscopy (AAS) or induc-
tively-coupled plasma mass spectrometry
(ICPMS). These approaches, however,
require destruction of the cell structure,
which prevents the observation of changes
in the cell morphology over time and
also introduces a significant risk of cross
contamination and analyte loss during
preparation of the samples. As such, there is
much demand for spectroscopic techniques
that allow direct mapping of subcellular
metal distributions in intact, single cells.
Thisreview will discuss the recentadvances
of three such techniques, synchrotron
radiation-induced X-ray fluorescence
(SR-XRF), mass spectrometry, and
fluorescence microscopy, with a focus on
their applications to studying ruthenium-
based drugs in tissues and cellular
environments.

Synchrotron Radiation-induced
X-ray Fluorescence

SR-XRF is increasingly being explored
as a tool to study the distribution of
endogenous metal ions and metal-based
drugs within cells, particularly platinum
complexes.5! This technique allows quan-
titative chemical analysis of an element
by applying an X-ray beam to eject inner
shell electrons from an atom. As outer
shell electrons fill these vacancies, X-rays
are emitted corresponding to this energy
difference.l) Elements with edge energies
below that of the metal of interest can also

be mapped simultaneously, allowing the
distribution of endogenous elements such
as phosphorus, chlorine and sulphur to be
compared with the metal. This does not
extend to lighter elements of biological
significance such as carbon, nitrogen,
and oxygen, which cannot be detected
by this technique. In addition to offering
spatial and quantitative information,
SR-XRF can be combined with X-ray
absorbance spectroscopy (XAS) to give
information on the oxidation state or
coordination environment of a metal. A
detailed overview of SR-XRF is given in
the following reviews.’]

SR-XRFis a highly sensitive technique,
with detection limits as low as 1078 g per
pixel though spatial resolution is restricted
to several wm, with 0.2 um being the
lowest reported. As such, it is difficult
to identify cellular organelles other than
the nucleus and cytoplasm, however,
continuous advances in synchrotron
facilities and instrumentation will likely
see the possibilities of resolution in the
nm range. It should also be noted that the
need for synchrotron radiation means that
this technique cannot be conducted on live
cells, giving only a static representation of
cellular events. Furthermore, the processes
required to fix cells for imaging may
cause changes in elemental distribution or
speciation in some cases.

To date, applications of SR-XRF to
studying intracellular ruthenium distri-
butions have been restricted to the ruthe-
nium(1ir) complexes, NAMI-A and KP1019
or KP1339 (Fig. 1). Harris and coworkers
used SR-XRF to study the distribution of
ruthenium in single SH-SYSY cells treated
with NAMI-A or KP1019.581 Treatment
with KP1019 led to significant ruthenium
accumulation in the nuclear region,
identified by its high zinc and phosphorus
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Fig. 1. Ruthenium complexes that have entered or are progressing towards clinical trials.

distribution. The percentage of ruthenium
in the nucleus was quantified at ca. 50%
of the total ruthenium distribution. This
finding was in agreement with previous
ICPMS studies that found 20-55% of the
total cellular ruthenium concentration to be
localised in the cell nucleus, depending on
the cell line studied. The authors note that
inaccuracies in determining the percentage
of nuclear accumulation via SR-XRF may
result from analysing a three-dimensional
object projected into two dimensions.
Ruthenium was also observed in the cell
cytoplasm and in a region with significant
iron concentration proximal to the nucleus.
The colocalisation of ruthenium and iron
is consistent with the suggestion that
KP1019 is involved in the iron uptake and
metabolism pathway. However, the authors
also note that this iron pool is not present
in the control cells, demonstrating that
KP1019 treatment alters the cellular iron
distribution, a process that could potentially
contribute to the complex’s mechanism
of action. In contrast, treatment with
NAMI-A did not alter intracellular iron
distributions, nor increase intracellular
ruthenium concentrations to above those
of the control cells. This is in agreement
with the idea that NAMI-A does not enter
the cell but instead acts by interacting
with extracellular or external membrane
proteins.

The same authors performed a sub-
sequent study to determine the speciation
of the ruthenium complexes within treated
tumour cells.®l To establish whether the
N-heterocyclic ligands are exchanged in
the active forms of the complexes, iodinated
analogues of KP1019 and NAMI-A con-
taining 5-iodoindazole ligands were pre-
pared. Iodine is easily detected by SR-XREF,
allowing the distribution of ruthenium and
the ligand to be mapped simultaneously.
Analysis of single A549 cells treated with
the KP1019 analogue showed significant
cellular concentrations of both ruthenium
and iodine, while neither element was
present in the untreated control cells. The
distribution of ruthenium and iodine were

almost identical in the treated cells, with a
low distribution throughout the cytoplasm
and intense distributions in the nuclear and
perinuclear regions. This suggests that both
Ru-N bonds remain intact. Importantly,
incorporation of the iodine tag did not
significantly alter the subcellular targeting
or cytotoxicity of the KP1019 analogue. In
contrast, cells treated with the iodinated
analogue of NAMI-A show intracellular
accumulation of ruthenium, which is not
evidentin treatment with NAMI-A. Treated
cells had low cytoplasmic distributions of
ruthenium and iodine, and highly localised
regions of the two elements on and
outside the cell boundaries, demonstrating
again that the indazole ligand remains
coordinated to ruthenium. It should be
noted that NAMI-A has an imidazole not
an indazole ligand therefore substitution
with 5-iodoindazole significantly increases
the lipophilicity of the complex and may
enhance passive diffusion into the cell. It is
also possible that the indazole ligand is less
labile than imidazole or reduces the lability
of the DMSO ligand frans to it.

SR-XRF has also been conducted on
sections of SW480 tumours from mice
treated with KP1339, the sodium analogue
of KP1019.1101 Ruthenium was found to
penetrate to all regions of the tumour tissue,
with the highest intensity at the edges of
the sample and near the blood vessels.
As observed previously in single SH-
SYSY cells, KP1339 treatment changed
the distribution of iron with respect to the
untreated control tissue sections.

Laser Ablation Inductively Coupled
Mass Spectrometry and Nano
Secondary lonisation Mass
Spectrometry

Recent advances in mass spectrometry
offer alternative mapping approaches to
SR-XRF that do not require synchrotron
radiation. Techniques such as MALDI
(matrix-assisted laser desorption/
ionization), LA-ICPMS (laser ablation
inductively coupled mass spectrometry)
and Nano-SIMS (Nanoscale secondary

ionisation mass spectrometry) combine
the sensitivity and specificity of mass
spectrometry with spatial distribution
information, with the latter two approaches
most applicable to studying metal ions. As
with SR-XRF, analysis is conducted on
fixed samples or tissue sections.

Laser Ablation Inductively Coupled
Mass Spectrometry

LA-ICPMS uses high-energy focused
lasers to ablate small sections of solid
samples that are then analysed by ICPMS.
This technique has low detection limits, in
the ng/g range but poor spatial resolution,
in the wm range.l''!l LA-ICPMS has the
capability of measuring multiple elements
simultaneously, including lighter elements
such as carbon. The poor resolution of LA-
ICPMS limits its application in mapping
metal distributions in single cells, but
ruthenium and other elements have been
mapped in tumour tissue sections and
multicellular tumour spheroids.

Egger et al. used LA-ICPMS to deter-
mine the spatial distribution of ruthenium
in a series of organs from mice treated
with KP1339.0121 Ruthenium was found to
be homogenously distributed in the liver
and muscle, with enriched regions in the
spleen. In the kidney sample, ruthenium
predominately accumulated in the cor-
tex, where platinum was also found to
accumulate in mice treated with cisplatin.
Interestingly, while cisplatin treatment is
associated with severe nephrotoxicity, no
such side effects are observed with KP1339
treatment, demonstrating that metal accu-
mulation patterns are not necessarily a
predictor of side effects.

Harris and coworkers!!3! have used a
similar approach to plot the distribution
of ruthenium in spheroids treated with
KP1019 and NAMI-A. Spheroids are
three-dimensional aggregates of cultured
tumour cells that have many properties
to similar solid tumours, including
concentration gradients of oxygen and
biochemical waste products, areas of
hypoxia and necrosis, and similar drug
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diffusion profiles.['4l Both the ruthenium
and carbon levels across the spheroid
sections were mapped, with the carbon
signal used to give an indication of cellular
density throughout the sample. Strong
penetration of ruthenium throughout the
spheroid was observed for both complexes,
demonstrating that the drugs are able to
reach not only the rapidly proliferating
cells on the spheroid edge but also the
hypoxic and necrotic regions in the centre.

Nanoscale Secondary lon Mass
Spectrometry

Nano-SIMS uses a primary ion beam
to eject low-mass secondary electrons.
This technique has spatial resolution as
low as 50 nml!5] though Nano-SIMS is
less sensitive than the previous techniques,
with a detection limit of 0.1 mg/g,['!) and
quantification of metal concentrations is
more difficult. The low ionization yield
of heavier elements also makes it harder
to image some metals and can necessitate
very long sample irradiation times. A key
advantage of Nano-SIMS is that the high
mass resolution allows different isotopes to
be differentiated, meaning that isotopically
labelled ligands can be distinguished from
endogenous elements, e.g. '*C, SN. This
is a powerful technique for tracking both
a metal ion and its ligands within the cell
environment.

Nano-SIMS has been applied to study
cell samples treated with a number of plat-
inuml!0l and gold-based drugs,!'”! though
to date only one ruthenium-treated sam-
ple has been analysed.['8] A sample of
A2780CR (cisplatin resistant) cells treated
with RAPTA-T was studied, where the li-
gands of RAPTA-T had been isotopically
labelled to allow them to be distinguished
from endogenous carbon and nitrogen
atoms in the sample, (the toluene ligand
was enriched with six ®C atoms and the
PTA ligand with three N nitrogen atoms).
Ruthenium was predominantly localised
on the cell membrane or interface between
cells, in agreement with previous studies
indicating that RAPTA-T prevents cell
detachment and metastasis by interacting
with cell adhesion proteins such as col-
lagen IV and fibronectin. A clear "N/"N
signal representing accumulation of the
PTA ligand was also visible in this region,
indicating that the PTA ligand remains
coordinated to ruthenium. In contrast, the
BC/C signal is diffuse and does not indi-
cate a clear distribution of the toluene li-
gand. This is attributed to partial exchange
of the toluene ligand after the 24 hour incu-
bation period and its diffusion throughout
the sample. The authors acknowledge that
sample preparation could also contribute to
adilution of the '*C/*C signal, however the
strong ""N/“N signal argues against this.
Small hotspots of Ru, N and, to a less-

er extent, *C were also visible inside the
cells, most probably in the nucleus. These
are hypothesised to correspond to histone
binding, as RAPTA-T is known to bind to
histones.

Fluorescence Microscopy

While SR-XRF, LA-ICPMS and
Nano-SIMS provide detailed information
on  concentration, speciation  and
localisation, a key disadvantage is that
they cannot be performed in live cells.
In this sense, fluorescence microscopy
is a powerful and often complimentary
technique for studying metallodrugs in
live cell environments. This provides the
opportunity to observe in real time and also
removes risks of contamination or changes
to metal distribution caused by fixing.
Fluorescence microscopes have sub-micro
molar resolution and can also detect three
wavelengths simultaneously, meaning that
the distribution of a compound of interest
can be overlayed with that of two organelle
stains.

An obvious limitation of fluorescence
microscopy is the requirement for a
compound that fluoresces within a detec-
table wavelength window, e.g. in the UV-
NIR range. In the study of metal-based
drugs, a number of complexes are naturally
phosphorescent, making them ideally
suited for such an application. However,
in the case where a complex is not
luminescent, it is necessary to incorporate a
fluorescent ligand or tag into the structure.
Due to the bulky and lipophilic nature
of most organic fluorophores, this may
have a significant impact on the uptake,
distribution, and toxicity of a complex,
meaning that studies with such tagged
complexes may not be representative of
the behaviour of the original metallodrug.
Furthermore, fluorescent ligands can
undergo ligand exchange with the result
that the fluorescence emission observed
might correspond to the distribution of the
ligand only and not to the tagged complex.
While this may be a disadvantage, it should
be noticed that fluorescence microscopy
can be exploited to signal changes in
coordination environment. For example,
a fluorescent ligand may be quenched
when coordinated to a metal, but regain its
fluorescence when released, giving a turn-
on fluorescent signal for ligand release.
Many fluorophores also have different
emission wavelengths, or fluorescence
lifetimes when coordinated to a metal,
allowing the bound and unbound species
to be distinguished spectroscopically.

Luminescent Complexes
A significant proportion of the ruthe-
nium complexes currently under investi-

gation as potential therapeutics are also
luminescent.['] This gives a convenient
means of observing them in live cell im-
aging without the need to modify their
structure. Notably, many ruthenium(Ir)
complexes with polypyridyl ligands have
a long-lived phosphorescence emission
resulting from the MLCT state. For this
reason, this class of complex has also re-
ceived considerable interest for use as cel-
lular probes and sensors, often after con-
jugation to a specific targeting peptide.[20]
Many phosphorescent complexes are also
under investigation as potential cytotoxins
and phototoxins. In such cases, the natural
phosphorescence allows the cellular dis-
tribution of the metallodrug to be studied
by confocal fluorescence microscopy. It
should be noted, however, that the emis-
sion of some of these complexes is strongly
dependent on environment. For example,
[Ru(bpy),(dppz)]** (bpy = 2,2-bipyridine,
dppz = dipyrido(3,2-a:2',3'-c)phenazine) is
known to act as a DNA light switch, mean-
ing that it is only emissive when intercalat-
ed to DNA.[2!1 In such cases it may be nec-
essary to confirm the fluorescence micros-
copy findings with another technique such
as sub-cellular ICPMS. Phosphorescent
ruthenium(1) polypyridyl complexes have
been extensively reviewed elsewhere,[2.20]
therefore this section aims to highlight sev-
eral key examples where fluorescence mi-
croscopy has helped to elucidate cellular
targets rather than to provide an exhaustive
summary.

Gasser et al. reported a phosphorescent
complex, [Ru(dppz),(CppH)J** (bipy =
2,2-bipyridine; CppH = 2-(2'-pyridyl)
pyrimidine-4-carboxylic acid, 1, Fig. 2)
that could induce apoptosis with IC
values similar to cisplatin (Fig. 3).[22]
While the complex was capable of binding
to DNA through intercalation, its mode
of action did not correspond to a nuclear
DNA related mechanism. Confocal
fluorescence microscopy studies revealed
the accumulation of the complex in the
mitochondria, with very good overlay with
mitotracker green FM. As complex 1is only
emissive in hydrophobic environments,
the authors also conducted ICPMS on
cellular fractions, confirming that 68% of
the cellular ruthenium concentration was
localised in the mitochondria.

Xu and coworkers have reported two
series of phosphorescent complexes with
carboline ligands that accumulate in the
cytoplasm and eventually the nucleus.[23]
The authors also used TEM (transmission
electron microscopy) toidentify autophagic
structures and vacuoles in the Ru-treated
cells, identifying autophagy and apoptosis
as dual modes of cell death.

Fluorescence microscopy recently was
used to elucidate the target of an antibac-
terial dinuclear polypyridylruthenium(ir)
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Fig. 2. Examples
of phosphorescent
ruthenium
metallodrugs 1-3.

Fig. 3. Fluorescence
confocal microscopy
images of HelLa
cells incubated with
[Ru(dppz),(CppH)P**
(20 uM) for 2 h and
Mitotracker green
FM for 45 min: (a)
DAPI staining; (b)
cellular staining of
[Ru(dppz),(CppH)I*;
(c) Mitotracker
green FM staining;
and (d) the overlay
image. Reprinted
with permission
from ref. [22], J. Am.
Chem. Soc. 2012,
134, 20376-20387.
Copyright (2012)
American Chemical
Society.

complex. The complex was found to
accumulate in the ribosomes of E. Coli,
selectively targeting RNA over DNA. The
authors suggest that this selective targeting
is responsible for the low toxicity of the
complex towards mammalian cells, due
to the differences in ribosome structure
between bacteria and eukaryotic cells.[?4]
Many phosphorescent ruthenium com-
plexes can also act as photosensitisers,
where instead of relaxing from the *MLCT
state to ground state through emission,
they sensitise triplet oxygen to reactive
singlet oxygen. While this effect can
be undesirable for some applications,
ruthenium photosensitisers are gaining
increasing interest for use in photodynamic
therapy, with one example, TLD1433,
set to enter Phase 1 clinical trials
against non-invasive bladder cancer.[?3]
TLD1433 (Fig. 1) has an oligothiophene-
functionalised ligand, which both enhances
its phototoxicity and increases its emission.
Similar to [Ru(bpy),dppz]**, TLD1433,
displays a light-switch effect where its
emission intensity is greatly enhanced

on DNA binding. Confocal fluorescence
microscopy studies on HL60 cells treated
with TLD1433 revealed accumulation of
the complex in the nucleus and nucleoli. The
complex was found to be capable of causing
DNA single strand breaks in combination
with light, suggesting that DNA damage
is the mechanism of light-induced cell
death. Gasser and coworkers have also
developed a series of [Ru(bpy),dppz]*
type complexes designed to interact with
DNA.[26] Fluorescence microscopy shows
accumulation of the complexes in the
nucleus, and very good overlay witha DAPI
nuclear stain. High resolution continuum
source atom absorption spectroscopy was
used to quantify the percentage of cellular
ruthenium in the nucleus, revealing a
greater than 50% accumulation. As for
TLD1433, the complexes are capable of
inducing DNA strand breaks though singlet
oxygen formation, and this is proposed as a
likely mode of cell death.

Glazer and coworkers demonstrated
the influence the polypyridyl ligands on
phototoxicity and cellular distribution by

comparing two phosphorescent photo-
sensitisers, [Ru(PhPhen),]** (2) and
[Ru(Ph,Phen-SO,).]* (3) (Phpphen =
bathophenanthroline; ~ Ph,Phen-SO, =
bathophenanthroline disulfonate) (Fig.
2).271 Both complexes produce singlet
oxygen and are significantly more toxic
towards tumour cells in combination with
blue light than in the dark. However, 2 is still
cytotoxic in the dark (IC, = 0.6-3.75 um)
while 3 shows no toxicity up to 300 um in
any of the cell lines tested. This difference
was revealed to be due to a difference in
cellular accumulation. In the dark, the
hydrophobic dication 2 accumulates in
the mitochondria and lysosomes, while
the negatively charged 3 accumulates in
the cytosol. Exposure to light causes 3 to
move to the lysosomes, while it does not
affect the distribution of 2. Examination of
the mechanism of cell death shows that 2
induces rapid mitochondrial depolarisation
and follows a necrotic pathway, while 3
follows an apoptopic pathway. This study
emphasizes how fine-tuning the ligands,
charge and lipophilicity of a complex can
strongly influence its cellular distribution,
toxicity profile, and mechanism of action.

Therrien and coworkers prepared a
series of Ru(arene)pyridylporphyrin con-
jugates as photosensitisers, where the
porphyrin moiety is responsible for the
fluorescence and photosensitising proper-
ties of the complex.[28] The pyridyl group
was found to strongly affect phototoxici-
ty, with the 4-pyridlylporphyrin around
10-fold less active than the 3-pyridyl. This
difference could be explained by confocal
fluorescence microscopy, which revealed
that the more hydrophobic 4-pyridyl series
formed aggregates inside the cytoplasm,
quenching ROS production, while the
3-pyridyl analogues were evenly distribut-
ed throughout the cytoplasm.

Ruthenium Complexes with
Fluorescent Ligands

In addition to phosphorescent comple-
xes, a fluorescent ligand can also allow
a ruthenium complex to be tracked by
fluorescence microscopy. One difficulty in
this caseis that the ligand can be exchanged,
meaning that any fluorescence emission
observed would be due to the ligand alone
and not the intact complex. In some cases,
it can be easy to determine whether a
fluorescent ligand is coordinated as the
emission is quenched when coordinated to
the metal. This can be a disadvantage if it
makes the complex non-emissive but can
also be an effective means of ascertaining
when and where a fluorescent ligand has
beenreleased by anincrease in fluorescence
emission. However, obtaining quantitative
information on ligand release may be
difficult where it is not clear whether the
emission is due to a small concentration of
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ligand or high concentration of complex,
or a combination of both. Alternatively,
in some cases a change in fluorescence
lifetime or emission maxima can dis-
tinguish between a fluorescent ligand and
its complex.

Hartinger and coworkers have prepared
a series of Ru(il)arene complexes with
an O,O-chelating flavonoid ligand (4)
(Fig. 4).12%1 The ligands are based on
flavonoid natural products that are known
to exhibit antioxidant, anti-inflammatory,
antimicrobial and anticancer activity.
Furthermore, the flavonoids are naturally
fluorescent in the visible light region with
an emission maximum at 520 nm (XCX
= 485 nm). Complexation to ruthenium
does not alter the fluorescent properties
of the flavonoid ligand. This allows the
complexes to be tracked in live SW480
cells by confocal fluorescence microscopy.
As the bidentate flavonoid ligand remains
coordinated when ruthenium binds to 5'-
GMP, the observed emission is attributed
to the ruthenium complex and not to the
free flavonoid ligand. Co-localisation
experiments with ER-Tracker™ Red
reveal that the lead complex accumulates
exclusively in the endoplasmic reticulum.

A similar approach was explored by
Wang and coworkers withaRu(11)p-cymene
complex containing a fluorescent dppn
(4,5,9,16-tetraazadibenzo[a,c]naphtha-
cene) ligand (5, Fig. 4).3% The dppn ligand
is highly emissive and also facilitates DNA
binding. The complex [Ru(p-cymene)
(dppn)(py)]** shows fluorescence from
a ligand-centred excited state from the
dppn ligand, with an emission quantum
yield of 0.31 in acetonitrile, comparable
to free dppn. The emission maximum of
the complex is also red-shifted ca. 60 nm
with respect to free dppn, offering the
potential to distinguish between the two
species. Interestingly, the quantum yield of
emission is highly dependent on the nature
of the monodentate ligand: while the
pyridine complex is highly emissive, the
analogous chlorido complex has a quantum
yield of just 0.029, while the aqua complex
is intermediate. The authors were able to

attribute this to thermal population of the
LF orbital from the excited dppn LC state,
leading to fluorescence quenching through
non-radiative decay. The low ligand-field
strength of chloride means that the LF
orbital can be easily thermally populated,
leading to fluorescence quenching, while
the larger ligand-field strength of water and
pyridine makes this process more difficult,
leading to higher fluorescence quantum
yields. This is an important insight when
considering the design of a fluorescent
tag or ligand. Subtle changes to the
coordination sphere may be used to control
whether the fluorescence of a ligand is
quenched on coordination, which may be
desirable for some applications and not for
others. Confocal fluorescence microscopy
in A549 cells showed localisation of both
the pyridine and chloride (likely aquated)
complexes in the nucleus, overlayed with a
Hoechst 34580 nuclear stain. It should be
noted that the emission intensity of both
complexes increases seven-fold in the
presence of DNA, therefore it is possible
that cellular accumulation also occurs
in other regions that are less visible to
fluorescence microscopy.

A number of ruthenium(ir)arene com-
plexes based on the RAPTA series have
been prepared with fluorescently tagged
ligands to allow them to be observed by
fluorescence microscopy. A complex
with a fluorescent N-(anthracen-9-yl)-
imidazole ligand was prepared as an
analogue of the PGP (P-glycoprotein)
inhibitor  2-(Imidazol-1-yl)-1-(pheno-
xazin-10-yl)-ethanone (6, Fig. 4).B31
The fluorescence of the anthracene
moiety was almost completely quenched
when coordinated to ruthenium via
the imidazole group, however bright
emission is observed by fluorescence
microscopy in the nucleus of A549 cells
dosed with the complex. Cells treated
with the anthracene ligand alone show
a much fainter emission pattern, with
no accumulation in the nucleus. This
suggests that the ruthenium complex can
both increase uptake and alter the cellular
distribution of the ligand.

l
Ru,

u‘u
SN Ll
N

/N
()
@

Fig. 4. Examples of ruthenium(i)arene complexes 4-6 with fluorescent ligands.

In a subsequent study, conjugation of
an anthracene moiety to the arene ligand
of Ru(m)arene(L)Cl, complexes (L =
pta or sugar phosphite) was found to
give a fluorescence complex, where the
emission intensity of the sugar phosphite
complex was around 15-fold greater than
the pta complex.[32] The spectrum of free
ligand was not measured. Fluorescence
microscopy of A549 cells treated with the
two complexes showed faint emission in
the cell membrane and cytoplasm, with no
evidence of nuclear accumulation. Ru(1r)
arene complexes with a naphthalimide
ligand tethered to either an imidazole
or to the arene ligand have also been
prepared but no studies were carried out
in tumour cells.33 The fluorescence of
the naphthalimide was strongly quenched
on coordination to ruthenium but partly
restored in the presence of DNA.

Finally, analogues of NAMI-A have
been prepared by Harris and coworkers
where the imidazole ligand was replaced
with the fluorescent ligands 7-azaindole or
annaphthalimide-conjugated imidazole.34
The emission of the ligands in aqueous
solution was only slightly quenched on
coordination to ruthenium though no
studies were conducted in cells.

Complexes with Fluorescence
Responses to Ligand Exchange

Sadler and coworkers developed
a photolabile complex [{(n®indan)
RuCl},(u-2,3-dpp)](PF°), where 2,3-dpp
(2,3-bis(2-pyridyl)pyrazine) is a bridging
ligand (7, Fig. 5).131 Irradiation with UV
light induces photosubstitution of both
the chlorido and indan ligands to produce
a reactive complex that can bind and
crosslink plasmid DNA. The indan ligand
is fluorescent but its emission is quenched
when coordinated to ruthenium. Irradiation
of 7 in 0.1 M NaCl solution leads to a ca.
40-fold increase in emission, signalling
release of the indan ligand. No confocal
imaging was carried out in cells, possibly
due to the short excitation/emission wave-
lengths of indan (260/295 nm).

We have investigated complexes with
the natural product curcumin as a biden-
tate ligand, a fluorescent compound with
anticancer properties.3¢) Curcumin fluo-
rescence was strongly quenched (100 fold
reduction) when coordinated to ruthenium
in the complex [Ru(curcumin)(tpa)]* (tpa
= tris(2-pyridylmethyl)amine) (8, Fig. 5).
Confocal fluorescence microscopy of
DLD-1 cells treated with the ruthenium
complex showed very weak fluorescence
in the cell membrane, indicating release
of curcumin in this region (Fig. 6). Cells
treated with curcumin alone showed
emission in the same region but at a much
stronger intensity. In a 3D spheroid sample,
emission from the curcumin sample was
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Fig. 5. Structures

of ruthenium
complexes 7-10 that
undergo a change
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only visible up to 200 um from the spheroid
edge, in the oxygenated, proliferating
region. In contrast, the ruthenium complex
was found to accumulate in the spheroid
centre only. As the fluorescence emission of
the ruthenium treated sample was of much
lower intensity than that of the curcumin-
treated sample, it was unclear whether the

emission was due to low concentrations
of free curcumin or high concentrations
of coordinated curcumin. To distinguish
between these two possibilities, fluo-
rescence lifetime imaging was applied.
While the lifetime of curcumin in cell
free media was too short to be detected
(previously reported as (t1 = 12 ps and 12

Fig. 6. Confocal fluorescence (top) and false colour fluorescence lifetime images of curcumin (left),
8 (centre) and the analogous cobalt(i) complex (right) in DLD-1 multicellular spheroids (scale bar
=100 um). Reproduced from ref. [36], Chem. Sci. 2013, 4, 3731.

=70 ps), 8 had a two component decay of
353 and 2598 ps. In the treated spheroid
samples, a marked difference was evident
between the fluorescence lifetime of the
curcumin sample (12 = 1675 ps) and the
ruthenium-treated sample (T2 = 2124 ps)
indicating that the emission observed from
the complex was not due to free ruthenium.

A series of ruthenium(ir)arene(pta)
complexes with bidentate curcumin
or bisdemethoxycurcumin ligands and
p-cymene or hexamethylbenzene arene
ligands have also been investigated, where
the nature of the arene ligand had a marked
effect on the emission of the complex.B37!
[Ru(p-cymene)curcumin(pta)](SO,CF),)
and Ru(p-cymene)desmethoxycurcumin-
(pta)](SO,CF,) are moderately emissive
in aqueous solution while [Ru(hmb)
curcumin(pta)]|(SO,CF,) and [Ru(hmb)
desmethoxycurcumm(pta)](SO CF,)) are
almost completely quenched. No confocal
fluorescence microscopy studies were
conducted.

Mascharak and coworkers have used
fluorescent ligands to signal the light-
triggered release of a nitric oxide ligand
from a ruthenium(ir) carrier complex.(8l
[(Me,bpb)Ru(NO)(Resf)]  (Me,bpb =
N,N'-bis(pyridine-2-carboxamido)-1,2-
diamino3,4-dimethylbenzene) has a fluo-
rescent Resorufin ligand trans to the NO (9,
Fig. 5). The complex is fluorescent in the
dark but release of NO is concurrent with
oxidation of the ruthenium centre to Ru(1ir),
which quenches the fluorescence of the
Resorufin ligand. Confocal fluorescence
in the dark reveals accumulation of the
complex in the cytoplasm and nucleus
(Fig. 7). To confirm that the Resorufin
ligand remained coordinated to ruthenium,
the authors also imaged cells treated with
Resorufin alone, which showed non-
specific, extracellular staining. Exposure
to visible light for one minute leads to a
significant decrease in emission intensity.
A subsequent approach uses a fluorescein
ethyl ester ligand for a turn-on fluorescence
response to NO release.[*1 The fluorescein
ligand is quenched when coordinated to
Ru(ir). In aqueous solution, irradiation
with 500 nm light induces release of NO
and oxidation to Ru(imr), followed by loss
of the fluorescent ligand via protonation
and a return of fluorescein emission. No
studies in cells have been carried out.

Our work has focused on using light
to release small molecule drugs from
a ruthenium complex. One example,
[Ru(phen)z(econazole)2]2*, is luminescent
in the dark, but continued irradiation with
green lightinduces release of one econazole
ligand to generate a non-emissive aqua
complex.9 In the dark, the complex was
found to accumulate in the endoplasmic
reticulum. When the cells are irradiated
with light, a steady decrease in emission
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Fig. 7. MDA-MB-231 cells were loaded with 200 uM solution of 9 in PBS-Ca/Mg for 1 h and either
(a) kept in the dark or (b) exposed to 1 min visible light (A 465 nm, 0.3 W measured intensity); note
the nuclear degradation (arrows). Bottom insets: magnified views of a cell undergoing apoptosis.
Reprinted with permission from ref. [38], J. Am. Chem. Soc. 2008, 130, 8834-8846. Copyright

(2008) American Chemical Society.

is observed with increasing irradiation
time, concurrent with release of the active
ligand.

In an alternative approach to drug
delivery, Therrien and coworkers have
developed hexanuclear arene ruthenium
cages to encapsulate and release a
biologically active cargo (10, Fig. 5). A
proof-of-concept study showed that the
fluorescence of a pyrene derivative is
completely quenched when encapsulated
within the ruthenium cage.*!l Destruction
of the cage under basic conditions leads to
acomplete return in fluorescence emission.
Confocal fluorescence microscopy of cells
treated with the cage show increasing
fluorescence emission in cytoplasmic
organelles with increasing incubation time,
suggesting that the fluorophore is being
transported into the cells and released from
the cage. Notably the emission intensity of
cells treated with the pyrene alone is much
lower, demonstrating the ability of the cage
to increase cellular uptake.

A subsequent study demonstrated the
use of hexa- and octanuclear arene ruthe-
nium cages for the transport of a porphy-
rin photosensitiser (Fig. 8).421 In this
example, both the free porphyrin and the
empty ruthenium cage are fluorescent, with
emission maxima in the blue and red regions,
respectively. However, encapsulation of
the porphyrin leads to quenching of both
fluorescent moieties. Significantly, the ability
of the porphyrin to produce ROS is also
quenched in this encapsulated form, giving a
safe means of delivering the photosensitiser
without the risk of systemic phototoxicity.
Fluorescence microscopy of cells treated
with the caged porphyrin revealed distinct
regions of red and blue fluorescence in
cytoplasmic organelles, indicating that the
porphyrin has been released from the cage
and accumulates in a different cellular region
to the empty cage. This coincides with light-
induced ROS production and phototoxicity,
consistent with the release of the active
porphyrin from the cage.

Fig. 8. Fluorescence microscopy of Hela cells incubated with the porphyrin-encapsulated
octanuclear ruthenium metalla-prism: (A) white light and (B) fluorescence. Reprinted with
permission from ref. [42], J. Am. Chem. Soc. 2012, 134, 754-757. Copyright (2011) American

Chemical Society.

Fluorescence Microscopy
Approaches to Analyse Metabolites
after Cellular Uptake

To eliminate the influence of a fluo-
rescent tag on the structure and lipophilicity
of a complex, an alternative approach is to
probe or tag the complex with a fluorescent
moiety after it has been taken up by the cell.
A novel strategy by Ang and coworkers(43]
uses an RAPTA complex with an acetal-
functionalised arene ligand as a handle
for conjugation and labelling. The acetal
moiety is converted to an aldehyde
under acidic conditions, which can then
be conjugated to a hydroxylamine functio-
nality through oxime coupling. This
approach was validated in HEK cells, which
were treated with the RAPTA complex
then fixed with cold ethanol, activated
with aqueous HCI, then labelled with the
fluorescent dye Alexa488 hydroxylamine.
Cells treated with the fluorophore and
RAPTA complex, showed a 20-fold
increase in fluorescence with respect
to cells treated with the complex alone
and 7-fold increase with respect to cells
treated with the fluorophore alone. While
this suggests some nonspecific labelling
of endogenous carbonyls within the cell,
this significant increase in fluorescence
validates this as a promising approach to
tag complexes for pull-down assays so
that specific targets could be isolated and
identified.

Fluorescent Probes to Detect
Metal lons

Recent years have seen an explosion in
the development of fluorescent probes to
sense endogenous and toxic metal ions in
cellular systems. Both reaction-based and
reversible probes have been explored, with
the latter having the advantage of giving
dynamic measurements over a certain time
period. More recently, this approach has
been extended to fluorescent probes for
metal-based drugs and their metabolites.
Ang and coworkers recently reported a
reversible probe for cisplatin, which could
be used for live cell imaging.[*4 This probe
could detect reduction of Pt(1v) to Pt(11) in
real time. New and coworkers have pursued
a similar approach with a reversible probe
that selectively senses monofunctional
platinum, e.g. platinum with one labile
ligand.[*1 The complementarity of the two
probes allows different platinum species
to be detected, potentially allowing events
such as aquation and DNA binding to be
monitored in real time. While this approach
has only been applied to platinum-based
drugs so far, the potential to adapt fluo-
rescent probes to sense specific metal ions
and coordination environments may allow
the real-time detection of many metal-
based drugs without the need to alter their
structure.
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Conclusions

Recent advances in imaging techniques
have allowed a deeper understanding of
the behaviour of many ruthenium-based
drugs, in addition to facilitating the
development of several novel complexes.
Despite considerable progress in this
area, the techniques available for imaging
metal ions in cellular systems still require
a compromise between sensitivity, spatial
resolution, and the ability to image live
cells. With these considerations, the most
effective approaches may be combining
multiple modes of imaging, for example
combinations of fluorescence microscopy
with Nano-SIMSI®l or SR-XRFE.I[6] Many
of these techniques not only map the
distribution of the metal of complex, but
can also give information on speciation
and ligand exchange. Nano-SIMS maps
the distribution of both a metal and an
isotopically or iodine-labelled ligand can
be detected by SR-XRF. Fluorescence
microscopy can also be used to signal
ligand release through an increase or
decrease in emission intensity, or a change
in fluorescence lifetime. The valuable
insights gained from such studies will likely
lead to imaging techniques playing an
increasingly important role in metallodrug
development.
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