Journal Name

SO

OF CHEMISTRY

The development of ruthenium(ll) polypyridyl complexes and
conjugates for in vitro cellular and in vivo applications

Received 00th January 20xx,
Accepted 00th January 20xx Thorfinnur Gunnlaugsson*?®
DOI: 10.1039/x0xx00000x

www.rsc.org/

Fergus E. Poynton,*? Sandra A. Bright,® Salvador Blasco, D. Clive Williams,® John M. Kelly® and

Ruthenium(Il) [Ru(l1)] polypyridyl complexes have been the focus of intense investigations since work began exploring their
supramolecular interactions with DNA. In recent years, there has been considerable efforts to translate this solution-based

research into a biological environment with the intention of developing new classes of probes, luminescent imaging agents

and therapeutics and theranostics. In only 10 years the field has expanded with diverse applications for these complexes as

imaging agents and promising candidates for therapeutics. In light of these efforts this review exclusively focuses on the

developments of these complexes in biological systems, both in cells and in vivo, and hopes to communicate to readers the

diversity of applications within which these complexes have found use, as well as new insights gained along the way and

challenges that researchers in this field still face.

Introduction

The synthesis of Ru(ll) polypyridyl complexes and investigation
into their salient properties of has become a major area of
research over the past few decades.’> This stems largely from
their appealing photophysical and photochemical properties.
Such complexes absorb visible light and emit long wavelength
light within the red and near-infrared spectral regions. They
possess long-lived triplet excited states and can show reversible
redox processes.® 7 This has made such complexes highly
desirable across numerous research fields, including catalysis,
solar energy, sensors, etc.®'> Moreover, their photophysical
and photochemical properties can be tuned by varying the
nature and the numbers of the polypyridyl ligands around the
Ru(ll) metal centre.1® 17 Furthermore, due to the octahedral
geometry of a number of these complexes, chemists can readily
gain access to molecules with complicated 3-dimensional
architectures. Hence, they have found increasing applications
the
importantly, in biological systems, where they have been used
to gain greater insights into the non-covalent binding of
molecules to DNA,1% 20 and as luminescent probes.21, 22

within realm of supramolecular chemistry,’® and
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Most drug molecules elicit their biological activity through non-
covalent (supramolecular) interactions with biomolecules. As
such, the knowledge gained from such solution-based studies
into the noncovalent interactions between Ru(ll) polypyridyl
complexes and biomolecules lends well to designing new
classes of therapeutic agents.?2 Within the last decade,
considerable research has focused on the translation of Ru(ll)
polypyridyl complexes into biological systems for use as cellular
imaging and diagnostic agents, and to develop new classes of
therapeutic agents. The aim of this review is to highlight these
particular developments, rather than discuss the nature of the
binding mechanism, or the photophysical properties of Ru(ll)
based polypyridyl complexes with nucleic acids, as this has been
well documented in recent times.1® 2427 Moreover, while
into the interactions of Ru(ll) polypyridyl
complexes with DNA remains the primary focus within this field,

investigations

the interactions of such complexes with proteins can have a
profound influence on their behaviour in vitro and in vivo, as will
be illustrated in this review.

This review begins with discussion on the nature of the uptake
and localisation of Ru(ll) polypyridyl complexes in cells, with
particular focus on their use as luminescent cellular probes. This
discussion is followed by examining the application of two-
photon activation of Ru(ll) complexes; a technique that is
becoming of increasing importance in biological imaging and
light activatable therapeutics. We then examine the influence
of the chirality of Ru(ll) polypyridyl complexes on their uptake
and localisation within cells. Subsequently, we detail the
biological applications of Ru(ll) polypyridyl complexes as novel
therapeutic agents. Finally, we examine the diverse range of
molecular structures that Ru(ll) polypyridyl complexes have
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been incorporated into or onto, in the development of new
classes of diagnostic and therapeutic agents.

Cellular Uptake & Localisation

When translating solution-based research to a cellular context,
the first major hurdle for Ru(ll) complexes is for them to be
successfully internalised into cells. There are a number of
mechanisms by which molecules can enter cells, such as passive
diffusion, facilitated diffusion, active transport and endocytosis,
as illustrated in Fig.1.

During passive diffusion, a molecule dissolves in the
phospholipid bilayer, diffuses through it and then dissolves into
the aqueous medium inside the cell. For this mechanism of
uptake the lipophilicity and size of a molecule play very
important roles.?8 In addition, this mode of uptake is not cell
type specific, which may be an important consideration for
researchers if trying to develop more cell-specific targeted
therapeutics. Most biological molecules, however, as well as
many drug molecules, are unable to diffuse through the cell
membrane. Cells have specific transport proteins for such cases
that allow them to selectively control the passage of small
molecules across their membrane. During facilitated diffusion
of molecules into a cell these proteins can either i) bind to
specific molecules and undergo a conformation change that
allows the molecule to pass through the membrane and be
released on the other side (carrier proteins) or ii) form pores in
the membrane through which molecules of the appropriate size
and charge can pass (channel proteins). Both passive and
facilitated diffusion are driven by the concentration gradient of
the molecule across the cell membrane and do not require
energy to occur. The uptake of cationic molecules (such as Ru(ll)
complexes) by these mechanisms can also be driven by the
negative membrane potential of cells (typically ca. -60 mV).2930
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concentration gradients in a process called active transport. The
energy to do this is provided by the hydrolysis of ATP or by the
co-transport of another molecule down its concentration
gradient. More than 400 membrane transporters have been
annotated in the human genome and numerous drug molecules
have been found to “hitch-hike” on such carriers and
transporters, whose natural functions are to transport
endogenous substances such as glucose, organic cations,
organic anions, oligopeptides etc.31 32

While the above uptake mechanisms are typically used by cells
to transport small molecules, endocytosis facilitates the uptake
of macromolecules and particles, as well as fluids, from the
surrounding medium. During this process, the material to be
internalised is surrounded by part of the plasma membrane,
which then buds off inside the cell to form a vesicle containing
the material. This in an energy-dependent process and there are
a number of distinct endocytic pathways by which molecules
can enter cells, which are discussed in more detail elsewhere.33-
35 One endocytic process that is of particular interest for this
review is receptor-mediated endocytosis. This involves binding
of a specific ligand to a receptor located on the surface of the
cell, which initiates its endocytic uptake. Compounds are first
contained in membrane-bound vesicles known as ‘early
endosomes’ before being transferred to acidic late endosomes.
‘Late endosomes’ then fuse with lysosomes which contain
hydrolytic enzymes for the breakdown of macromolecules, or
they can fuse with other organelles such as mitochondria, the
endoplasmic reticulum, or the Golgi network This mechanism
enables cells to selectively internalise specific macromolecules
and also provides researchers with a method to target specific
cells expressing these receptors.3® One important consequence
of uptake by endocytosis is that the molecules may become
trapped if they are unable to escape the vesicle, thereby
preventing them from reaching their intended subcellular
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Fig. 1 Schematic representation of a number of mechanisms by which molecules can enter cells.
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targets.3’ In contrast, compounds that are taken up into cells by
the mechanisms previously discussed are not restricted to
endosomes and are free to localise to any intracellular
organelle. In their 2012 review, Gill et al. highlighted the
significant influence of lipophilicity in the interactions of Ru(ll)
polypyridyl complexes with cells.’® Such an importance in
lipophilicity is consistent with the well-established importance
of this physico-chemical properties in determining their
pharmacokinetics, potencies and toxicities.3843 In addition, the
cytoplasm of a cell contains numerous membranous structures
and organelles, which include the endoplasmic reticulum, Golgi
apparatus, membranes,
envelope, peroxisomes and vesicles. As well as influencing the

lysosomes, mitochondrial nuclear
interactions between Ru(ll) complexes and lipid membranes,
modifications to the lipophilicity of complexes has also being
found to significantly influence the interactions of various
complexes with proteins, which will be discussed in more detail
later in this section. As such, the lipophilicity of Ru(ll) complexes
can also have a significant influence on their localisation within
cells. In recent years researchers have employed various
strategies to modulate the lipophilicity of Ru(ll) complexes,
which include varying the hydrophobicity of their ligands,
changing the charge of the complexes and switching their
counterion, with a number of interesting results reported,
which will be presented in the coming sections.

Due to its significant importance, where possible, the
lipophilicity of complexes will also be quoted in the following
text. This is most commonly quantified as the logarithm of a
molecule’s partition coefficient between an organic solvent,
such as octanol, and water (log P). However, if the complex
possesses acidic/basic functional groups, the logarithm of the
distribution coefficient of the complex between octanol and
water or buffered solution at a stated pH is reported (log Dph).

NH
H
HoN N NH,
|
NH

DAPI

Hoechst 33342

Propidium lodide

/O

As such, lipophilic molecules have positive log P and log D
values, whereas hydrophilic molecules have negative values. To
put these values into context, those of commonly used
fluorescent nuclear stains will first be presented. The nuclear
stains 4',6-diamidino-2-phenylindole (DAPI) and hoechst 33342,
are in equilibrium between a hydrophilic cationic form
(log P=-2.8 and -4.1, respectively) and neutral lipophilic form
(log P=+0.8 and +4.7, respectively). This results in the
respective molecules being semi-permeable and fully
permeable to the cellular membrane and thus can enter live
cells and stain nuclear DNA. In contrast, propidium iodide,
which is used to stain the nucleic acid of cells whose plasma
membranes are damaged, has a log P of -5.1 and therefore
cannot permeate intact membranes.**

Investigation into the cellular uptake of Ru(ll) polypyridyl
complexes and the importance of their lipophilicity was
spearheaded in 2007 by the Barton research group investigating
complexes incorporating the dipyrido[3,2-a:2',3'-c] phenazine
(dppz) ligand.*> The researchers found that a complex

incorporating two lipophilic, 4,7-diphenyl-1,10-phenanthroline
(dip) ancillary ligands [Ru(dip).(dppz)]?* (1, log P=+1.30 as its
salt)

chloride was internalised by cells to a greater

e

3 + DAPI

Fig. 2 Chemical structures and confocal microscopy images of Hela cells incubated with a) complex 1 (5 uM) for 2 hrs, b) complex 2 (100 uM) for 24 hrs, c) complex 3 (10 uM) for

2 hrs. d) fluorescence microscope images of BEL-7402 cells incubated with 4 (25 uM) for 24 hrs. The ruthenium emission is shown in red, the nuclear stain DAPI is shown in blue and

the overlay of the ruthenium emission with DAPI is shown in purple. Images reproduced with permission from references 45-48.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 3



a) b) DAPI Complex 6 + Mitotracker
® I :
P
B T N Re MM, 5 pEEg
2N N~ N
\Ru< ‘ m OAc 7
SN N = OH 8
Cr Loy " Sons
=
D CH,Cl 10
=

Fig. 3 a) Chemical structure of the Ru(ll) complexes 5 — 10 and b) confocal microscopy
images of Hela cells treated with 6 (100 uM) for 2 hrs and fixed in formaldehyde (shown
in red) and stained with the nuclear stain DAPI (blue colour) and mitochondrial stain
Mitotracker green (green colour). Image reproduced with permission from reference 49.

extent than more hydrophilic derivatives in the study.*>
Confocal microscopy studies showed the luminescence from
the complex to be localised in the cytoplasm of live Hela cells
(as shown in Fig. 2a) and mechanistic studies indicated that the
complex entered cells by passive diffusion.3% 45 Soon after, Wolfl
and co-workers used graphite furnace atomic absorption
spectroscopy to measure the uptake of Ru(ll) complexes in cells
and found that increasing the aromatic surface area of the
polypyridyl ligands resulted in increased cellular uptake.°
However, one important consequence of highly lipophilic
complexes is their poor water solubility, which can present
challenges for administration of such complexes if they are to
be developed for in vivo applications.3% 45 5153 Gunnlaugsson
and co-workers later demonstrated that incorporation of two
ancillary TAP ligands (TAP = 1,4,5,8-traazaphenanthrene),
yielded the water soluble hydrophilic [Ru(TAP),(dppz)]%*
complex (2), which was also found to localise in the cytoplasm
of live Hela cells, as shown in Fig. 2b.%6 In recent years, the
influence of chemical modification of the dppz ligand on cellular
uptake and localisation has also been investigated. Of the
chemical modifications reported, fluorination of the 11-position
of the dppz ligand (11-F-dppz) had a dramatic influence on both
the uptake and localisation of the resulting complexes. In
contrast to the weak luminescence of [Ru(bpy).(dppz)]?* within
live cells and undetectable nuclear localisation in Hela cells,*>
the 11-F-dppz analogue [Ru(bpy).(11-F-dppz)]** (3) was
internalised by Hela cells within 1 hr and localised in the
nucleus, in Fig. 2c.#” Aromatic fluorination is
commonly used by medicinal increase the
lipophilicity of a drug molecule,>* 55 however no log P values
were reported for the complex.

Amino-functionalisation at the 11-position of the dppz ligand,

as shown
chemists to

resulted in the complexes distributing throughout the
cytoplasm and nuclei of live BEL-7402 cells, as shown in Fig. 2d
for [Ru(dip)2(11-NH>-dppz)]?* (4).#8 While the authors did not
report the influence of the amino functionality on the
lipophilicity of the complex, Gasser and co-workers examined
the effect of a variety of functional groups at the 11-position of
dppz, in Fig. 3a.%° Interestingly, the amino-

functionalised dppz complex was found to be the most

as shown

lipophilic complex of the series, which was attributed to the
lone pair being strongly delocalised into the dppz ligand. The
log D7 values of the PFg salts of the complexes were found to be
in the order of NH, (-0.27)> CH,Cl (-0.36)> OMe ~ OH (-0.42)>
CH,0H (-0.62)> OAc (-0.74). High-resolution continuum source
atomic absorption spectrometry revealed that only the NH;-

This journal is © The Royal Society of Chemistry 20xx

and OMe-dppz derivatives 5 and 6, respectively, entered cells
to an appreciable extent. Confocal microscopy studies in fixed
Hela cells showed complex 6 to predominantly localise in the
nuclei of treated cells (shown in Fig. 3b), while complex 5 was
found to distribute throughout treated cells, consistent with the
findings of Jiang et al. for its dip-analogue, complex 4, in live
cells.*84% The researchers also highlighted, however, that amino
functionalisation of the dppz ligand resulted in a significant
decrease in the luminescence quantum vyield of the complex
and, as such, very weak luminescence was detected from
treated cells.*?

Di-substitution of the dppz ligand has also been show to
impact the uptake and localisation of the complexes, whereby
complexes incorporating either an 11,12-diamino- or 11,12-
dichloro-dppz successfully enter cells and disperse throughout
the cells.>® 57 In contrast, incorporation of C4Hs and CgHi3 alkyl
chains at the 11- and 12-positions of the dppz ligand resulted in
the complexes binding to the plasma membrane of live cells,
without being internalised.>8 Overall, the nature of the ancillary
ligands as well as functionalisation of the dppz-ligand have been
found to play important roles in the uptake and localisation of
these complexes, which have been shown to localise in the:

>  cytoplasm4s: 56,59, 60

> nuc|eus47, 49, 61-64 65-67

> mitochondria%é: >°

» cell membrane®® ¢ and

> dispersed throughout the cell.48 49,57, 69,
In addition to the widely investigated dppz-based complexes,
numerous Ru(ll) complexes incorporating the imidazo-
phenanthroline motif have also been studied in cells. The
synthetic route of this ligand has allowed the creation of
libraries of related compounds, incorporating various
functionalities. For a number of these complexes, their
lipophilicities were important in their uptake by cells7972 and
the uptake of this class of complex have been reported to occur
by a number of different mechanisms: both energy-
independent mechanisms?0 and energy-dependent
mechanisms, such as endocytosis,”®> energy-dependent
non-endocytic mechanisms,’* 7> and receptor-mediated
endocytosis.”® These complexes have been found to localise in
various regions of the cell, such as the nucleus’3 74 7679
mitochondria,’® 71. 80 cytoplasm,®1-83 and lysosomes.8* An
interesting result has been shown for two indole-functionalised
imidazo-phenanthroline-based complexes. When the complex
incorporated two ancillary phen ligands (complex 11, shown in
Fig. 4) it entered Hela cells by an energy-dependent non-
endocytic pathway, initially localising in the lysosomes and
subsequently escaping and localising throughout other parts of
the cytoplasm, as shown in Fig. 4a.74 In contrast, another indole-
functionalised imidazo-phenanthroline complex (12), which
incorporated two 2,2’-dipyridylamine (hdpa) ancillary ligands,
was found to localise in the nuclei and cytoplasm of the cells
within 2 hrs, as shown in Fig. 4b.72 Interestingly, Barton and co-
workers found that incorporation of ancillary hdpa ligands into
their rhodium complexes significantly enhanced and
accelerated the cellular uptake of the resulting complexes, and
also influenced their subcellular localisation.8> This
demonstrated that the hdpa ligand motif could have a profound
influence on the uptake and localisation of complexes.

While increasing the lipophilicity of molecules can increase

J. Name., 2013, 00, 1-3 | 4



Fig. 4 Chemical structures of complexes 11 and 12 and the confocal microscopy images
of Hela cells incubated with a) complex 11 (10 pM) for 12 hrs and stained with DAPI
(blue) and b) complex 12 (50 uM) for 2 hrs. Images reproduced with permission from
references 74 and 72.

their uptake by cells, it has also been found to increase the
likelihood of binding to multiple targets such as the
hydrophobic pockets within proteins and cell membranes.3840.
58 Both of these outcomes have been reported by the Thomas
research group in recent years. In 2009, they reported a
binuclear Ru(ll) complex [(phen);Ru(tpphz)Ru(phen),]** (13),
that selectively stained the nuclei of live MCF-7 human breast
cancer cells.8% Substitution of four phen ligands by bpy ligands,
resulted in a significant reduction in the lipophilicity of the
complex (log P=-0.96 and -1.61, respectively, as their chloride
salts) and the inability of the complex to enter live cells.8®
Conversely, substitution of the four phen ligands with dip
ligands significantly increased the lipophilicity of the resulting
complex 14 (log P = +1.52 as its nitrate salt),®” but dramatically
altered its localisation. Instead of localising in the nucleus of
cells, complex 14 localised in the membrane-rich endoplasmic
reticulum and perinuclear region of treated cells, as shown in

X Z
= N X Na
S \
» _
X N = N
=
Z \ R=H 15
R=H 13
R=F 16
R=Ph 14

14 + DAPI
20 pm

7N/ N\

Fig. 5¢.87 The complex was shown to be taken into cells via an
energy-dependent manner, similar to complex 13, while, in
addition, a small amount of uptake was found to occur by an
energy-independent mechanism.86 87

Another method of increasing the lipophilicity of Ru(ll)
polypyridyl complexes, which results in minimal structural
changes to the molecules, has been to decrease the positive
charge on the complex via cyclometalation. This involves the
exchange of one or more of the coordinating nitrogen atoms of
the polypyridyl ligands for an isoelectronic carbon anion, with
each such exchange reducing the cationic charge on the metal
centre.®® Thomas and co-workers utilised this method in the
design of tricationic dinuclear Ir-Ru complexes, which were
based on a tetracationic complex 13.8% 89 Incorporation of two
cyclometalating 2-phenylpyridine (phpy) ligands around the Ir
centre resulted in the complex [(phpy):Ir(tpphz)Ru(bpy).]3* (15)
which stained the nuclei of live MCF-7 cells.8® In addition, the
authors found that by fluorinating the cyclometalating phpy
ligand, the resulting complex 16 showed a higher rate of nuclear
uptake than its non-fluorinated analogue 15.8° Moreover,
complex 16 effectively stained the nuclei of live cells (as shown
in Fig. 5b) at a 50-fold lower incubation concentration of 10 uM,
compared to 500 uM required for the tetracationic complex
13.86, 8 |nterestingly, a subsequent study by the authors
revealed that incorporation of two benzo[h]quinolone
cyclometalating ligands around the Ir centre resulted in the
complex 17 displaying an even higher rate of nuclear
accumulation, relative to complex 16.°° However, when cells
were incubated with complex 17 in serum-containing medium,
both the uptake and localisation of the complex dramatically
changed, as shown in Fig. 5c. In serum-containing medium the
complex exhibited significantly weaker luminescence intensity
within cells and the luminescence was found to be localised in
the cytoplasm, with no nuclear staining observed. Solution
studies revealed that the complex displayed a high binding
affinity for serum albumin and, as such, the change in cellular
uptake and localisation of the complex was attributed to
binding of the complex to serum proteins in the medium.%°

3
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‘N ‘ N | ‘ A N ‘ A = ‘ N ‘
Ny
>Ru /C\I‘r/"‘ 7 ‘N\ S N\R‘U/N\
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Fig. 5 Chemical structures of complexes 13 — 17 and confocal microscopy images of a) MCF-7 cells incubated 14 (5 uM) for 24 hrs, b) HelLa cells incubated with complex
16 (10 uM) in serum-free medium for 80 mins, c) MCF-7 cells incubated with 17 (10 uM) in serum-containing and serum-free media for the stated times. The Ru emission
is shown in red and the nuclear stain DAPI emission is shown in blue. Images reproduced with permission from references 87, 89 and 90.
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Thus, when increasing the lipophilicity of Ru(ll) complexes, the
possible impact on their binding to proteins should be kept in
mind. This also raises the question as to whether other
complexes studied in the literature may in fact be bound to
proteins in the cell medium and subsequently taken up by cells
and whether this influences the observed intracellular
localisation.

While protein binding had undesirable consequences on the
uptake and localisation of complex 17, which was designed as a
nuclear stain, it should also be noted that binding of drug
molecules to proteins in the blood, such as transferrin, can
increase their accumulation in malignant cells in vivo, which
tend to overexpress the transferrin receptor.3> 91 For example,
the clinically investigated anti-cancer Ru(lll) complexes KP1019
and NAMI-A, have been shown to bind to the blood plasma
proteins transferrin and albumin upon administration in vivo.?%
93 This protein binding is believed to be a contributing factor to
the low toxicity of these drug candidates and, in the case of
transferrin binding, to result in drug enrichment in tumours for
reasons mentioned above.?* Indeed other Ru(ll) polypyridyl
complexes have been found to bind to transferrin and serum
albumin, and in one particular instance this was shown to result
in an enhancement in the photophysical properties and tumour
targeting ability of the complex, which will be discussed later in
the review.9>-100

Cyclometalation of the Ru metal centre has also been
demonstrated to have a significant impact on the cellular
uptake and localisation of complexes. In the case of
[Ru(bpy)2(dppz)]?*, for example, exchange of one of the
ancillary bpy ligands for the cyclometalating phpy ligand
resulted in a significant increase in the lipophilicity of the
resulting [Ru(bpy)(phpy)(dppz)]** complex 18 (log P =+ 1.0 as
its perchlorate salt).62 63 |nductively coupled plasma mass
spectrometry (ICP-MS) studies of cells incubated with 18
showed that 90% of the internalised complexes localised in the
nuclei of Hela cells within 2 hrs, which contrasts sharply with
the poor cellular uptake of [Ru(bpy).(dppz)]?*. Mechanistic
studies revealed that complex 18 entered cells by an energy-
independent mechanism, consistent with its high lipophilicity.®2
Unlike cyclometalated Ir complexes, which can be strongly
luminescencent,10% 102 Ry cyclometalates tend to exhibit very
weak luminescence and therefore are not always suited for
imaging applications.13 However, they are showing promising
biological activity with regard to the development of new
classes of chemotherapeutic agents, as will be discussed later in
this review.

In 2015, by incorporating the 6-chloro-5-hydroxylpyrido(3,2-
al-phenazine (CQM) into their complexes, which was designed
to mimic the extended dppz ligand,'%* Ding et al. were able to
decrease the positive charge of their Ru complexes, while
avoiding such loss of luminescence. While the complex
[Ru(bpy)2(CQM)]* (19) was emissive, it did not show the
“luminescence light-switching” activity seen for
[Ru(bpy)2(dppz)]2*.104 105 As with the cyclometalated dppz
analogues, this monocationic complex was significantly more
lipophilic (log P=+0.10 as its perchlorate salt) than
[Ru(bpy)2(dppz)]?*. Complex 19 was found to be taken up by
human liver carcinoma HepG2 cells and localise in both the
nucleus and mitochondria of cells, as shown in Fig. 6a. The
ancillary ligands of this complex were also demonstrated to be

This journal is © The Royal Society of Chemistry 20xx

Fig.6 Chemical structures of complexes 18 - 20, where the charge of the complex and
atom changes are highlighted in red. The confocal microscopy images of human liver
carcinoma HepG2 cells incubated with a) 19 (200 uM) and b) 20 (200 uM) for 2 hrs.
Images reproduced with permission from reference 104.

of importance, whereby upon substitution of the two ancillary
bpy ligands by phen ligands, the [Ru(phen),(CQM)]* complex
(20, log P =+0.18) localised in the nuclei of HepG2 cells, as
shown in Fig. 6b. 104 In addition to decreasing the charge of Ru
complexes, the CQM ligand-type is now being used to move the
absorbance of Ru complexes into the 600 — 700 nm region to
achieve long wavelength activation.’® The modulation in the
lipophilicities of these complexes is summarised in Table 1 to
highlight the influence of the ligand and charge on the
lipophilicities of these Ru complexes.

Recently, Zhu et al. demonstrated that the uptake and
localisation of Ru(ll) complexes could be dramatically altered by
choosing an appropriate counterion for the complex. They
found that the conjugate bases of three weak acids with bulky
hydrophobic aromatic moieties (pentachlorophenol (PCP),
carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP)
and tolfenamic acid (TA) shown in Fig. 7) formed stable ion-
pairs with a number of Ru(ll) polypyridyl complexes. For
example, when live cells were treated with [Ru(bpy).(dppz)]?*,

Table 1: The log P values of Ru(ll) polypyridyl complexes showing the influence of the
ligand structure and charge of the complexes on their lipophilicities.*> 194 2as their
chloride and Pas their perchlorate salts.

Complex Charge Log P
[Ru(bpy)(dppz)]**? - +2 -2.50
[Ru(phen):(dppz)]?*2 - +2 -1.48
[Ru(dip)2(dppz)]?*? (1) +2 +1.30
[Ru(bpy)(phpy)(dppz)]*** (18) +1 +1.0
[Ru(bpy).(CQM)]?* (19) +1 +0.10
[Ru(phen),(CQM)]?*P (20) +1 +0.18

J. Name., 2013, 00, 1-3 | 6
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Fig. 7 Chemical structures of the weak acids PCP, FCCP and TA and the confocal
microscopy images of live QSG-7701 cells treated with a) [Ru(bpy).(dppz)]** (100 uM)
and PCP (300 uM) for 3 hrs in complete medium, b) [Ru(bpy).(dppz)]?* (200 uM) and
FCCP (50 uM) for 1 hr in serum-free medium and c) [Ru(bpy),(dppz)]>* (300 uM) and TA
(300 uM) for 3 hrs in complete medium. The chloride salts of [Ru(bpy),(dppz)]?* was used
in these experiments. Images reproduced with permission from reference 107.

and PCP, FCCP or TA, the complex was readily internalised by
cells and preferentially localised in the nucleus, as shown in
Fig. 7.197 This was in direct contrast to the incubation of cells
with the complex in the absence of these reagents, where the
complex showed extremely poor uptake by cells and no nuclear
location.4> 107 The uptake of the ion-paired complex was found
to occur by an energy-independent mechanism and the authors
proposed that this was a result of ion-pairing of the hydrophilic
Ru(ll) complex and the deprotonated hydrophobic weak acids,
to form overall neutral lipophilic adducts, which were capable
of crossing cellular membranes. This enhancement in cellular
uptake and nuclear localisation was also demonstrated for the
complexes, [Ru(phen),(dppz)]?*, [Ru(phen)s;]?* and [Ru(bpy)s]%*,
which demonstrates that this technique could be successfully
be applied to other Ru(ll) complexes.10”

While lipophilicity can be important in the uptake of Ru
complexes it is important to note that highly charged and
hydrophilic complexes will not necessarily be precluded from
entering cells. For example, Glazer et al. demonstrated that a
tetra-anionic complex incorporating two sulfonic acid groups on
each of its three dip ligands (complex 21) was successfully
internalised by cells, despite its low lipophilicity.1%8 This
hydrophilic complex (log P value of -2.2) was found to localise in
the cytosol of A549 lung cancer cells, as shown in Fig. 8a. It
should however be noted that this complex did show
significantly lower levels of uptake by cells than its unsulfonated
[Ru(dip)s]?* analogue (22), which was highly lipophilic
(log P=+1.8) and showed significantly different subcellular
localisation, primarily localising in the lysosomes and the
mitochondria, as shown in Fig. 8b. Interestingly, this difference
in subcellular localisation between the two complexes was also
suggested to be responsible for the low toxicity of complex 21,
in contrast to complex 22 which was inherently quite toxic to
cells.108

Thus far this section has examined some of the intrinsic
factors that influence the uptake and localisation of Ru(ll)
polypyridyl complexes (their structures, functional groups,
charges, lipophilicities etc.). However, extrinsic factors such as
the concentration at which cells are treated with a complex, the
choice of cell line, the environmental conditions (e.g. serum
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21 + LysoTracker

Fig. 8 Chemical structures of the tetra-anionic complex 21 and the di-cationic complex
22 and the confocal microscopy images of live A549 cells treated with the fluorescent
lysosome stain LysoTracker® Green DND-26 and a) 21 (20 uM) and b) 22 (5 uM) for 8 hrs.
Ru emission is shown in red and LysoTracker emission is shown in green. Yellow coloured
regions indicate colocalisation of the Ru and lysosome stain. Images reproduced with
permission from 108.

containing/serum-free medium, O, partial pressure), treatment
time point or cell manipulation, such as fixation, can also have
a profound effect, which will now be briefly discussed.

The concentration at which cells are incubated with
compounds, particularly with respect to the concentrations at
which they show toxicity to cells, was shown to have a
considerable impact on the uptake of a Ru(ll) polypyridyl
complex (23) by Zava et al.1%° The researchers found that when
A2780 human ovarian cancer cells were incubated with low
concentrations of the complex (1 uM), luminescence was
observed in discrete packets within the cytoplasm. However,
when cells were incubated at higher concentrations (10 uM),
the luminescence from the complex originated from the cell
membrane, as shown in Fig. 9.19° This extreme difference in
localisation was attributed to inhibition of the cellular
machinery responsible for the uptake of the complexes at
higher concentrations, thus preventing their internalisation.1®
A number of studies by Keene and co-workers highlighted the
potential importance of cell line and time point to the
localisation of Ru(ll) complexes. Initial studies conducted in
murine L1210 leukaemia cells showed that a series of dinuclear
complexes, shown in Fig. 10, localised predominantly in the
mitochondria of cells after incubation with the complexes for
4 hrs.110, 111 These complexes incorporated flexible linkers of
various lengths between the metal centres (n=2, 5, 7, 10, 12
and 16) and by varying the number of methylene groups in the
linker the researchers were able to modulate the lipophilicity of
the complexes. Indeed flow cytometry indicated that as the
chain length of the complexes increased so too did their levels
of cellular uptake. The most lipophilic complex 24 (n =16,
log P =-1.9 as its chloride salt)!12 showed the highest uptake in
L1210 cells and mechanistic studies showed that it entered cells
predominantly via an energy-independent pathway, with a
small contribution from protein-mediated active transport.111
However, dramatically different subcellular localisation was
reported for complex 25 (n = 12, log P = -2.9)112in baby hamster
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Fig. 9 Chemical structure of complex 23 and the confocal microscopy images of live
A2780 ovarian cancer cells treated with complex 23 a) at 1 uM and b) at 10 uM for 24 hrs.
Images reproduced with permission from reference 109.

kidney (BHK), human embryonic kidney (HEK-293) and human
liver carcinoma (Hep-G2) cell lines.113 After treatment of these
cells for 4 hrs, complex 25 was found to localise predominantly
in the cytoplasm, as shown in Fig. 10b, with the endoplasmic
reticulum suggested to be the target organelle. However, at
longer incubation times (20 hrs), the complex localised in the
nucleoli and nuclear envelopes of cells, as shown in Fig. 10c.113
At present, the origin of this change in selectivity between the
mitochondria of one cell line and the nucleoli of other cell lines
remains unclear but suggests that uptake studies of Ru(ll)
complexes may show variability between cell lines.

Another study by Chao and colleagues demonstrated that the
subcellular distribution of a Ru cyclometalate was influenced by
oxygen concentration in Hela cells.’’* Studies by ICP-MS
showed that when cells were incubated with the complex under
normoxic conditions (20% O,) 60% of the cellular Ru was found
in the nucleus and 28% in the mitochondria. Conversely, when
cells were treated with the complex under hypoxic conditions
(1% 03), 50% of the cellular Ru was found in the mitochondria,
with only 32% in the nucleus.’'* As solid tumours tend to
possess regions of low oxygen concentrations,15> this study
raised the possibility that the microenvironment of a tumour
could also influence the subcellular distribution of complexes,
which could be of particular importance to researchers
developing Ru complexes for in vivo cancer applications.

Finally, luminescence based techniques have been the most
widely used methods to quantify the uptake of complexes and
report on their cellular localisation. However, since the
luminescence quantum vyields of these complexes can be
extremely sensitive to their environment, for example the
presence/concentration of quenching species such as
oxygen,116 water1% or certain biomolecules,'7 it is important
that techniques such as transmission electron microscopy
(TEM), ICP-MS and atomic absorption spectroscopy be used in
addition to, or in place of, luminescence based techniques, as
noted in the examples above.

8| J. Name., 2012, 00, 1-3

7\

A

(CHz)n

n=16 24
n=12 25

a) 4 hrs b) 4 hrs 20 hrs

L1210 cells

BHK cells BHK cells

Fig. 10 Chemical structures of complexes 24 and 25 and the confocal microscopy images
of a) L1210 cells incubated with complex 24 (50 uM) and b) BHK cells incubated with
complex 25 (55 uM) for the states times. Images reproduced with permission from
references 113 and 111.
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b) A-enantiomer A-enantiomer

A-[Ru(phen),(dppz)]>*

A-[Ru(phen),(dppz)**

Major groove

Fig. 11 a) The octahedral coordination geometry of three bidentate ligands around a Ru(ll) centre, giving rise to two optical isomers- the left-handed A and the right-handed A

enantiomers and b) the spacefill diagram of [Ru(phen),(dppz)]**, obtained from the crystal structure in reference 118 (CCDC 1038710), c) structure of the A- and A-enantiomers of
[Ru(phen),(dppz)]** (coloured purple and pink, respectively) bound to the DNA duplex d(ATGCAT), when viewed into the major groove. The different binding geometries of d) A- and

e) A -[Ru(phen),(dppz)]?* when bound to this DNA duplex by intercalation of the dppz ligand. Images reproduced with permission from reference 119.

The Importance of Chirality

Tris(bidentate) octahedral complexes are chiral by virtue of the
configurations of the chelating ligands around the metal centre,
as shown in Fig. 11. This results in the formation of either a left-
handed A-enantiomer or a right-handed A-enantiomer. Solution
studies have shown that the two enantiomers of Ru(ll)
polypyridyl complexes can interact differently with chiral
biomolecules such as DNA119-124 gand proteins.190.125 |n 2013 the
crystal structure of both the A- and A-enantiomers of
[Ru(phen),(dppz)]?* bound at a TG/CA step of a DNA duplex
hexamer were reported, which provided direct observation of
the difference between the binding geometries of the two
enantiomers and DNA, as shown in Fig. 11.119 In recent years the
differences in the interaction of the enantiomers of Ru(ll)
complexes in a cellular environment have been investigated
and, in a number of cases, significant differences have been
observed.

In 2012 Svensson et al. demonstrated that two dinuclear Ru(ll)
complexes showed  enantiomer-specific  staining  of
methanol-fixed Chinese hamster ovary (CHO)-K1 cells.126 For
one of the dinuclear complexes (26), the researchers found that
the AA-complex showed more prominent nuclear staining than
the AA-complex, as shown in Fig. 12a and b.12% In contrast, when
live cells were incubated with these complexes, the
luminescence from the internalised AA- and AA-complexes was
found to originate from discrete packets within the cytoplasm,
with no differences observed between the staining patterns of
the two enantiomers, as shown in Fig. 12c and d. This was
attributed to entrapment of the AA- and AA-complexes in
endosomes of live cells when the complexes were taken up by
endocytosis.’26  This demonstrated that, although the
enantiomers of Ru(ll) complexes may be capable of exhibiting
enantiomer-specific interactions within cells, the mechanism of

This journal is © The Royal Society of Chemistry 20xx

uptake may prevent such differential interactions from being
observed for live-cell imaging.

26

a) AA (fixed cell) b) M (fixed cell)

c) AA (live cell) d) AA (live cell)

20 um

20 um

Fig. 12 Confocal microscopy images of CHO-K1 cells a) fixed and treated with AA-26
(5 uM) for 4 hrs, b) fixed and treated with AA-26 (5 uM) for 4 hrs and live cells treated
with c) AA-26 (5 uM) and d) AA-26 (5 uM) for 1 hr. Images reproduced with permission
from reference 126.

J. Name., 2013, 00, 1-3 | 9



a) A{Ru(bpy),(dpp2)*+PCP  b) A-[Ru(bpy),(dpp2)l>* + PCP

Fig. 13 Confocal microscopy images showing the difference in luminescence intensity
between the nucleus of a live QSG-7701 human hepatocyte cell treated with a) the A-
and b) the A-enantiomer of [Ru(bpy).(dppz)]?* (100 uM) + PCP (300 uM) for 4 hrs. Images
reproduced with permission from reference 107.

More recently, enantiomer-specific interactions have also been
observed for the dppz-based complexes [Ru(bpy).(dppz)]?* and
[Ru(phen),(dppz)]%*in live cells. Using the ion-pair methodology
discussed previously (shown in Fig. 7), the cellular uptake and
nuclear localisation of the A- and A-enantiomers of both
complexes was achieved, facilitated by PCP counterions.1%7 For
both complexes, a significant difference was observed between
the luminescence intensities of the A- and A-enantiomers. In
both cases, the A-enantiomers displayed significantly higher
luminescence within the nuclei of live cells than their A-
counterparts, as demonstrated in Fig. 13.197 This stronger
luminescence intensity of the A-enantiomers was consistent
with previous solution studies which showed the A-enantiomers
to be more emissive than their A-counterparts when bound to
isolated B-DNA. 121,127

The most dramatic difference, so far, in the cellular staining
between enantiomers was recently demonstrated by Mei and
co-workers, who showed that the A-enantiomer of complex 27
predominantly localised in the nucleus of live MDA-MB-231
breast cancer cells, whereas the A-enantiomer localised mainly
in the cytoplasm, as shown in Fig. 14.72 Mechanistic studies
were conducted with A-27 and indicated that the complex was
taken up by cells via endocytosis and that the nuclear
localisation of A-27 occurred by an ATP-dependent active
transport pathway.’3 An earlier study by Yu et al. found a similar
result to these authors, albeit with a less distinct staining
pattern between their enantiomers.128 The researchers showed
the A-enantiomer of their Ru(ll) complex to localise in the
cytoplasm of HepG2 cell, with a partial staining of the cell
nucleus, whereas the A-enantiomer showed exclusively
cytoplasmic staining.128

It should be noted that studies with resolved A-
A-enantiomers have also been reported where no differences
were observed between the cellular staining of the

and
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Fig. 14 Chemical structures of the A- and A-enantiomers of complex 27 and the
colocalisation studies of live MDA-MB-231 cells incubated with the nuclear stain DAPI
and a) A-27 (5 uM) and b) A-27 (5 uM) for 6 hrs. DAPI emission is blue Ru emission is red.
Images reproduced with permission from reference 73.

different enantiomers.1’3 However, the examples above
illustrate that in the chiral environment within a cell the A- and
NA-enantiomers of certain complexes are capable of acting as
distinct chemical entities. Later in the review, differences
between the biological activities of the enantiomers of Ru(ll)

polypyridyl complexes in vitro and in vivo will be discussed.

Multiphoton Cellular Imaging

A significant challenge towards the development of Ru(ll)
polypyridyl complexes as luminescence probes and photo-
reactive agents for in vivo applications is the relatively high-
energy wavelength of excitation required. These complexes
typically absorb light between 400 — 500 nm, and while such
wavelengths are suitable for histology and in vitro cellular
studies, wavelengths below 650 nm only penetrate a small
distance into biological tissues due to absorption and scattering
of the light.12° For deeper tissue penetration (in the > 500 um to
cm range), near infrared (NIR) light between 650 —900 nm is
required.130 Two-photon excitation of Ru(ll) complexes is one
way by which researchers have succeeded to excite Ru(ll)
complexes at these longer wavelengths. This technique involves
the simultaneous absorption of two photons, which each

This journal is © The Royal Society of Chemistry 20xx
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Fig. 15 a) Simplified energy diagram showing electronic transitions following one-photon and two-photon excitation of a chromophore, b) two-photon phosphorescence lifetime
image (Aex = 800 nm) of live MCF-7 cells incubated with complex 13 [(phen),Ru(tpphz)Ru(phen),]**, 500 uM) for 1 hr in serum-free medium. Images reproduced with permission from

reference 131.

possess half of the energy required to excite the Ru(ll) complex
from the ground to the excited state, as depicted in Fig. 15a.132
The efficiency of two-photon absorption by a molecule is
quantified by its “two-photon absorption cross-section” (o3), in
units of GM (1 GM =105%cm*s/photon) and typically
femtosecond lasers or diode lasers have been used for such
experiment with Ru(ll) polypyridyl complexes. Organic
fluorophores  typically have  cross-sections between
0.1 -100 GM. For example, the nuclear stain DAPI has a two-
photon absorption cross-section of 0.16 GM at 700 hm.133 With
regards to Ru(ll) polypyridyl complexes, cross-sections ranging
from ca. 10 — 650 GM in the 800 nm region have been reported
from investigations into their two-photon applications in
biological systems.81, 82,113, 134-142

Thomas and co-workers were the first to investigate Ru(ll)
polypyridyl complexes as two-photon luminescence lifetime

e

28 29 30 31 32 33 34
R H CH; C(CH;); F OCH; N(CH,), O@
o, (GM)| 322 368 357 361 386 355 330

Fig. 16 Chemical structures and two-photon absorption cross-sections at 830 nm
of complexes 28 - 34. A) the bright-field image and b) the two-photon confocal
microscopy image (Aex= 830 nm) of live Hela cells incubated with complex 31
(10 uM) for 4 hrs. Images reproduced with permission from reference 81.
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probes for cellular DNA.131 The researchers were able to image
and record the luminescence lifetimes of their dinuclear
complex 13 when bound to DNA in live cells, upon two-photon
excitation at 800 nm (as shown in Fig. 15b). Moreover, the
two-photon absorption cross-section of complex 13 was
142 GM at 800 nm, which is more than two orders of magnitude
greater than that of DAPI.131 133 A series of dinuclear complexes
based on the imidazo-phenanthroline motif (shown in Fig. 16)
were investigated as two-photon cellular probes by Chao and
co-workers and possessed cross-sections of between
322-386 GM (at 830 nm).81 The complexes showed low
toxicity towards cells at the concentrations required for cellular
imaging (10 uM) interestingly showed only small
differences between their subcellular localisation. The
complexes predominantly localised in the cytoplasm of cells,
where they could be visualised using two-photon excitation
(Aex =830 nm), as shown in Fig. 16 for the fluoro derivative
(31).82

By substituting the central phenyl moiety of the imidazo-
phenanthroline-based ligand for a pyridine, these researchers
were able to incorporate a metal binding pocket into their
dinuclear complex 35, shown in Fig. 17. The complex was found

and

al

35+ Cu?*

Fig. 17 Chemical structures of complex 35 showing the binding pocket for Cu?* in
yellow and the two-photon confocal microscopy image (Aex = 850 nm) of live Hela
cells incubated with complex 35 (10 uM) for 1 hr a) in the absence and b) in the
presence of CuCl, (20 uM) and pyrrolidine dithiocarbamate (100 uM) added to the
medium. Images reproduced with permission from reference 82.
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Fig. 18 Chemical structure of complex 36 and the two-photon confocal microscopy image
of HepG2 incubated with complex 36 (10 uM, A, = 760 nm shown in red) for 30 mins
followed by incubation for 15 mins with the mitochondrial stain Mitotracker (shown in
green). Areas of co-localisation of complex 36 and Mitotracker are coloured yellow.
Images reproduced with permission from reference 139.

to selectively bind Cu?* ions in aqueous medium, even in the
presence of other cations, such as Na*, K*, Mg2+* and Ca%*, which
are abundant in biological systems. The complex possessed a
cross-section of 400 GM (at 850 nm) and upon binding to Cu?*
its luminescence was quenched, allowing it to function as a two-
photon luminescent probe for Cu2+.82 Within 1 hr of incubation
with 35 (10 uM), the complex was found to localise in the
cytoplasm of Hela cells, where it could be visualised by two-
photon excitation at 850 nm. However, within 5 mins of
addition of CuCl, (20 uM) to the cell culture medium, the
intracellular luminescence of the complex was effectively
quenched, as shown in Fig. 17.

A mononuclear complex incorporating an  N-hexyl
phenothiazine moiety (36), which possessed a cross-section of
219 GM (at 760 nm), was found to be impermeable to the cell
membrane of HepG2 cells and was taken into cells via an
endocytic pathway.13° Within one hour of treatment with 36
(10 uM), the complex could be visualised within cells by two-
photon microscopy (Aex =760 nm) and was found to localise
predominantly in the mitochondria of treated cells, as shown in
Fig. 18, where it was suggested to bind specifically to the
mitochondrial DNA.13° In addition, the researchers reported
that the complex could be used as a stain for two-photon
microscopy studies of fixed brain tissue samples.13°

Two interesting applications have recently been reported by
Chao and co-workers. The authors utilised a series of
tetranuclear complexes (37 — 41, shown in Fig.19) as DNA
delivery agents and exploited their high two-photon absorption
cross-sections to monitor their uptake and localisation in living
cells by two-photon luminescence microscopy.’3” These
complexes were found to condense plasmid DNA into particles
of approximately 100 nm in diameter and the DNA within these
particles was found to resist degradation by the DNase-I
endonuclease. The Ru(ll)-DNA particles were internalised by
cells via endocytosis and flow cytometry revealed that
increasing the length of the alkyl chains resulted in greater
luminescence intensity from the complexes within cells, which
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Fig. 19 a) chemical structures of complexes 37 — 41, their two-photon absorption cross-
sections at 830 nm and b) the two-photon confocal microscopy images (Aex = 830 nm) of
Hela cells incubated with the DNA-Ru particles formed from complex 39 for 4 hrs (shown
in red) and stained with the nuclear stain Hoechst 33258 (shown in blue). Images
reproduced with permission from reference 137.

indicated that the hydrophobic effect played an important role
in their cellular uptake. Upon internalisation, the Ru(ll)-DNA
particles were subsequently found to localise within endosomes
or in the cytoplasm of treated cells, as shown for complex 39 in
Fig. 19.137 In another study a series of mononuclear complexes
incorporating a redox-active anthraquinone moiety (complexes

Non-Emissive
(Normoxia) R 2+

O

44 | C(CH3); 196 Emissive
(Hypoxia)

Normoxic Cerebral Normoxic
b) Conditions > Anoxia > Conditions

Fig. 20 a) schematic illustration of the reversible conversion of the anthraguinone

moieties of complexes 42 — 44 to their hydroquinone forms under normoxic and hypoxic
conditions, and their two-photon absorption cross-sections at 800 nm. B) the two-
photon confocal microscopy images (Ae =830 nm) of live zebrafish incubated with
complex 44 (10 uM) for 1 hr and imaged under normoxic or anoxic conditions, as
indicated. Images reproduced with permission from reference 143.
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42 — 44, shown in Fig. 20a) were developed as in situ probes to
monitor cycling (intermittent) hypoxia in cells and tissues;*3 a
process that can result in resistance to anti-cancer therapies
and promote tumour metastasis.1#* Under normoxic conditions
(20% O,) the anthraquinone moiety quenched the
luminescence of the complexes, whereas under hypoxic
conditions (1% O,) it was reduced to its hydroquinone form,
which did not quench the luminescence of the Ru centres, as
shown schematically in Fig. 20a. After uptake by A549 cancer
cells the complexes Ilocalised predominantly in the
mitochondria of cells and under normoxic conditions negligible
intracellular luminescence was detected. In contrast, under
hypoxic conditions, strong two-photon luminescence was
observed from the treated cells. The researchers went further
to show that these probes could report on hypoxia within 3D
multicellular tumour spheroids. These are heterogeneous
cellular aggregates possessing a number of properties which
make them valuable invitro models for invivo tumour
microenvironments.#> Due to the limited diffusion of oxygen
into tissue beyond approximately 130 um in thickness,
spheroids can possess hypoxic regions.#> Indeed, stronger
luminescence was detected from cells deeper within the
tumour spheroid. Moreover, using two-photon excitation
(Aex = 800 nm), the researchers were able to probe deeper into
the tumour spheroids than when using one-photon excitation
(Aex =460 nm). The researchers also went on to demonstrate
that the probes could be used in vivo to monitor cerebral anoxia
(no oxygen present) within the brains of live zebrafish, following
treatment with 10 uM of complex 44, as shown in Fig. 20b.143
Two-photon studies have also been carried out for Ru(ll)
polypyridyl complexes conjugated to other molecules, such as
porphyrins and nanoparticles, which will be discussed the final
section of this review. Moreover, in addition to luminescence
imaging, two-photon excitation has also been used in the
development of biologically active Ru(ll) polypyridyl complexes
for light- activatable therapies, which will be discussed in the
next section.

In vitro and in Vivo Biological Activity

The previous sections have focused on the application of Ru(ll)
polypyridyl complexes as diagnostic and imaging agents,
predominantly for use in cell culture. However, if these
applications are to be translated to therapeutics for clinical use,
the biodistribution, activity and the toxicology of these
complexes needs to be investigated to assess their efficacy and
safe use. Researchers have long demonstrated that these
complexes interact strongly with biomolecules through non-
covalent interactions, with numerous detailed investigations
published, particularly in the case of DNA. Indeed, such non-
covalent interactions with biomolecules are the underlying
mechanism through which countless pharmaceutical drugs
elicit their activity invivo. As such, this has motivated
researchers to exploit these strong interactions with
biomolecules in the development of new Ru(ll)-based
therapeutic agents. Moreover, by exploiting the salient
photophysical and photochemical properties of this class of
complex, new classes of Ru(ll)-based anti-cancer agents,
including light-activatable drug candidates have been designed.
This section will illustrate the various approaches that
researchers are taking in the development of therapeutic Ru(ll)
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polypyridyl complexes and their activity both in vitro and
in vivo.
Anti-Cancer Activity

In Vitro (No Light Activation)

There is continuing demand for new classes of anti-cancer
therapeutics owing to the development of tumours with
resistance to chemotherapeutics over the course of their
treatments.1#® Furthermore, many clinically used anti-cancer
drugs cause considerable side effects and collateral toxicity to
non-cancerous cells, which is fuelling the search for more
selective and targeted anti-cancer agents. Ru complexes have
attracted increasing interest as promising candidates and, of
the numerous reported Ru complexes showing potential as anti-
cancer therapeutics, one Ru(ll) polypyridyl complex (TLD1433)
and two Ru(lll) complexes (NAMI-A and KP1019) have
progressed to clinical trials.147-153 These results have motivated
researchers to translate new Ru complexes into a clinical
setting.

The aim of anti-cancer therapeutics is to either arrest the
proliferation of cancer cells (cytostatic agents) or elicit cell
death by damaging cells (cytotoxic agents). One of the primary
methods that has been used to assess and quantify the anti-
cancer activity of the numerous Ru(ll) polypyridyl complexes
reported to date, has been to conduct cell viability assays. The
potencies of the compounds are often quoted as the half-
maximal inhibitory concentration (ICsg), i.e. the concentration
that elicits 50% inhibition of cell viability. Such studies have
revealed that Ru(ll) polypyridyl complexes show a range of
activities against cancer cells, with ICso values from the
nanomolar to millimolar range.62: 109,154 |n the case of cytotoxic
compounds, the majority of complexes have been reported to
induce cell death via programmed cell death pathways, such as
apoptosis. This is the programmed and controlled pathway by
which cells die and are subsequently engulfed by the
surrounding cells. In contrast, there are relatively few examples
of complexes that induce non-apoptotic cell death, such as
necrosis.®% 109, 155 Unlike apoptosis, necrosis elicits a
proinflammatory response in vivo, which can result in the
recruitment of cytotoxic immune cells to the tumour site,
thereby aiding tumour destruction. However, it can also result
in damage to normal tissues.’®® A number of different
mechanisms have been reported through which these
complexes exert their activities, which is not surprising given
the variety of molecular structures that have been investigated,
as well as the differences reported in their subcellular
localisation.62 109,154 These mechanisms include:

> disrupting the binding of transcription factors to DNA, 2

> stalling DNA replication forks,®*

» inducing endoplasmic reticulum stress!>7 and

» causing mitochondrial dysfunction;5? 65 66,80,97,155,158-171
the latter being the most commonly reported. While a
considerable number of cytotoxic pathways have been
identified, in many cases the specific molecular target(s) with
which the Ru(ll) polypyridyl complexes interact to elicit their
anti-cancer activities remain unknown. As such, more detailed
characterisation of the molecular pharmacology of such Ru(ll)
complexes is still required.l’2 Indeed target identification is
noted as one of the most important steps in the development
of new drugs, as this can provide valuable insights as to whether
a particular cancer type is likely to respond to the drug, what
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Fig. 21 a) chemical structures and log P values of the perchlorate salts of complexes 45,
46, [Ru(phen)s]**and [Ru(bpy)s]?* their ICso values (LM) against A375 melanoma cells
after 48 hrs treatment. Values taken from the study of Luo et al.173

dosages will be required and what potential adverse side effects
may be encountered in vivo.174-177 Cell type-specific activity has
in fact been reported for numerous Ru(ll) complexes. For
example, Wolfl and co-workers found a striking difference
between the activity of [Ru(bpy)s]?* in the MCF-7 human breast
cancer and HT-29 human colorectal adenocarcinoma cell lines.
The complex showed low activity against the MCF-7 cell line
(ICso = 778.3 uM after 96 hrs incubation) whereas it was quite
active against the HT-29 cell line (ICso = 32.3 uM after a shorter
incubation time period of 72 hrs).5® Moreover, using atomic
absorption spectroscopy the authors demonstrated that similar
levels of the complex were found in both cell lines, with 9+3 and
5+3 ng of Ru found per mg cell protein in the MCF-7 and HT-29
cell lines, respectively (after treatment with 500 uM of the
complex).5% While the origin of this 24-fold difference in activity
between cell lines was not commented upon, Luo et al.
reported an interesting hypothesis for such cell line-specific
activity in their study into the biological activities of [Ru(bpy)s]%*
and a series of Ru(ll) complexes where the planarity of the
ligands and consequently the lipophilicity of the complexes
were incrementally increased, as shown in Fig. 21a.173 The
authors found that all of the complexes inhibited the activity of
the enzyme thioredoxin reductase. This is a selenoenzyme
found in the mitochondria and cytoplasm of cells, which plays
an important role in protecting cells from oxidative stress and
maintaining a redox balance within cells.17® Moreover, it was
found that as the ligand surface area increased, the complexes
became more potent inhibitors of the enzyme, both within
A375 melanoma cells and cell lysates.?’3 When the biological
activity of the complexes against five cancer cell lines was
investigated it was found that as the ligand surface area
increased, so too did the activity of the complex but also, that
there was a considerable difference between the activity of
each complex, depending on the cancer cell line tested. Based
on their hypothesis regarding the intracellular molecular target
of these complexes, the authors concluded that the inhibition
of the thioredoxin reductase resulted in increased intracellular
ROS levels and subsequent induction of apoptosis in treated
cells. Moreover, they proposed that the observed differences in
sensitivity to the Ru(ll) complexes may be due to differences in
the cellular protein expression profiles between the cancer cell
lines.173
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Fig. 22 Chemical structures of the complexes investigated as part of the structure-activity
relationship around the 2-(pyridin-2-yl)pyrimidine moiety of the bis-dppz complex
studies by Gasser et al. where the highlighted in red. Log D; values were obtained from

reference 59 and correspond to their hexafluorophosphate salts.

A key strategy used in the development of new therapeutics,
both in academia and industry, has been investigating
structure-activity relationships of new drug candidates, i.e.
trying to determine the relationship between chemical
structure and biological activity for a series of compounds,
thereby facilitating the rational design and optimisation of new
drug candidates.179-182 A number of such studies for Ru(ll)
polypyridyl complexes have been conducted. For example,
Gasser and co-workers constructed a structure-activity
relationship around the 2-(pyridin-2-yl)pyrimidine moiety of
their bis-dppz complex, shown in Fig. 22. When functionalised
with a carboxylic acid, complex 47 was found to localise in the
mitochondria of Hela cells and showed strong activity against
cells (ICso=10 uM after 48 hrs).>® However, chemical
modifications to the 2-(pyridin-2-yl)pyrimidine moiety, such as
those seen in Fig. 22 for complexes 48 - 51, resulted in a loss of
the preferential targeting of the mitochondria and the
derivatives showed reduced activity in cells. As such, the
researchers concluded that accumulation of the complex in the
mitochondria was crucial to its anti-cancer activity and
illustrated the importance of intracellular localisation on the
activity of complex 47.59,69,183

In a number of studies the size of the polypyridyl ligand
coordinated to the Ru(ll) centre was found to be of considerable
importance to its biological activity, whereby complexes
incorporating more extended aromatic ligands tended to show
greater activity.>? 61 63, 86, 99, 173, 184, 185 Exceptions to this have
been found, however; for example, in the study of Wolfl and co-
workers when one of the bpy ligand of [Ru(bpy)s:]** was
substituted for a phen ligand, the biological activity of the
resulting [Ru(bpy).(phen)]?* complex against MCF-7 cells
decreased 6-fold.>°
Of course, modulating the aromatic surface area considerably
influences the shape and lipophilicity of Ru(ll) complexes.
Numerous studies have shown a strong correlation between
increased lipophilicity of Ru(ll) polypyridyl complexes and their
biological activity,50 96 109, 110, 113, 155, 158, 168, 173, 186 and in a
number of these studies it was remarked that this enhancement
in biological activity was likely due to increased intracellular
concentrations of the complexes.®1 98,110, 113, 168 Thijs has been
clearly demonstrated for cyclometalated Ru complexes where
quantitative methods such as ICP-MS showed a significant
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increase in the intracellular concentrations of the more
lipophilic mono-cationic cyclometalates, relative to their di-
cationic non-cyclometalated counterparts. This increased
cellular uptake was accompanied by a concomitant
enhancement in their activities against various cancer cell lines
and 3D tumour spheroids, typically in the nanomolar to low
micromolar range.62 63, 114, 158, 187190 Thjs enhancement in
lipophilicity and biological activity upon cyclometalation is
highlighted in Table 2 for the dppz- and dppn-based complexes
(dppn = benzo[i]dipyrido[3,2-a:2’,3’-c]phenazine). In addition,
researchers have found Ru cyclometalates to be less sensitive
to a number of the mechanisms by which cancer cells become
resistant to cisplatin.1®® However, while modulating the
lipophilicity of drugs can result in increased cellular uptake, it
can also change the nature of the interactions with/identity of
the molecular targets of a drug, as well as alter their distribution
throughout the cell, as has already been seen for a number of
Ru(ll) polypyridyl complexes in this review. For example,
Zava et al. demonstrated that, for a series of Ru(ll) complexes,
the most lipophilic and biologically active complex (23,
log D7 = +0.55 as the chloride salt), which had an ICso of< 1 uM,
appeared to induce cell death by targeting the plasma
membrane of the cell, as opposed to via an intracellular
target.19° The considerable importance of lipophilicity on the
biological activity of Ru(ll) polypyridyl complexes that has been
reported is unsurprising given that the lipophilicity of drug
molecules has long been established as one of the most
important physico-chemical properties in determining their
potency and toxicity.3843

Another structural attribute that can have a considerable
influence on the activity of drug molecules is their chirality.192
Of the studies investigating differences between the activities
of the A- and A-enantiomers of Ru(ll) complexes, most often
only modest differences between the enantiomers was
observed, if at all.110, 111, 113, 128, 159, 167, 193-195 However, more
studies are needed to gain a better understanding of the
enantioselective interactions of Ru(ll) polypyridyl complexes in
cells.

Table 2:
cyclometalated Ru complexes against cancer cells after 48 hrs treatment. The

Comparison between the cytotoxicity of non-cyclometalated and

cyclometalating ligand has been coloured red for clarity.

Complex Charge | LogP ICso Cell Ref
P & € (uM) Line
Ru(bpy).(dppz)]* 2+ -2.5 159.9 | Hela 62
Ru(b h d 1+
u(bpy)(phey)(dppz)] 1+ | +10 | 06 | Heta | 62
(18)
Ru(b d 2
u(bpy)e(dppn)] 2+ | ~06 | 952 | Heta | 63
(52)
Ru(b h d B
u(bpy)(phpy)(dppn)] 1+ | ~10| 20 | Heta | 63
(53)
Cisplatin 2+ -2.21 16.4 Hela 63, 196
A
X
P Ny
|
XN
=
53
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Another property which a number of researchers have
correlated with biological activity is the binding affinity of
complexes for DNA, based on solution measurements.6% 155, 186,
197-200 The results of such studies have been mixed, with some
authors reporting a correlation, 155 199,200 while others found no
correlation.b1, 186,197,198 However, in a number of studies where
correlation was claimed between DNA binding and anti-cancer
activity, little or no evidence was presented to support the
hypothesis that the complexes did in fact reach the DNA of cells
or that DNA was the molecular target responsible for their
activity.

One limitation of the structure-activity studies to date is that
individual studies have generally tested relatively small libraries
of compounds, whereas large libraries would be needed to
construct more comprehensive and definitive structure—activity
relationships.181, 201 One approach to overcome this is to
conduct a meta-analysis of the various studies to date,202 203
however such a study is beyond the scope of this review. In such
meta-analyses, quantitative structure-activity relationships
(QSAR) models, where drug molecules are described in terms of
quantifiable properties when comparing their biological
activities, are of considerable importance. The most important
properties to describe a drug in such studies are the 3D shape,
volume, charge, electrostatic potential and lipophilicity (e.g.
log P value) of a drug molecule.181,204-206 Gjyen the importance
that lipophilicity has on the uptake, localisation and biological
activity of Ru(ll) polypyridyl complexes, it would undoubtedly
be of great benefit to future reviewers intending to conduct
such a QSAR study, if researchers were to report the
experimentally derived lipophilicities (e.g. log P values via the
“shake-flask” method)?°? of new complexes alongside their
biological studies in future publications.

It should be noted, however, that comparison of the activity
of Ru(ll) complexes between studies presents a number of
challenges, as will now be highlighted. As seen in this section,
the biological activity of Ru(ll) polypyridyl complexes can show
considerable variation with cell line. Within the various studies
to date, a variety of different cell lines have been used by
researchers to evaluate the biological activity of Ru(ll)
complexes and quite often there are no cell lines in common
between studies, thereby hindering direct comparison of the
activities of complexes. A useful facility that is available to
researchers is the NCI-60 Human Tumor Cell Lines Screen,208
which offers a free screening of potential anti-cancer
compounds against 60 different human tumour cell lines and
could help researchers to establish whether their complexes
show selectivity for particular cancer cell types.

An additional factor that changes between reported studies is
the time period over which cells are incubated with the
complexes under investigation, which has a considerable effect
on the biological activity. Finally, a number of different assays
have been used between studies to quantify the anti-cancer
activity of Ru(ll) polypyridyl complexes. It has been established
that the degree of activity of cytotoxic compounds against
cultured cells changes considerably depending on the type of
assay used to assess the activity.29% 210 This is also apparent for
a number of Ru(ll) complexes. The activity of [Ru(bpy).(dppz)]?*
against MCF-7 cell lines showed a dramatic difference between
studies employing different assays. When its activity was
assessed by crystal violet staining, an ICso value of 90.2 uM was
determined after 24 hrs incubation,>® whereas researchers
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using an MTT assay reported an ICsg value of 780 uM after twice
the incubation time (48 hrs).15* Another example is seen for the
dppn-containing complex 52, where a 10-fold difference in its
activity against MCF-7 cell lines after 48 hrs treatment when
crystal violet staining®® and a Calcein AM cell viability assay®3
were used, with 1Cso values of 3.3 uM and 35.1 uM, reported
respectively. For [Ru(bpy)s]?*, its activity against Hela cells after
48 hrs showed a considerable difference between studies when
determined by the LIVE/DEAD® viability/cytotoxicity assay?!!
and MTT cell viability assay,?1? with ICso values of >500 uM and
152 uM determined using the respective assays.

In addition, even if comparing different studies using the same
cell line and same Ru(ll) complex, large variations may still be
observed due to a lack of standardisation, for example, using
different equipment, different protocols, different cell culture
medium, and performing cytotoxicity experiments at different
cell line passage numbers etc.

In Vivo (No Light Activation)

While in vitro cell studies have been a cornerstone in the
development and assessment of new anti-cancer therapeutics,
oftentimes the results derived from such studies show little
applicability to studies in vivo.213.214 As such, characterisation of
the anti-cancer activity and toxicity of complexes in vivo is
essential to their development. Such in vivo investigations
began as far back as 1952 by Dwyer et al. with the toxicology
studies of A- and A-[Ru(phen)s3](ClO4), in mice.21> The complexes
had little effect on the health of mice when administered orally,
due to poor uptake, however, when administered via
intraperitoneal injection, the complexes caused paralysis and
death by respiratory failure.21> Furthermore, a ca. two-fold
difference was observed between the toxicity of the two
enantiomers, with the A-(+)-enantiomer showing greater
toxicity than the A-(-)-enantiomer (9.2 mg/kg and > 18.4 mg/kg,
respectively).215-217 Studies with radiolabelled 1%Ru revealed
that 15 mins after intraperitoneal injection at sub-lethal doses,
the complex predominantly localised in the liver and kidney and
did not appear to accumulate in other tissue types. In addition,
the rate at which the A-(+)-enantiomer entered the blood
stream from the peritoneal cavity was approximately twice that
of the A-(-)-enantiomer.?1® Within 24 hrs, 97-99% of the
complex was excreted intact from the mice, with 78-91%
present in the urine. This demonstrated that the complex was
not metabolised within the body and therefore the observed
toxicity was caused by the intact complex as opposed to one of
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Fig. 23 Schematic diagram showing the procedure for conducting in vivo xenograft and
allograft studies.

its metabolites.218 Solution studies revealed that [Ru(phen)s]?*
acted as a competitive inhibitor of the enzyme
acetylcholinesterase, with 80% enzymatic inhibition at 10> M
concentrations of the complex, with the A-(+)-enantiomer being
1.5-2 times more potent than its A-(-)-counterpart.21> 219
Further experiments demonstrated that the complex blocked
activity at the neuromuscular junctions of the diaphragm-—
phrenic nerve in rats, where it was suggested to compete with
acetylcholine, thereby causing diaphragmatic paralysis and
respiratory failure.21?

More recently, Wang et al. studied the pharmacokinetics and
biodistribution of a complex incorporating an imidazo-
phenanthroline-based ligand (complex 54) in mice after
intravenous injection of the complex as its PFg salt (3 mg/kg);220
where the concentration of Ru in biological samples was
determined by inductively coupled plasma atomic emission
spectroscopy. The complex had an elimination half-life (tl/zﬁ) of

55.1 hrs and after 72 hrs the mice were sacrificed and the
biodistribution of the complex was assessed. Of the organs
examined, the kidneys showed the highest concentrations of
Ru, with lower quantities found in the heart, liver, lungs and
spleen. Furthermore, the researchers also found evidence of
possible damage to the liver, heart and kidneys 72 hrs post-
administration of the complex.220

In addition to these in vivo toxicological studies, recently the
anti-cancer activity of Ru(ll) polypyridyl complexes have been
assessed in mouse allograft or xenograft models, which involve
the growth of tumours after implanting mice with cultured
cancer cells originating from the same species or a different
species, respectively, as illustrated in Fig. 23. A number of these
studies have revealed that Ru(ll) polypyridyl complexes can
show similar anti-cancer activity to cisplatin, but with
considerably fewer side effects and collateral toxicity.157- 221

MacDonnell and co-workers evaluated the in vivo anti-cancer
activity of the enantiomers of a mono-nuclear and di-nuclear
Ru(ll) polypyridyl complex, 55 and 56 respectively, which
incorporated the (tatpp) ligand, as shown in Fig. 24. In vitro cell
culture studies had shown the complexes to be active under
hypoxic conditions and hence, could exert preferential activity
against tumour cells, as these tend to have hypoxic
environments. The complexes were administered via
intraperitoneal injection and found to repress tumour growth in
models of xenografted H358 human non—small cell lung cancer
cells in mice.157. 222 The maximum tolerated dose (MTD, the
highest dose that does not cause unacceptable side effects)
observed for each complex was similar to that of cisplatin
(67 mg/kg for rac-55 and 64, 43 and 43 mg/kg for AA-, AA- and
the meso isomer AA-56, respectively).222 In control mice, a
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Fig. 24 The chemical structures of complexes 55, 56 and 57 and their in vivo anti-cancer activity. A) photographs and b) graph of the effect of complexes A-55
and AA-56 (as their chloride salts at 1 mg) on the tumour area (mm?) of H358 human lung cancer cells in a nude mouse xenograft model over the course of 60
days. The mice were treated with the complexes on days 0, 15 and 30 by intraperitoneal injection, each injection contained 1 mg of complex (ca. 50% of MTD)
dissolved in phosphate buffered saline (PBS). C) graph of the effect of cisplatin and complex A-57 (as its perchlorate salt) on the tumour volumes (mm3) of
Hela xenografts in nude mice over the course of 21 days. These drugs were administered by intraperitoneal injection every four days with each injection
containing 4 mg/kg for cisplatin and either 10 mg/kg or 20 mg/kg for A-57, as indicated, dissolved in saline. Images and graphs were reproduced with

permission from references 222 and 221.

rapid and near linear tumour growth was observed, however,
after six days of treatment with either A-55 or AA-56, tumour
growth slowed with only a gradual increase in dimensions over
the course of the experiment, followed by arrest of tumour
growth between days 30 and 60 of treatment, as seen in
Fig. 24a and b.

Another in vivo study by Chao and colleagues examined the
anti-cancer activity of the A-enantiomer of their Ru(ll)
polypyridyl complexes 57 in models of xenografted Hela cells in
nude mice.22 In vitro cell culture studies had previously shown
the complex to localise in the mitochondria of Hela cells and
induce apoptosis, with ICso values of 9.3 uM after 48 hrs of
treatment.’®® The complex was administered to mice by
intraperitoneal injection and was found to significantly reduce
the rate of tumour growth, with similar efficacy to cisplatin, as
shown in Fig. 24c. Furthermore, in contrast to cisplatin, the
researchers found no evidence of damage to the kidneys, livers
or sensory nerves of the mice at the end of the treatment.?2!
In vivo studies of a Ru cyclometalate, complex 58, have also
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Fig. 25 Chemical structure of complex 58 and a graph of the tumour volumes (mm?3) over
the course of 22 days in allograft models of B16F10 mouse melanoma cells in nude mice
treated with cisplatin or complex 58 (as its PFs salt). The drugs were administered by
intraperitoneal injection (13.3 umol/kg) twice a week after 10 days of implanting tumour
cells into mice. Graph reproduced with permission from reference 157.
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been undertaken, where intraperitoneal injection of the
complex was found to reduce the volume and weight of the
tumours by 40% in allograft models of B16F10 mouse
melanoma cells in nude mice, relative to untreated mice, as
shown in Fig. 25. This anti-cancer activity was similar to that of
cisplatin but in contrast to cisplatin it did not cause adverse side
effects to the liver, kidneys, or neuronal sensory system.17

Photo-Activation of Drug Molecules

While the above examples demonstrate preferential cytostatic
and cytotoxic activity towards tumour cells, chemotherapeutics
will nearly always exhibit some degree of toxicity towards
healthy non-cancerous cells (unwanted side effects). With a
view to increasing the therapeutic index of cancer drugs,
researchers have been exploiting the rich photochemistry of
transition metal complexes to develop new classes of light-
activatable therapeutics, which will now be highlighted.

The therapeutic use of light in modern medicine has its roots
in the Nobel prize-winning work of Finsen on the UV light
treatment of lupus vulgaris in 1896.223. 224 However, it was fifty
years before the systematic use of UV light with an
administered drug became clinically established when a
psoralen derivative was used to treat vitiligo and psoriasis, thus
opening the door to ‘photochemotherapy’ or ‘photoactivated
chemotherapy’.201. 225-227 The considerable appeal of this
therapeutic strategy is that it allows clinicians to administer a
drug which can disperse throughout the body, and then control
both its spatial and temporal activation by selectively
illuminating areas of the body requiring treatment. This can
significantly reduce collateral damage to healthy tissues and
adverse effects to patients, particularly in the case of cancer
therapy. In addition, as a result of considerable technological

J. Name., 2013, 00, 1-3 | 17

Please do not adjust margins




Photomedicine

Phototherapy

No Drug I

With Drug

e.g. Blue light for treatment of neonatal

Photochemotherapy (1974 definition) or

Other Processes

e.g. cycloaddition

jaundice Photoactivated Chemotherapy (2009 definition)*

Energy Electron Hydrogen Photo-Cleavage
Transfer Transfer Abstraction

to O,

0, Substrate
1 Substrate 1 1
ROS i
o, Radical Substrate Cleava .
1 o= o PR : ge of Photo-Labile
O e.g.0,", OH - Sigand(Cess Protecting Group

& H,0,

b 1

Oxidative Damage

Type Il PDT Type | PDT

Radical Photosensitiser

Subsequent Radical Reactions

1 1

Release of Biologically Active Drug
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such as porphyrins and psoralens. The relationship between the terms phototherapy, photochemotherapy and PDT are based on those recommended in reference 228.

developments over the last number of decades in light sources
and light delivery technologies (such as fiber optic light
guides),22? light can now be delivered deep into tissues. This has
transformed the field from the treatment of diseases that affect
the surface of the body to those affecting many different sites
within the body, including the brain, bladder, lungs, liver and
prostate.?3° However, despite its significant advantages, this
mode of therapy remains clinically underexploited and as such
this is an active area of research across numerous fields.

Ru(ll) polypyridyl complexes have shown great promise as
photo-activatable therapeutic agents, with a range of different
mechanisms identified by which their biological activity can be
elicited, as depicted in Fig. 26. There have been a number of
excellent reviews of this subject,227 231-233 gnd therefore this
provide key examples to illustrate these
mechanisms and, where possible, present more
examples that have emerged since the publication of these

section will
recent

listed review articles. In this review we will consider separately
reports where a role for oxygen is established and those where
Ru(ll) complexes have been designed so as not to rely on the
presence of oxygen. However, as will become apparent over the
course of this section, Ru(ll) polypyridyl complexes can undergo
a number of different mechanisms simultaneously (both
oxygen-dependent and -independent), the relative amounts of
which depend on various factors such as the nature of the Ru(ll)
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complex, the environmental conditions (such as O
concentration) and its subcellular localisation / the presence of
target biomolecules. Moreover, solid tumours may possess
regions of higher and lower oxygen concentration in vivo and
therefore the mechanism of action of such Ru(ll)-based drugs

may be foreseen to vary across these regions.

Oxygen-Dependent Mechanisms

One-Photon Activation

The medical application of photo-excited drug molecules which
rely on the presence of oxygen to elicit their activity, is classified
as photodynamic therapy (PDT). Two oxidative mechanisms are
considered to be principally involved in this photo-destruction
of tissues, which are designated as Type | and Type Il. The Type |
mechanism involves hydrogen or electron transfer between a
drug molecule in its excited state and biomolecules or dioxygen
to produce radicals. In the case of a reaction with dioxygen this
can generate species such as the superoxide anion, hydroxyl
radical or hydrogen peroxide. The Type Il mechanism (which is
considered to be the primary mode of action for most PDT
agents currently under investigation) involves energy transfer
from the triplet excited state of a drug molecule to the triplet
ground state of dioxygen (30,) to generate the highly reactive
singlet oxygen (10;2) molecule.?3423¢ The reactive oxygen species
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(ROS) generated by these mechanisms subsequently react with
biomolecules in their vicinities causing oxidative damage to the
treatment area under illumination. In this mode of therapy, the
drug molecule (photosensitiser) is not consumed and the
ground-state photosensitiser is regenerated upon the
production of ROS and can therefore undergo numerous ROS-
producing cycles.z37

Both Type | and Type Il reactions can occur simultaneously
and the ratio between these processes depends on factors, such
as the properties of photosensitiser used, the concentration of
biomolecules and dioxygen in the vicinity of the excited
photosensitiser, and the binding affinity of the photosensitiser
for a particular biomolecule.?38 In general PDT treatment leads
to cell death by either apoptosis or necrosis. A number of
factors influence the extent of photo-damage and cytotoxicity,
as well as the mechanism by which cell death occurs, following
PDT. These include the type of photosensitiser, the intensity of
administered light, the cell type investigated and the
extracellular/intracellular localisation of the photosensitiser.23%
238-241 |n addition, in vivo, the time between administration of
the photosensitiser and application of light can have a
significant impact on the efficacy of the treatment.

Traditionally,  porphyrin-based  photosensitisers  have
dominated clinical PDT. These include the first generation
photosensitisers hematoporphyrin derivative (HpD) and
Photofrin®; as well as the chlorin-based second generation
photosensitisers Foscan® and NPe6.242 However, issues such as
poor light absorption and prolonged photosensitivity
encountered with many of these photosensitisers has
motivated research into new classes of photosensitisers. With
regards to Ru(ll) polypyridyl complexes, their excited-state
properties can be tuned to allow optimal 10, generation. In fact,
a number of Ru(ll) polypyridyl photosensitisers have been
developed that are capable of producing 10, with quantum
yields of close to unity.243 244 However, while 10, can elicit
significant damage to biomolecules, resulting in cellular damage
and cell death,245 this highly reactive molecule only diffuses a
short distance within cells (ca. 100 nm);246. 247 and as such, the
subcellular localisation of a photosensitiser determines what
molecular components of the cell are damaged during
treatment and the subsequent fate of the cell.
Within our own research group, we demonstrated that a bis-
TAP complex incorporating an extended dppz ligand (complex
59) showed little activity against Hela cells in the dark (ICso
(dark) > 100 uM), however upon irradiation of the treated cells
with visible light (Aex > 400 nm, 18 J/cm?2) the complex became
highly active against cells, with an ICso (light) = 8.8 uM.4¢ Similar
light-induced activity was also observed for the dppz analogue
2. Detailed mechanistic studies showed complex 59 to
predominantly localise in the mitochondria of cells where, upon
irradiation with light, it induced apoptosis through ROS
generation. Furthermore, in the presence of inhibitors of ROS,
the light-induced activity displayed by the complex was
significantly reduced.* In contrast, when both ancillary TAP
ligands of 59 were substituted by phen ligands, the resulting
complex (60), showed little activity against treated cells with or
without light activation.46
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While Ru cyclometalates tend to exhibit strong biological
activity, with reported [Csovalues typically below 5 uM,
Sainuddin et al. recently reported that a Ru complex
incorporating a cyclometalating dppn-analogue 4,9,16-
triazadibenzo[a,c]lnapthacene (pbpn) (complex 61), showed
little activity against SK-MEL-28 human malignant melanoma
cells in the dark (ICso (dark) > 300 uM, after 80 hrs).248 This low
activity is particularly striking given that its cyclometalated
analogue 53 showed very high intrinsic activity against cells,
after 48 hrs (ICso =2 uM, see Table 2), albeit, different cell
viability assays and cell lines were used in these studies.®3
However, the authors demonstrated that when the
cyclometalating pbpn-ligand was substituted for a
cyclometalating dppz—ligand (complex 62), the intrinsic activity
of the complex was restored as complex 62 was highly active
against SK-MEL-28 cells in the dark (ICso (dark) = 1.9 uM, after
80 hrs).248 Upon activation with visible light (100 J/cm?),
complex 61 showed a substantial increase in activity
(ICso (light) = 200 nM), which corresponded to an extremely
large phototherapeutic index (i.e. the ratio of its ICsp in the light
and dark) of >1,400. Similar light-induced activity was also seen
for complex 62. By monitoring the green ligand-centred
emission from complex 61 within cells by confocal microscopy,
the researchers found that the complex localised in the nuclei
of treated cells. Mechanistic studies showed that photo-
activation of the complex resulted in the reduction of dioxygen
to produce superoxide (O;°"), which was hypothesised to be at
least partly responsible for the photo-toxicity of the complex
towards cells.?48

A particularly exciting development within the field has
emerged from the McFarland research group, who licenced a
number of Ru- and Os-based complexes to the Canadian-based
company Theralase Technologies Inc. One of these Ru(ll)
complexes, designated TLD1433 (shown in Fig. 27), has recently
commenced phaselb clinical trials in Canada as the
photosensitiser in the treatment of non-muscle invasive
bladder cancer by PDT.148 249 |n addition, Theralase has also
announced plans to expand the application of their compounds
to include lung, melanoma and brain cancers.230 Studies into
TLD1433 revealed the complex to generate 10, with a quantum
yield of near unity.251 The complex showed little dark toxicity
towards various cell lines in vitro, at tested concentrations
<10 uM after 6 hrs incubation. However, a strong
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Fig. 27 Chemical structure of TLD1433 and Kaplan—Meier survival curves of mice bearing
CT26.WT colon adenocarcinoma tumours post TLD1433-mediated PDT. Mice were
administered with TLD1433 (5 mg/kg) via intratumoral injection and after 4 hrs the
tumours were irradiated with continuous wave light (Aex=525—530 nm, 192 J/cm?).
Graph reproduced with permission from reference 252.

photodynamic effect was observed in U87 human glioblastoma
and murine CT26.WT colon carcinoma cells when incubated
with the complex (1 uM) for 6 hrs. After cells were irradiated
with green light (Aex = 525 nm, 45 J/cm?2), the complex induced
100% cell death, with corresponding lethal dose 50 (LDs) values
of 51 nM and 21 nM in the U87 and CT26.WT cell lines,
respectively. Furthermore, under hypoxic conditions (< 0.5%
0;) the PDT effect was completely lost, which demonstrated its
dependence on the presence of oxygen.

Invivo studies showed TLD1433 to have a MTD50 of
103 mg/kg in mice. The biodistribution of the complex was
assessed after either intraperitoneal or intratumoral injection of
mice with TLD1433 at 50% of the MTD50 and recording the
luminescence from homogenised tissue samples. These studies
showed rapid clearance of the complex from most tissues, with
retention of the complex in the liver (>100 puM), tumour
(16.1 uM) and the brain (11.5 uM) after 24 hrs. The in vivo PDT
activity of the complex was tested in mice with subcutaneous
allografts of CT26.WT colon adenocarcinoma cells. The complex
was administered by injection into the tumour and after four
hours the tumours were irradiated with light
(Aex =525 —-530 nm, 192 J/cm?). Upon photo-activation, the
complex induced significant tumour damage and slowed
tumour growth in a dose-dependent manner, which resulted in
anincrease in animal survival, as shown in Fig. 27. Furthermore,
the nature of the light source was found to be of considerable
importance to the efficacy of the treatment, where greater
tumour destruction was achieved using continuous wave,
rather than pulsed light.252

More recently, the authors demonstrated that when TLD1433
was incubated with the iron-binding glycoprotein transferrin, a
remarkable improvement in the properties of the Ru(ll)-
transferrin complex (designated Rutherrin) were observed. This
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included an enhancement in its molar absorption coefficient,
extension of its absorbance into the 660 nm to NIR region,
enhancement in luminescence quantum vyield and greater
photo-stability.?> As discussed previously, malignant cells tend
to overexpress the transferrin receptor, which can therefore
allow enhanced accumulation of drug molecules bound to
transferrin in these cell types.3> 91 Indeed, the Rutherrin
complex showed increased PDT efficacy in AY27 rat bladder
carcinoma cells, relative to TLD1433 alone, but curiously no
such enhancement was seen in HT1376 human bladder
carcinoma cells. Furthermore, in vivo studies in mice showed
the Rutherrin complex to be less toxic and exhibitimproved PDT
activity, relative to the complex alone. In light of this enhanced
activity, the authors have subsequently patented the use of
transferrin, as well as other glycoproteins, with metal-based
coordination complexes for use as in vivo diagnostic agents and
cancer therapeutics.253

Two-Photon Activation

Of the Ru(ll) polypyridyl complexes investigated as potential
photosensitisers for PDT, many require photo-excitation below
600 nm, which, as previously discussed, results in poor tissue
penetration. This could therefore represent a possible barrier to
their application for deeper tumours. One way by which
researchers have begun to address this, has been the two-
photon activation of Ru(ll) complexes with tissue-penetrating
light in the 800 nm region.134 211,254, 255

Two Ru(ll) complexes (63 and 64, shown in Fig. 28) have been
recently reported for two-photon PDT.211 The two-photon
absorption cross-section (o,) of the complexes were 250 GM (at
800 nm)211 and 198 GM (between 810 - 830 nm),2%*
respectively, which are significantly higher than those reported
for readily available photosensitisers such as Photofrin®, which
has a cross-section of 10 GM at 800 nm.256 However it must be
noted that Photofrin® was developed for clinical use using
single-photon (ca. 630 nm), as opposed to two-photon
activation.>” Both complexes displayed little dark toxicity
towards Hela multicellular tumour spheroids, however, upon
two-photon activation in the 800 nm wavelength region, both
complexes exhibited activities in the low micromolar range, as
illustrated in Table 3.

As mentioned previously, the subcellular localisation of
photosensitisers has a significant influence on their
effectiveness in PDT.258 259 The high charge of complex 63 (8+)
was designed with the intention of avoiding localisation in the
mitochondria or nuclei of cells in an attempt to minimise dark
toxicity.211 The complex was found to enter cells by endocytosis
and localise in the lysosomes of Hela cells, whereupon two-
photon activation of the complex (Aex = 800 nm) resulted in cell
death by necrosis.?!! This is consistent with studies of other
classes of photosensitisers which found that photosensitisers

Table 3: Tabulated biological activities of complexes 63, 64 and 65 towards Hela
multicellular tumour spheroids after two-photon activation.21% 254, 255

ICso (dark) 1Cso (light) Aex Light Dose 02
(M) (M) (nm) (/em?) (GM)
63 >500 1.9 800 10 250
64 >100 1.9 830 800 198
65 >100 5.7 810 @ 210

3100 mW, 80 MHz, 100 fs for 30 mins.
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Fig. 28 Chemical structures of complexes 63, 64 and 65, with the azo moiety highlighted in yellow. Also shown is the reduction of the azo moiety by intracellular glutathione.

that localise in the lysosomes tend to induce either apoptosis or
necrosis.?>? In contrast, complex 64 was designed to target the
mitochondria because the light activation of photosensitisers
localised in this organelle has been generally shown to induce
apoptosis, as opposed to necrosis.2®® Mitochondrial targeting
was achieved by the incorporation of a lipophilic
triphenylphosphonium moiety into the complex.2%% Such
lipophilic cations are well documented to accumulate in the
mitochondria of cells due to the large negative membrane
potential across the inner membrane of mitochondria (typically
between 140 — 180 mV).261 While complex 64 was indeed found
to localise in the mitochondria of cells, the mechanism of cell
death was not reported.254

Recently, Zeng et al. designed a glutathione-activatable Ru(ll)-
azo photosensitizer (complex 65), in which the strongly
electron-withdrawing azo-functionalised bpy ligands quenched
the luminescence of the complex and its ability to generate 10,.
However, reduction of the azo group by intracellular
glutathione, illustrated in Fig. 28, resulted in a restoration of the
luminescence of the complex and its ability to generate 10,.25%
The complex localised in the mitochondria of Hela cells and
two-photon excitation of its reduced form (o,=210GM at
810 nm) resulted in the generation of intracellular ROS and
apoptosis of both cultured cell monolayers and 3D multicellular
tumour spheroids, with low micromolar light activity, as shown
in Table 3.255

For clinical applications, new two-photon photosensitisers
would ideally possess high two-photon cross-sections, so as to
avoid the need for potentially damaging high light intensities to
achieve a therapeutic effect. As mentioned, conventional PDT
drugs have been found to possess relatively small cross-sections
(e.g. 02 =10 GM for Photofrin® at ca. 800 nm).262 In contrast,
conjugated porphyrin dimers have been developed with large
cross-sections (02 =17,000 GM) in the 900 nm region and have
shown extremely promising use in vivo.263 |n addition,
nanomaterials such as quantum dots and gold nanostars have
been shown to possess extremely high cross-sections
(02=103-10% GM) in the 800 nm region which has made such
materials of particular interest to researchers towards the
development of two-photon activated drug therapies.2%4 Indeed
a number of Ru(ll) complexes have been conjugated to
porphyrins and nanomaterials and their two-photon properties
have been studied, as will be detailed in the final section of this
review. To the best of our knowledge, no Ru(ll) polypyridyl
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complex with two-photon cross-sections in this range have
been reported in cells. However, photosensitisers may not
actually require large two-photon cross-sections for use in two-
photon therapies. In 2014, Kachynski et al. upconverted NIR
beams to generate visible light deep within tissues to activate
intracellular chlorin e6 photosensitisers by single-photon
activation to elicit PDT responses in cells.26> While this
technique has yet to be applied to Ru(ll) polypyridyl complexes,
it circumvents the need for two-photon absorption by a
photosensitiser and therefore could be of considerable use to
researchers in the future.

Oxygen-Independent Mechanisms

One significant limitation to the clinical application of
conventional PDT agents is their reliance on the presence of
oxygen within tumours. However, in vivo, solid tumours often
possess regions of low oxygen concentration, which has been
shown to limit the efficacy of such agents.115 146, 266 Moreover,
the use of PDT agents in vivo may also induce hypoxia in tissues
as a result of damage to the local vasculature and
photochemical consumption of oxygen.146. 266, 267 Ag such, the
development of light-activatable drugs that do not rely on the
generation of ROS to elicit their activities is highly desirable and
will now be discussed.

There is increasing interest in the use of external stimuli,
particularly light, to provide spatial and temporal control over
the release of biologically active molecules in the body. One
such concept involves the inactivation of drug molecules using
a protecting group (a process termed “caging”),268 which can be
removed upon light irradiation (“uncaging”). This concept is
often referred to as “photo-triggered” release.2%® With regards
to cancer therapy, using this treatment strategy, drug molecules
with selective activity for specific cellular targets can be
released in target cells and tissues. This could represent a
considerable advantage over PDT, where ROS production
results in oxidative damage to numerous types of biomolecules,
thereby potentially activating/altering numerous biochemical
pathways within cells and tissues during treatment.

Within this area, two design strategies can be seen in the
development of Ru(ll) polypyridyl complexes, where the Ru(ll)
core is either used as the biologically active molecule or as the
photo-cleavable protecting group, whose main purpose is to
inactivate drug molecules. For ease of discussion these design
strategies have been designated ‘case I’ and ’case I,
respectively.
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Case I: Two distinct methods have been employed to inactivate
the biological activity of Ru(ll) polypyridyl complexes: through
the coordination of a ligand to the Ru(ll) metal centre, whereby
the bond between the Ru and the ligand is cleaved upon light
activation (case la); or by attachment of a photo-labile
protecting group to one of the ligands, which is removed upon
light activation, but the coordination sphere of the Ru(ll) metal
centre remains unaltered (case Ib).
Case la: While some Ru(ll) polypyridyl complexes are quite
photostable, those possessing distorted octahedral geometries
can undergo photo-induced ligand loss due to the population of
low-lying metal-centred excited states, which possess strong
antibonding character. One way that complexes have been
designed to undergo efficient photo-induced ligand loss is to
incorporate sterically demanding ligands into the coordination
sphere of the Ru(ll) metal centre. Such complexes are capable
of inducing light-triggered toxicity with I1Cso(light) values in the
low micromolar range in cultured cell monolayers and 3D
tumour spheroids, whilst displaying low toxicity in the dark.270
274 For example, when complex 66, which incorporates two
bulky 6,6’-dimethyl-2,2'-bipyridine (dmb) ancillary ligands, was
irradiated with visible light (7 mW/cm?2) in water, the complex
underwent rapid ejection of one of the dmb ligands, as shown
in Scheme 1, with a ti; value of 275 seconds.?’3 Such
photochemically generated bis-aqua species have been
demonstrated to covalently bind to guanosine monophosphate
(GMP) and plasmid DNA via substitution of the thermally labile
Ru-OH; bonds.?73: 275, 276 This binding mode is similar to that of
the anti-cancer drug cisplatin and offers the notable advantage
of spatial and temporal selectivity in its activation.232 In addition
to undergoing photo-induced ligand loss, complex 66 was also
shown to produce 10, with a quantum vyield of 0.42, and
therefore could undergo both oxygen-dependent and oxygen-
independent photo-reactivity. Interestingly, when only one
thiophene unit was present in the extended ligand, only 3% 10,
was generated by the complex upon light activation, although
the rate of ligand loss was significantly higher. The complex
showed little activity against HL-60 human promyelocytic
leukaemia cells in the absence of light activation
(ICso(dark) = 150 uM after 80 hrs). However, upon irradiation
with visible light (100 J/cm?) the complex became highly active,
with an ICso(light) value of 0.2 uM, corresponding to a
phototoxicity index of 750.273

In another study, Hufziger et al. incorporated a 6,6’-OH-bpy
ligand in complex 67 (pKs1=5.26 and pK,; =7.27) so that the

Case la

Biologically Active
Aquated Ru Complex

Scheme 1: Photo-triggered ligand loss in complex 66 due to the sterically crowded
coordination sphere of the Ru(ll) mental centre.
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ligand would undergo photo-triggered release at low pH, but
not at higher pH values, where both hydroxyl groups were
deprotonated. It was envisioned that this pH sensitivity would
enhance its selectivity for cancer cells due to the lower pH
commonly found in tumour masses. Despite this, however, the
complex showed low photo-induced activity against Hela cells,
with ICso(light) values of 88 uM.212

In addition to bidentate ligands, complexes with one or more
monodentate ligands can undergo photo-triggered release.
Turro and co-workers showed that photo-excitation of the
cyclometalated complex 58 (Aex =690 nm, 5 J/cm?2) resulted in
the ejection of the monodentate acetonitrile ligands. The
complex was highly active against OVCAR-5 human ovary
carcinoma cells in the dark, with ICso(dark) values of 1 uM after
39 hrs, which was attributed to thermal ligand exchange in the
presence of intracellular glutathione.?’7 Indeed other
researchers also demonstrated similarly strong activity of
complex 58 against U87 glioblastoma cells, where the complex
was found to induce endoplasmic reticulum stress and
apoptosis in treated cells.’57 Photo-activation of the complex
resulted in an enhancement in activity by a factor of 14, with
ICso (light) values of 70 nM.277 By incorporating a dppn ligand
into the coordination sphere of the Ru(ll) metal centre of
complex 68, the same authors designed a dual-action complex,
capable of 10, production and photo-induced ligand loss,
although the quantum efficiency of ligand loss was very low
(<1%). The complex showed low activity against Hela cells in the
dark (ICso(dark) =330 uM after >72 hrs); however upon
activation with 466 + 20 nm light (6.5 mW/cm?2 for 20 mins), the
complex became highly active against cells, with an
ICso(light) value of 470 nM. 278

While aquated forms of Ru(ll) complexes ([Ru(L)n(OH2)n]?*)
have been shown to covalently bind to and cross-link DNA in
solution,?33. 273, 275 eyidence to confirm that DNA is in fact the
cellular target of such complexes has yet to be reported and
therefore further such studies are still required.

Case lb: The incorporation of organic photo-labile protecting
groups into biologically active molecules has seen intensive
study across various fields.279-281 However, there has been
relatively little investigation into controlling the biological
activity of Ru(ll) polypyridyl complexes with photo-labile
protecting groups, which do not involve the breaking of the Ru
ligand bond. One example has been reported by Gasser and
co-workers, who incorporated a photo-labile 3-(4,5-dimethoxy-
2-nitrophenyl)-2-butyl ester to inactivate their biologically
active complex 47, as shown in Scheme 2.%° Solution studies
demonstrated that upon UV-A light activation, the protecting
group underwent photolytic cleavage with a quantum yield of
0.038. When Hela cells were incubated with the inactivated
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Scheme 2: Photo-deprotection of complex 51 to yield the biologically active complex 47.

complex 51, little dark activity was observed after 4 hrs of
treatment (ICso(dark) = >100 uM). However, upon irradiation
with UV-A light (2.6 J/cm?), the activity of the complex was
enhanced considerably with ICso(light) values of 17 uM, which
were similar to the ICso(dark) values seen in cells treated with
the biologically active complex 47 (16 uM).%°

Case IlI: A variety of biologically active molecules have been
inactivated by their coordination to a Ru(ll) metal centre, which
may be removed upon photo-activation. These include enzyme
inhibitors,282. 283 neuroactive 4-aminopurine,?8* nicotine;28>
butylamine, tyramine, tryptamine and serotonin, 286 the
neurotransmitters y-amino butyric acid (GABA)287. 28 and
glutamate;289 290 and the fluorescent probe Rhodamine.29!
Many of these have been investigated in cells.282, 285, 287, 288, 230,
291 In one such study, Fino et al. exploited two-photon photo-
triggered release of glutamate from complex 69 to activate
neurons in tissue samples to enable researchers to probe
complicated neural circuit dynamics.?8? Upon light activation
the complex underwent rapid ejection of the caged glutamate
molecule, as shown in Fig. 29a, with a quantum yield of ca. 0.13
in water at pH 7 and a corresponding two-photon uncaging
efficiency (“functional cross-section”) of 0.14 GM at 800 nm.287,
290 By using two-photon activation (Aex=800nm) the
researchers achieved significantly higher spatial resolution in
the activation of 69 relative to one-photon activation, and could

Caselll

Fig. 29 a) the photo-triggered release of the neurotransmitter glutamate from complex
69 upon one-photon (A = 532 nm) and two-photon (Ae = 800 nm) excitation and b) a
pyramidal neuron in which the photo-triggered release of glutamate from complex 69
was achieved by laser excitation in the regions highlighted in green. Image reproduced
with permission from reference 287.
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Fig. 30 The photo-triggered release of the biologically active bis-aqua Ru(ll) complex and
two 5-cyanouracil molecules from complex 70.

induce glutamate release
neurons.287

In addition to releasing inactivated drug molecules from the
coordination sphere of the Ru(ll) centre, this process also
generates the potentially biologically active aquated Ru(ll)
complex, and as such, this photo-activation of the caged
complex can generate two biologically active molecules: a
[Ru(OH,)]?* species and the free drug cargo, as illustrated in
Fig. 30 for complex 70. Upon photo-activation of complex 70
with 400 nm light in deoxygenated water, two of the biologically
active 5-cyanouracil ligands were ejected, with the concomitant
generation of the bis-aqua Ru(ll) species, with a quantum yield
of 0.022.292, 293 Complex 70 showed no dark toxicity towards
Hela cells after 2 hrs incubation; however, upon visible light
activation for 1 hr, an LCso value of 160 uM was observed. This
relatively low activity was similar to that seen for cells treated
with 5-cyanouracil alone. Furthermore it was not determined
whether complex 70 was internalised by cells before photo-
activation, or whether the observed photo-induced activity in
fact originated from extracellular complexes.2°2

Another way by which the photo-reactivity of Ru(ll) complexes
has been exploited for light- activatable therapies is the design
of complexes which possess strongly oxidising excited states,
capable of photo-oxidising target biomolecules in their vicinity.
As shown in Fig. 26, the radical species generated from such
electron transfer reactions can interact with oxygen to generate
ROS (Type | PDT mechanism) but can also undergo additional
oxygen-independent radical reactions. Such reactions can result
in damage to biomolecules, as well as the formation of new
covalent bonds.2?4-2°7 Through the incorporation of m-deficient
ligands (such as TAP) into the coordination sphere of the Ru(ll)
metal centre, the Kirsch-De Mesmaeker and Moucheron
research groups have developed various Ru(ll) polypyridyl
complexes, capable of photo-oxidising and forming covalent
bonds to target biomolecules for applications such as anti-
cancer and anti-sense gene therapies, 2?8 299 which will be
highlighted in the next section.

This section has discussed how various properties of the
excited states of Ru(ll) polypyridyl complexes can be harnessed
to develop new classes of photo-activatable therapeutic agents.
However, the characterisation of the ultrafast processes
occurring within these complexes upon absorption of light,
which ultimately lead to their sought-after reactivity, has
predominantly been carried out in solution.300.301 |n an effort to
enhance our understanding of the processes occurring within
the excited states of Ru(ll) complexes when internalised by cells,
Dietzek and colleagues recently investigated the ultrafast
dynamics of [Ru(bpy)z(dppz)]?* within fixed HepG2 cells by
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Fig. 31 a) confocal microscopy image of fixed HepG2 cells, which had been incubated
with of [Ru(bpy).(dppz)]?* (50 uM) for 24 hrs prior to fixation, b) transient absorption
intensity map at a 10 ps delay of the same cells (Apump = 430 nm and Ayrope = 580 nm), c)
overlay of images a and b; and d) transient absorption kinetics traces observed in the
indicated positions of the cell displayed on the inset (black square indicates point 1 while
the yellow dashed line denotes the nucleus). The data for the kinetics traces were
recorded with Agump = 430 nm and Agrobe = 580 nm. Images reproduced with permission
from 302.

transient absorption microscopy.392 Confocal microscopy
studies showed the emission from the complex to originate
from the nuclei of the fixed cells, as shown in Fig. 31a. Similarly,
transient absorption signals (Apump = 430 Nnm and
Aprobe = 580 nm) from the complex were only detected from the
nuclei of treated cells, with no signals originating from the
cytoplasm, as shown in Fig 31b-d.392 This work demonstrated
for the first time that ultrafast photo-induced processes
occurring in Ru(ll) complexes can be investigated within cells.
Moreover, such studies may enable researchers to gain a more
detailed understanding of the interplay between the ultrafast
dynamics within these complexes and their biological activities.

X-Ray Sensitisers (radiosensitisers)

While photochemotherapy typically refers to the use of non-
ionising radiation to activate a drug molecule (light in the UV to
NIR regions),3%3 light in this spectral region has a finite
penetration depth in vivo. In contrast, high-energy radiation,
such as X-rays and y-rays, has no such limit and can therefore
irradiate any part of the body, regardless of tissue depth.304 305
The use of drug molecules to enhance the susceptibility of
tumours to ionising radiation is clinically well established. Such
drugs, termed “radiosensitisers” include platinum-containing
drugs and taxanes, and this combination of chemotherapy and
radiation therapy is termed “chemoradiotherapy”.396 307 |n
recent years, researchers have begun to evaluate the potential
of Ru(ll) polypyridyl complexes in such treatment regimes and
have demonstrated that upon exposure to ionising radiation, a
synergistic decrease in survival can be achieved in cancer cells
pre-treated with Ru(ll) polypyridyl complexes.64 220, 308, 309 For
example, Gill et al. demonstrated that when Hela cells were
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Fig. 32 a) chemical structure of complex 71 and the log P value of its PFg salt and b) plot
of the survival fraction of Hela cells irradiated with varying doses of 137Cs-y-rays, in the
absence of complex 71 and after incubation with complex 71 (40 uM) for 20 hrs. Graph
reproduce with permission from reference 64.

pre-treated with complex 71 (40 uM) for 20 hrs and exposed to
137Cs-y-rays with a dose of 6 Gy, a 7-fold decrease in cancer cell
survival was achieved relative to radiation alone, as shown in
Fig. 32b.5* Furthermore, the complex showed low toxicity
towards cells in the absence of radiation.®* In addition to acting
as a radiosensitiser, the complex also displayed intrinsic anti-
cancer activity. ICP-MS studies revealed that, of the total Ru
content in cells, 58% was found in the cytosol and 20% in the
nucleus, where it stalled DNA replication fork progression,
resulting in the activation of DNA damage checkpoints and
impeding cell-cycle progression. This DNA-based mechanism of
action therefore imparted complex 71 with preferential activity
against rapidly proliferating cancer cells over non- malignant
cells, as demonstrated by its ICso values of 38 uM and >100 uM
after 24 hrs, in Hela breast cancer cells and non-malignant
human foreskin fibroblasts (HFFs), respectively.*

Nomenclature and Terminology

This section has illustrated a diverse range of mechanisms by
which Ru(ll) polypyridyl complexes may elicit their biological
activity upon light activation. Indeed, across numerous fields
new classes of photo-activatable drug molecules with diverse
mechanisms of action are being developed in tandem with new
terminology. However, the majority of these terms have yet to
be assigned official definitions. As such, the use of a number of
these terms can be seen to vary slightly between researchers,
both between different fields and within the Ru field. With this
in mind, a glossary is provided below, which presents the
definition of the most widely adopted terms, based, where
possible, on the publications in which they were first coined.

Photochemotherapy- “the interaction of light and drug that
results in a beneficial effect on disease”. Parrish et al.
1974.201

Photodynamic therapy (PDT)- the therapeutic application of
the photodynamic effect, ie. “photoinduced damage
requiring the simultaneous presence of light, photosensitizer
and molecular oxygen”. (IUPAC).237

The term arose from mechanistic investigations by
researchers between 1900 and 1907, who noted that
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topically applied eosin could treat skin tumours upon light
activation via an oxygen-dependent mechanism, which they
termed “photodynamic action”.226 Furthermore, in 1941 it
was recommended that the term “photodynamic” only be
applied to photosensitised reaction in biological systems in
which oxygen is consumed.310, 311

Type | PDT: radical-mediated photo-oxidative damage
involving hydrogen or electron transfer reactions.

Type Il PDT: 0-mediated photo-oxidative damage
involves energy transfer.

Type Il PDT: this term is not universally adopted and has
multiple reported definitions making it an ambiguous term.
These definitions include:

i) The
photosensitisers and
tumours.312-314

ii) The ejection of a hydroxyl radical directly from a photo-
excited bacteriochlorophyll. The term was introduced
by Scherz et al. as the authors noted that this process
did not fall under either the Typel or Typell
mechanisms.31>

iii) The direct reaction of a photo-excited molecule with a
biomolecule, resulting in the destruction of the photo-
excited molecule and damage to the biomolecule. This
mechanism is highlighted as likely to be oxygen-
independent in nature.316

iv) To denote that the photo-reaction(s) does not involve
oxygen.317,318

However, based on the established definition of PDT,

wherein the presence of oxygen is a critical component,

one might ask whether oxygen-independent mechanisms
can in fact be classified as PDT, under its current definition.

interaction between excited triplet

native free radicals in

Photoactivated chemotherapy (PACT)- exploiting the
deactivation pathways of photo-excited transition metal
complexes (both photophysical and photochemical), for
therapeutic application. These mechanisms of action can be
oxygen-dependent and/or oxygen-independent in nature.
Sadler and co-workers, 2009.227

It should be noted that the acronym PACT is also used for the
term ‘photodynamic antimicrobial chemotherapy’.

Photo-triggered release- the release of a chemical species
(such as a drug molecule) by light-induced cleavage of a
photo-labile protecting group.

Caged- a chemical species (such as a drug molecule) whose

activity has been “switched-off” through the attachment of
a photo-labile protecting group. Kaplan, 1978.268
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Ru(ll)-Conjugates

The ability to selectively target specific cell types and molecular
targets, and control the subcellular localisation of a compound
is of considerable interest to researchers when designing new
imaging and therapeutic agents. One strategy that has shown
great promise in enhancing these capabilities has been the
conjugation of Ru(ll) polypyridyl complexes to targeting
molecules. In addition, the conjugation of functional molecules
to Ru(ll) complexes, can impart new advantageous properties
to the resulting systems. This section highlights various types of
conjugates that have been developed and assessed in cells and
in vivo to date.

Ru-Nucleotide Conjugates

There has been considerable research into the development of
oligonucleotides and their analogues as therapeutic agents for
the treatment of various diseases.31321 The most famous
mechanism of action through which they exert their therapeutic
effect is antisense therapy. This involves the binding of
complementary engineered oligonucleotides to a specific target
messenger RNA (mRNA) sequence, through base pairing, to
prevent translation of the mRNA into a protein; thereby
silencing the gene from which the mRNA molecule was
transcribed.32?

Reschner et al. conjugated a Ru(ll)-TAP complex to a 21mer
antisense oligonucleotide, targeting an E6 oncogene which is
associated with the Human Papillomaviruses (HPV)-linked
cancers.2?? The researchers had previously demonstrated that
Ru(ll) complexes incorporating at least two m-deficient TAP
ligands, could photo-oxidise guanine and form covalent photo-
adducts with the guanine nucleobase of DNA, as shown in
Fig. 33a.323328 |ndeed, solution studies demonstrated that
conjugate 72 (illustrated in Fig. 33b) formed covalent photo-
adducts with target sequences upon light activation and was
therefore anticipated to exhibit photo-induced gene silencing in
cells. Furthermore, in the absence of a target sequence, the
[Ru(TAP);]%* core formed intramolecular photo-adducts, as
illustrated in Fig. 33c, thereby neutralising the photo-reactivity
of the conjugate and preventing off-target reactions. The
biological activity of 72 was assessed in HPV16—infected SiHa
human cervical cancer cells. Cells were incubated overnight
with conjugate 72 (200 nM) in the presence of a transfection
regent, to promote internalisation of the conjugate, washed
and illuminated with 380 - 480 nm light for 2.5 hrs. After 24 hrs,
cells were shown to undergo a selective repression of E6 at the
protein level, reactivation of p53 tumour suppressor protein
expression, and a reduced cell proliferation of 52%.29°

There are, however, a number of challenges faced when using
nucleotide conjugates, which include poor cellular uptake and
their degradation by nucleases within cells. To overcome such
issues, researchers have developed nucleotide analogues such
as pyrrole—imidazole polyamides and peptide nucleic acids
(PNAs) for antisense applications.329-338 However, while the
synthesis of a number of Ru(ll)-PNA conjugates has been
reported, evaluation of their application in cells has yet to be
investigated.339-341
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Fig. 33 a) chemical structure of the photo-adduct of [Ru(TAP),(phen)]?* with GMP, b) chemical structure of the [Ru(TAP),(phen)]?*-oligonucleotide conjugate 72 and c) schematic
representation of the behaviour of conjugate 72 (coloured purple) in the absence and presence of a complementary target strand (coloured green). Figure adapted from reference

299.
Peptide Conjugates

Peptide conjugation has found various applications in chemical
biology and drug development. Conjugation can impart water
solubility to hydrophobic molecules, enhance cellular uptake,
act as targeting motifs and improve biocompatibility to reduce
toxicity.342 343 With regards to Ru(ll) polypyridyl complexes,
conjugation of peptides to complexes has been used effectively
to:

1) Target receptors expressed on the cell membrane of
particular cell types.183 344, 345

These peptides include bombesin,83 arginylglycylaspartic acid
(RGD)3** and somatostatin peptides.3*¢ These peptide
conjugates showed high affinities for their molecular targets
and in @ number of cases, the conjugates were shown to be
predominantly internalised by the target cell types, relative to
other cell types.

Weil and co-workers reported the first receptor-targeting
Ru(ll)-peptide conjugate for use as a PDT agent.346 The peptide
hormone somatostatin was conjugated to a [Ru(bpy)s]?* core
(shown in Fig. 34) with the aim of increasing the selectivity of
the resulting Ru(ll)-conjugate 73 for cancer cells that
overexpress the somatostatin receptors; thereby minimising
collateral damage to non-cancerous cells in the vicinity during
PDT.346 Peptide conjugation resulted in a significant
enhancement in uptake by A549 cells, which expressed the
receptor, and uptake was found to occur by receptor-mediated
endocytosis. The conjugate showed low dark toxicity towards
cells (ICso (dark) =300 uM), however upon activation with

O HOOC-Cys—
N/\/%OM/\N N
N o H s.
Fys—
= Somatostatin OH N-Ala
peptide

470 nm light (7 J/cm?2), the complexes was highly active against
cells, with ICsp (light) values of 13 uM.346

2) Enhance cellular uptake of Ru(ll) complexes.

This has been achieved either by triggering receptor-mediated
endocytosis34® or using cell penetrating peptides 347-350 These
are short amphiphilic and cationic peptides (typically below 30
amino acid residues in length) that are rapidly internalised by
cells.349 351 Examples of these include oligoarginine and the
trans-activating transcriptional (TAT) protein of HIV-1. The
mechanisms of uptake of cell penetrating peptides are still a
subject of investigation, with both energy-independent and
energy-dependent processes having been reported.347-349 These
peptides have been exploited for the delivery of various types
of molecular cargo into cells, such as imaging agents, nucleic
acids, drugs, nanoparticles,3°2 and are now being evaluated for
use with Ru(ll) complexes.?98: 353-356 For example, Kirsch-De
Mesmaeker and co-workers conjugated the cell penetrating
TAT peptide (sequence GRKKRRQRRR) to a bis(TAP) Ru(ll)
complex

(conjugate 74 in Fig. 34) for application as a photo-activated
therapeutic agent.2%8 In the absence of the peptide, the complex
was unable to enter cells; however upon incorporation of the
peptide, the conjugate was readily internalised by Hela cells.
Solution studies showed that upon light activation of conjugate
74 in the presence of guanine-containing DNA, the complex
formed covalent bonds with the guanine residue and was
therefore anticipated to exhibit photo-toxicity in cells.
However, the conjugate showed no photo-induced toxicity
towards cells,2°8 in contrast to the bis(TAP) complexes 2 and 59,
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Fig. 34 The structures of complex 73 and 74. The sequence of the somatostatin peptide denoted in blue from the N- to C-terminus is Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-

Thr-Ser-Cys. The TAT peptide sequence is Gly-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-NH,.
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Fig. 35 Structures of the Ru(ll)-conjugates 75, 76 and 77 and a) & b) the confocal microscopy images of Hela cells incubated with conjugate 75 (75 uM, for 2 hrs, Ru emission coloured

green). The time-gated STED microscopy images of c) 76 bound to chromosomal DNA in the nucleus of a Hela cell during metaphase (cells were incubated with 76 (40 uM) for 24
hrs) and d) Hela cells fixed after incubation with 77 (70 uM) for 4 hrs. The mitochondrial targeting sequence is Phe-(D-Arg)-Phe-Lys-Phe-(D-Arg)-Phe-Lys-CONH,, the nuclear targeting

sequence is Val-GIn-Arg-Lys-Arg-GIn-Lys-Leu-Met-Pro and the ER targeting sequence is Arg-GIn-lle-Lys-lle-Trp-Phe-GIn-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys. Images reproduced with

permission from references 357 and 358.

which have been shown to be highly active against Hela cells
when irradiated with visible light.%¢ The authors attributed the
lack of activity of conjugate 74 to its subcellular localisation. The
conjugate was found predominantly in endosomal and
endoplasmic reticulum vesicles, and therefore had no access to
its intended DNA or RNA molecular targets, which highlighted
the importance of the subcellular localisation of this class of
photo-activated therapeutic.258 259,298

While conjugation to the TAT cell penetrating peptide did not
afford nuclear localisation, it is interesting to note that in
addition to facilitating cell uptake, cell penetrating peptides that
are rich in positively charged amino acid residues, such as
arginine or lysine, can promote nuclear localisation via active
transport through the nuclear pore complex.35°

3) Control the intracellular localisation of the Ru(ll) complexes.
Within cells, specific signalling molecules such as peptides of a
particular sequence are utilised to ‘tag’ molecules and mediate
their delivery to a target organelle.3%0, 361 By conjugating
peptides of the appropriate sequence to Ru(ll) complexes,
researchers have succeeded in controlling the localisation of the
resulting conjugates within cells. The Keyes research group have
been particularly active in this area and showed that
conjugation of a nuclear localisation signal (VQRKRQKLMP-NH;)
derived from the transcription factor NF-kB,3%2 facilitated the
nuclear localisation of Ru(ll) complexes, which in the absence of
the peptide had been either unable to enter live cells or had
otherwise localised in the cytoplasm.363

In another study, two cell-impermeable complexes were
conjugated to a mitochondrial penetrating peptide
(FrFKFrFK-CONH,, where r=D-arginine) and the resulting
dinuclear conjugate 75 was readily internalised by Hela cells by
an energy-dependent mechanism and selectively localised in
the mitochondria, as shown in Fig.35a. Furthermore, the
conjugates could be used to monitor dynamic changes in

This journal is © The Royal Society of Chemistry 20xx

oxygen and ROS levels within the mitochondria of live Hela cells
using fluorescence lifetime imaging.3%”

In a more recent study, Ru(ll)-peptide conjugates were utilised
as luminescent stains for the imaging of DNA and the
endoplasmic reticulum by stimulated emission depletion (STED)
microscopy.3*® STED is an ultra-resolution microscopic
technique in which resolution below the diffraction limit can be
achieved. This technique has allowed researchers to probe the
microstructures within cells in unprecedented detail, with
resolution below 50 nm reported.3¢4366 The nuclear stain
(conjugate 76) consisted of a DNA “light-switch” complex,
incorporating the dppz ligand, conjugated to the
aforementioned nuclear localisation signal
(VQRKRQKLMP-NH,), whereas the endoplasmic reticulum stain
(conjugate 77), incorporated a [Ru(bpy);]?* core conjugated to
an endoplasmic reticulum targeting peptide
(RQIKIWFQNRRMKWKK), as shown in Fig.35. Confocal
microscopy studies demonstrated that both 76 and 77
selectively stained their target organelles in live Hela cells.
Subsequent STED microscopic studies of conjugate 76 in live
Hela cells revealed high resolution and high contrast images of
the chromosomes within the nucleus and in the case of
conjugate 77, detailed features of the tubular endoplasmic
reticulum structure within fixed Hela cells were visualised, as
shown in Fig. 35c and d, respectively.

Both complexes exhibited excellent photostability under the
high intensity of the STED lasers and due to their long
luminescence lifetimes, the stains could be used for time-gated
STED spectroscopy, which reduced background signals from the
samples thereby achieving higher image resolution.3%8 This
represented the first example of luminescent metal complexes
for use in STED microscopy and highlighted the excellent
suitability of Ru(ll) polypyridyl complexes as imaging agents for
this emerging microscopic technique.
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Fig. 36 Structures of complexes 47 and 78 and confocal microscopy images of Hela cells
fixed after incubation with a) complex 47 (20 uM) for 2 hrs and b) complex 78 (100 uM)
for 2 hrs. Images reproduced with permission from references 59 and 183.

While peptide conjugation has been demonstrated to resultin
the successful targeting of specific cell types, enhance the
uptake of Ru(ll) polypyridyl complexes and control their
intracellular distribution within cells, a study conducted by the
Gasser research group highlighted some of the challenges that
can be encountered with such systems. They investigated the

a)

influence of peptide conjugation on the intracellular localisation
of their bis-dppz complex 47, which had been shown to localise
predominantly in the mitochondria of Hela cells, as shown in
Fig. 36a.5° The researchers found that conjugating the complex
to either a nuclear or mitochondrial targeting sequence (-RRRK
and —RFK, respectively) resulted in both conjugates localising in
the nucleoli and cytoplasm of Hela cell.183 In addition, the
authors found that the nature of the spacer between the Ru(ll)
complex and the peptide had a dramatic effect on the uptake
and localisation of the conjugates. When a peptide of random
sequence (GPGVK) was directly attached to complex 47, the
resulting conjugate was not internalised into cells. In contrast,
when a flexible hexyl spacer was inserted between the peptide
and complex, the resulting conjugate (78) was internalised into
cells and predominantly localised in the nucleus, as shown in
Fig. 36b.183 This suggests that the nature of the linker between
the Ru(ll) complexes and targeting peptides can have a
significant impact on their successful use in cellular studies. It
should be noted however that this study used fixed cells, which
has been reported to possibly alter peptide uptake and
localisation,349. 351, 367 thereby potentially comprising the
intracellular location of the conjugates.

It is interesting to note that the targeting Ru(ll)-conjugates
reported by the Keyes group, such as those shown in Fig. 35,
also contained flexible spacers between the peptides and Ru(ll)
complexes.357.3%8,363 Indeed the importance of the nature of the
linker between peptides and their molecular cargo has been
highlighted in various other systems.368-370

While the conjugates presented thus far have incorporated
short oligopeptides, Weil and co-workers recently developed a
ca. 67 kDa  polypeptide conjugate for photodynamic
applications.3’1 The macromolecular conjugate (79), illustrated
in Fig. 37a, consisted of a modified polycationic human serum
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= poly(ethylene oxide) side chains for water solubility and reduce any non-specific interactions
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Fig. 37 a) schematic representation of the macromolecular conjugate 79 consisting of a modified polycationic HSA protein covalently functionalised with Ru(ll) complexes (red),

triphenylphosphonium cations (green) and poly(ethylene oxide) side groups (grey). B) illustration of the chemical structure of part of the HSA polypeptide sequence (purple). HSA

structure obtained from the PDB (code 1BKE)372 and the figure was modified with permission from reference 371.
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Fig. 38 Chemical structure of glycoconjugates 80 — 84 and confocal microscopy images of a) & b) formalin-fixed HepG2 cells after incubation with each conjugate 80 and 81,

respectively, (500 uM) for 24 hrs and ¢ & d) paraformaldehyde-fixed A2780 cells after incubation with conjugate 83 and 84, respectively, (100 uM) for 3 hrs in serum-free medium.
Ru emission is shown in red and nuclear stain emission is shown in blue. Images reproduced with permission from reference 373 and 374.

albumin (HSA) protein, in which ca. 10 of its exposed tyrosine
residues were conjugated to a Ru(ll) polypyridyl complex, as
depicted in Fig. 37b. In addition, lipophilic
triphenylphosphonium cations were conjugated to the protein
to achieve mitochondrial targeting and poly(ethylene oxide)
side groups were incorporated into the protein to impart water
solubility and reduce any non-specific interactions. The
researchers found that protein conjugation significantly
improved the photophysical properties of the Ru(ll) complex
and enhance its 10, quantum yields, compared to the complex
alone;371similar to the observations previously discussed for the
Ru(ll) complex TLD1433 when bound non-covalently to the
transferrin glycoprotein.?>3 As anticipated, conjugate 79 was
found to localise predominantly in the mitochondria of Hela
cells. The conjugate showed little activity against cells in the
dark, however upon light activation, the conjugate was highly
active, with ICsp(light) values of 35 nM in Hela cells which had
been incubated with 79 for 4 hrs and irradiated with 470 nm
light (5 mins, 20 mW/cm?2). In addition, conjugate 79 had a two-
photon absorption cross-section of 50 GM at ca. 800 nm, which
was noted to permit the use of light at longer wavelengths to
excited the conjugate for future possible in vivo applications.372

Ru-Carbohydrate Conjugates (Glycoconjugates)

Similarly to peptides, carbohydrates can enhance water
solubility and increase the biocompatibility of drug molecules.
In addition, they can also target specific carbohydrate-binding
proteins (lectins) on the surface of cells.37> However, to date,
there have been relatively few investigations into the biological
application of Ru(ll) glycoconjugates.

In 2010, researchers examined the cellular uptake of a
[Ru(bpy)s]** complex incorporating either D-glucose,
D-galactose or D-mannose thioglycosides (conjugates 80 — 82,
respectively), in HepG2 cells, as shown in Fig.38.373 The

This journal is © The Royal Society of Chemistry 20xx

glycoconjugates showed slow uptake by cells, requiring
incubation times of 24 hrs and, of the sugars investigated, the
glucose-substituted conjugate showed the greatest uptake,
with the galactose- and mannose-conjugates showing lower
uptake and a different cellular staining pattern in formalin-fixed
cells, as seen in Fig. 38a and b. The authors postulated that
uptake of the conjugates occurred by an endocytic mechanism
as opposed to via a transporter, however, they were unable to
conduct experiments to prove this.

More recently, researchers examined the anti-cancer activity
of two Ru(ll)-Au(l) complexes conjugated to acetylated
thioglucose (conjugates 83 and 84, shown in Fig. 38).374 The
biological activities of both complexes increased upon
incorporation of the sugar moiety and showed similar activities
to cisplatin against the A2780 ovarian carcinoma cell line with
ICso(dark) values of 1 and 3 uM, for 83 and 84, respectively.
Mechanistic studies revealed that the conjugates were
internalised into cells via an active or facilitated transport
mechanism and that the glucose transporter GluT-1 was not
involved in their uptake. The conjugates showed quite different
localisation in paraformaldehyde-fixed A2780 cells, with 83
distributing throughout the cytoplasm, while 84 accumulated in
the nuclei of cells, as shown in Fig. 38c and d.

In another study, researchers examined the influence of the
chirality of a glucose moiety (L- and D-) on the uptake and
localisation of the Ru(dppn) complex (conjugate 85 shown in
scheme 3).376 The conjugate showed very weak emission and no
difference was seen in the localisation of the L- and
D-conjugates, with both found to localise in the mitochondria of
A549 and MCF-7 cancer cells. In contrast, a difference was
observed between the activities of the L- and D-conjugates,
whereby the D-conjugate was twice as active against cells in the
dark, with effective concentrations 50 (ECsp) values of 19 and
50 uM, respectively, in A549 cells after 24 hrs. The conjugates
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Scheme 3: Photo-triggered loss of the D-glucose thioether ligand from conjugate 85
upon light activation.

were designed for dual-action photoactivated chemotherapy,
whereby in the presence of oxygen the complex generated 10,
with a quantum vyield of 0.7, whereas in the absence of oxygen
in water, the complex was shown to undergo photo-cleavage of
the thioether linkage with a quantum vyield of 0.001 to yield a
Ru-aqua species. Indeed, the activity of both conjugates
significantly increased upon activation with 454 nm light
(3.1J/cm?), with ECso(light) values below 1 uM in both cell
lines.376

Ru-Lipid Conjugates

As shown in this review, modulation of the lipophilicity of Ru(ll)
polypyridyl complexes has had a considerable impact on the
uptake and localisation of the resulting complexes. One way to
increase this is through the conjugation of lipid molecules to
complexes. The biological evaluation of three such conjugates
have been reported. In the first study, a [Ru(bpy),]?* core was
conjugated to a derivative of the natural lipid squalene
(conjugate 86), which was formulated as nanoassemblies in HT-
29 cells, as shown in Fig. 39a, in contrast to its squalene-free
derivative, which showed only weak luminescence inside fixed
cells, suggesting poor uptake of the un-conjugated complex.
water of ca.300 nm in diameter.3”7 Biological assessment

a) HT-29 cells b) MCF-7 cells

Fig. 39 Chemical structure of conjugate 86 and the confocal microscopy images of
acetone:methanol-fixed a) HT-29 and b) MCF-7 cells after incubation with 86 (50 uM) for
2 hrs. Images reproduced with permission from reference 377.
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showed the conjugate to be non-toxic (ICso >100 uM) and it
displayed intense nuclear staining in acetone:methanol-fixed
Interestingly, in fixed MCF-7 cells, conjugate 86 was found to
localise mainly in the cytoplasm (Fig. 39b). However, no live cell
imaging was conducted in the study to confirm whether the
conjugate was internalised by live cells or entered cells upon
chemical fixation. Co-nanoassembly with squalene derivatives
of the anti-cancer drugs paclitaxel and gemcitabine was also
successfully demonstrated with Ru:drug ratios of 1:20 and 1:10
and diameters of 162 nm and 226 nm, respectively. However,
the biological evaluation of these Ru:drug nanoassemblies
remains to be investigated.377

Two studies examined the activity of two steroid-based Ru(ll)-
conjugates. In one study, researchers linked estradiol moieties
to various Ru(ll) polypyridyl complexes (such as conjugate 87,
shown in Fig. 40) to target the oestrogen receptor-a of cells, for
which estradiol is known to have a high binding affinity. 378 379
The conjugate showed low activity against Hela cells
(ICso(dark) = 166 uM after 48 hrs) and was found to localise in
the cytoplasm of treated cells, as shown in Fig. 40. In addition,
temperature-dependent uptake studies revealed that the
complex was internalised by an energy-dependent
mechanism.378

In another study, researchers conjugated cholesterol to a
Ru(ll) complex via a photo-cleavable Ru-S bond, to develop a
new photoactivated chemotherapeutic, akin to their glucose-
based system (conjugate 85) shown previously.3%0 Interestingly,
however, the Ru(ll)-cholesterol conjugate (88) was highly active
against cells in the dark, with ECsg values of between 5 —6 uM
against various cancer cell lines. The researchers found that the
conjugate formed aggregates at concentrations above 3 uM,
and when cells were incubated above this concentration the
aggregates extracted lipids and proteins from the membranes
of cells, in the same fashion as detergents, resulting in the
permeabilisation of cells and subsequently necrosis. At
concentrations below 3 uM, the conjugates existed as
monomers and were found to insert into the membrane of cells.
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Fig. 40 Chemical structure of conjugate 87 and the confocal microscopy images of Hela
cells incubated with conjugate 87 (5 uM) for 24 hrs, showing a) the Ru emission and b)
overlay of Ru emission and bright field image. Images reproduced with permission from
reference 378.
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Scheme 4: Photo-triggered loss of the thioether—cholesterol ligand from conjugate 88
upon light activation.

This highlighted the care that must be taken when working with
such amphiphilic conjugates in cells.38° The authors also found
that the time after which cells were irradiated with light was
critical to the observation of any light-induced enhancement in
biological activity. Upon light activation of conjugate 88 with
455 nm light (6.3 J/cm?2) after 6 hrs incubation with A549 cells,
no enhancement in activity was observed; whereas after 24 hrs
incubation, light activation did result in an enhancement in the
activity of the conjugates. This time-dependence was attributed
to the orientation of the conjugate in the membrane of cells.
After 6 hrs, the cholesterol moiety of conjugate 88 was
proposed to insert into the outer membrane of cells with the
Ru(ll)-centre facing into the extracellular medium. As such, the
photo-generated Ru-aqua species was released outside of the
cell, which was shown by ICP-MS to be unable to enter cells and
therefore exerted no toxicity. However, at longer times (24 hrs),
conjugate 88 was proposed to flip into the inner leaflet of the
cell membrane. As such, subsequent light activation released
the Ru-aqua species inside the cells, where it could interact with
its intracellular molecular targets.380
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Fig. 41 Chemical structures of conjugates 89 — 91 and the confocal microscopy images of
a) live and b) formaldehyde-fixed Hela cells after incubation with conjugate 91 (12 uM)
for 3 hrs. Images reproduced with permission from reference 381.
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Ru-Drug Conjugates

Ru(ll) polypyridyl compounds have also been complexed with
suberanilohydroxamic acid (SAHA), a histone deacetylase
inhibitor (FDA approved for the treatment of patients with
persistent or recurrent cutaneous T-cell lymphoma).382 383 |n
2013, Ye et al. complexed SAHA to a number of Ru(ll)
polypyridyl conjugated to SAHA, in which the surface area of the
ancillary ligands was incrementally increased, as shown in
Fig. 41.381 Conjugates 89 and 90 were inactive against cells
(ICsp values >100 uM) most likely due to their low cellular
uptake. In contrast, conjugate 91, which incorporated more
lipophilic dip ancillary ligands, was rapidly taken into cells and
showed high activity across a range of cell lines, with I1Csg values
in the 1-2 uM range. Moreover, it showed preferential activity
for cancer over normal cells. Interestingly 91 was found to
localise in the cytoplasm of live Hela cells, as shown in Fig. 41a.
However, when cells were fixed with formaldehyde, the
conjugates were found to relocate to the nuclei of fixed cells, as
shownin Fig. 41b. When compared to SAHA alone, conjugate 91
induced apoptosis in cells through the induction of
mitochondrial dysfunction and the generation of ROS.381

In another study, Ru(ll) polypyridyl complexes were
conjugated to 4-anilinoquinazolines, molecules known to
inhibit the epidermal growth factor receptor, which is
overexpressed in a number of cancer cell types and therefore
represents a therapeutic target in cancer therapies.384-386 The
resulting conjugates were found to be active against a series of
cancer cell lines overexpressing the epidermal growth factor
receptor, with ICso values of between 9 —50 uM after 48 hrs
incubation. However, of the series of conjugates synthesised,
only one conjugate (92) showed greater anti-cancer activity
than the 4-anilinoquinazoline ligand alone.38*

While the previous studies used drug conjugation to enhance
the biological activity of the Ru(ll) complex, Lee et al.
conjugated a [Ru(bpy)s]?* core to a peptoid drug to impart
photo-activity to their drug molecule, to develop a new class of
reagent for the targeted, light-mediated inactivation of
proteins.38” Peptoids are peptidomimetic oligomers and are
composed of N-substituted glycine units.38 The peptoid drug
used in this study, GU40C, targeted the extracellular domain of
the vascular endothelial growth factor receptor 2 (VEGFR2).
This receptor is important in the formation of new blood vessels
(angiogenesis) and is often deregulated in tumour cells, making
it an important target for anti-angiogenic therapy in cancer
treatments.389 390 Upon visible light irradiation, inactivation of
the VEGFR2 in cultured endothelial cells by the Ru(ll)-peptoid
conjugate 93 increased 800-fold, with an inhibitory I1Cso(dark)
value of 49 uM and ICso(light) value of 59 nM. This light-
enhanced inhibitory activity was largely attributed to the
generation of 10, by the photo-excited [Ru(bpy)s]?* core.38”
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Another way by which Ru(ll) complexes can impart photo-
activity to clinically used drug molecules is to inactivate the
biological activity of the drug molecules by coordinating them
to the Ru metal centre. As illustrated in Fig. 29 in the previous
section, upon irradiation with light, the drug molecule is
released and its biological activity is restored in a spatially and
temporally controlled manner.233,269

Ru-Porphyrin Conjugates

Porphyrins have long been the established frontline drug
candidates for PDT. Porphyrin and Ru-arene compounds have
previously been the focus of an in-depth review.?3! |In contrast,
this section centres on porphyrin and Ru(ll) polypyridyl

compounds. These compounds are amphiphilic with
hydrophobic porphyrin and hydrophilic Ru(ll) cores, which can
OMe

improve their water solubility. In recent years, Wong and
colleagues have published a number of papers on a series of
such Ru(ll)-porphyrin conjugates, using free bases and
metalated porphyrins containing Zn(11).391396 The conjugates
analysed include Zn(l1)-94 where the Ru(ll) and porphyrin
moieties were joined via an acetylide linker;3%3 95 — 97 as the
free base and Zn(ll)-metalates joined by a variety of linkers,395
where the linker originates at the meso-position of the
porphyrin ring, as shown in Fig. 42. In addition, conjugates with
the linker at the at the B-position of the porphyrin ring have
been integrated, such as conjugates 98 (as the free base and
Zn(ll) metalate) linked via an acetylide linker324 and 99, in which
the Ru(ll) moiety is linked via a Schiff base linkage, the
structures of which are shown in Fig. 42.3%

Zn(I1)-94

Fig. 42 Two-photon confocal microscopy images (Aex = 850 or 860 nm) of Hela cells after incubation with a) 95, b) 96, c) 97 (2 uM) for 6 hrs and d) Zn(11)-94 (50 uM) for 1 hr. Images

reproduced with permission from references 395 and 393.
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Fig. 43 Chemical structures of complexes 100 — 103 and the confocal microscopy images of Hela cells incubated with the nuclear stain DAPI (blue) and a) 100 (30 uM) for 24 hrs and
b) 101 (30 uM) for 4 hrs, c) 102 (10 uM) for 4 hrs and d) 103 (10 uM) for 4 hrs (red). Images reproduced with permission from references 397 and 398.

All of the Ru(ll)-porphyrin conjugates listed above showed
high singlet oxygen quantum vyields and were successfully
imaged by two-photon microscopy. The conjugates were
rapidly internalised into cells and localised in the cytoplasm.
Whilst some compounds were not analysed further for
subcellular localisation, 95 was found to localise predominantly
in the lysosomes of human nasopharyngeal carcinoma HK-1 and
Hela cells.3%5 Zn(l11)-94 and 96 localised in the mitochondria and
97 did not localise in any tested organelle in Hela cells and
appeared to simply localise in the cytoplasm.393.395 Similarly, as
expected for porphyrin complexes, all compounds displayed
potent light-activated toxicity with ICso values of between
1-4 uM, depending on the intensity of light used to activate the
conjugates. Furthermore, a number of the conjugates exhibited
low dark toxicity, with ICsp values of >8 - >250 uM reported.
Two-photon induced toxicity was confirmed by
microscopy. The authors found no direct link between the
toxicities of the conjugates and either their rates of cellular
uptake or their 10, quantum yields and instead attributed the
differences in their toxicities to differences in their subcellular
localisation.3> They speculated that photoexcitation of 96
produces mitochondrial 10,-mediated oxidative stress which
can readily elicit apoptotic cell death. Photo-excitation of 95
produces 10, that can damage the lysosomal membrane,
causing the release of the lysosomal enzymes which leads to
necrosis; while photo-excited 97, which is more hydrophilic,
produces 10, in the cytosol where a considerable proportion of

also
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the 10, produced could become deactivated before inducing
cell death.39>

Ru-Naphthalimide Conjugates

Within the Gunnlaugsson research group the potential of Ru(ll)
complexes conjugated to 1,8-napthalimedes for use in cells has
been investigated. 1,8-napthalimedes possess rich
photophysical properties, which has spurred on investigation
into their use as imaging agents.3% 400 Moreover, a number of
these compounds have shown high antitumor activity and have
entered clinical trials.*°1 Extending on this novel structure, our
laboratory developed the first examples of Ru(ll)polypyridyl
complexes conjugated to naphthalimide units.

Mono- and  bis-1,8-naphthalimide-conjugated  Ru(ll)-
polypyridyl complexes 100 and 101 show strong binding to DNA
through the naphthalimide arms and a cytoplasmic localisation,
as shown in Fig. 43a and b.37 Linear and circular dichroism (LD
and CD) spectroscopy revealed close association of the
[Ru(bpy)s]?* core with DNA in the case of the mono-100
complex whilst intriguingly the second naphthalimide arm of
complex 101 was found to displace the [Ru(bpy)s]?* centre from
the DNA backbone. In solution studies this ‘negative allosteric
effect’ was found to reduce photo-induced damage of DNA and
in cellular studies, photo-activation of complex 101 did not
significantly affect cell viability, in contrast to the mono-
naphthalimide containing complex 100.3%7
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Gunnlaugsson and co-workers have also incorporated the
Troger's base linkage to synthesise rigid dinuclear Ru(ll)
complexes based on the naphthalimide motif.398 402,403 Trger's
base was first discovered in 1887 and is a highly strained, chiral
structure where the two aryl groups are close to being
orthogonal to each other causing a ‘cleft-like’ structure, which
has found use in supramolecular chemistry as a structural
scaffold. Troger's bases have also been used in the development
of novel luminescent materials, and for probing DNA structure,
Kirsch-De Mesmaeker and co-workers formed the first example
of Ru(ll) polypyridyl complexes of Troger's bases as potential
DNA binders in 1997.404 Since then, two papers have been
published on Ru(ll)-linked Troger's base compounds tested in
human cells. In both cases, these compounds were dinuclear
Ru(ll) polypyridyl complexes. Within our group, we found that
two rigid dinuclear Ru(ll)-complexes 102 and 103, derived from
4-amino-1,8-naphthalimides linked via a Troger's base, localised
within the cytoplasm of Hela cells and exhibited strong
luminescence in vitro at low UM concentrations and did not
induce cytotoxicity in cells when kept in the dark, as shown in
Fig. 43c and d.3°®® We are currently investigating the photo-
active potential of these compounds.

Ezadyar et al. used bis-phenanthroline Troger’s base as a
bridging ligand and demonstrated a good reduction in Hela cell
viability with 1Cso values ranging between 8 and 30 puM.
Treatment with complexes 104 (bpy) and 105 (phen) induced
apoptosis, mitochondrial fragmentation and partial photo-
cleavage of DNA. In contrast, complex 106 (dppz) induced
necrosis with intact mitochondria and full photo-cleavage of
DNA. However the authors did not demonstrate the
intracellular location of complexes or the effect of photo-
activation on cellular viability.40>

Ru-Nanoconjugates

Nanoparticle research is an area of intense growth where
particles can range from ultrafine (1-100 nm) to fine (100-
2,500 nm) and coarse (2500 - 10,000 nm).4%. 407 Ultrafine
nanoparticles have long been considered for anti-cancer
therapies as their size and the leaky vasculature of tumours
leads to an enhanced permeation and retention rate (EPR)
within tumours, which results in the accumulation of
nanomaterials at these sites, thereby allowing for more direct
targeting of tumours. In addition, nanomaterials can be
decorated with a variety of molecules, such as drug molecules
and targeting moieties, making these systems extremely
versatile. Indeed, there has been considerable interest among
researchers to conjugate Ru(ll) polypyridyl complexes to
nanomaterials of various compositions to design new classes of
probes and drug molecules. In such nanoconjugates, the Ru(ll)
complexes have been most commonly incorporated onto the
surface of the nanomaterials, but examples of encapsulated
Ru(ll) complexes have also been reported. In many cases,
nanoparticles were also coated with biological ligands to

NG

N Ny
| H J\U\U\U = non-ionic surfactant
® _ N\R‘U/N = NY\/\/\/\/\/SH
i e (e]
N ' N _l 2+
K/N N |
AN O~ SH
%7’ e | [N oF
® 4 ® N N~ N~ N~
@ Alj ® j — R
o e N N NTS N
¢ ® | | | N = O/\/\/\SH
®e ® = = —~
4 nm diameter 107 108 109
15 nm diameter 110 11 112
a) b) c)

107 + DAPI
- e g

@

Fig. 44 The structures of AuNPs 107 — 111 and 113 and the bright field confocal microscop

113 + Hoechst 113 + Hoechst

y images of live Hela cells incubated with DAPI (blue) and a) the 4 nm nanoparticle 107

(ca. 16 nM gold concentration) for 4 hrs and b) the 15 nm nanoparticle 111 (20 uM Ru concentration) for 24 hrs. C) TEM images of Hela cells incubated with 111 (20 uM Ru
concentration) for 24 hrs, showing vesicle-entrapped conjugates denoted by red arrows. Confocal microscopy images of d) methanol-fixed A549 cells after treatment with the 100 nm
nanoparticle 113 (40 pM) for 24 hrs, e) a single methanol-fixed A549 cell, co-stained with the Hoechst nuclear stain and f) magnification of the nucleus of a treated cell showing
association of 113 with chromatin. Images reproduced with permission from references 408, 409 and 410.
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encourage enhanced uptake by target cell types.
Functionalised gold nanoparticles (AuNPs) have been the
subject of intensive studies for various biomedical applications
owing to their biocompatibility, unique size- and shape-
dependence, and optoelectronic properties.?l While the
surface plasmon of AuNPs can quench the emission of nearby
luminophores, this effect is dependent on both the distance and
method of attachment of molecules to the gold surface.4! In
fact, conjugation of Ru(ll) complexes to AuNPs via alkane thiols
has been shown to result in highly luminescent nanoparticles in

which the tethered Ru(ll) complexes possess longer
luminescence lifetimes than free counterparts. 410,412
Within the Gunnlaugsson research group such Ru(ll)-

nanoconjugates of 4 nm and 15 nm diameter (conjugates
107 - 111 Fig. 44) have been wused for
luminescence imaging within live cells. The nanoparticles were

illustrated in

internalised into cells and localised in the cytoplasm (as shown
in Fig. 44a and b for conjugates 107 and 111) with little or no
toxicity towards cells after 24 hrs in the dark.408 409 |n the case
of the larger diameter conjugates (15 nm), the individual
particles could be visualised within cells using TEM, where they
were observed within single membrane vesicles in the
cytoplasm, which suggested the route of uptake to be
endocytosis. In addition, these nanoparticles were shown to
remain intact within these vesicles for up to 24 hrs, as
demonstrated in Fig. 44¢.40°

Rogers et al. have also investigated the cellular imaging of
100 nm diameter AuNPs coated with ca. 10> Ru(ll) complexes
and non-ionic surfactant molecules (113 in Fig. 44).410 The
nanoparticles showed no toxicity towards A549 cells under the
experimental conditions employed and were stable after 24 hrs
incubation with cells. Furthermore, due to their large size,
individual nanoparticles could be visualised within cells by
luminescence imaging Fig. 44d, where they were shown to
distribute throughout methanol-fixed cells, as shown in
Fig. 44d - f.410

In addition to cellular imaging, Ru(ll)-AuNP conjugates have
been utilised for photothermal cancer therapy, whereby they
generate heat upon absorption of light, which results in the
thermal ablation of cancer cells.13 Zhang et al. grafted Ru(ll)
complexes, which possessed strong two-photon absorption at
808 nm (0, =176 —394 GM), onto the surface of AuNPs of
various sizes. One of the Ru(ll)-AuNP conjugates, 114 (of 45 nm
diameter), depicted in Fig.45, was shown to localise
predominantly in the cytoplasm of Hela cells and exhibited little
toxicity in the dark at concentrations below 200 pg/mL after
24 hrs. However, irradiation of treated Hela cells with 808 nm
light (0.8 W/cm? for 5 min) resulted in a dramatic reduction in
cell viability. Furthermore, the authors demonstrated that 114
could be used for photothermal therapy in vivo, as shown in
Fig. 45. After intratumoral injection of 114, the subcutaneous
tumours in mice were irradiated with 808 nm light (0.8 W/cm?
for 5 min). This resulted in the formation of black scars, as
shown in Fig.45b, as well as tumour shrinkage or even
disappearance of the tumour after 10 days. In contrast, no

This journal is © The Royal Society of Chemistry 20xx
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Fig. 45 lllustration of the structure of Ru(ll)-AuNP conjugate 114 and photographs of
tumours derived from xenografted Hela cells in nude mice after administration of 114
via intratumoral injection (200 mg/20 g body weight), followed by a) no irradiation and
b) irradiation of the tumour with 808 nm light (0.8 W/cm?, 5 min). Histological
examination of the tumours without/with laser treatments on day 10 is shown in purple.
Images reproduced with permission from reference 141.

tumour shrinkage was observed upon laser irradiation of
tumours in mice injected with either the ungrafted AuNPs or the
Ru(ll) complex alone.14?

Xiang et al. developed a tumour-targeting system based on
carbon-doped TiO; nanoparticles for use in photoactivated
chemotherapy.?** The surfaces of the 4nm diameter
nanoparticles were functionalised with receptor-targeting
folate molecules and Ru(ll) complexes, which possessed a
lysosome-targeting morpholine moiety. The conjugates (115)
showed low dark toxicity towards Hela cells at the tested
concentrations (10 — 200 pg/mL) and were found to localise in
their target organelle, as shown in Fig. 46. Subsequent light-
activation of the conjugates (Aex=808 nm, 600 mW/cm?2,
10 mins), resulted in the generation of ROS and photo-induced
loss of nitric oxide, the quantum yields of which were 0.23 and
0.017 mol/Einstein, respectively (in solution), which resulted in
a significant decrease in the viability of treated cells, with a
corresponding ICso(light) value of 20 pg/mL.414

A number of silica-based nanoparticles
investigated in which Ru(ll) complexes have decorated the

have been

surface of the particles or have been entrapped within them. In

addition, other molecules such as MRI contrast agents,*15 anti-
cancer
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Fig. 46 lllustration of the chemical structure of conjugate 115, in which the photo-
cleavable nitric oxide ligand is highlighted in blue. The confocal microscopy images of
Hela cells incubated with conjugate 115 for 8 hrs (shown in blue) and co-stained with

Lysotracker Red. Images reproduced with permission from reference 414.

agents,*16 and targeting molecules have also been incorporated
into such nanoparticles for use as theranostic agents and light-
activatable drug compounds.417-418 For example, Frasconi et al.
functionalised the surface of mesoporous silica nanoparticles
(MSNPs) of ca. 120 nm diameter with a Ru(ll)-dppz complex for
development of theranostic agents.#1® The resulting conjugate
116 localised in the cytoplasm of MDA-MB-468 breast cancer
cells, as shown in Fig. 47. Subsequent light activation of the
Ru(ll) complexes (Aex>450 nm) resulted in photo-induced
ligand loss, thereby releasing Ru-aqua species from the MSNP,
in a similar manner to that seen previously in Fig. 30. However,
no significant light-induced increase in cytotoxicity was
observed for 116 against treated cells. In contrast, when the
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Fig. 47 lllustration of the chemical structure of the silica-based nanoparticle 116-Ptx,
where the photolabile ligand of the Ru(ll)-dppz complex is highlighted in blue and the
confocal microscopy images of MDA-MB-468 cells after incubation with 116 (red) for
6 hrs and the nuclear stain DAPI (blue). Images reproduced with permission from
reference 416.
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Fig. 48 lllustration of the structure of the silica-based nanoparticle 117. Figure
modified from reference 417.

researchers encapsulated the anti-cancer drug paclitaxel into
the MSNPs, light-activation of the 116-Ptx system resulted in a
significant enhancement in its cytotoxicity due to the release of
paclitaxel.#’® On the other hand, Chen and co-workers
encapsulated their Ru(ll) complex (54) within MSNPs of
ca. 118 nm diameter, the surface of which was coated with RGD
tripeptides (Arg-Gly-Asp) to yield conjugate 117, the structure
of which is illustrated in Fig. 48. Incorporation of the RGD
peptides led to a significant enhancement in uptake of the
conjugates into cancer cells overexpressing the integrin
receptor via receptor-mediated endocytosis.*1” Once inside the
target cells, endosomes lysed with lysosomes resulting in the
pH-mediated release of complex 54 and the subsequent
induction of apoptosis. Impressive ICsq values in the nanomolar
range were displayed across a selection of cancer cell lines, and
in the micromolar range for non-cancer cells.*!” A similar study
from the same group used complex 54 to form folate-
conjugated selenium nanoparticles (SeNPs) (with average
diameters of 180 nm).*1® These conjugates could effectively
antagonise against multidrug resistance in liver cancer through
inhibition of ABC family protein expression. Conjugation of
folate molecules to the surface of the SeNPs significantly
enhanced their cellular
receptors in cancer cells, with a lower uptake in normal cells.
Within cells, the conjugates caused ROS over-production and
induced apoptosis by activating p53 and MAPKs pathways.
Moreover, the Ru(ll)-SeNPs exhibited low in vivo acute toxicity,
which supported the safety of the system in vivo.**® Other
Ru(l1)-SeNP conjugates have also been investigated and shown
to inhibit angiogenesis and supress tumour growth in vivo.420 421

Ru(ll) complexes have also been encapsulated into polymer-
based nanoparticles. Choi et al. developed nanoparticles of
40 nm diameter, in which the Ru(ll) polypyridyl complexes were
entrapped in a cross-linked polymer composed of urethane
acrylate nonionomer.*22 The resulting conjugates (118) were
used as luminescent probes for the quantitative imaging of the
distribution of oxygen in vitro and in vivo. In vitro, 3D scaffolds
were seeded with tumour cells and assessed for toxicity. While
the free Ru(ll) complex was quite toxic towards cells (>75%

uptake by overexpressed folate
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Fig. 49 lllustration of the structure of the polymer-based nanoparticle 118 and a) image
of the blood vessels of an anesthetised mouse, exposed by an incision through the skin
and b) the measured concentration of O, using 118 in the artery (white square in (a)) of
a mouse while the partial pressure of O, in the anaesthesia carrier gas was varied. The
nanoparticles were administered by intracardiac injection and the O, concentration was
determined based on the luminescence lifetime of 118. Images reproduced with
permission from reference 422 and adapted.

toxicity at 112.5 nM), the encapsulated complex in 118 was
non-toxic at a similar concentration, both in the dark and when
illuminated. In vivo, mice injected with these nanoparticles
showed no acute toxicity or adverse effects for up to a month
after the injection. Furthermore, using 118, the researchers
were able to monitor the O, concentration in the arteries of
sedated mice after intracardiac injection of the conjugate, as
shown in Fig. 49.422 Researchers have also encapsulated Ru(ll)
polypyridyl complexes in other polymer-based nanoparticles,
derived from poly(ethylene)glycol—poly(aspartate) (PEG—
ASP)423 and poly(lactic-co-glycolic acid) (PLGA),*2* as well as in
phospholipids-based liposomes.*25

In fact, polymer-based nano/microparticles and liposomes
considerable development across
academic and industrial areas, for the encapsulation of various

have seen numerous
classes of drug compounds. Indeed, various drug formulations
utilising these materials have already received FDA approval
and have been in clinical use since the 1990’s.42% 427 Recently,
encapsulation of [Ru(phen),(dppz)]?* into PEGylated liposomes
of ca. 80 nm in diameter (illustrated in Fig. 50) was shown to
increase the intracellular concentration of the complex 15-fold
in MDA-MB-231 breast cancer cells, after 6 hrs incubation with
119.425 Interestingly, Ru emission was found to arise from the
nuclei of treated cells, when incubated with either 119 or the
free complex for 6 hrs at 5 uM Ru, as shown in Fig. 50a and b. In
contrast, however, Tan et al. found that in Hela cervical cancer
cells treated with [Ru(phen),(dppz)]?* at a higher concentration
of 40 uM for 24 hrs, the complex was largely excluded from the
nuclei of cells.?>> While the free complex showed

This journal is © The Royal Society of Chemistry 20xx
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Fig. 50 Illustration of the chemical structure of Ru-liposome 119 and the confocal
microscopy images of MDA-MB-231 breast cancer cells incubated with a)
[Ru(phen),(dppz)]** and b) 119, both at a Ru concentration of 5 uM for 6 hrs (shown in
red) and the nuclear stain DAPI (shown in blue). Co-localisation of Ru and DAPI is shown
in purple. Images reproduced with permission from reference 425.

little activity against breast cancer cell lines (ICsop >200 uM),
there was a significant decrease in the viability of cells
incubated with 119, with I1Cso values of 1.4 uM after 72 hrs
incubation.*?> Mechanistic studies revealed that cells treated
with 119 exhibited double-strand DNA breaks, which was
proposed to induce cell cycle arrest and apoptosis. The
biodistribution and activity of 119 in vivo was assessed in
orthotopic tumour models of xenografted MDA-MB-231 cells in
nude mice. Two hours after intravenous injection, 119 was
found to localise primarily in the liver (34%) and tumour (30%).
Moreover, cancer cell proliferation within the implanted
tumours was dramatically suppressed after treatment with 119
(5 mg/kg) once a week for four weeks.*2>

In another study into polymer-based nanoparticles, the Ru(ll)
complexes covalently linked to polymer chains, which self-
assembled into nanoparticles with average diameters of
180 nm, as illustrated in Fig. 50.42% Solution studies of the
resulting nanoparticles (120) showed that photo-activation of
the Ru(ll) complexes resulted in the cleavage of the
monodentate ligands, in a similar manner to that seen
previously in Fig. 30, to liberate bis-aqua Ru(ll) species, which
was shown to exert similar activity to cisplatin against various
cancer cell lines. Indeed, when internalised in the cytoplasm of
cells, photo-activation of 120 at 656 nm (50 mW/cm?2, 30 mins)
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Fig. 50 a) chemical structure of the amphiphilic polymer PolyRu and b) an illustration of the self-assembly of PolyRu into nanoparticles (conjugate 120). C) in vivo luminescence
images of tumour-bearing mice after intravenous injection of saline (left, control) and Cy®5 dye-loaded nanoparticles (right). Images were taken at 0, 6, 12, 24, and 36 hrs after

injection. The dashed circle indicates the tumour. Figure adapted and were images reproduced with permission from reference 428.

resulted in a significant decrease in the viability of cells, which
was attributed to the generation of 10, and the release of the
Ru-aqua species. Furthermore, nanoparticles of 120, loaded
with the fluorescent dye Cy®5, were shown to localise in
xenografted tumours in mice, within 12 hrs of intravenous
injection via the tail vein, as shown in Fig. 50. Subsequent
irradiation of the tumour sites, 12 hrs post-administration of
120, with 655 nm light (0.2 W/cm?2, 10 mins) then resulted in
inhibition of tumour growth.428

researchers who developed the Ru(ll)-AuNP
conjugate 114, reported the use of single-walled carbon
nanotubes loaded with Ru(ll) polypyridyl complexes via
noncovalent ri-rt interactions to develop dual photothermal and
two-photon PDT agents.*?° Irradiation of nanotubes loaded with
either complex 121 or 122, shown in Fig. 52, with 808 nm light
(0.25 W/cm?) resulted in a photothermal effect, which released
the loaded Ru(ll) complexes, which in turn could generate 10,
via two-photon activation under these conditions. These
conjugates showed greater photo-induced anti-cancer activity
in both cultured cell monolayers and 3D multicellular tumour
spheroids, than either the nanotubes or Ru(ll) complexes alone.
Furthermore, the conjugates were successfully used for tumour
ablation in vivo. The conjugates were administered to mice
bearing xenografted Hela cell-derived tumours via intratumoral
injection and following irradiation of the tumours with 808 nm
light (0.25 W/cm?, 5 mins), the photothermal effect of the
nanotubes could be observed in thermographs, as shown in
Fig. 52a, where a rapid increase in the temperature of the
tumour region from 37 °C to ca. 60 °C was observed for both
conjugates. This treatment resulted in the shrinkage or even
disappearance of the tumours several days post-treatment, as
shown in Fig. 52b. In addition, no evidence of toxicity towards
mice was detected following administration of the conjugates
or following photothermal therapy.?® Another study by

The same
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Fig. 52 lllustration of the chemical structure of the Ru(ll) encapsulated carbon nanotubes
120z and 121z and a) thermographs of mice bearing xenografted Hela cell-derived
tumours after intratumoral injection of an aqueous dispersion (1 mg/mL) of conjugate
120z (left) or 121z (right) and receiving photothermal treatment by laser irradiation of
the tumour (Aex = 808 nm, 0.25 W/cm? for 5 mins). B) photographs of mice administered
with either conjugate 0 and 5 days after photothermal treatment (808 nm laser light
(Aex= 808 nm, 0.8 W/cm?, 5 min). Images modified and reproduced with permission from
reference 429.
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Wang et al. demonstrated that loading the Ru(ll) complex 54
into carbon nanotubes reduced its toxicity invivo and
prolonged its blood circulation.?20  Moreover, the
biodistribution of the complex was also altered upon loading
into nanotubes: there was a reduction in the levels of Ru in the
spleen and lung, and an increased accumulation of Ru in the
liver, when incorporated into the nanotubes, relative to the free
complex.220

Finally, Ru(ll) complexes have even been incorporated into
zirconium-based metal organic framework (MOF)
nanoparticles, with average diameters of 92 nm, for two-
photon imaging and PDT applications.13> Incorporation of
[Ru(bpy)s]?* into the pores of the MOFs resulted in an
enhancement in the luminescence quantum yield, two-photon
absorption cross-section (02=21.9GM at 880nm), !0,
generation and photostability relative to the free complex. Two-
photon confocal microscopy (Aex = 880 nm) revealed that the
Ru(ll)-MOFs localised in the cytoplasm of A549 cells after 20 hrs
incubation and showed low toxicity towards cells in the dark at
concentrations of 200 pug/mL. However exposure of treated
cells to white light (200 mW/cm? for 10 min), resulted in a
significant reduction in the viability of cells.13>

Conclusions and Future Perspectives

Considerable progress has been made within the last decade
translating Ru(ll) polypyridyl complexes from use as purely
solution-based probes to a biological setting as diagnostic and
therapeutic agents.

With regards to cellular uptake and localisation, the
lipophilicity of complexes has been further shown to play a
profound role in both processes.4’- 63, 86, 89, 90, 104 For example,
the formation of lipophilic ion-pairs has recently been
demonstrated to promote the cellular uptake and nuclear
localisation of complexes which had previously been unable to
enter live cells;197 a strategy which could prove beneficial for
other systems in the future. However, while increasing the
lipophilicities of complexes can improve their uptake, it can also
have a considerable impact on the nature of their interactions
with biomolecules, such as proteins and membranes, which
in fact hinder their uptake,
localisation and/or influence the nature of their interactions
with (or even the identity of) their molecular targets within
cells.87. 90 Researchers have developed complexes capable of
selectively targeting and visualising specific organelles within

may alter their subcellular

cells, including the nucleus, mitochondria, lysosomes and
endoplasmic reticulum, and have shown Ru(ll) polypyridyl
complexes to be excellent candidates for use as luminescent
probes for ultra-resolution STED microscopy and two-photon
imaging.87, 131, 143, 211, 357, 358 Fyrthermore, by conjugating
molecules, such as targeting peptides, drug
molecules and nanomaterials to Ru(ll) complexes, the resulting
conjugates can be targeted for specific cell types or subcellular
organelles and imparted with additional properties such as
enhanced solubility, multimodal drug action, altered
biodistribution and enhanced circulation times in vivo, etc. As

functional
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such, the scope for the use of Ru(ll) polypyridyl complexes in
biological applications is ever increasing.

In addition to their use as luminescent probes, complexes
possessing high intrinsic anti-cancer activities against various
cancer cell lines have been developed. However, in many cases,
the identity or the molecular target(s), with which they interact
to elicit their anti-cancer activity remains unclear. In fact, while
many of these complexes have been designed to bind to DNA in
solution, in a cellular environment the complexes show no
evidence of reaching their intended target. As the foundations
of this field were laid by researchers focused on the binding of
small molecules to DNA, it is unsurprising that DNA remains the
primary focus within this field. However, while publications in
this area typically include detailed DNA binding studies, their
binding interactions with proteins have seen significantly less
attention, despite the vast quantities of these biomolecules in
cellular media, cell membranes and throughout cells. Indeed, as
shown in this review, publications demonstrating the
importance of Ru(ll)-protein interaction, both invitro and
in vivo, highlight that this field could benefit greatly from
increasing our understanding of the factors influencing the
interaction of Ru(ll) polypyridyl complexes with proteins.?% 95
173,215,219 Fyrthermore, such studies could providing key insights
into, not only the cellular uptake of complexes, but also explain
why complex localise in specific regions of the cell, as well as the
origin of their biological activities. As such, more detailed
biological studies will be required before a comprehensive
picture can be drawn for the mechanism(s) underlying the
observed anti-cancer activity of Ru(ll) polypyridyl complexes.

While there has now been a considerable number of studies
examining the interactions of Ru(ll) polypyridyl complexes
within cells, and growing numbers of in vivo studies, relatively
few studies have examined difference between the behaviour
of the A- and A-enantiomers of tris(bidentate) complexes, with
most studies using the racemic mixture of the two enantiomers.
Indeed, as shown in this review, enantiomer-specific
interactions have been observed both in cultured cells and in
in vivo and therefore more studies of this kind will be required
to gain a deeper understanding of the enantiomer-specific
interactions of these complexes in a biological setting.73. 107,215

In addition to the intrinsic anti-cancer activity of numerous
complexes, the photophysical and photochemical properties of
this class of complex have been exploited towards the
development of light-activated therapeutics with various
mechanisms of action, which have been highlighted in this
review, and will undoubtedly continue to be an area of intensive
research in the coming years. While Ru(ll) complexes tend to
absorb light outside of the therapeutic
(650 — 900 nm),13% two-photon activation of complexes is now

window

permitting the use of deeper tissue penetrating wavelengths of
light (ca. 800 nm) to activate complexes for both imaging and
therapeutic applications in vivo.

With the increasing number of in vivo studies, a more detailed
picture is emerging regarding the bioavailability, toxicology and
pharmacology of Ru(ll) polypyridyl complexes, which will be
invaluable in the future development of both diagnostic and
therapeutic agents. For example, [Ru(phen)s]2*, which typically
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shows relatively low activity against cancer cells in vitro,?22 was
found to be a quite potent neurotoxin in vivo, acting on the
neuromuscular junction of mice.21% 219 On the other hand, other
Ru(ll) complexes have been much better tolerated by mice.22%
252 Furthermore, a number of complexes show similar or greater
intrinsic anti-cancer activity to cisplatin in subcutaneous tumour
models, while exhibiting fewer side effects.157. 221, 222 Fyrther
still, by exploiting the photophysical and photochemical
properties of complexes, new light-activatable therapeutics
with diverse mechanisms of action have been developed. One
such Ru(ll) polypyridyl complex, TLD1433, has now advanced to
clinical trials as a photosensitiser in the treatment of cancer,
which will undoubtedly fuel efforts to translate more Ru(ll)
complexes to clinical applications.’® In light of these
developments, and the increasing numbers of Ru chemists
investigating the therapeutic potential of Ru(ll) polypyridyl
complexes, now is an opportune time to survey the field of
preclinical drug discovery in academia to take note of what lies
ahead as this field continues to move and grow in this direction.

Across numerous fields within academia, there are increasing
numbers of academic researchers and universities now
engaging in preclinical drug discovery.430 431 This has led to the
establishment of organisations such as the Academic Drug
Discovery Consortium (ADDC, addconsortium.org),*32 which
aims to build a collaborative network between the growing
number of academic drug discovery scientists and centres.
Indeed numerous marketed drugs have their origins in
academic research centres. 433 43 However, amid this
innovation a serious issue currently faces researchers engaged
in preclinical drug discovery, as well as basic and translational
oncology. That is, that many researchers are reporting serious
difficulties reproducing results from the literature.*3> Although
the issue of irreproducibility is a widespread problem across the
life sciences and has been discussed in the literature for
decades, 436 437 it has become so prolific and gained such a
degree of public attention that it has been dubbed the
“reproducibility crisis”.#38-441 For example, in the US alone, an
estimated $28 billion each year is spent on biomedical research
that cannot be repeated successfully.#3¢ A considerable
proportion of this negative attention has been focused on
preclinical research, in light of the high rates of attrition of new
drug compounds during clinical trials and the increasing costs
involved in drug development.#42-444 Furthermore, the practices
within academic research groups engaged in preclinical
research has seen considerable scepticism and critiquing.43> 440,
445,446 The factors that have been highlighted in contributing to
this irreproducibility are complex and multifactorial and are
discussed further elsewhere.#47-456 As already seen in this
review, the biological activity of a Ru(ll) polypyridyl complexes
can be found to show significant differences between research
groups, even when the same assays and cell lines are used for
their evaluation. Indeed, reproducibility and quality issues have
now been cited as significant barriers to drug development, 43>
446 and could pose a significant challenge to researchers in this
field looking to licence their compound or engage in
collaboration with industry or secure funding from private
sources such as venture capitalists,**7- 458 as both sources are
now openly voicing their concerns as to the reliability of results
from academic preclinical studies.*3? 460 There are, however, a
number of recent initiatives aimed at tackling this
reproducibility  issue,%%1 such as Science Exchange’s
Reproducibility Initiative,%62 the Reproducibility2020 Initiative
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of the Global Biological Standards Institute,*53 more stringent
checklists for publications,*%* post-publication peer review (e.g.
PubMed Commons and PubPeer) and platforms promoting the
publication of negative results, to combat publication bias (e.g.
Figshare and PLOS ONE).465

As this field is still in the early stages of expanding into the
field of preclinical drug discovery, now may be the best chance
to take heed of such concerns and open discussion among
researchers in this field to ensure the continued realisation of
the potential of Ru(ll) polypyridyl complexes in the years to
come.
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