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Abstract

The Application of Ru(ll) Polypyridyl Complexes to Cdlular Imaging
and Sensing

Aisling Byrne

Fluorescent microscopy is the key {maging tool that is used to study live cells.
Luminescent transition metal complex have been explored extensively for many years
across a range of applications from solar ep&ygnolecular therapeutics, but it is only

over the last decade that they have been seriously considered as cellular imaging probes.
Their unique photophysical properties including laig@kes shift, red emission
wavelengths, good photostability, andhsiéivity to molecular oxygen mean they are
more than just contrast agents, making them invaluable in diagnostics and theranostics.
A key aim of this thesis was to drive forward the demonstrated applications of
luminescent Ru(ll) and Os(Il) probes conjteghto cell penetrating peptides in cellular
imaging and sensing using confocal microscopy, and the relatively new phenomenon of
super resolution microscopy, specifically, STimulated Emission Depletion (STED)
microscopy.

Chapter 1 overviews the general fmhysical and optical of ruthenium and osmium
polypyridyl complexes, examining the current status of their application in live cellular
imaging and sensing. Microscopy techniques such as confocal laser scanning
microscopy, stimulated emission depletionTE®) microscopy and fluorescence
lifetime imaging microscopy (FLIM) are discussed and how they are used alongside
luminescent probes for cellular sensing.

Despite its NIR emission and high photostability Os(ll) complexes have not been
reported as generahaging probes before this report. Chapter 2 describes a novel Os(ll)
complex conjugated to the oetaginine (R) cell-penetrating peptide sequence as a
cellular imaging probe, and compares it to its Ru(ll) analogue. The photophysical
properties of[Os(bpy)(pic-arg)]** and [Ru(bpy)(pic-arg)]*°* are examined and
compared, as well as its ability to be taken up by live CHO and Sp2 cells, examined by
confocal microscopy.

Chapter 3 outlines a novel Ru(ll) oxygen sensing probe, conjugated to the mitodhondria
localising peptide sequence FrFkFrFk, in order to direct the complex to the mitochondria
of live HelLa cells using confocal microscopy to confirm location. Fluorescent lifetime
imaging microscopy (FLIM) allowedi(Ru(bpyyphenAr),-FrFKFrFK]™* to measure
oxygen concentrations and reactive oxygen species (ROS) from within the mitochondria
of live HelLa cells.

Chapter 4 focuses on ratiometric oxygen sensing in live cells. Here, two probes are
examinedi a ratiometric molecule and a ratiometric eerell nanoprticle. In both
cases, the oxygesensitive probe consists of a Ru(ll) complex, while the oxygen
insensitive reference probe is a BODIPY complex.

Finally, Chapter 5 describes the application of Ru(ll) probes to STimulated Emission
Depletion (STED) microsapy. Here, signal peptides conjugated to two novel Ru(ll)
probes directs them to the endoplasmic reticulum (ER) and nucleus of HelLa cells. The
probes performance under confocal microscopy and STED is compared in the improved
image resolution achieved as livas their photostability under the intense STED

Xi



depletion laser. High resolution images of the ER and nuclear DNA during the stages of
mitosis are captured using STED microscopy.

Xii



Chapter 1 - Introduction



Fluorescent probes are a crucial part of a biologists imaging toolbox which allows
biologists to visualise subcellular components in vivo, both structurally and functionally.
The observation of many biological processes relies on the ability to identify atel loc
subcellular contrasted against complex environments. The recent dramatic evolution of
microscopy, in particular the development of sugsolution microscopes means that

the demands for new imaging probes, with improved features such as photostadility
sensitivity to the environment for muithodal imaging has grown dramatically.
Traditionally, all probes used for imaging and theranostic purposes haven been based on
organic dyes. Organic fluorophores have shoed excited state lifetimes, <10 remd
susceptible to photobleaching when used under laser scanning microscopy. Their short
l' ived Iifetimebs means they are unabl e t
as oxygen sensing, limiting their uses as cell imaging probes. Still today alifew of

the commercial prags available are based on organic molecules.

Luminescent transition metal complex@gh as those of Ru, Os andate potentially

of great interest to the area of bio photonics and therandstitare only starting to be

seen as real alternatives to the organic probes. Transition metal compbssess
unique photophysical properties which can be exploited in the design of diagnostic and
imaging probed.They have versatile chemistries which permit their optical tuning s
that they emit in the red, away from the biological window. Their large Stokes shifts
avoids seHquenching, and allows for such probes to be used in a variety of sensing
techniques, such as resonance Raman, to which organic probes are unsuiteshd heir |
luminescent lifetimes makes them ideal for environmental sensing in cells, such as
measuring oxygen concentration, making them more than just contrast agents. They can
be highly photostable, which is an important factor for imaging in order to avoid
photobleachingThe transition metakhat have been extensively applied as luminescent
cellular imaging probes include Ru(ll), Ir(lll), amess commonly Re(l)Surprisingly,

until this report,Os(Il) complexes had not been explored as general imagingrobe
only as anticancer agentsThe long lifetimes and environmental sensitivity of these
complexes makes them very attractive in combining therapeutics with detection methods
in regards to cell imaging techniquéd$e focus of this thesis will be to exaraithe

application of novel luminescent complexes in sensing and imaging in live cells.



1.1 Principles of Photophysics

When a molecule absorbs a photon of light, it becomes extjifedally from its ground

state (9) to a higher energy state. The excitedlesule is generally unstable and will
seek to relaback to itsground state through range of deactivation pathways. Figure
1.1 shows the Jablonski diagram which illustrates the photophysical deactivation
processethroughwhich the molecule can lose iExcess energy when returning back to

its ground state. Luminescence is a radiative form of emission, and occurs as either

fluorescence or phosphorescence, depending on the excited molecule.
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Figure 1.1 Jablonski diagram illustrating the absorptiond asfeactivation processes following

excitation by a photon of light.

Fluorescence is observed when the excited photon emitstfrertowest vibrational
state of the first excitestate to ground state of the same multiplicity. From Fidute
its showshe situatiorfor most organic fluorophoresherein fluorescence occurs as the
molecule deactivates frothe first singlet excited state to the ground staté, . The

fluorescent lifetime of this emission is very short, of the order ot 40



Phosphorscence is observed when the excitedlecule emits ghoton emitsas it
deactivates betweamergy stateof different multiplicities, typically from a triplet state

T1, back to ground statep.3Vhen absorption occurs, the molecule becomes excided, S
A Si1. The molecule undergoes intersystem crossing (ISC), i.e. from a singlet excited
state to a triplet excited state; & Ti. The deactivation process A S is called
phosphorescence. Crossing between different multiplicities like this is, in principle,
forbiddenand typically phosphorescence can only be observed in organic fluorophores
under conditions of very low temperature, if at Blbwever, spirorbit couplingwithin
moleculesthat containheavy atomsan lead to lifting of the selection rule allowi
phosphorescence to be observed at room temperdthi® forbiddennature of the
phosphorescenceansition leads toslow emission decay rates, and as a result the
molecule has a long phosphorescent lifetime, of the order &fil@0 ! s. This is a
typical deactivation process of transition metal complexes who possess heavy atoms.

111Lumi nescent Lifetime (U) and Quantum Y
The luminescent lifetime and quantum vyield are two key characteristics that reflect the
intensity of emission from a luminophore as they quantitatively assess the emission
efficiency.Both can be affected kexternal factors such as the solvent, oxygen, pH and

temperature.

The quantum yield (G) describes the numbe
of photons absorbed_uminophores with the highest quantum yields display the
brightest emission. The gotm yield can be determined by the emissive rate of the

| umi nophor e ( 0)-radativel decay te grauradtstateJoEquatioro Inl

reflects the fraction of luminophores that decay through emission:

Uf = _ knr ..6 € € Equation 1.1
Kr + Knr
Where kis the rate of luminescencEthe | i f eti me of the excit

is defined as the average time the molecule sparttie iexcited state prior to relaxation
to the ground statdt is defined as thaverage time taken for the luminescence intensity



to decay following excitation to 1feof its initial intensity. Equation 1.2 shows the

luminescent lifetime of a molecule:

U =1 ééé. Equation 1.2
ke + Knr

Few mol ecul es emit t he.iThe luminesderd hfetimeaof a pr e ¢
luminophore in the absence of nmadiative processes is called the naturat lifeme , U

which is shown in Equation 1.3:

G= 1 é é é .Equation 1.3

u

Where G is the emissi Vvencdrealsabe caicdated usiog t h

the quantum yield, shown in Equatitr:

G- _Ué é é . Equation 4

u

Where the natur al |l i fetime is a function
yield 0.

1.12 Properties for Ideal Imaging Probes

Luminescent metal complexeseaincreasingly being used as muttodal imaging
probes. To dat@olypyridyl complexes dfranstion-metals such as Rutheniumdium,
andto a lesser exteriRheniumand Gmium have been exploitetbr cell imaging
applications.Their advantages include large Stokes shift, whichelps avoid self
guenching occurringSynthetically tuneable emission which easily enat@demission

in the near IR region exploiting the optical window. As they are in a triplet state

(3MLCT) they possess long psphorescenlifetimes. This is usefulis itmeans their
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emissioncan be differentiated easily from sample afllorescence on the basis of
lifetime. Auto-fluorescence occurs from naturally fluorescent molecules in the cell,
found in the cell medium and tissues susmigotinamide adenine dinucleotide (NAD),
melanin, riboflavin, and aromatic residues in protéifiseir emission occurs in the blue

end of the visible spectrum, and lifetimes for such emissiasmthey originate from
fluorescenceare typically in theangeof less than 10 ns. For this reastuminescent
complexes that possess a red to NIR emission with long lifetimes are preferable as

biological probes.

The photostabilityof a metal complexs important wherhey are beingonsidered as

an imaging prob as all fluorophores undergo phdieaching upon illuminatignbut
extending the period for which it can be irradiated before bleaching or decomposition is
the key A longeremissivdifetime makes the compleroresensitive to its surrounding
environmemas it has more time for interactions to occur, suehithsmolecular oxygen,
producing singlet @ to measuré: levels, pH, and for diffusion ainalytes during the
excited lifetime. Good cell permeabilisation is also an important feature. In recarg ye
metal complexes hadeenmade cell permeahbland havelsobeen directed to specific
targeted cellular locations by use of peptide, without which they could not cross the cell
membranewhich will be discussenh section 1.5A successful metal conmgot for cell
imaging should also be bimompatible. It should be neoxic, quantitative, remain

stable over long periods of time in vivo and not interfere with normal cell furtttion.

1.2 Photophysical properties of Ruthenium (II) Polypyridyl Complexes

Ruthenium is a rare transition metal and, as with &transition metals, &henium can

exi st i n a number of oxi dati ve sfarmst e s,
luminescentomplexesmaking it a 8transition metalThe photophysical properties o
[Ru(bpy)]?*, the first such luminescent complex reportdths been detailed
extensively>’ Figure 1.2shows an energy level diagraof the excited state of
[Ru(bpy)]?* (A) and its photophysical properti€B). The multigicity of the excited

states mybe singlet or triplet Upon excitationthe metal centre undergoes absorption,
leading to population of the firsinglet!MLCT state.Because of the heavy metal, spin

orbit couple enablestersystentrossing (ISCjo occur caesuling in the formatio of



a triplet 3MLCT excited state in Ru(ll) complexeBom where the complex emits

through phosphorescen@ndthus,recovery of the ground state of the molecule

The absorbance spectrum of [Ru(k’/) shows a metaio-ligand (d” * ) transi t i
451 nm A strong absorbance at 286 @t t r i but ed ttroantshhe i’ ons wi
ligands andwhen excited into the MLCT at 451 nm, [Ru(bg}§) has an emission
maxima centered around 611 nm. In aerated aqueous solution it has a quantum yield of

0.028 an exhibits a long luminescent lifetime of 6588

MLC]
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Figure 1.2 (A) Energy level diagram for a®dransition metaligand complex. Excited state
processes: 1) absorption of light with excitation from ground state (GS) {bIH@T state, 2) I€
to the 3MLCT, 3) relaxation to GS froniMLCT, 4) Thermal population of théMC state, 5)
deactivation of théMC state to the ground st&t€B) Typical spectroscopy of [Ru(bp¥j* at 50

e M in PBS solution showing the absorbance and

Ru(ll) polypyridyl complexes have been extensively examined as sensing and bio
imaging tools in recent years due to their unique and desirable physaal properties.

Its large St&es shift avoids selfjuenching, ands long phosphorescent lifetimes, in the
100s of ngto microsecondsmakesRu(Il) complexes sensitive to local environment
particularly to molecular oxygefMhese properties neébe tuned with the manipulation

of the mordinatingligands. Figure 1.3 shows the more widely used polypyridyl ligands,
s uc h -ipyridhe (®y), 1,1phenanthroline (phen), dipyridophenazine (dppz),
and2-(4-Carboxylphenyl)imidazo[4;5][1,10]phenanthroline) (pic). Typically, Ru(ll)
compkxes follow the configuration [Ru¢L)2(A-A)]?* where LL is a polypyrigl bpy

or phen derivative, and AA is a heteroligand. Alterations of the ligands near the
luminescent core can selectively tune the photophysical properties. For example, to
allow absorgion over a wider range of the visible spectramntroduce pH sensitivity

to the photophysics.
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Figure 1.3Polypyridyl ligands used in designing novel meigand complexes

Modification of ligands coordinated to the Ru(ll) centre not only alterstibtophysical
properties of the complex, but can render the complex more selective towards a specific
target.’ For example, the [Ru(bpyiippz)f* complex exhibitstrong affinity for DNA.
Crucially, it habeens hown t o -sbwei tac ho Ifiog hyinD Mriudlly nod i s p |
luminescence in aqueous solution but exhibiting moderately intense, long lived
luminescence upon intercalation between the base pairs of the duplex. The effect is
attributed to the protection of the phenazine nitrogen on the dppz ligandhf/drogen
bonding once the planar aromatic ligand is incorporated intp-gtack of the DNA

helix. The group ofBarton et alhave done extensive work demonstrating the dight
switch effectt®? The most studied of the molecular light switches is
[Ru(phen)(dppz)F'. As for the bpy analogue, in aqueous solution it shows no emission,
but luminesces brightly when intercalated with DNA. This complex has been the focus
of the work by Turro et al where they have looked at the quenching of
[Ru(phen)(dppz)F* when bound to DNA? and have used resonance Raman to show

that DNA intercalates with the dppz ligand of the compfex.

lonizable ligands can also be introduced into metal complexes to induce pH sensitivity.
For exampldRu(ll) complexedave been combed with ionisable ligands suchz$4-
Carboxylphenyl)imidazo[45][1,10]phenanthroline) (pic) ligand, where [Ru(L
L)2(pic)].The ligand has 2 ionisable protons located on the imidazole ring, rendering it

pH sensitivel®

However, even with the many altetive choices of ligands, most Ru(ll) arelated
metal complexes do nog¢adily cross the cell membraniéis has meant that in spite of

their photophysical advantages, they had not until recently been explored widely in cell
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imaging. Various methods havbeen examined famproving the uptake of metal
complexesin cells such as the use of PEGytat, liposomes, nanoparticleand
conjugation of cell penetrating peptidegich will be discussed in detail gection 1.4

Many have forgone attempting toake the complex permeable and have used solvents
or detergents to permeatdithe membrane. This is far from ideal as such complexes
cannot be said to be permeable and permeabilization can irreversibly change the cell
membrane.This thesis will focus orthe application ofcell-penetrating peptideas
vectors to carry the complex across the membrane and also to target it to cellular

organelles

1.30smium (Il) complexes

Until recently, R(ll), Ir(lll), andto a less extent Re(lhave been the main focus ae bi
imaging luminescent complexes. However, as describethis thesis osmium (ll)
complexes are a possible alternatiadthough until this report they had not been
explored for cell imagingOs(Il) polypyridyl complexes have many of the same photo
physial properties of theabove mentioned transition metalsvith some notable
differences due to the atomic mass of then@@s. Figure 1.4 describes the excited state
of [Os(bpy}|*"*°

Energy

[Ru(bpy),]** [Os(bpy);]**

Nuclear Co-ordinate

Figure 1.4 Excited state of [Os(bpyf* showing the singlet'fALCT) and triplet MLCT)
transitions at a higher energy level than [Ru(bgy.}©
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Because of its large nuclear mass, (1) has a stronger sporbit coupling than Ru(ll)

When excited into théMLCT between 400 and 500m it emits from a triplet state
(®MLCT). Unlike ruthenium, Os(ll) can be excited directly into its tripistLCT
through an absorbance at around 550 iHowever, its excited state is ngg¢nerally as

long lived as rutheniunThe main advantage of using Os(ll) is that its emission maxima
is red difted compared to analogous Ru(ll) complexes and its emission can be more
readily tuned to th&lIR region using coordinating ligands. For examp@s(bpy}]?*

has an emission centredound 20 nm, which is well outside the autfluorescent
window. A significant advantage ssnium has over ruthenium is that osmium has
outstandinghotostability, as there is possibility forthermal cross over from its triplet
excited state to theéestructive metal centred state that is much lower lying in energy for
analgous RtheniumcomplexesFigure 1.4 compares the energy level diagrams of
[Ru(bpy)]?* and [Os(bpyj]?*. In ruthenium, thermally activated crossover to a metal
centred state’§1C) leads to the destruction of the-Mbond and to a sharp decrease in
the luninescent lifetime with increasing temperature. TME state of Osmium, on the
other hand, cannot be thermally populated as it is far better separated friviL @B

state of the complex well above lkigher energy, shown in Figure 1.4, making osmium
more photostable than rutheniuth.This ensures there are no changes in emission
intensityor lifetime andno photebleaching during cell imaging at 374€Until now,

there have been no reports of Os(Il) complexes applied as imaging probes. Although
Os(Il) arene complexes have b&plored as anttancer agents. The group $&dler et

al have extensively studied Os(Il) arene compléXé&Their most recent report focuses

on the Os(Il) arene complgx O -p-aym)(NMe2azpy)l]PF, shownin Figure 1.5that

can induce ROS production in cedfsThis highly toxic, highlyactive complex exhibits
higher antiproliferative activity compared to cisplatin in ovarieancer cells, with an
average Gb of 0.75¢e M compared to 36.7 ¢cMis ther Ci

concentration of complex which inhibits the growth of 50 % of cells.
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Chapter 2examinesa novel Os(ll) coplex and compasgeits properties and cell
compatibility to that obin equivalent Ru(ll) complex, essess if Os(ll) can be used as

an alternative imaging probe to the much explored ruthenium.

1.4 Transport across the cell membrane

Transition metal emplexes such ashe polypyridyl complexes oRuthenium and
Osmium cannot pass freedgross the lipid bilayer of live cells due to their polarity and
charge The inclusion of low concentrations (e.g. 1 to 5 % V/V) of organic solvent such
asDMSO or detergentside Triton Xin the dye incubation mediuimave been used to
increase the uptake afansition metal complexes by permeablising the membrane.
However, the solvent or detergent affects the packing of the cell membrane, making the
lipid bilayer more permeabldlectroporation is lao methodcan also beised to get
complexes to cross the cell membrane. Howenamngof these methods are ideal as not
only do they damage the cell, the complexes cannot be said to be cell permedble
they are therefore not exmwible to tissue sampled In an attempt to render metal
complexes cell permeable, cpknetrating peptide (CPP) sequences have been used to
exploit their cargo carrying ability®?’ or polymers such as poly(ethylene glycol)
(PEG)?82%9as well as struatally altering the complex using hydrophobic ligands such
as 1, 1ephenanthroliné® or lipophilic pendants such as estradfolA balance of
lipophilicity, charge and solubility is key to designing a successful imaging probe that

is capable to cross tleell membrane
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Quantitative Structure Activity Relations (QSARs) modelling is used to try and predict
the influences of probe chemistry on cell uptake and localisafiG@SARs analysis

looks at the relevant physiochemical properties of a probe thatecarofelled using
parameters such as log P or the overall charge of the probe, and what influences such
properties have on the cell. There are many physiochemical properties that can influence
a probe to be taken up by the cell, such as its charge, and whalt localise, such as

the log P value, structural ligands used in the probes design, and the udescirciP
sugars to promote uptak&or example, lipophilic probes tend to localise in the
mitochondria while cationic probes migrate towards the notlive cells.*>*3QSAR

models were initially developed by observing a series of dyes and their interactions with
live cells. Properties such as amphiphilicity index (Al), electric charge (Z), width and
length (W & L), and head group size and hydraphy (HGH & HGS) of the dyes were
examined in order to establish a modellgygtem.3* These modelling systems were

then used to predict the uptake and accumulating patterns of the dyes. The benefits of
such models allows for a more critical understagdihcurrent fluorescent probes, and

to help in the design of novel probes and assess their behaviour with livelbels.
methods will be discussed in this sectith.

1.4.1 Mechanisms of Membrane Translocation

In order to design new fluorescent imagjiprobes and direct them across the cell
membrane, the mechanisms in which the cell allows foreign structures to cross its
membrane must be understo&ahtry into the cell can be energgpendent uptake such

as active transport or endocytosis, or energependent uptake which includes passive
andfacilitatedactive diffusion*® The mechanism can direct localization of the complex,

and can differ between varying cell lines.

Figure 1.6llustrates th&key methods of transport across the cell membraneivezasd
facilitated diffusion are both energrydependent methods. Passive diffusion occurs due
to concentration gradients which transport molecules across the lipid bilayer. Passive
diffusion is the ideal method of uptake as it has the broadest rangglichtions and is
nonselective. The pharmaceutical industry tries to exploit such mechanisms in drug
delivery. For example, animal cell membranes have a potenti&Oofo -70 mV 3’
Therefore the uptake of a complex with a positive charge can be dryverembrane
potential provided that the molecule is sufficiently lipophilic to enable it to migrate

13



across the hydrophobic core of the membrdres has been explored by Barton and
group. They demonstrate the importance of complex charge and lipophdicellular
uptake.Here they incubated HeLa cells with [Ru(Di@ppz)f* in either HBSS with
valinomycin to hyperpolarize the cells, or with k#BSS to depolarize the cells.
Following incubation the uptake was examined using flow cytometry, and fowad
that hyperpolarization promoted uptake of [Ru(D{8)pz)f* while depolarization
decreased the uptaReFacilitated diffusion involves the transport of the molecule of
interest via membraAeound ion channels or pores, and membrane transportnzotei
Glucose, potassium and sodium ions all pass freely using these méthods.

Active transport and endocytosis are enelgpendent processes. Active transport
involves the participation of proteins such as ATPases which act to bring the molecule
into the cell.In order for this to occur, ATPases break down ATP to ADP, releasing a
phosphate ion. This reaction releases energy, and this energy is used to bring molecules
in and out of the cell, as well as for other cellular functidrigerefore, the cell use

energy in the form of ATP to transport molecules from the cell surface across the

membrane upon recognition.

R R f
Rp.cE\.LU\—“ | \ l}
oy 10SO- v v ATP hoe ¥
PASSIVE  FACILITATED  ACTIVE
DIFFUSION  DIFFUSION  TRANSPORT ENDOCYTOSIS

Figure 16 Mechanisms of transport across the cell membrane. Molecules can via passive
diffusion, or facilitated diffusion using cell surfacarrier proteins. The process of active
transport uses energy in the form of ATP to direct the molecules into the cell. Endocytosis brings

molecules across by forming vesicles around the molecule to carry it across the méfnbrane.

Endocytosis is a proceby which the cell ingests the molecule to bring it into the cell.
The plasma membrane is thought to engulf the molecule, forming a vesicle which is
carried across the cell membrane and is released once inside tivotatiulesmust

reside near the mendme, or directly interact with membrane proteins to enable
14



endocytosis to occuEndocytosis is a method of uptatket CPPs catypically exploit

by selectively targang specific cell surface receptors so that molecules will only enter

a cell of interestThis is highly advantageous in the design of therapeutic agents for
targeting specific diseased states such as apoptosipyaiéfieration and diabete§:4

For example, the folate receptor on cancer cells is a useful target for tumor specific drug
ddivery.*2 Human cancer cells show an-tggulation of folate receptors on the cell
surface and these increased over the stages in malignancy. Therefore, conjugating
macromolecules to folic acid enhances the delivery of the drug to -feleggtor
expressig cancer cells ther than normal healthy cells, and enters the cells via reeeptor

mediated endocytosis.

Studying theemperature dependenckuptake caryield insight into the mechanism of
uptake as it reflectsf uptake is energy dependent or indeperidat 4 °C all metabolic
pathways in the cell are switched off. Therefore all active endocytosis is inhibited and

the cell cannot take up the moleciflé is transported actively

1.4.2 Lipophilicity

Lipophilicity is a key physiochemical property thatrelated to the permeability to
biological membranes. It determines absorption, distribution, and toxicity of a complex
within a cell**#4The lipophilicity is determined as partition coefficients (log P), which
describes the partition equilibrium of amrionized solute between water and an
immiscible organic solvent. The larger the log P value the greater the lipophilicity. There
have been many reports on the importance of lipophilicity in transition metal uptake in
live cells and their toxicity®*>*’ Lv et alreported on a series &u(ll)-N-hetercyclic
carbenesvith different alkyl side groups, shown in Figur&,11-5. The lipophilicity of

the 5 compounds were measyr@ud increased in the following order 2<1<3<4<5. They
found thatwhen introducd to live cells that the cytotoxicity of the compounds increased

with increasing lipophilicity*®
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R (1) -H

{2y -OCH;
(3) -Cll;
{4y -CT,
(5) -C(CH3)

Figure 1.7 Structure of a series of Ru@N-hetercyclic carbenes and the different side alkyl groups
1-5.46

However, it could be argued that in changgthe side groups the complex is becoming
more toxic rather than the toxicity being a result of the lipophilicity. An example of this
can be seen in areport frdra et al Here they looked at a series of Ir(lll) cyclometalated
complexes who differed itheir ligands. In this case, the lipophilicity and toxicity were
not linearly related shown in Figure 1.8s the lipophilicity increased, the d¢&values

did not change accordingly as may have been expected, suggestimg thigtcaseit

is in fact the ligands that are inducing the toxicity and not the lipophilfity.

Complex Log P ICso0
2b 1.40 1.80+0.18
2a 1.46 >230
1b 2.30 5.87+181
4b 2.37 7.06 + 1.09
la 2.44 1.40 £ 0.07
4a 2.48 29.6 +6.94
3b 2.53 12.0+1.30c
3a 2.56 4.00 + 0.60c
1c 2.59 0.10 £ 0.02

Figure 1.8 Log P values and the correspondingol@alues of a series of Ir(lll) cyclometalated

complexes.
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1.4.3 Charge

Healthy cells have an internal negative charge i.e. are ana&result of there being
more potassium ions irde the cell compared to sodium ions present outside the cell
Therefore imaging probes can be taken up via passive diffusion if theoatmeic.

Using peptide sequences rich in arginine (R) and lysine (K) give a complex an overall
positive charge, makinigg moreattractive for uptake. ffie overall final charghas been
shown toaffectwhere the complex localiselSor example, lipophilic cations typically
localize to the mitochondria. However, an excess of the molecular charge carttrender
complex fromaacesing the mitochondriado the due to the hydrophobicigf the
organelle’®*® The charge of the complex has also been shown to alter the toxicity and
localisation of a compound within the cels demonstrated byickerson et aP®>!
Uptake studies iA549 human cells showed that Compound 1, with a charge of +2,
entered the lysosome and mitochondria whereas compound 2, with a charge of
remained in the cytosol. Viability studieshown in Figure B. demonstrated that
Compound 1, with a log P value 081+ 0.02¢ Mwas highly toxic towards the cells
inducing toxicity after 72 h exposure in the dark. In contrast, Compound 2 with a log P

value of-2.2 £ 0.12 induced no toxic effects on the ¢allseown in Figure ®.
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Figure 1.9Uptake and viability studies ofvb analogous ruthenium complexes with differing charge
and log P values in A549 human cells. Confocal microscopy showed Compound 1 entered the
mitochondria and lysosomes, and was highly toxic towards the cells (top), while Compound 2

remained in the cytosbaving no toxic effects on the cells (bottoth).
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Gupta and cavorkers have reported on a series of cyclometalated iridium (lll)
complexes for cellular imaginghere theydemonstrated that the cationic nature and
hydrogen bonding interactions of Ir (ll§ontributed to the specific localisation and
emission intensity in the endoplasmic reticulum (ER) of MCF7 breast cancer cells
shown in Figure 1.0. °2 Using confocal microscopy they demonstrated that cells treated
with complex 1 and 3, which containe@Hgr oups i n position 4606
the appended phenolic ring, localised within the cytoplasm and low fluorescence in the
nuclei. In contrast, complex 2, with &OH group at position 2 of the phenolic ring,
showed intense fluorescence in the ERdé irradiation with 405 nm laser the complex
caused extensive photo induced cell death, whereas no toxicity towards cells were
observed in the dark. Although highphototoxic towards cells, thegre a useful

example of directing imaging probes to speaiirganelles by means of probe design.
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Figure 1.10 Molecular structures of GL11 showing the cyclometalated core and the ancillary
ligands. C1C9 have [Ir(ppyj]* as the cyclometalated core whereas C11 contains [ReQ0@}p
the metal coré?
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1.44 PEGylation

Poly(ethylene glycol) (PEG) is a polymer chain that can be both covalent attached to
transition metal complexes to increase their hydrophobicity and improving their
solubility. PEG linkers are an attractive means of cell targeting as theydwavoxiaty
towards cells. The reduced toxicity is attributed to the reducedelective interaction

with DNA, proteins, and organellé$PEG has been both covalently andtoralently

linked to transition metal complexes to increase their hydnegfiand improving their
solubility, water solubility and cell permeabilit§>® Lo et alhave done extensive work

with PEGylated metal complexes and have examined their effects on cell uptake and
imaging>>°® Recently they presented a water solublelayetaled Ir(lll) PEG
complex’’” Uptake studies using confocal microscopy showed the complexes
successfully entered Hela cells and localised in the mitochondrial region of the cell.
The complex showed no toxicity towards the cells in the dark but integlgsiexhibited

high phototoxicity towards the cells, indicating significant potential as a therapeutic

photosensitizer.

1.4.5 Sugar Conjugates

Carbohydratenodified complexes are increasingly being usedell imaging due to
their goodbiocompatibility, andcan serve asew imaging reagents as well as glueose
uptake indicators in live cells. A series of rhenium (I) polypyridine complexes bearing
anU-D-glucose have been reportedliayet al shown in Figurel.11.58 Upon incubation

with HelLa cells, complex 3 accumulates in the mitochondriee complexes also
exhibited lower toxicity towards the cells than the unconjugated analdgisethought

that glucose transporters (GLUTglay an important role in the cellular uptake of these

complexes.
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In another report frorho et altheyrecently demonstrated the effectdipbphilicity on
cell uptake and toxicity of a series of phosphorescent iridium (lll) compféxéste

they use Bglucose and Byalactose sugar rekies to promote cell uptake, where libgp
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Series

P valuesof the complexesange from 1.4 2.59. Complexes 1ac, 3a and 3b, and 4a

and 4b have significantly higher log P values compared to complexes 2a and 2b, the

difference being an extra hydrophobic phenyl ring in the cycloattgligands shown

in Figure 1.121t is noted that the polar sugar entity slightigluces the log P values

compared to the sugénree complexes. They also demonstrate a difference in cell uptake

between the two sugar residues. Focusing on complex 1a, which has a log P value of

2.44, they demonstrate its localisation within the mitochamaf HeLa cells which is a

result of its cationic and lipophilic nature. Based on the knowledge that cancerous cells

catabolise glucose at a higher rate sh@mplexes pose as potential cancer imaging

agents.
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Figure 1.12 Molecular structure of a ses of Ir(lll) complexes with Bylucose (1ata) and D

galactose sugar residues {dth) #°

1.5 Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are short peptide sequences, less than 40 amino acids
in length. They function to promote and facilitagdlaar uptakeof molecules, and can

do so at lowconcentrations. Their primary applicatooto datehas been to transport
therapeutic agents across the cell membrane in clinical applications as well as for

imaging probe$>°

CPPs are positively chargealith sequences usually containing highdingsof lysine
(K) and arginine (RYyesidues® The first and most widely studied CPP is that of the
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human immunodeficiency virus tygde (HIV-1) TAT peptide. Its high lysine/arginine
content renders it successitupermeablizing the cell membrane, and it is this that many
CPPs are based 8hTo date, there has not been many reports using CPRs¢ormetal
complexes. However withithe few reports, CPPs have successfully been shown to be
directed and accumukatwithin the mitochondrf&®® and nucleu§*®° which will be

discussed in more detail later onsiection 1.6.

Polyarginines are CPPs that are useful carriers of membrane impermeable molecules.
Positively charged arginine sequences, sAmghere n rangefrom 511 residues in
length have been examin&f’ The polyarginine sequencebinds stronglyto the
phosphate groups on the phospholipid bilayer of the cell membrane. This interaction
forms a pore in the membrane which allows the peptide to cross thmesabrane.

Once they enter the cell they exhibit rgpecific bindingand havédeen shown to enter

the lysosomes and endosorfié©ctaarginine (Arg) peptide sequences have been
found to have optimum penetration abilities whereas sequences belawvakrg
relatively ineffective’’®°For exampleNeugebauer et alompared uptake of two novel
polyarginine complexes RAhx-Rs and RuAhx-Rs to assess if the number of arginine
residues would affect cell uptakdésigure 1.B describes the structure of the

[Ru(bpy)pic-Argn]>* complex, where n=5 or 8 arginine residues.
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Figure 1.13 Structure of ReAhx complex with Arg=to 5 or 8

Using confocal microscopy, no luminescence was seen from the platelets incubated with
Ru-Ahx-Rs (Figure 1.14b). However a stronfuminescence was seen from the cells
incubated with RtAhx-Rg (Figure 1.14). Thus, it was concluded that Arigas poor

cell penetrating abilities, and that it is a chkEngth dependent process.

22



Figure 1.14Confocal imaging of the complex in platetalls. Uptake of RtAhx-Rs (a and b) and
Ru-Ahx-Rs (c and d) by human platelet célls

From this work it is evident that polyarginine CPPs, in particulag éingins, are useful

in directing metal complexes across a cell membrd@hes thesis will use thérgs
sequence to direct transition metal complexes across the cell memBoan@ore
precise focusing to target a cell region, a range of peptide sequences have been

successful.

1.6 Signal peptides

As described, CPPs are used to carry complesess thecell membraneTargeting
specific cell organelles ishallenging but potentially very important in sensing, for
example monitoring mitochondrial functiort. is has been demonstrated tisagnal
peptides can be exploiteddr more precise targeting. Signpéptides are based on
sequences found in proteimsorganelle membranes, for example s@iption factors
such as NFe bTheir recognition within the cells and consequent targetiades it
possible to study and monitor sabllular events, and to deliver therapeutics to specific
sites. To datesignal peptideshave successfully been shown Ibe directed and

accumulate within the mitochond?a®and nucleu§*%°
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1.6.1Nuclear Localising Signal (NLS) peptides

Many metal complexes are targeted to QDN&r example, [Ru(dppz) and related
analogues have been widely explored as DNA binderscétl therapy Therefore

gaining entry through the highly restricted nuclear envelope must be acfoevedel

application of these materialBluclear localisingsignal (NLS) peptides are typically

derived from transcription factors and are less ttaresidues in length. They have the

ability to cross the cell membrane aedter thenuclear envelope. To date, NLS
sequences that have been successfully derived from transcription factors inclad® NF
TCF1-U, T-& TFIED Qct-6 and SV48-72 ofwnichNFe B and SV40 have

to enter the nucleus selectivéfyf®

The group oRagin et alhaveinvestigated a series of NLS sequence peptides in their
abilities to be directed across the cell membrane to the nuéleigse they examined
fluorescentlylabelled sequences which were derived from various transcription factors.

Live uptake studies in MCF breast carcinoma cells showed uptake of all NLS
sequences. Confocal microscopy demonstratedthaa BF pept i de sequenc

in the cytoplasm and riear regions of the cells (Figurel®).

Figure 1.15 Confocal microscopy of fluorescently labeled 8l i n-7 ddiiS Bhowing (A)

transmitted light image, and (B) fluorescent light im&ge

However, it was found that TFtBE  a n & loclized in tle cytoplasm only, possibly

due to their highly positive charge, showing similar results to that of agip&mide
sequence. This highlights the importance of sequence charge in directing the complex
once inge the cell. The mechanism gbtakewas evaluted by &aminng the impact

of temperature on uptakét 4°C, the uptake of NLS sequences-diiB , TbF | al nEd
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HATF-3 were greatly reduced, whereas®cTCFFU, SV £ @legansS®C3 were
unaffected. This demonstrates that the choice of peptide seqemnbave significant

effects on how a complex crosses the cell membrane as discussed previously.

Of all the NLS sequences investigatedRBgin et al NFa Bvas the most effective in
promoting transport acrossiclear envelope to the nucleus and nucl€oliowing from

this resultpur group has also successfully demonstrated directing ruthenium complexes
conjugated to N b sequence to thé& Itwasddureluhat by f CH
increasing the lipophilicity of the metal complex by replacing bipyradylnter ligands

with lipophilic diphenylphenanthroline ligands, the complex could be directed to the
nucleolus These results are significant in demonstrating the power of using NLS
peptides in directing metal complexes not only through the cell memimatnigrough

the nuclear envelope todhey open the way to focusing ruthenium complexes directly

to nuclear DNA for imaging and therapy, as discussed in Chapter 5.

1.6.2Mitochondria Penetrating Peptides (MPPs)

Mitochondrid penetrating peptides (MPPg)ptcally consist of 4 positivelycharged
hydrophobic residueS. Targeting the mitochondria is of huge importance in imgg

and pharmaceutical research, astonhondria are the engine of the cell. The
mitochondriaare responsible for the cells energg WTP synthesis, supplying oxygen

to the cell, and regulating apoptosis. Many disease states have been found to involve
mitochondrial dysfunction. Therefore, mitochondria targeting peptide sequences are
being examined as a means of carrying drugs diréathysfunctional mitochondria.
They are also being conjugated to fluorescent imaging probes in order to monitor and
further understand how the mitochondria work in a given disease/Eteexample
measuring oxygen levels via oxygen prodBemd ROS prduction as discussed in
section 1.8° To date there has been success in localising molecules within the
mitochondria using MPPB¥747%0 For exampleHorton et alhave looked at various
MPP sequences to evaluate the optimal sequence for mitochtmuddiaation®? They
demonstrated that a sequence -@n@no acids was most successful in localising in the
mitochondria compared to chain lengths with fewer residues. Their optimal sequence
also included @arginine residues (r) to promote cellular stagilFrFKFrFK.

Chapter 3will focus on the MPP sequence FrFKFrFK in directing a Ru(ll) oxygen
measuring probe to the mitochondria in order to assess oxygen levels there.
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1.7 BODIPY-based Fluorescent dyes

The main focus of this work thed® transition pdypyridyl luminophoresHowever, n
Chapter 4 we exploit BODIPY's as a reference prBbeon dipyrromethane (BODIPY)
compounds are highly fluescent dyes that aexploited in cell imaging in their own

right. The BODIPY dyes comprise dhe 4,4dyfluoro-4-bora3a,4adiazas-indacene

core structure, seen in Figure 1.The BODIPY cords the prototype luminophore,

from this itexhibits good thermal,hemical and photostability. BODIP&bsorls and

emits in the visible region with a narrow absorbance hahdwn in Figure 1.17. The
advantage of using BODIPY thoughs t heir high quantum yi e
0.60, but can be as high as 0.90. They have relatively short fluorescent lifetimes, ranging
from 0.83.5 ns. The disadvantage is that the small Stekésand high quantum yield

makes the complex prone to sglienching.

Figure 1.16 Structure of the BODIPY cor@.
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Figure 1.17Absor bance and emission spectra of BODI P
solution, demonstrating the small Stokédftsbetween the excitation and emission maxima. Slit
width = 5 nm.
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The spectroscopic properties BODIPYscan be altered by changing the substituents
around the BODIPY core t® h i f taxor intreducg charge transfer to absorbance,
though this can duce the quantum yield. Emission ranges of-480nm have been
reportecf Vicente et areported on a group of long wavelength red fluorescent 3, 5
diiodo-BODIPY complexe$?’Thei r emi ssion maxi mads r ancg
with the largest Stokes shifteasured to be 23 nm. Uptake andamalisation studies
found that the complexes successfully entered Hep2 cells and located within the
endoplasmic reticulum (ERPur group have successfully developed a nteigkes

shift BODIPY complex, with a shift 085 nm and emission maximum of 740 .fim
These properties made thé8®DIPY canpounds potentially very attractive as imaging
dyes. As described, BODIPY&sewidely used as fluorescent kb in bio imaging as

their high lipophilicity facilitates them to aemulate in subcellular compartmefts>

BODIPY derivativeshave been applied as intracellular sensimtsacellular pH is an
important factor in many physiological proces®¥ BODIPY-based dyes have been
shown to be useful pH indicators, activatim response to protonatié#®® The acidic

pH sensitivity is achieved by incorporating-&\b N-dialkyl)aniline moiety at the meso
position of the core structuféHere, fluorescence is quenched at a neutral or basic pH,
and upon protonation, fluorestee increases significantly. For example, the group of
Kobayashi et ahave demonstrated gH sensitive BODIPY imagingprobe in Her2
positive cells®9! Using confocal microscopy they showed that no fluorescence was
seen in the plasma membramdich is 4 pH 7.4. Followingurther incubation with the
complex,it localised in the lysosomes. The complex emission intensity had increased
significantly in the lysosomes as they have an acidic pH of ~ pH 3-8dabsation
studieswith LysoTracker dyesconfirmed that the BODIPY complex was the

lysosomegFigure 1.B).
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Figure 1.18 pH-activation of a BODIPYbased imaging probe in Her2 positive cellke first row
shows control cells where the BODIPY is not sensitive to pH, wheseludion of PRBDPI
conjugated trastuzumab (green) was added to the déls second row demonstrates the activation
of the BODIPY fluorescence once it has entered the lysosomes (pH 4.5), where a soRifiiN-of
BDPi trastuzumab (green) was added to the cells. After incubatior24 h, localisation was
confirmed using LysoTracker red DNE® (red) celocalizing dye?®

Theresultsin Figure 1.17showed the pkactivation of a BODIPY fluorescent probe
acidic pHin Her2 positive cells, which can be used as a clinical tool fozeradetection

and realtime monitoring of therapyBODIPY complexes have also been applied to
measuring viscosity. For example, the groupSaohling et alemployed a group of
BODIPY fluorophoresto measure the viscosity of live SBV-3 cells using FLIM
imaging. They were able to determine the local microviscosity of the cellular

environment based on fluorescent lifetife.

In addition, BODIPY chromophores have been coupled to polypyridyl complexes such
as rutheniumto be used as a reference e they carbe quite insensitive to the
environmentdue to their short fluorescent lifetim&sFor example, ruthenium shows
excellent sensitivity to oxygen. However, BODIPY have much shorter lifetimes, and are
less likely to interact with oxygen. By coupling the twomplexes, oxygen can be
measured using the.ndependent BODIPY as a reference. BODIPY has also been
applied as a detector probe to detect ROS as it is quenched when it comes into contact
with ROS radical$* Yamada et areported on a BODIPY complex ifftire 1.D)

capable of detecting ROS. They incubated their complex with HelLa cells, and
introduced hydrogen peroxide;®kb, to the cells. KOz is a nonradical ROS. As a result,
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the BODIPY fluorescence was quenched, increasing the fluorescence emissisityint
in the Hela cell$®

Figure 1.19Structure of a ROS sensing BODIPY compiex.

1.80xygen Sensing Probes

In recent years, there has been significant progress made in the sensing and imaging of
intracellular oxygen of live cells and tissuetracellular dioxygen (icg) is central to
cellular functions such as respiration and energy production. It has been shown to be a
critical marker of cell viabilityand can be used to indicate disease, for exaogpleer

cells are kown to be of a hypoxic hare % The ability to measure oxygen concentration

in the cell, and more specifically in the various -seliular locations, is critical in
understanding diseased states andrtteecular mechanisms of redaxiven cellular
activity. One of the valuableharacteristics of metal polypyridyl complexssch as

Ru(ll) and Ir(lll) is their long luminesceritiplet excited stateThis can be exploited to
measure lifetime or emissiantensity changes in a cell in response to theygen
environmentIn an oxygentged environment, excited states of metal complexes such as
Ru(ll) are quenched by oxygevhich exists is driplet, ground state, deactivating the
complex triplet excitd state through energy transfdihis in turn generates singlet
oxygenitself, an actie ROS specie¥ As a result, the luminescent lifetime and emission

intensity decreasesifetime-based sensingelies on the photo luminescent quenching
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of metal complexes, and valuable as it is independent obpe concentration, making

it a usefulquantitative method.

Fluorescenceguenching quantitatively diminishes both fluorophore emissitensity

and lifetime Typical quenchingreactions includghotainduced electron transfer, or
energy transfer. Collisional quenching occurs when the excitetbffhore comes in to
contactthrough mutual diffusion of the fluorophore and the quencher. The quencher
must havethe appropriate thermodynamic properties to react with the excited state
molecule. Quenchingcompetes with fluorescence from the fluorophoe&yrning toits
ground stateor a new state that does not emphotonFor a diffusion quencher like
oxygen, the linear dependence of intensity on oxygen concentratioh ¢@nh be
described usig the SterAvolmer equation (B).

lo = W =1+ KwaO2] é . Equation 15
| U

Wherandl U are the luminescence decay ti me
and b and | are the respective intensitiesz][@ the oxygen concentration aidy is

the Stern Volmer constant that quantifies therguning efficiency of the probehere

Ksv = kqgadé . Equétion 1.

Where kg is the pisthelumméscent lifeimecintherabgsenaenotl U

oxygen.

Measuring the effects of oxygeoncentrations in cells may give a better understanding

of the role of hypoxia in tumor cells. Luminescentg@obes are ideal as they are non
invasive. Techniques such as Confocal Microscopy can measure changes in fluorescence
intensty, and Fluorescencéifetime Imaging Microscopy (FLIM) for fluorescent
lifetime. Until recently, the only way oxygen was measureliving cells or organelles

was invasively using electrodes, such as Ctgpe electroded-luorescent lifetime is

the optimal method of chagcas it is independent of probe concentration, which will
affect intensity.
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One of the earliest examples of oxygen sensing using metal complexes by means of
fluorescence lifetime imaging microscofiyLIM) was reported byycek et alwho
demonstrated the ggen dependent response ofis(2,2 -bipyridyl)dichloro
ruthenium(ll) hexahydratie human bronchial epithelial cell lin€%.The complex was

taken up by the cells after 4 to 6 hours incubation. The oxygen concentration was
modulated in the cytoplasm bwlibling nitrogen into the contacting medium, and was
imaged by measuring the changes in the Ru complex luminescent decaftivmegh

they showed that the luminescent lifetime changed with changing oxygen concentrations
in solution, they did not reporhaa calibration curve, meaning no quantitative data could

be retrieved from the FLIM data of the cellsterestingly our group have carried
extensive uptake studies on Ru[BByin numerous cell lines including CHO, Sp2, and
HelLa cells and have not seany uptake of this complex without the use of DMSO or
conjugating celpenetrating peptides.

Another popular oxygen sensing agent are the phosphorescent porphyrins which are
based on platinum(ll) and palladium(ll) transitions metals. P&y Pd(ll}porphyrins
possess long lived phosphorescent states in therangg &@ e€s f or -Pt (I |
1000 es for Pd(I11) probes rendé&%FrPt(ih-g the
porphyrin complexes possess-3#&mes higher emission quantum yields tharRtél)
derivativest® The group ofPapkovsky et atave carried out extensive work on P)

and Pd(Il}porphyrinst®*10 Recently they reported on a group of phosphorescent
tetracarbocylic Pt(Ilcoproporphyrin dyes (PtCP) for intracellular oxygen sen¥®

The complexes were taken up slowly by mouse embryonic fibroblast (MEF) cells via
endocytosis, and localised in the cytoplasm. To monitos ic@PC12 cells, the cells

were stimulated with the mitochondrial uncoupler FCCP to alter the concentoation
oxygen in the cell. Using luminescent lifetime and emission calibration plot they were
able to determine thattheic®@ ecr eased dramatically to 4
to FCCP. Free metalporphyrins tended to aggregate in aqueous solutioasresult

of their hydrophobic nature. Therefore, the dyes are normally conjugated to polypeptides
or synthetic polymerd.ebedev et aleported on a group of Rebrphyrins encapsulated

into poly(arylglycine) dendrimers in order to protect the chromopfrora biological
activities that may interfere with the oxygen sensfighey introduced the probes to a
mouse brain and were able to measure intravasculaugi@g widefield microscopy.

A change in phosphorescence intensity was observed in respafsantging oxygen

levels.
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1.9 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are chemically reactive oxygen metabolites. They are
highly reactive as they have one or more unpaired electrons in their outer shells. They
can be produced by exagaus factors such as UV or heat exposure, or can be generated
endogenouslin the body in the mitochondrf8 ROS has been shown to play a role in

di seases such as Parkinsonods di sease
neurodegenerative diseases likeltiple sclerosis® Polymorphisms in mitochondrial

DNA (mtDNA) has also been shown to lead to cancers such as breast and prostate
cancers as a result of the overproduction of R®®8! Cells have developed methods

of protecting themselves from ROS byogucing antioxidants and degradation
pathways'*? However, increased ROS production in the cell can cause irreversible
damage to DNA, cellular functions, and can contribute to disease progréssidihe

types of ROS include singlet oxygetOf), supeoxide anion, and hydroxyl radical.
Collectively, ROS is known as oxidative stress.

Oxidative stress is caused by an imbalance in the cell where the production of ROS is
greater than the <cell 6s ability to remo
produced by the mitochondria is singlet oxygéd, Oxygen has a triplet ground state.

If O2reduction in the cell is incomplete, it forms an activated form 9fQy and is a

highly reactive species. It can induce mitochondria permeability and camiercsil
death''®*When'Ois generated, it can either lose its energy in the form of heat, or it can
react with a substrate causing oxidative damad@lfeacts with an organic molecule,
peroxides can form. The-O bond is cleaved, generating furtl@r radicals such as
hydroperoxide.OH (&).%"117As oxidative stress has been shown to play a role in many
cellular dysfunctiong!®?° further understanding of the underlying mechanisms
involved in the process is essential. Fluorescent probes are sagisliyive and selective,
which makes them ideal as sensanisROS!%8113121ROS s very difficult to measure

as a result of its high reactivity and short lived lifetimes. There are very few reports
regarding transition metal complexes for ROS sengdmg example is that if an Ir(lll)
phosphorescent ROS sen$8rZhao et alfound that the emission of their probe was
greatly enhanced when it came in contact with hyperchlorite;, @@eactive oxygen
speciesHypochlorite plays an important role in tilemune system as a signal molecule
and it is mainly produced by active phagocytels.ofthe studiedy Zhao et alvere

carried out in vitro and were not examined in live callarrently, mostof the ROS
32
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sensors that are reported are based on orgaobeg?® For example, the group of
Nagano et alreported on a ROS sensor which was based on rhodaffifibey
successfully targeted the complex to the mitochondria of HeLa cells. They stimulated
ROS production by adding-B: to the cells, and recorded anhancement in confocal

fluorescence intensity as a result of ROS production.

Dihydroanalogues of fluorescent dyes are commonly used probes for ROS production.
Exampl es of whdickldrofluorascin (D@Fe&l), dzhgdroih@damine 123,
and Amplex RedCommercially available imaging probes to allow ROS to be detected

using confocal microscopy include Amplex Red and MitoSOX Red.

For example, MitoSOX Red is ffuoro-probe that detects superoxide in mitochondria
of live cells?® Figure 1.20shows the gemation of superoxide using the mitochondrial
uncoupler Antimycin A in myocytes, and detected using MitoSOX Retimycin A is

an inhbitor of electron transfer atomplex Il in mitochondria. It blocks the
mitochondria from consuming oxygen in the celhefefore there is a build up of
oxygen in the cell, altering the natural certration'?® The change in the cellular

environment causes the cell to undeog@ative stresproduding ROS?’

MitoSOX

PQ 30min

Phase Contrast

Figure 1.20Confocal microscopy detecting the productionsaperoxide in live myocytes using
MitoSOX Red!?®

By comparing the control cells in PBS to those treated with Antimycin A, it is evident
that MitoSOX Red is a highly fluorescent and selective probe for the detection of ROS

production in mitochondria.
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1.10 Ratiometric Oxygen Sensing

As discussed isection 18, luminescent lifetime is the most reliable approach to sensing
intracellular oxygen concentrations as it is independent of probe concentration.
However, lifetime imaging microscopy is a relativeigconventional method and not
widely available. On the other hand, emission intedAs#yed sensing using
fluorescence microscopy is possible on more conventional instruments. As emission
intensity is influenced by probe concentration, a ratiometric @gprds required for

oxygen sensing.

Ratiometric sensing has emerged in recent years as another method to measure oxygen
in vivo. However, it is not an established method, and there are still many issues to be
addressed. Ratiometric oxygen sensing allaw®kygen to be measured using optical
methods such as confocal microscopkiich can allow forapid realtime cell imaging

of intracellular oxyger?® Ratiometric oxygen probes are typically made up of a-dual
emitting system that consists of an oxygesensitive fluorescent reference, and an
oxygenquenchable phosphorescent sefdbfherefore, the intensity or decay lifetime

ratio of fluorescence and phosphorescence can be used to quantify oxygen
concentration. Ideally, both the sensor and referentleeoflual probe need tme co-
exctelat a single wavelength while possessi
any cross talk. Figure 11Zhows an example of the emission spectra of a ruthenium
coumarin ratiometric prob&? In this case, when excited 405 nm, coumarin exhibits

an emission maximum at 467 nm, and Ru(ll) at 611 nm. The coumarin emission remains
constant while the Ru(ll) emission changes over a range of oxygen concentrations,

increasing with decreasing oxygen.

34



(A) 8)

16
- 2000 n .
B [\
= / \
2 [\ o
£ | \ -~
g I| '-". o 8
‘@ 1000 | \
é | ~. \ .
L ||I \ 4
~\ \
Sl ---h_‘:_n:;\_\kh L
0 - —— 0
420 620 820 0 0.5 1.0 15
Wavelength (nm) (O3] * 10% (M)

Figure 1.21 Emission pectra of Ruthenum oumar in ratiometric oxyge
Dul beccobds phosphate buffered saline @DEBS) ur
line, 2% Q: orange line, 20% O green line, 50% & blue line, 100% @ purple line) (A) and th

corresponding Stermolmer plot of phosphorescence to fluorescence. The spectra were measured

with excitation at 405 nr#°

From Figure 1.2, the probe shows excellent linearity in response to oxyg@m the

slope of the plot it was determined that RRutheniurrcoumarin probe has a KSV value

of 7.531 x 106 M, which is a relatively slow quenching ratelowever, more
measurements over the range of oxygen concentrations could have been included for a
more accurate calibration curv8ingle molecule sstem for seHreferenced sensing are
difficult to make, because it is difficult to avoid cretask between the two probes, such

as selfquenching. Therefore most reports of ratiometric probes are particle based.
Ratiometric oxygen sensors are most comm@nepared by mixing different dyes to
create a duatmissive particlé3®13! Recently, ratiometric probes have been
encapsulated in nanoparticféé!** PEBBLEs!®>'%® and dendrimers’ Their

encapsulation helps avoid quenching and interference lfolagical materials other

than oxygen in live cell$®

PEBBLEs Probes Encapsulated By Biologically Localized Embeddarg optical
sensors which are designed for minimal invasive monitoring in live 8&IBBLES are
typically based orhydrogel matries such apolyacrylamide hydrogel, sol gel silica,
and crosdinked decyl methacrylate, and can be between 20 and 100 nm.i#°s¢zng

et alreportedon a RGB PEBBLE for intracellular oxygen sensiigTheir ratiometric
probe consisted of a Pt(ll) oggn sensor and tHkiorophore N(5-carboxypentyb4-
piperidina1,8-naphthalimide butyl esteas the reference dye. Both dyes were

encapsulated in hydrophobic polystyrene beads which protected the probes from direct
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contact with cellular component$he paosity of the hydrogel materials allow for
oxygen to diffuse and come in contact with the oxygen sensitiveé-itygre 1.2 shows

the PEBBLESs in NRK cells. At oxygen saturation, the RGB PEBBLESs display a green
fluorescence from the reference probe (A). pptake by the cells, the PEBBLES turn

from green to red as a result of the limited oxygen supply in the cell§.(B

Figure 1.22Imaging intracellular oxygen in NRK cells. (A) In the oxygen saturated cell culture
medium, RGB PEBBLEs display green ftescence. (B) After endocytosis (24 h), the colour of
RGB PEBBLEs turns from green to red due to the limited oxygen supply in intracellular
compartments. The inset shows an enlarged section of a single cell. (C) After 48 h, large amounts of
the RGB PEBBLE#ave been internalised by the cells. (D) Partial membrane rupture by 2% Triton
X-100 releases some RGB PEBBLEs into the cell culture medium where their colour turns from red

to greent4®

The group ofTobita et alreported on an Ir(lllcoumarin ratiomeic oxygen probé!

This is oe of the few examplde dateof a molecular system where the srrablecule

probe was not encapsulated. It showed excellent ratiometric properties in solution, where
the emission intensity was shown to have a linear respormsg/gen quenching, which

resulted in a linear Steiolmer plot indicating dynamic quenching. The complex was
introduced to HelLa and they were incubated at 20 % oxygen and 2.5 % oxygen to induce
hypoxic conditions. Figure 13shows that under saturatedk y gen condi t i on.
the coumarin displays intense emission from with the cells while there is no contribution
from the phosphorescent Ir(1ll) component. However, under hypoxic conditions (2.5 %),

the Ir(lll) luminescent emission switches on. Althbugese results demonstrate good

ratiometric properties for the mapping of intracelluloxygen, the group did not
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quantitatively measure oxygen in the cell, nor did they measure luminescence over a
range of oxygen concentrations from within the cell, tredtefore did not explore the

full potential of this probe.

A

(Fluorophore)

C343-Prog-BTP

B a)A,,=460-510 nm b) A,,, => 610 nm

20% 0,

Figure 123 Structure of Ir(lll})coumarin ratiometric oxygen probe (A). Luminescence images
( &=400 410 nm) of Ir(lll}coumarin ratiometric oxygen probe in HelLa cells incubated under 20%
and 2.5% @conditions (B) observed at emission wavelengths of a)3BDnm ad b) above 610

nmi4l

1.11Confocal Laser Scanning Microscopy

Cell imaging using fluorescence microscopy has become an essential tool in biology and
life sciences. It provides an insight into how cells function and cell signalling at a
subcellular leveWwhich has been achieved by labelling the samples with luminophores
and using confocal microscopy to acquire an image. Before the development of confocal

microscopy, there was wide field microscopy. Here, the sample is illuminated using an
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arc or filamentamp, and the entire sample is uniformly exposed tdigiw source as
shown in Figurel.24a. However, ery little detail of cellular structuresan be observed
this way without labelling. On the other hand, confocal microscopy uses lasers to excite
fluorescently labelled samples, where only a specific, focused area of the sample is
sannedby the light source (Figure 1.BY This greatly improvegnage quality and

resolution as well agesulting inmore detailed images.
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Figure 1.24 Schematics of (a) wiefield and (b) confocal fluorescence microscopes, showing their
main components. The illumination path is shown in yellow and/or blue (excitation at 395 nm) and

the imageforming path in green (emission at 509 n#¥.

Confocal laser scanning microscai@LSM) is a norinvasive technigue used to obtain
high-resolution 3D images with little background interference. It has the power to
resolveand detecstructuresat a subkcellular level, which has led to the requirement of
much improved multmodal imagig probes. The drawbacks of continued laser
scaning include photdleaching,and general damage to the cell membrane through
thermal activatiorby continuous exposure to the lasBo overcome oveexposure to
highrintensity laser beams, other confocal magcopy techniques are available. For
example, Spinning Disk Confocal Laser Microscopy (SDCLM). Here, an expanded laser
beam scans over an array of micro lenses which are arranged on disk. These micro lenses
align with a second disk which contains the piels for each micro lens. To acquire an
image, the disks are rotated at speeds betweenr3@IDrpm. An array of focused laser
beams scan the specimen, unlike the single laser beam of Ct&¥fAs multiple
pinholes scan the area in parallel, less@nerrequired to excite the sample. Therefore,

there is a reduction in fluorescence bleaching and less damage to the sample. During the
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high-speed spinning, stable focus is maintained using anfactis system, allowing
for rapid, longterm imaging of We cells.}*>'#€The imaging technique in which this
thesis uses, however, is CLSM. In order to overcomeligadvantages the highlaser
intensities usednew imaging complexes can be designed to ertkaseproblems are

limited.

1.11.1 Principle of Confocal Microscopy

The principledistinction between widéeld microscopy andCLSM is the use of
pinholeswhich work toreject light outside of the focal plane for much improved focus
and resoltion.**? By passing the exciting and detected light thiopimholes only light
directly focused on the pinhole passes through and out of focus light is eliminated. There
are 2 pinholes one before the sample at the excitation line, and one for after the sample
for the detection. The fluorescence from the sangptollected at a photomultiplier tube
(PMT). To collect an image, the sample is scanned by the laser inXh@afie to build

up the image on a pgixel basis. CLSMs much preferred over the conventional wide
field fluorescence microscope asatlows for a much more detailed three dimensional
observation in cell imagingThe principle of a confocal microscope is illustrated in
Figure 1.3.
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Figure 1.2 Diagram demonstrating the optical set up of a confocal micros¢bpe
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The smaller the pinholehé higher the resolution achieved as there is less out of plane
light and noise being let in to the PMTs. However, the disadvantages of restricting the
region of observation using a pinhole hole is that the entire field of view is not visible,
and there isa decrease in the luminescent intensitiie highspatial resolution of
confocal microscopy hasovidedpower to investigate ancetect at a subellular level.

CLSM has severaltheradvanages over wide field microscopiyie depth of field can

be contiolled, background interferences can be eliminated from the focus, and images
can be be acquiredrom different z positionr slices through a sampi® A huge
advantage of usinGLSM is its high zresolution. Scanning in the z direction allows for

a Z-stack to be collected to achieve a 3D image of a sample. In order to do this the
sample is moved on a motorised stage to collect images at different depths through the

sample.

To overcome thalisadvantageassociated with CLSMnew imaging probes can be
desgned to ensure these problems are limited. With the advancements made in CLSM
imaging techniques in the past 10 years, there is a requirement for much improved
imaging probes to keep up with the ever changing techndimgging probes have been
designedand developed to coincide with the needs of CL&EM example, choosing a
complex that has a large Stokes shift will avoid-geknching, while a long lived

excited state avoids photo bleachif@ommercial probes for cell staining suchAdt®

and AlexFlwrs are widely available but typical of organic probesshow limited
sensitivity to the environmentHowever, new multimodal imaging probes that can be
used to measure oxygen and pH are being designed so that they can be easily monitored

in cells using CSM.

Transition metal complexes have all the necessary characteristics to ovenaomef
the present issues with organic probesh as photostability and sejfienching Ru(ll)
67,149,150 1p(11) 9+1%3 and Re(H?>*1*°have beerwidely explored ageneral imaging
probes in live cell imaginglheir large Stokes shift avoids seffienching, while their
long lived excited state helps to eliminate the sheed auto fluorescence found in
biological samples. They are highly photo stable which allows dontinuous
monitoring of biological sample®u(ll) complexes will be the focus of this thesis for
CLSM.
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1.12STimulated Emission Depletion (STED) microscopy

As discussed in section 1, Iconfocal microscopy isurrentlythe key bio imaging tool

used to stdy live cells, tissues, and other biological structures. However, the spatial
resolution that can be achieviadconventional optical methodsrestricted by the light
diffraction limit. The resolution limit of a microscopgd e f i ned by Abbeds
This states that |light with wavelength @&
nt hat converges with the adThiselatdnshipiisl | ma

described by Equation3.

d=9o = _oéé.. Equation 1.7
2nsind 2 NA

Where NA i s numa)Thusamicrasgopecannotresolve svo featlires
that lie located closer to each other than /2NA

However, the development of a number of significant advances insoapy in recent
years hasallowed the diffraction limit to be effectively bypass@&tie first of the super
resolution techniques to emerge was stimulated emission depletion microscopy,
STED%8 This improvement in resolution of fluorescent microsclguito the award of

the Nobel Prize in chemistry for the creators Stefan W. Hell, William E. Moerner, and
Eric Betzig in 2014.

In 2006, a new type of super resolution technique emerged known asmiiglaule

super resolution imaging, which includes Stotiea3ptical Reconstruction Microscopy
(STORM) and Photd\ctivated Localisation Microscopy (PALM ™’ The principle

behind these techniques is that they use phaitchable fluorophores to obtain high
resolution images. The laser activates some of therdhhores, while other
fluorophores remain in a neamissive, dark state. The difference between STORM and
PALM is that STORM uses switchable organic fluorophores in specific reducing
buffers, while PALM uses fluorescent proteiti€ In both cases, howeresufficient
photons need to be switched on so that its precise localisation can be determined before
the fluorophore switches off. The images of the emitted photons are captured using low

power readout lasers until they reach a dark state or {utedch This process is
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repeated to build up an image of the precise location of the single molecule photons in
a sample®®High number of photons need to be collected compared to the background
in order to achieve the highest resolution possible. Backgragndlsan come from
autofluorescence of the sample or from residual fluorescence fromactorated
probes. Dyes such as Cy3 and Cy5 have been used for STORM to reduce background
as they produce high photon counts for imaging, where resolutions of 28venibéen
achieved**%9However the focus of this thesis is the application of inorganic probes

for STED microscopy.

Figure 1.26 illustratesthe principle of STED excitatioriThe improved resolutioms
achievedhrough double excitation of tlieiorophae. A focused laser pulse excitee
fluorophore andimmediately after the excitation, a refifted high-intensity donut
shaped STED beam is appliedhich overlaps with the excited regiol depletes the
fluorescence of the excited fluorophore on tregighery of theexcitation spot by
stimulated emissiqreffectively switching the fluorophore to a temporary dark state, for
example S1S0161
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Figure 1.26 The principles of STED@A) A laser light is used to excite (blue) fluorescence emission

(green)in the area of focus. The STED laser (red) is used to selectively turn off emission in the outer

periphery, allowing for better separation of fluorescent entities. (b) Increased depletion power (red)

reduces the common area of emission, generating eestedfgctive focus with nanoscale resolution

power. (c) Following absorption of excitation light (blue photon), fluorescent molecule (black)
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The additionof STED light (red photon) can rapidly stimulate the excited molecule to emit the

absorbed energy (additional red photon) and return to the ground state, thus turning off fluorescence

(green). (d) Schematic diagram of an optical STED microscope with a plas sculpturing the

depl etion

(blue), and the resulting effective detected fluorescence emission (§reen).
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STED deexcitationis stimulated usingvhich coinedes with the red tail of the emission

of the fluorophore so as to avoidegcitation of the fluorophore. This reduces the spot

size of the incident laser to below the diffraction limit. The improved optical resolution
obtained using STED is defined byuzdion 1.8
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d= e ééé Equation 1.8
2 NA & halsal

Where & is the emission wavelength, NA |
Imax IS the peak intensity of the STED laser within the depletiome, andsk is the

applied STED laser threshold intensity, in otiv@rds the intensity that deplet®8 %

of the probes emission intensi?. Equation 18 indicates that the more efficient the
depletion process, the greater the achievable resoldtib®ince he more intense the

STED laser, the greater the depletiBlowever, he huge intensities required for STED
makes significanr demands on the probe regardatglsy. In order to achieve STED,

a depletion laser is typically between 0.1 GW cm?, meaning the fluorophore must

be highly photostable withthe maintenance of digh fluorescent quantum yield.

Therefore, the choice of fluorescent probes is important in STED microscopy.

1.121 Choosing the correct STED probe

Most luminescent probeapplied in microscopy are organic dye complexes. The
commercially available complexes that are recommended for STED imaging such as
Alexa Fluorl®>166Atto 161.166.16%3nd Chromet§*1¢7areexclusively organic but are used
because of their high photosiigly. However,a key drawback is thairganic probes

have small Stokes shifts. This makes it harder to apply a STED depletion laser without
causing reexcitation of the probe as the laser line may overlap with its absorption
spectrum. Thus STED depletesawelengths at the far red edge of the emission.
Choosing the correct dye complex for STED is crucial to achieving optimum resolution

1) An ideal STED probe should have a large Stokes shift which has many benefits to the
imaging process such as avoidingerseitation by the depletion laser. fgcitation

leads to a prolonged dark state which results in photo bleatffidglarge Stokes shift

also allows for multiabelling Multicolour imaging is fast becoming a method of
interest in order to image two @nore complexes at the one tiffé.The spectral

separation of different labels into two or more excitation/detection channels is required,
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and therefore fluorophores with large Stokes shifts enable the number of detection

channels required to be reducextl @void cross talk between the probes.

2) Photostability is essential in STED microscopy as the probe will be exposed to high

laser intensities during the depletion process.

3) The emission profile of the probe must be well matched to the chosen Splebode
laser as the greater the overlap with the emission, the greater the extent of stimulated

depletion.

4) A long lived emissive state means there is a better probability for stimulated emission
to be achieved.

Current commercial organic probes ssks only the photostability and high quantum
yield necessary for STED. Therefore, there is much work to be done on the development

of probes to improve the performance of STED microscopy.

1.12.2 Applications of STED microscopy

STED was first experimentally demstrated byHell et alin 1999, whereby they imaged
nanocrystals using standard tdénfocal, then applied a STED laser to disable the
fluorescence from the outer part of the focal sptiigure 1.7 shows the improvement

in spatial resolutiorof nanocrytals achieved after using STED. A full width half
maximum (FWHM) of the XY profile across the nanocrystals was measured to be 150
+ 8 nm in the standard confocal image, which improved to 106 = 8 nm when STED was
used. The STED image was also able to kesbtlvo nanocrystals in the focal plane,
whereas it appears that there is only one when confocal was used.
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Figure 1.27 Images of adjacent nanocrystals in (a) the standarg@ocal and (b) the STED
confocal microscopes. Comparison of the images angrbfdes reveals significantly improved
spatial resolution in the far field. Excitation 388 nm, STED depletion laser 76€& nm.

The first application of STED to live cell imaging was reportediif et alin 2000162

They labelled the membrane of litecoli and gplied STED microscopy. Figure B2
demonstrates the improved resolution of the membrane compared to the confocal image
(b). Here they have 6broken the diffract
and 6 in the axial direction.
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Figure 1.28 Resolution improvement of labelled E.coli membrane. -fl8 improvement was

demonstrated using STED (b) compared to the simultaneously recorded confocal irffge (a).

Many improvements in STED imaging techniques have been mad¢ssearlywork.
In 2009, eports from the same group demonstrateddstitaction STED nanoscopy
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images of mitochondrial cristae structure inside a'é&Here they were able to nen
invasively image the arrangements of the translocase of the outer membraneafTOM)
the mitochondria, shown in Figufe29. Figurel.2% demonstrates the complexity of

the mitochondria in the cell. The sketch described in (b) illustrates that the size of the
mitochondrial tubule is beyond the diffraction limit of a general confocatasiope.

Upon scanning of the mitochondrial tubules, the confocal image gives no structural
detail of the antibodyabelled mitochondria. However, the STED images reveal
individual TOM complexes on the mitochondria membrane, demonstrating 30 nm
resolutionfor the first time using optical methods.

mitochondrium confocal !

0

o

Figure 1.29 STED nanoscopy of mitochondrial cristae. (a) The mitochondrial network of a PtK2
(kangaroo rat) cell. The mitochondria were labelled with antibodies against thecd@Mex
(green) and the microtukrilcytoskeleton with antibodies agairstbulin (red). The nucleus was
labelled with DAPI (blue). (b) Sketch comparing the dimensions of a mitochondrial tubule (left) with
the confocal (middle) and the STED focal volume (right), drawn to scale. (¢) Mitddhdabelled

with antibodies specific for the TOM complex comparing the confocal image (left) with the STED
image (right). Scale bars: 10 um (a) and 500 nm'(2).

Time-lapse STEDa newer extension of STEas employedy the group ofNagerl
et al to image changes in synapse functionsliire brain tissué’! Figure 1.30
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demonstrates a resolutonof 68 0 nm of actin present at
slices They establishedn average resolution of 18@n for confocal microscopy and
60nm for STED microscopy at depths up to€90 in brain slices. Such penetrating
depths and improved resolutions highlights theedsity of STED applications, which

will be increasingly beapplied to the biomedical imaging of normal and abnormal

functions.
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Figure 1.30Live STED images of dendrites of hippocampal neurons recordettiatis depths 10,
35, 63, and 78m below the tissue surfacBamples were labelled wigsCA-LifeactEYFP vector.
They were excited at 490 nm, and the 595 nm STED depletionlaser.

Longterm changes to synapse function is a central challenge for neurobiological
research. Imagg of the synapse in Figure 1.80one of the few examples where STED
has been used to study biological functions.date STED reports have focused on
method development with improved resolutions and the development of imaging dyes,

rather than the discovery néw biological functions.

Nuclear pores located on the nuclear surface of a cell are typically 80 nm long and 145
nm in diametet’? The nuclear pore prevents the passage ofspeific molecules to

enter the nuclear envelope while still allowing théudifon of water, sugars and ions. It
also plays a key role in cellular processes such as gene actiVvatiaging such
structures using ewentional confocal cannot be achievasecause of the diffraction

limit. However,Hell et alwere able to achieve higksolution images of nuclear pores
using singlecolour STED nanoscopy® Figure1.31 demonstrates the confocal versus

STED images acquired of the nuclear pore complex in a fixed HeLa cell. Atto 647N was
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used to stain the nuclear pore for imagiidnigh contrast image was achieved, and the
background noise has been significantly reduced, along with the improved resolution
following STED. However, this report only focuses on the development of new imaging
dyes and achieving improved spatial resolutiosgagithe nuclear pore to do Sdere

have been no dynamic biological studies carried out on the nuclear pore using STED

microscopy.

Confocal STED

Figure 1.31 Nuclear pore complex stain with Atto647N in a fixed HelLa cell. The detailed structure

can be clearly resolvezbmpare to the confocal equivalets®.

To date, the greatest improvement in resolution was reportdelbgt alin 2013 where

they demonstratecesolutionsas low as 20 nnn unprocessed data imagé¥Figure

1.32 describes duadtained protein comekes of the nuclear pore complex (NPC) with
immunclabelled homodimers. Upon applying STED, the detail of the NPCs structure
could be clearlyresolvedfrom the dualabelling, with the diameter of an NPC was
found to be around 160 nm in diameter. The STiEBge of a single NPC revealed that

it consists of 8 subunits, each with a size of betwee#®0m, surrounding an 80 nm

sized centre.
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Figure 1.32 Fluorescence nanoscopy of protein complexes with a compactinfreaed
nanosecongbulsed STED microsqee. @) STED reveals immuntabelled subunits in the nuclear
pore complex. The diameter of the ring was establishddl&®nm. Scale bar, 500m. B) An
individual nuclear pore complex image showing eight antidatglled gp210 homodimers asi 20

40 nm in diameter, with an 80 nsized centrel’3

The abilities to duastain protein structures allows for-depth imaging & sub
diffractionresolutionusing STED. Up until now, all of the reports of STED microscopy
have been based on organic probes. To date, there have been no reports of transition
metal complexes applied to STED. Transitioretah complexes possess all the
previously described attributes of a gd®@ED probe such as large Stokes shiftsglon

lived emissive states, red emission grtibtostability. Chapter 5will look at the

application of twdRu(Il) complexsas anovel STED imaging probe

1.13Fluorescencelifetime Microscopy (FLIM)

Fluorescence lifetime microscopfFLIM), or in the context of metal complex
luminophore aresometimegeferred to as phosphorescence lifetime imaging (PLIM)
is a quantitative microscopy technique which maps the spatiallyvess@verage
luminescence lifetime foa probe across a sample. Tégplication of fluorescence

lifetime imaging to live cells was first reported in 1992and, although it is not yet
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widely adopted in cell biology laboratories its use is growing. FLidtesns are
typically used in tandem seps implemented in conventional confocal and multi
photon microscope¥>1’® The biggestadvantage of FLIM is thathe lifetime of a
luminophoreis independent of its concentratianakingFLIM is the most reliablevay

of assessing the probe environment without need for ratiometric Sigrdher words
changes to lifetime can be attributed to changes in the local environment and not probe

loading.

FLIM can be used as a Time domain (TD) or Frequency domain (FD¥nsyst FD

FLIM, the light source is pulsed at a high frequency and modulates the fluorescence.
The delay in the fluorescence between the pulses causes a phase shiétifieecan

be determined from the shift or decrease in the pHaseTD FLIM typically employs

time correlated singtphoton counting (TCSPC), where short pulses of light excite the
sample and the fluorescence decay is directly measured with a time gated system. This
is the principle behind TCSPES This is the system used throughdhis thesis.In
TCSPC, he sample is excited using a pulsaser diode (LDs) to create short pulses of
light. The time between the excitation pulse and the emission of a fluorescent photon is
recorded. The data is collected by detecting single photoriseofluorescent and
marking their arrival times at the detector with respect to the laser'p(té&The time
dependent intensity is measured between the excitation pulse and the!piizoh
detected photon creates a histogram or decay eumieh kuilds up over time to give

the lifetime decayshown in Figure 13 Typically, the detection rate is 1 photon per
100 excitation pulses. The decaylog(ltme U
versus tOr, more commonly by nelinear least sgares fitting of the decay curve.
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Figure 1.33Lifetime measurement using Tirg®main system. Single photons are detected based

on their arrival times (middle image) and collected to create a histogram decay’curve

In imaging mode fte deteadphotas are sorted into time bins according to their arrival
time, resulting in a lifetime decay plot of photon distribution and arrival time after each
laser pulseand in the resultingrLIM image, each pixel is made up of the detected
photons in that region, aking up a falseolour image'® The advantage of this method
over time domain and gated systems as that it counts all the photons that reach the
detector, giving much higher efficiencgnd typically requires low excitation intensity
compared to convemtnal fluorescence imaging is useful for photosensitive samples

as photebleaching or sample damage during longer acquisition times is avdided
TCSPC FLIM delivers the highest time resolution with the best lifetime accurfatye

time resolved fluescence imaging methaotfé Because of the high resolution of the

the lifetime data it can resolve complex decay profiles from a sample and it is compatible
with confocal laser scanning microscope syst&thidowever acquisition times can be
long, particuarly for long lived probedecause the cycle time depends on average
wavelength lifetimeand this can limit the dynamic range of TCSPC systé®®

The acquired FLIM image is a contrast image where eba@h pontainsa fluorescent
decaylifetime, not irtensity. The data is analysed by fitting to fluorescence decay
models, and can be monar bi-exponential®* Mono-exponential (singlexponential)

is used when there is only one expected fluorophore present in the complex, for example
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Ru(bpy}?*. A bi-exponential decay is used for a complex with two fluorophores with a
single emitting state but can be-denvoluted based on their lifetimes. For example,
Ru(BODIPY) complexes are Hasixponential. The shorter component BODIPY has a
lifetime of around 34 ns ad can be separated from the Ru component whose lifetime
is around 500 nsThe lifetime of a fluorphore can change, and can be fitted te @ bi
multi-exponentail decay when exposed to different environments. For example,
dipyridophenazine (dppz) complex@s organic solevents generally have a mono
exponential luminescent lifetime, or no luminescent lifetime when in aqueous solution,
as described preveiouslysection 1.2However, when bound to DNA, the lifetime can
significantly increases, or can bedittto a biexponentail decayBarton et alshowed

that [Ru(phendppz](PFk)2] comlex exhibited no luminecsnet lifetime in water.
However, upon binding to DNA, it could be fir to adx{ponential decay, resulting in
two luminescent lifetimes of 120 ns arel07ns, with the shorter lifetime being the more

dominant of the twd’®

1.13.1 Applications of Metal Complexes Luminophores in FLIM

In contrast to organic dyes whose lifetimes are relatively short, typically between 1 and
5 ns, the long luminescent lifete of transition metals such as Ru, Ir, and Re, typically
on the scale of hundreds of nanoseconds, is well outside thdliarescence of
biomaterials This offers the opportunityo timegate out such contributions to the
decay. In addition, metal congXes frequently show better photostability than organic
luminophores which is a particular advantage in lifetime imaging where in order to
collect a representative lifetime image, several images need to be collected to reduce
noise, correct for backgrourftliorescence, and auftuorescence from the cell. This

can lead to long acquisition times and photobleaching leading to artefacts in the lifetime
data if the probe is photanstable.’®

Environmental sensing in cell biology usilligninescent lifetime ikighly advantageous

as it is a nosnvasive method of monitoring oxyge#® pH,'®%18" and ion
concentratiotf® where the right probes are availablgsed on the changes of a

f 1l uor op h o rMarfy Suorbphdres tisedrimemicroscopy show lifetime \taotes
upon binding to different targets. This can be exploited to study binding with cellular
proteins such as DNA. RecentBaggalely et ateported on a [Ru(tpphz)] complex that
entered the nucleus of HelLa céfi8. They used phosphorescent lifetime gimay
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microscopy (PLIM) to determine if the probe had botmdhromosomal DNA. Figure
1.34shows that the probe has a luminescent lifetime of 124 + 13 ns in the cytoplasm,
which increased to 200 = 12 ns upon binding to DNA, where binding was confirmed by
confocal microscopy. The probe also had no toxic effects towards the cells, and ideal
attribute for a cell sensing probe. Given the biological significance of DNA and its role
in genetic diseases, such probes can potentially be used to specificallyrdrogiat

on the micreenvironment of DNA.

PLIM Confocal

1, (nucleus): 200 £ 12 ns

t, (cytoplasm): 124 ns 2 13 ns

Figure 1.34PLIM (left) and confocal (right) comparison of fixed, permeabilized MCF7 cells treated
with complex 1 (100 mm, 45 min, PBS buffef?

Proteinprotein interactions can be studied using Forsteonasce energy transfer
(FRET). FRET occurs when two fluorophores, a donor and acceptor, are in close
proximity to each other (<10nm) and their emission spectra overlap. FRET is detected
when the donor and acceptor come into contact and the excited emmangthé donor

is transferred nomadiactively to the acceptor who is in its ground $tdtéor example

when two tagged proteins interact. This gives conformational changes of lifetime
guenching detected using FLIM. It has also been used to monitotrpastational
modifications (PTMs) such as phosphorylattshPTMs are of huge interest at the
moment as it is believed that certain PTMs are the molecular beginning of certain cancer

states.

As discussed previouslyxggen is the key metabolite in cellufunctions. Q sensors

are based on fluorescent quenchers. Quenching reduces the fluorescent lifetime, which
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can be detected accurately using FLIM technid&€$his has been discussed in more

detail insection 1.8

The luminescentifietime of transitionmetal complexes sensitive to its environment,
including viscosity whereby the complex is polarizedhanges in the viscosity within

the cell membr ane have been | inked to v
fibrosis, and diabete$ FLIM imaging can therefore be useml@ccurately monitor and

studythe local viscosity, cell membrane fluidity, and lipid packing in cells using suitable

polypyridyl complexes®194

1.14ResonanceRaman Spectroscopy

Resonanc®aman spectroscopy is a form of \@bonal spectroscopy where, rather than
absorbing light, light is scattered by a vibrating molecule creating vibrational transition
frequency bands that acbaracteristic of the structure of the compaufius analytical
method can be employed to deterenthe chemical structure of molecules, and examine

their interactions at a molecular level.

Figure 1.5 shows a simplified energy levdlagramwhich illustrates thevibrational

and electronic energy levels of a molecaled the origin of a Raman traneiti In
conventionalRaman vibrational transitions occur when there is an energy exchange
between the photon and the scattering molediiie.exciting lasemwhich is too low in
energy to stimulate an electronic transition, stimulates the molecule tib toasshort

lived virtual state. The molecule relaxs from this state, exchanges energy with the
incident photon, and returns to a different vibrational state. It is the difference in this
energy shift from the absorbed and emitted photon that givetorRananscattering.

If the molecule gains energy and returns to a higher stat, the emitted photemfiidi

a lower frequency, resulting in Stokes scattering. If the molecule returns to a lower state,
it will shift to a higher frequency, known as amtiaStokesshift. If there is no scattering

of light and the molecule returns to the same vibrational state, then Raleigh scattering
will occur. The vibrational information is analogous to IR spectroscopy. However, as
Raman is a scattering phenomenon, kenliR spectroscopy which is an absorbance
spectroscopy, the incident light does not have to match the energy of the vibrational
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transition it is instigating. In conventional Raman, a laser, often visible light which is at

a frequency outside of the absanba spectrum, is usetf?
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Figure 1.35Jablonski diagram showing the typical vibrational and electronic energy levels of a
molecule. The upward arrows depict excitation by a light source, and the downward arrows depict

the resulting emitted photon deted®

1.14.1 Resonance Raman Spectroscopy

Resonance Raman spectroscopy, which is used in this thesis, is a special case of Raman
spectroscopy which occurs when the exciting laser matches an electronic transition of a
molecule, leading to the populatioh an electronically excited stat€he principle of
resonance Raman spectroscopijiustratedabovein Figurel.34 Because the exciting

laser excites the sample to a vibronic state, vibrational modes associated with that
transition are greatly enharmteThis enhancement of the scattering gives higher
frequency signals than traditional Raman, viittensitiesup to 6 orders of magnitudes
higher, which allows for components at low concentrations to be deté&tt€uhly the

parts of the molecule involvad the transition are enhancékherefore, the resonance
Raman spectra associated with this absorption region of the molecule will be enhanced
anddistinguishedThis yields much simpler Raman spectra, which retleaiolecular

origin of the optical transon. Figure 136 shows the resonance Raman spectra of the
complex [(bpy)R u ( MAFGiN 0.1 M CHCN solution when excited into the different
wavelengths 363 nm457 nm, and 568 nm. This demonstrat@s example where

exciting into the different opticaldnsitions of the complex results in resonance spectra
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with different absorbanceBor example, when excited at 363 nm, there is a peak centred
on 800 cm, which does not appear when excited at the other wavelengths. The
vibrational band 920 crhis used a the norresonant marker as this peak was unaffected
at the different wavelengti&
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Figure 1.36 Resonanc&kamanspectra of [(bpyyRu(MQ'x]?* complex in 0.1 m CECN solution
excited at different wavelength¥.

Using resonance Raman makes itgilole to identify optical transitions, and because of
increased sensitivity over conventional Raman, to directly probe and monitor molecule
interactions within cellular proteins and membranes. In the visible range, resonance
Raman is used to probe biologi samples such as carotenoids. In the UV range,

aromatic molecules and functional groups are specifically det&éted

Resonance Raman of live cells has the ability to provide detailed information on cellular
biochemical and in analysing thbempositiors of the different cell compartments within
the cell label free, although the cell components such as proteins tend to require UV

excitation for resonance enhancement.
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Label free resonance Raman of live cells has the ability to provide detailed information
on cellular biochemicals andh analysing the compositions of the different cell
compartmentsvithin the cell. The dye distribution and structure can be tracked and
probed from within the cell with great sensitivify. 2°° Raman is not influenced by
oxygen concentration or other environmental factbrgure 1. shows a Raman map

of a CHO cell and the corresponding spectra from the nucleus, cytoplasm and
membrang®® here they have calibrated specific peaks associated with the DNA,
proteins, and lipidsn the different regions. This information can be used to track
changes to specific peaks when monitoring interactions or the effects of changes to the

cells environment.
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Figure 1.37 Raman map of a CHO cell (a) and the corresponding spectra of ¢cleus(L),
cytoplasm(2), and membrang8) respectively (b}*°
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Labels can be introduced to a sample to map distributions and interactions within a
sample. Ideal labels possess strong Raman signals with specific unique marker bands to
trackinthesample For exampl e, i nt rlo)duocri nCQf Cax (Q= Q@ ¢
1) stretching modes are very useful as they are seen at very isolated spectral regions that

do not interfere with the samp!&.

The MLCT transitions of polypyridyl complexes such as Rutharamd Osmium give
strong resonance Raman signals,ahet to their large Stokes shift, there is very little
fluorescence interference, making them ideal labels for Raman mapping. Ligands such
as bipyridine exhibit strong Raman signals at specific peakq@usivhen resonant with

the MLCT such as 1603, 1560, 1480, 1315 1270, 1025, and 665Tdrase signature
peaks are useful in tacking the complex in the cell.

Labelling probes have been used to monitor the cellular environment in response to
changes inxygen and pH. Our group have shown that the resonance Raman spectra of
Ru(bpy)(pic-args)]?* complex was pH dependent in the cell, but was insensitive to
oxygen. By working out a ratio of a pH dependent marker peak and pH independent
peak and calibratioplot of Raman spectra varying pH was developed. Therefore, the
pH of the different cellular components can be probed and measured without directly
compromising with the celf!®

1.15Conclusiors

Luminescent transition metal complexes are finding increagiptication across cell
imaging and sensing. This is driven by their very attractive photophysical properties
and growing understanding regarding their permeability and targeting within cells. As
shown in this reviewthe theory behind transith metal canplex photophysics has
highlighted their valuable characteristics as applied to cell imaging. Their long
luminescent lifetimes, large Stokes shifts, good photostability and sensitivity to the
environment make attractive candidates in the field ofirbeging and diagnostics
There has been extensive literature reports on transition metal complexes, in particular
Ru(ll) polypyridyl complexes, as novel probes cell imaging and sensing. The ability to
target such complexes to cross the cell membrane, localsgecific organelles, and
sense from within has been improved dramatically in the past decade, by using ancillary
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ligands for lipophilicity, sugar conjugates, PEGylation, and cell penetrating peptide
sequences. The future of transition metal fluorescentigs lies in the development of
such probes to be applied to new emerging imaging techniques such aesajugion
microscopy, for example STED, to allow for live cell imaging while obtaining high
contrast images with little background noise. To da&re has been little application of
STED to studying biological activities. Most of the reported work is on the improved
spatial resolution over general confocal, and the development of STED probes in live
cells. But these probes have not shown any sgradilities in vivo. Therefore, future

work will have to focus on developing STEDitable fluorescent probes with high
quantum yields and photostability that can also be utilised as environmental sensors in

live cells and tissues.

The aim of this thesis to apply novel luminescent metajand complexes to cell use.

To carry out our optical/photophysical characterization of complexes, novel
[Os(bpyy(pic-args)]°* complex will be assessed as a multimodal imaging tool and
compared to the widely used Ry(@quivalent, demonstrated in Chafer

Chapter 3will highlight the characteristics of oxygen sensor préhgbpypphen
COOH and its peptide conjugate Ru(bypyenrFrFKFrFK. The aim of this chapter is to
direct the complex across the cell membrane antiganitochondria to measure. O

concentration from within the cell.

Chapter 4 will focus on a ratimetric, core shell nano particle probe to measure oxygen
concentration in cells. It consists of BODIPY complex as a reference probe located in
the core othe sturcture, and an oxygeensitive Ru(ll) complex on the outside. Based

on the ratiometric emission intensites of the two probes, oxygen concentration can be

measured using confocal microscopy.

Finally, Chapter 5 will explore the application of Ru(plypyridyl complexes for
STimulated Emission Depletion microscopy. The Ru(ll) probes are conjugated to CPPs,
for precise targeting of the endoplasmic reticulum and the nucleus, which allows
excellent high resolultion images to be acquired by discrimigatigainst any

background noise in the cell.
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Chapter Two: A Comparison of Ruthenium (1) and Osmium
(1) Polypyridyl complex as a Luminophore for Cellular
Imaging



2.1 Introduction

The demand for welldesigned luminesceptobesfor live cell imaging and sensing is
growing dued the improvements of luminescdmsed imaging technologies available.
Traditionally, organic fluorophores are the primary materials used as probes in
fluorescence microscopy. However, such probes suffer drawbacks such as poor
photostability, small Stokeshifts, poor solubility in aqueous solutions, and short lived
emissive states. Inorganic probes based on transition metal complexes overcome these
limitations, making them potentially very valuable as alternative probes for imaging
purposes. To date, lumgscent inorganic probes have focused on platinum group metals
such as ruthenium anddium complexeswhichhave beeffairly widely studied in this
context® Osmium (1) polypyridyl complexes share many properties with the widely
studied Ru(ll) compless, making them, in theory, useful imaging probes. In fact, some
of their properties are superior to that of Ru(While Ru(ll) polypyridyl complexes

emit in the spectral range 600 to 700 nm, Os(Il) complerasin the NIR region, well
outside the auwt fluorescence window, with an emission maximum typically between
700 and 850 nm. This strongly coincides with the biological window, ideal for imaging.
They, like Ru(ll)polypyridyl complexeshave a large Stokes shift which reduces- self
guenching. Althogh they tend to have relatively shdtited emission lifetimes, Os(ll)
complexes are less likely to be quenched by oxygen. This can be an advantage in a cell
imaging probe as quenching by oxygen in a cell can lead to the production of singlet
oxygen, causig phototoxicity during the imaging process. Another advantage of Os(ll)
complexes is that their-d states cannot be accessed by thermal -cressfrom its
excited triplet state, making Os(Il) complexes more photostable than Ru(ll) complexes.
This also enders their photophysics temperature independent, ideal for studies which

require incubating cells at 37 <C.

Until now, reports of osmium complexes in a biological context have been largely based
on Os(ll) as potential chemotherapeutic agetd,tlere have been no reports regarding
Os(Il) as an imaging agerfor example, the group &adler et alhave extensively
studied a group of Os(Il) arene complexes as arcantier agents® Oneof which they
reported on was an Os(ll) arene complex tha egmjugated to an octginine peptide
sequence® They demonstrated increased uptake and binding to nuclear DNA as a result

of using the cell penetrating peptide (CPP) sequenceaogtiaine (Arg). As discussed
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in Chapter 1 cell penetrating peptidesich as octarginine are widely used to carry
molecular cargo across the cell membrangh the appropriatemodificationto use
ligands that are less labjlleigh toxicity can be avoided to generate a general probe suited

to cell imagingrather than anitancer purposes.

The aimof this chapter was to evaluate a new NIR emitting Os(Il) complex as a potential
probe for cell imaging and sensing. Ts(bpyk(picCOOH)F parent complex anits
peptide conjugate [Os(bpypic-args)]%* were assessed ksninescentmagingprobes,

and comparedo the ruthenium equivalent [Ru(bpyfpic-args)]*®* which hal been
previously studiedby Neugebauer et &' The photophysical propertiesof
[Os(bpyy(pic-args)]°* were examined, and its ability to penetrate the m@imbrane

was assessed by means of confocal microscopysind high through put analysing
techniques. Its sensitivity to cellular environments was explored by fluorescence lifetime
imaging microscopy (FLIM) techniques, as well as using Raman spectroszopy
examine the compk interactions inside the cell to assess, overall, its suitability as an

imaging probe.
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2.2 Materials and Methods

2.2.1 Materials

The [Ogbpy)(picCOOH)?" parent complex was synthesized and characterized by Dr
CiaranDolan (DCU).? The conjugaion to theoctaargininepeptidewas carried out by

Dr Aaron Martin(DCU). Chemicals and solvents used in experimental procedures were
all purchased from Sigma Aldrich (Irelanai)less otherwise statedll solutions were
made umg deionised water, which was purified by a M@i plus 18.5 Millipore

purifying system.

S2/0-Ag 14 murine myeloma spleen cells (ATCC no. CGR118) and Chinese Hamster
Ovarian (CHO) (CHEK1 ATCC no. CCL61) were purchased from ATCC Caell
Biology Collecton (UK). Resazurin reagents were acquired from Promokine. Cell
culture media, serum and penicillin/streptomycin were purchased from Sigma. Cell

culture flasks were purchased from Corning Incorporated.

2.2.2Spectroscopic Measurements

The UV/Vis spectra ere recorded on a Jasce6V9 UV/Vis/NIR spectrphotaneter.
Fluorescence emission and excitation were measured using a Cary Eclipse Fluorescence
Spectrometer, both at a slit width of 5 nm. Solution measurements were carried out in
1% DMSO with PBSor theparent complexand PBS onlfor the conjugatén a Hellma

quartz cuvette of 1 cm optical path length.

2.2.3 Quantum Yield

The phosphorescent quantum yields [06(bpy)}(picCOOH)F" and [Os(bpyx(pic-
argp)]1*were estimated by matching the MLCT absodsatransition with a standard
[Ru(bpyx]> i n PBS spo=10028indBS}3[Bath solutions were excited into

the MLCT region of matched absorbance and the corresponding emission was recorded.
The luminescent quantum yield was calculated by using the following formula in

Equation 2.1:

Upx = (AdAS) (FIFx) (W/ne)?tips € é ( Equati on 2. 1)
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Wh e r rais the phosphorescent quantum yield, A is the absorbance at the excitation
wavelength, F is the area under the corrected emission spectrum, and n is the refractive
index of the solvent used. Thabscripts s and x refer to the standard and unknown
respectively. The quantum yield experiment was carried out three times and the average

quantum vyield is the reported value

2.2.4Luminescent Lifetimes

The lifetimes were collected using a FluoTimh@0 TimeCorrelated Single Photon
Counting (TCSPC) instrument.n& 370 nm laser line was used to excite bin

osmium and ruthenium o mp | e x e s, provided fB® mpual Pac
diode laser. 10,000 counts were collected for each lifetime merasat The
measurements wecarried out using eith@&icoquantNanohargsoftware for ruthenium,

or PicoquaniTimeharp softwaréor osmium The luminescent lifetimes were calculated

using the PicoQuant FluoFit software by fitting an exponential decayidarto each

decy plot. The data was then fib a moneexponential decayuwrve. The goodness of

fit was evaluated by visual i nspectidi on ol

value between 0-9.1.

2.25 Cell Culture

The SR Myelomas uspension cell |l i ne were grown
medium (DMEM) with sable L-glutamine andhe CHO cells in DMEM/Hams H.2,

both supplemented with 1% foetal calf serum and % penicillin/streptomycin. Cells

were kept at 37C with 5% CQ, and harvested when they 99confluency for CHO,

andl x 1 cells/mL for SP2 cellSCHO cells were harvested using 0.2&trypsin for

5 minutesat 37°C. CHO cells were seeded 26 x 10 cells in 2 mL media and SP2

cells were seeded at5 x 10 cells in 1.5 mL media on 35 mm glass bottom culture
dishes and grown for 24 he nedia wa removed and cells were washed with PBS
solution supplemented with 1.1 mM Mg@nd 0.9 mM CagGl

2.2.6 Real time mnfocalimaging

CHO and SP2 cel2l. $ *wetl®smldeddbd5dtt]l gsi pel goat

16 mm covermelpilmdg ei mra 352 mm gl ass bottom cul't
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UC wintiCi). SEi[tOsdsopiy 3 COOH)(]bRayp)i c COH)elnt compl e
(0. %v&DMSO i n tPBeS-hagrni nes(tanpggabas PBS al on
t o tlhe tceedadhin@aVve conceanwealta fotn tod i4mc bvat e f «
intefhelld.s were washed with PBS ;asdpm@l. &@menrivt
Cagl and i maged i mmedi atel vy, Uusi ng wa Bzebi3sxs L ¢
oil i mmer si omratodbmpeecd @ tvier @ lednes AT S t T gteearsseersast ur e
dependiptakeel | s wer e palkepwea,edamds idrecswhdtbed v
atU@. The cells wewer Axgonhe@odtb@hiB8B8snan was
the |l ong pass 65@& imm fiimatgd mgset7.0 Fdr dryealwa s
i maged I mmedi ately wusing the Ti meutSeegreire sl 2ndo d

miuntpeer i od.

2.2.7 High-throughput Uptake Studies

Live high throughput (HTP) uptake study was carried out to monitor uptake over 2
hours.CHO cells were seeded 2 10 cells per well in a 96vell plate, and incubated
overnight at 37C with 5% CQ. Nuclei were stained using Hoescht (2@fml) which
wasadded 20 minutes before measurements. The media was removkdaidwere
washed once with PBS (supplemented with 1.1 mM Mg@dl 0.9 mM CaG). The dye
uptake rate was measured by reading five random fields of view per well, using a
Insight Cell Analyzer 1000 by GE, with a 20x objective. The data was analysed using
In Cell Analyzer 1000 Investigator program by measuring the intensity of the complex

within the cell and taking away any background noise.

2.2 8 Cytotoxicity Studies

Both cell lines were seeded in a-9&ll plate atl x 10" in 100 pL of media, and left to
incubate at 37 ° C at 5 % G€r 24 hours. The compounds were added to the wells to
give final concentrations of 200, 150, 100, 40, 10, 1 and 0.1 pM. The cells were
incubated over night with the dyes. 10 uL Resazurin reagent (PromoKine) was added to
each well, and incubated for 7 h in the dark at 37 °C. Absorbance readings were recorded
using a Tecan 9@ell plate reader at 570 nm and 600 nm for background subtraction.
All cytotoxicity experiments are reported in terms of % viability, where 100% viability

= 100% of viable cells in the well. Each experiment was carried out in triplicate (n=3 £
SD).
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2.29 Phototoxicity Study

CHO cells were seeded 2tx 17 in 2 mL media a a 35 mm glasbottom dish and

grown for 24 h at 37 °C with % CQ. 500 pL media was removed and 70 uM of the
parent and conjugate was added and left for a further 24 h. Images were recorded using
a Zeiss LSM 510 Meta Confocal microscope with a 63xmihersion objective lens

and the heated stage was set up to 37 °C. DRAQ 7, a nuclear staining dye, was added to
the culture dish (1:100 dilution). The 633 nm HeNe laser and 488 nonAager were

used to excite DRAQ 7 arasmium respectivelyEmission wasollected using the long

pass 650 nm filter set for both dyes. An initial image was taken @tusing the multi

track feature to show the loading of the osmium and that the cells were viable. The light
was set td..36 x 10 mJ andhecells were lefexposed for 3 h. Control cells were set

up in the same maer, but without the addition othe osmium complexDRAQ 7

nuclear stain was added and was exposedd36 x 10 mJ light until DRAQ 7 had

entered the cells.

2.2.10Phosphorescent.ifetime Imagin g Microscopy (PLIM)

For PLIM studies ell lines were seeded on 35 mm glass bottom culture dishes at
densities stated igection 2.2.5PLIM images were acquired usirggMicrotime 200
instrumentby PicoQuant, with a 63x oil immersion objective lens with 25856
resoluton. The ample was imaged for 20 minutesatesure high counts were obtained.
The sample was excited using the 405 nm laser linetleneémissionwas collected
using the filter suited for the complex. Data was analysed using PicoQuant@ymgh
software to extract the lifetimes in different areas of the cell. An exponential decay
function was fitted against the sample decay plot to get a tail fit wifbatween 0.9

1.1 for each location.

2.2.11 ResonanceRaman spectroscopyand cell mapping

To acquire a resonance Raman specth [Os(bpy}(picCOOH)f* and
[Ru(bpy)(picCOOH)F* parent and peptide conjugat@® uM solutionsin 1 % ACN
andPBS for parat complex, and PBS only for peptide conjugatesre pipettean to
16x16 mm cover slipsThree separate locations of the solution on the slide were
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measured to obtain an average spectrum of the complexes. For cell mappingIlSHO ¢
were seededrn35 mmglass bottom culture dishes amdubatedwith [Os(bpy)(pic-
arg)]1%( 7 o) fer 24 h.Raman spectra within different regions of live CM@s
collected using a 500lympus objective coupt to a 488nm Argon laser. ThafRan
spet¢rometer was calibrated using thentrefrequencyof a silicon band at 520 cth
from a silicon ampleand the Rayleigh line. Three locations per cellular regrere
measured to obtain an average spectrum of each compotivat locationThe spectra

were baseline corrected and analysed using NSG LabSpec 5.0 software.

2.3 Photophysics

Scheme 2.lillustrates the structures ¢Os(bpyx(picCOOH)E* (A), [Os(bpy)(pic-
arg)]1%* (B) and [Ru(bpy)(pic-args)]*°" (C) which are the focus of this study. The
complexes are structurally analogous but forideatity of thecoordinate metal.Both
complexes blong to the d block of transition metals on the periodic table and have
isoelectronic configurations, i.e®ith their M(Il) states. However ruthenium is a second

and osmium a third row metal., the nuclear mass of osmium is therefore greater.

The parent amplexes are conjugated to an eatginine (Arg) peptide sequenceia

an amide bond, which renders the complexes cationic with an overall charge of 10+.
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Scheme 2.1Chemical structures of [Os(bp{picCOOH)F* parent complex (A)[Os(bpy)(pic-
arg)]** (B), and [Ru(bpy)(pic-args)]*** (C).

Figure 2.1 shows representative optispectroscopy of [Os(bpyfpic-arg)]°®* and
[Ru(bpy)(pic-args)]*®* in PBS solution.[Os(bpyk(pic-arg)]*°* complex exhibits a
strong absorbance band at 486( U ~ 4L nibl* om™) At@ibuted to théMLCT
transition. When excited into ih!MLCT absorbance, [Os(bpypic-args)]1°®" exhibits
an emission maxima centratl720 nm which isutside the autfluorescence window.
The emission was showo be unaffected by theonjugation of the Argpeptide (Table
2.1). Both [Os(bpy)pic-arg)]®* and [Ru(bpy)(pic-arg)]*®* also have a strong
absorbance band at approximately 285 nm, which may be assignecte” *’
transitions within the bipyridine ligand, while a shoulder at approximately 330 nm is
attributed to the pic ligands expectedthe parentomplexes exhibit large Stokdsfss
in 1% DMSO and PBJOs(bpy)(pic-arg)]*°* exhibitedslightly redshfted emission
in PBS centered at 726 nm on conjugat[&u(bpy)(pic-args)]*°* exhibited an enission
maximum centeredt 610 nm.The luminescence frofOs(bpy)(pic-args)]®*is at a
lower energy than that froffRu(bpy)(pic-args)]'°* due to the smallegap between the
Os(Il) metal centre and the bpy ligand, and therefore the emissifids(spy)(pic-
argp)]1%*is significantly lower in Figure 2.1 compared [Ru(bpy)(pic-args)]*°* at the

same concentration.
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Figure 2.1 Absorbance and emission spactf [Os(bpy)(pic-arg)]***(d ) and [Ru(bpy)(pic-
arg)]***@)i n aer at ed P B S[Osbpyp(picarg)f was 8xaiteckirib)the MLCT
at 488 nm and the emission was collected between 800 nm[Ru(bpy)(pic-args)]°* was excited
at 458 nmand the emission was collected betweeni5260 nm, both at a slit width = 5nm.

Table 2.1 compares the spectroscopic properties of the complexes. The emission
lifetimes were measured using Time Correlated Single Photon Counting (TCSPC).
Figure 2.2 showsrepresentative TCSPC emission lifetime decay traces of
[Os(bpy)(picCOOH)F* (A) and [Os(bpy)(pic-args)]*°* (B) in PBS solutionat room
temperatureA background measurement, an IRF, which is shown in red, was recorded
using Ludox solution. This is decamluted from the Osmium decay to eliminate any
contribution from the laser or electronics of the optical system. The lifetimes were
obtained by iterative decon#%valleagclosetols o t
as possiblgOs(bpy)(picCOOH)F* has a luminescent lifetime of 33.1 ns(A). Upon
conjugation[Os(bpy)(pic-args)] %" emissionlifetime decreased slightly to 310.2 ns,
indicatingthatthe peptide conjugatiohad a sligheffecton the complexphotophysical
propertiegB).Theemiss on | i f et i me t r &valeebetween 09 afidi t t

1.1, and fit was also evaluated by visual inspection of the residuals of the fit.
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Figure 2.2 TCSPC emission lifetime traces of [Os(bgglcCOOH)F* (A) and [Os(bpy)(pic-

args)]*°* (B) in PBS solution at room temperature. The complexes were excited using the 370 nm
laser, and the data was acquired using the PicoQuant Time Harp system. The IRF was measured
using Ludox solution-(). The lifetime traces-O) (3 wer e f i2valud beweeni0.@ end a G

1.3, and residuals showed no structure, indicating an excellent fit.

On the other handRu(bpyk(picCOOH)F* has a considerably longer lifetintiean the
[Os(bpy)(picCOOH)F* complex of 540 ns which did not change with peptide
conjugationThe shorter lifetime diOs(bpy)(pic-args)]*°*is due to the strong spin orbit
coupling of the osmium centrd.0 investigate sensitivity to oxygen, samples were
purged with nitrogen for 20 minutesd the emission lifetimes were measured again

Neither tte lifetime nor emission of [Os(bpypicCOOH)F* and peptide conjugate were
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affected by the absence of oxygen (Fig@r®). In contrast,[Ru(bpy)(picCOOH)F*
emissionifetime increased from 540 ns to 872 ns undeaedrated conditionsyhich is

typical bkehaviour of ruthenium complexesT h e guantum ofyi el d
[Os(bpy)(picCOOH)F* and itspeptide conjugate was found to be 0.802.0007in

aerated PBS solution. Consistent wille emissiorlifetime, the quantum yield was

found to be independent of oxygen concentration. This was ebtasing [Ru(bpy)?*

as a standard solutiga
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Figure 2.3 Emission intensity of Os(Il) complex independent to oxygen concentrations.
[Os(bpy)(pic-argg)]'**( 40 &M in PBS solution) was depleted
minutes. Oxygen comntrations were measured using a micro needle-fipec probe (Presens)

before and after emission intensity was read (using a Varian Fluorimeter, slit width 5 nm).

Although [Os(bpy)(pic-args)]*** has a short lifetimerendering it oxygeindependent
its photophysical properties such as its large StokesasltifNIR emissiofisuggest that
osmium may be a suitable imaging prolb@lesigned correctly, Os(Il) complexes may
be used for other sensing applications, such as pH, without the interferenggeh ox

concentration.
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Table 2.1 Spectroscopic and photophysical data for Os@fpiyCOOH)F* and Ru(bpy)pic-
COOH)P* complexes in aqueous PBS solution. Lifetimes were measured at (a) room temperature,
(b) 20 °C, and (c) 37 °C for the peptide conjugate

*From Neugebauer et & X In de-aerated acetonitriléQuantum yields measured in aerated PBS

s o | u trvales meadured using Ru(bpy= 0.028 as standard soluti&h.

Compound aab/Se nmaer{]nm a. Q/ns
(quantum
[ Os (S PpVE) ] 484 720 0. 082233 R O
0.0H%0733 N
31 & 1
[Os (fPVE) ] 488 726 0.01+ 57 N 0
0.02
[ Os (Jo pa)egl 486 726 0.062531 fr 0
0.0H%0833 N©P
29 N¢ 2
[ Ru( K my)) ] 458 608 0.067 540
5 7874.8°
624 + 70.%
[ Ru ( }f py )] ™ 470 610 0.06 4738
5 3%
514 N
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2.4 Cell Uptake Studies of Os(ll) versus Ru(ll) using Confocal Microscopy

In order to investigate thagpplicationof Os(ll) as an imaging prolmmpared tdru(ll),

real time upake studies were carried out. Two cell lines were used; Chinese hamster
ovary(CHO) cells and $2/0 mouse myeloma ceMammalian cell lines such as CHO

and murine myelomas generate proteins that closely resemble that of Hfimans.
Therefore the uptake aimteractions oDs(bpy)(pic-args)]'°* complex can be explored

and compared across the two cell tygeslls were seeded at 2 x*idells on a 35 mm

glass bottom culture dish and left to incubate at°@7with 5% CQ, for 24 h
[Os(bpy}(pic-COOH)I** (0.05 % DMSO and PBS) orQs(bpy}(pic-args)]®* (PBS)

were added to the cells in Lebovitz medimnfocal images were obtained using a 488

nm laser to excite the complex, and emission was collected using long pass 650 nm filter

set.

To evaluate the optimumaxking concentrations, a range of concentrations between 20
and 100 &M of both the parent and peptid
Sp2 cells for varying time periods. T[@s(bpyk(picCOOH)F* parent complex didot

permeate the cell membrane. B¢ ofthe parent complex was only obserwgden

cells were exposed to a 0% Trition/PBS solution which permealsidis the cell
membraneSimilar observations were reported for fRei(bpyk(pic-args)]'°* analogue

by Neugebauer et &f It wasfound that70 uM for 2 hwere the optimum conditions for
imaging[Os(bpy)(pic-args)] .

Live cell uptake studies were carried out to assess how efficiently the compound is taken
up by CHOand SpZcells. For both cell lines, mry into the cell was observed within
minutes of additionas described in Figure 2.4.
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20 pm

Figure 2.4Live uptake of Os(bpy}(pic-args)]*°* by CHO and Sp2 cells. 70 uM complex in phenol
redfree media was added, and cells imaged continuously using Time Series mode. Uptake was
instantaneousof both cell lines. Thénitial uptake was seen after 2 minutes exposure (A), with
further uptake seen after 10 minutes (B), and at 17 minutes (C) of continuous confocal scanning.
Cells were excited with a 488 nm argon laser and the emission was cadlisictgé long pass 650

nm filter set. Fluorescent images and background overlay images are presented.
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Uptake was broadly similar in both cell lines, howe@s(bpy}(pic-args)]*°* appeared
to cross the CHO membrane more rapiéiifer 2 minutes of exposun® [Os(bpy}(pic-
arg)]1°* the complex appeared to contrate in the cytoplasm (Figure.42),
distributing throughout different cellular components, such as the nucl@se
2.4b). The same uptake was observed for the equivideribpy)(pic-args)]°* complex
in S@ myeloma celld! Neugebauer et akported uptakafter 2 minutes of exposure
to [Ru(bpyk(pic-args)]'°*, andit distributed throughout the cytoplastmwever with

one distinction, idid not penetrate the nuclear envelope.

After 2 hincubation with 70 uMOs(bpy}(pic-args)]*®*, the complexvas readily taken

up byboth Sp2 and CH@he cells Figure 2.5 (A and B) focuses on a group of Sp2 cells
which is representative of the sample, illustrating the uptak@s(bpy)(pic-args)]*°*.

The complexappears tg@enetratdhe membrane anldcalize within different cellular
compartments of the cytoplasm. Howeuveryvas found that nuclear penetration was
light or heat activated by the laseriaghe absence of light it did not enthe nuclea
envelope as demonstrated previously during-tiea uptake in Figur€.4. Similar
distribution was observed in CHO cells (Figure 2.5 E and F), however the complex
emission is much brighter in CHO cells compared to Sp2 under the same imaging
conditions. A possible suggestion for this is thiDs(bpyy(pic-arg)]®* is being
quenched from within the Sp2 cells, for example, by the pH of the cell. Sp2 cells are a
cancer cell line. Cancer cells tend to have a slightly more acidic pH as they produce
more lactt acid as a result of their increased metabolism, which could be quenching the
emissiont® A single Sp2 cell (C and D) and a single CHO cell (G and H), which are
representative of the broader behaviour in the sample, show a more punctate distribution
in bath cell lines, with no entry into the nucleoldhisshowsthat entry into the nuclear
envelope was photactivatedas bcalization within the nucleolusas observed only

upon continuous irradiation with the confocal laser during the live uptake meastseme
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Figure 2.5 Confocal imaging of Qs(bpy}(pic-arg)]*°* in Sp2 and CHO cells, incubated with 70
UM for 2 h at 37 °C in the absence of light. The distributiofQxf(bpy}(pic-args)]°*in a groupof
Sp2 cells (A and B), and the localisation witkirsingle Sp2 cell (C and D). The distribution of
[Os(bpy}(pic-args)]*°*in a groupf CHO cells (E and F), and the localisation within a single CHO
cell (G and H), both representative of the population of cells in the sa@sidpy}(pic-arg)]*°*
wasexcited using a 488 nm argon laser, and the emission was collected 8Shgrma long pass

filter.
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Temperature studies were carried out to investigagemechanism of uptake as
described inChapter 1 Cells were prepared as describedsection 2.2.5but were
incubated at 4 °C for 2 h instead of 37 °C. Under these conditions it wastfaitritie

cells did not take upQs(bpy}(pic-args)]1®, indicating stronglythat the complex is
taken up by active transpdft Furthermore, th@unctate distributiorof the complex
implies it is taken up by endocytosis, where the cell membrane forms a vesicle around
the molecule to aay into the cell. This correlates well witlhe temperature study
results as endocytosis is a form of active transpbiiowever this wuld need to be

looked at it in greater detail to irrevocably confirm endocytosis as the mode of uptake.

2.4.1 Co-localisation studies of Ds(bpy)(pic-args)]*®*in CHO cells

As discussed ihapter 1polyarginines do not generally localize in spedadifiganelles

but tend to distribute throughout the cytopladm.order to addresg§ and where
[Os(bpy}(pic-args)]°* was localisingn the cell,co-localisationstudies were carried out
using commercialbrganellespecific dyes. CHO cells were incubated Wit 70 & M
[Os(bpy)(pic-arg)]'°* for 2 h before the commercial dyes were introducElde
smalles working concentration of the commercial dyess used to ensure they did not
stain other organel | eswasulsgds stainrthe ydosomes Gr e e
and MitoTracker Dwas psedRe dath mitothbr@lrisiguid )2.6
demonstrates the docalisation of Os(bpy}(pic-args)]*°* in live CHO cells. ltappears

to have entered some mitochondria and lysosomes, but raftth#maccording to the
staining of the commercial dyes.
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Figure 2.6 Co-localising studies of@s(bpy}(pic-args)]?* with MitoTracker Deep Red (150 nM) (A

and B) and LysoTracker Green (50 nM) (C and D) in PBS solution. Column (i) exhibitshieoth
Osmium channel, localising dghannel and background channel; column (ii) osmium channel only;
column (iii) localising dye channel only; column (iv) overlap of osmium with localising dye
excluding background channeD$(bpy}(pic-args)]*%* was excited using a 488 nm ardaser and

the emission was collected using a long pass 650 nm filter. LysoTracker Green was excited using a
488 nm argon laser and the emission was collected using a band pass5305nm filter.
MitoTracker Deep Red was excited using a 633 nm HeNe laser and #stoemvas collected using

a long pass 650 nm laser.



Os(Il) arene anticancezomplexes have been found to target DNA, accumulating in
DNA rich areas such the nuclear membrane, nucleolus, and mitochondexakgsle,
Sadler and group have reported am Gs(ll) arene complexX(biphenyl -arene)Os(4
methykpicolinate)Cl] and introduced it to A2780 ovarian cancer ceéllEigure 2.7
compares the structures @fbiphenyl -arene)Os(4methytpicolinate)Cl] (A) with
[Os(bpy}(pic-args)]*°* (B). [(biphenyl-aren@Os(4methykpicolinate)Cllhas a freé Cl
group, which is one possible route for this complexes in vivo activation, WwiaéEan

be replaced by ¥0 making the complex more reactive.

- 10+

E;j g:[ A

A B

Figure 2.7 Chemical structures comparir[¢biphenyl -arene)Os(4nethy-picolinate)CI] arene
complex (A), taken fronsadler et al® with [Os(bpy)}(pic-args)]°* complex (A).

Although the two complexes are very different in struct@aejler et aldemonstrated
that [(biphenylarene)Os(4nethytpicolinate)Cl] complex accumuated within the
nucleolus and mitochondria after exposure for 12 h (Figi8e
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Figure 28TEM i mage of Os (Il 1) arene biphenyl compl e
and mitochondria of an A2780 ovarian carcinoma cell, incubated foP 12 h.

The mitochondria accumulation shown in Fig@r® is comnon to the localisation of
[Os(bpy)(pic-args)]*°*in CHO cells investigated in this chapt€his could suggest that
osmium has an affinity for mitochondria oncelibsses the cell membrariéowe\er,

upon incubation witfiOs(bpy}(pic-args)] %" in the absence of light, no localisation was
found in the nucleolus. This could reflect on the lipophilicity of the two complexes. This

is something that would have to be in investigated further.

2.4.2 HTP Uptake Studies

As the complexes appeared to penetrate the nuclear envelope under direct and
continuous exposure to the confocal lagee, high throughput (HTP) uptake study was
carried out taobtain a more detailed insight into the dynamics ofketaer 2 h.The
advantage of using HTP is it allows for the monitoring of cell uptake without long
exposure times to laser scannifignerefore uptake can be studied without the impact
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of light seenwhich was observed previousty Figure 2.4, under continusiscanning
during confocal microscopyhe experiment was carried outla School of Medicine,
CRANN and AMBER Centres as part of Trinityoge Dublin with the help of D
Anthony Davies. CHO dis werepreparedn a 96well plateas described igecton

2.2.6 [Os(bpy)(pic-args)]°* and [Ru(bpyk(pic-args)]°* were added separately the

cells and theuptake was measured using an Insight Cell Analyser 1000 (GE
Healthcare). Theomplexsolutiors werepresent for the duration of the experiment.
Uptakewas recordedia fluorescence intensity from 5 random fields of view per well

at 37°C. The results are presented in Figure thfially, both complexes were taken

up quickly, and the emission intensity continuously increased over timerestingly,
[Ru(bpy)(pic-args)]°* appearsto betaken up in two steps, wheref8s(bpy)(pic-
args)] 1% uptake appears to be more continuous. The difference in emission intensities
bet ween the complexes is a reflectance of
continuous increase in intensities indicates neg@nching occurred. Over the course

of the experiment, both complexes accumulate within the cells. After 2 h, it was found
that uptake plateaued feRu(bpyk(pic-args)]'®* but [Os(bpy)(pic-args)]*°* continued

to entethe cells.

The rate of uptake (k) for each complex was determined binfirthe slope of the plot

Ln (I) vt, where | is the emission intensity and the time in seconds. From the uptake
plot in Figure 2.7, there appears to be a lead in time as there is no uptake of
[Ru(bpy)(pic-args)]*°* in the first 30 minutes of incubian. However, this is not the
case fofOs(bpy)(pic-arg)]*°*which is taken up instantaneously once introduced to the
cells.As everything in the experiment is equal; i.e. the concentration of the complexes,
the number of cells seeded in the wells, t@dtime when the complexes are added to
the cells, this interesting effect must be due to the lipophilicity of the complexes. The

heavy osmium isikely to bemore lipophilic than ruthenium, due to nuclear shielding.

The rate of uptake was determined fwth complexes. A$Ru(bpyk(pic-args)]*®*
appears to not enter the cells in the first 30 minutes of addition, the uptake rates for both
[Ru(bpy)(pic-args)]®* and [Os(bpy)(pic-arg)]®* were determined between 40
minutes and 120 minutes. The rate ofakgtfor[Ru(bpy)(pic-args)]*°* was found to be

0.57 st. On the other hand®s(bpyk(pic-arg)]'°* has a slower uptake rate of 0.24 s

which can appears to be more linear and steady, which can be seen from the plots in

Figure 2.7.
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Figure 2.9 Cellular uptake of [Os(bpy|pic-arg8)I°* (8 ) and Ru(bpy}(pic-arg8)J°* (6 ) in live
CHO cells using the InCell Analyzer High Throughput method at 37 °C. The complexes were excited
using a 480 nm laser at 5 random fields of view of each sample, and the emésmilected using

a long pass 620 nm filter. (Data normalised to no dye)

Methods such as HTP can allow us to see thecoatiplex uptake rate more efficiently

than confocal microscopy as the cells are scanned for 20 seconds and at multiple fields
of view to record the average emission at each time point with little laser exposure. Photo
bleaching and photo toxicity can be avoided as the compound is not being continuously
exposed to laser scanning. Cells are less likely to be damaged by the laser,arhich c
force them to take up the compound or redistribute it over time through thermal damage

from direct light exposure, or through the generation of singlet oxygen by the complex.

2.5 Cytotoxicity

From the uptake studiedescribed previously isection 2.4 neither[Os(bpy)(pic-
arg)]'°* nor [Ru(bpyk(pic-args)]®* appear to be toxic wardsthe cells at short
exposure timesThe grtotoxicity of [Os(bpyk(pic-args)]*°* and[Ru(bpyk(pic-args)]*°*
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wasthenexaminedand compared in CHO and Spells usinghe Resazurin (Alamar
Blue) assay. Resazurin -fi§droxy-3H-phenoxazir3-onel0-oxide) is a non
fluorescent dye that is used as an oxidatextuction indicator in celldt measures the
metabolic activity of the celld/iable cells reducéhe nonfluorescet resazurin tdhe
highly fluorescentesorufin and dihydroresorufiherefore, it is a method of measuring
cellular ATP. Theextent ofreduction and therefore the fluorescent intensisydirectly

proportional to the number of viable cells over time.

Cells were prepared in 98ell plates as described section 2.2.7andwas carried out

in theabsence of lightrigure 2.10 illustrates a plot of absorbance versus metal complex
concentration (uM) inSp2 (A) and CHO (B)ells. [Os(bpyx(picCOOH)F* and
[Ru(bpy)(picCOOH)Ffpar ent complexds (0.1 % vol. D
towards the cells, even up to concentrat.
octaarginine conjugates induced little toxicity towards the cells, with cells rengaini

viable at concentrations as high as 150 pM in CHO cqlB). Interestingly
[Os(bpyx(pic-args)]1°* did have aytotoxic effect on Spcells at concentrations greater

than 100 pM(A). In comparison, e assay indicated thfRu(bpyk(pic-arg)]*°* was

dightly more toxic tavardsthe CHO cells, showing a 10 % decrease in cell viability
compared to cells treated wi@s(bpy)(pic-args)]'°*. Nonetheless, the low cytotoxicity

of the [Os(bpyk(pic-arg)]'®* conjugatefurther indicates that this compound is a

valuable molecular probe for multimodal imaging.
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Figure 2.10Cell viability in Sp2 (A) and CHO cells (B). Live cells were treated with [Os{ipig;
COOH)I%*  (Osmium), [Os(bpypic-arg)]®* (OsmiumR8), [Ru(bpy)(pic-COOH)J*
(Ruthenium) ad [Ru(bpy}(pic-args)]*°* RutheniumR8) for 16 h followed by addition of resazurin

reagent for a further 6 h. Absorbance was read at 570 nm with background at 600 nm subtracted, n=3
in triplicate

The group ofSadler et alcompared Ru(ll) and Os(Il) arencomplexes that were
structurally analogous except for the metal centre, shown in Figure®2THey

demonstrated that the Ru(ll) arene complex exhibited toxicity towards cancer cells while
the Os(ll) arene complex did not.
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Figure 2.11Structure of &Ru(ll) arene complex and the analogous Os(ll) arene coniflex.

Although arene complexes are designed to be highly toxic towards cells, and they are
structurally very different to the complexes studies in this chapter, the results show the
same trend seehere indicating very interestinglythat the heavier thirdow transition

metal ion Os(ll) is less toxic than Ru(ll). The lack of biological activity is possibly due
to it being relativelynoreinert compared to Rll). However, in a separate repoiftan
Os(Il)-areneargs complex it showed significant cytotoxicity towards CHO céffsThe

Args conjugate demonstrated higher toxicity than sAagd the parent complex as it
increased the cell uptake abilitief the complex. By comparinthesevery different
complexes and theifffects on cells, it showthat the ligands play an important role in

the cytotoxic effects dfiifferentOs(ll) complexesas well adetveen Os(ll) and Ru(ll)

analoguecomplexes.

2.6 Phototoxicity

As the applicationof [Os(bpy)(pic-args)]'®* in the context of this thesis is in
luminescence imaging, the complex stability and particularly its cellular toxicity under
exposure to light is an important factor. As demonstrated previousgadtion 2.5
[Os(bpy)(pic-args)]*°* showed o significant toxicity towards both cells lines when
incubated in the absence of light. Therefore thetgtoxicity of[Os(bpyy(pic-args)]*°*
was investigateth CHO cells The @lls were prepared as describedséction 22.8.
CHO clIs were exposed towhite light source at.36 x 16> mJ intensity, using the
confocal microscope whitiight. Control CHO cells were examined witbRAQ 7 in
PBS (1:100 dilution) in the absence[Bfs(bpy)(pic-args)]'°*. After 3 h no DRAQ 7
had entered the cells indiaagi they were still viableNext, in a separate glabsttom
culture dish,[Os(bpyp(pic-arg)]*® (70e M i n -nechfeear oeldia) was added to
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CHO cells and left to incubate for 24 h (37 with 5% CQ,) to ensure maximum uptake.

Prior to imaging, DRAQ 7 was added to the cells. Télessavere exposed tihe white

light sourceg(1.36 x 16" mJ) for 3 h No change irthe location ofOs(bpyy(pic-args)]*°*

in the cells was observed, atit cells remained viableSimilar results were observed

in section 25 where CHO <cells were stild]l viab
[Os(bpy)(pic-args)]'°* for 24 h in tke absence of lighfThere was no change in cell
morphologyassociated with toxicitygsuch as surface blebbinghich is a sign of photo

toxic effectd® indicaing that[Os(bpy)(pic-args)]°* is not phototoxic to the cellsnder

the conditions described iiee

2.7 Photostability

Good photostability of a fluorophore is a desired characteristic of an imaging probe. This
ensures it will not photo bleach under continuous excitation over long imaging times
for example in dynamic studie®ne of the key disadm#ages of organic chromophores

for live cell imaging is that they are frequently prone to photo bleach over extended
periods of light exposur&@he photostability of [Os(bpyjpicCOOH)F" in solution was
explored and compared [Ru(bpyk(picCOOH)F* as this complex had been shown
previously under imaging conditions to exhibit significantly superior performance in

terms of photostability compared to fluorescdin.

To explore photostability under imaging conditiordutions of each complex in PBS

(70e M) ipettegonto a cover slipThe samples were excited using a 488 nm argon

| aser at ?l@serpovercThe/samples were then continuously irradiated for 10
minute interval s 3lasermowes Figurds iustrates th@ regts ¢ W/ ¢ 1

after 20 minutesf continuous excitation.
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Figure 2.12Photostability ofOs(bpy)(picCOOH)F* and [Ru(bpy)(picCOOH)F* in PBS solution
was assessed using confocal microscopy laser scanning. Bleaching was performed by exciting
[Os(bpy)(picCOOH)F* with 488 nm laser and 458 nm laser for [Ru(bfpizCOOH)F*. Both

complexes were scanned using 30 % laser power at 10 minute intervals. The complexes were imaged

[Ru(bpy)a(pic)]'**

at the lowest laser power of 1 % before scanning (A and D), after 10 minutes (B and K), and

minutes scanning (C and F).

Remarkably, i was found thafOs(bpy)(picCOOH)F* did not bleachat all after 20
minutes ofcontinuoushigh intensity laser scanning, seen in Fig2uE A-C, whereas
[Ru(bpy)(picCOOH)F* underwentsignificant bleachingféer 10 minutes of scanning
(E), andfurther bleaching after a final exposure time of 20 minutesNEéJgebauer et

al reported that[Ru(bpy)(pic-args)]*®* retained more than 50 % of its initial
luminescence after 20 minutescointinuous irradiation frorwithin a platelet, and that
this probe is significantly more stable thalme commonly used imagingrobe
fluoresceint! The photostability of the Os complex, is therefore outstanding. The origin
of this photostability is the large ligand field splittimj the dd levels of Os(ll)
complexes. Unlike Ru(ll) complexes #gC state cannot be thermally populated from

its lowest excited state making them more photostable than Ru(Il) complexes.

These resultsuggestOs(ll) polypyridyl complexes lik§Os(bpy)(pic-arg)]*°* may be
valuableimaging probe particularly for dynamic or imaging studies over extended
periods due to lowoxicity towards celland extremghotostability.
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2.8 Phosphorescent Lifetime Imaging Microscopy (PLIM)

Phosphorescent lifetiemimaging microscopy (PLIM) is a useful method for measuring
the emission lifetime of a probe from within the cell. The advantage of using Ru(ll) and
Os(Il) metal complexesor lifetime applications is that their emission lifetimes are
environmentally sergve. Cellular environments, such as oxygen concentration and pH,
can be monitored using changes in the luminescent lifetimes as the lifetime is
independent of probe concentratidtuminescent lifetime measurements in solution
showedthat [Ru(bpyk(pic-args)|}®* has a lifetime of 540 ns, whilg®Os(bpy(pic-
arg)]°* has a lifetime of 33 ns (Table 2.1)LIM was carried out to investigathe
variation ofthe lifetimeof each complewithin a cell CHO and $2 cells were prepared

as described irsection 2.2.9, particularly given thafOs(bpy)(pic-args)]*°*is not
sensitive to @ThePLIM images were acquired usiggVicrotime 200instrument The
samples were excited with a 405 nm laser line and emission was collected using a long
pass 530 filter set. Ehaell image was exposed to scanning forrdinutes to ensure a

high number counts were collectied accurate decay statistié&ven though theample

is scanned for long periods of time to generate the lifetime data, the laser power is low,
at 0.7eW/cn? compared to 2W/cn?¥ for confocal imaging. Therefore, the cell is not
compromised by thermal damage from the laser or by the generation of free radicals
such as singlet oxygen by the metal com@s(bpyx(pic-args)]*** and[Ru(bpy)(pic-
arg)]°* lifetimes were compared inp3 cells, while[Os(bpy)(pic-args)]°* lifetimes

were measured in 2@and CHO cells to asseasydifferences between cell lines.

Figure2.13 shows the falseolour lifetime distributions of [Os(bpy(pic-args)]*°* (A)

and Ru(bpy)(pic-arg)]®* (B) measured separately a live single Sp2 cell. The

lifetime distribution in this cell is representative of the cells throughout the sahinge.
overall average lifetimes in the cells were analysed using SymPhoTime sofiivare

each pixel represents the average lifetime at that point in the cell. This creates the false

colour images of the cell.

Table2.2 siammariseshe average luminescent lifetimes[@s(bpyy(pic-args)]*°* and

[Ru (bpyk(pic-args)]*°* in the membra@ and cytplasm of the cells. The average
lifetime of [Os(bpy)(pic-args)]*°* in the cell was found to be 20 + 0.9, mghich is
slightly shorter than in aqueous PBS solution at 29 + 2.05 at 37 °C. The lifetime within
the membrane was measured tdBe3 + 0.6 n&nd14.5 £ 1.5 ns in the cytoplasm. As
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[Os(bpyy(pic-args)]'°* lifetime was shown to be uaffected by oxygen, it isan
alternative environmental parameter, such as loisglosity at the membrarnat is
causing the increase in lifetime there compared toctteplasn?® [Ru(bpy)(pic-
args)]1°* demonstrated different lifetime distributiottsthe osmium complexvith the
lifetime decreasing from 540 + 12 ns in the cytoplasm to 453 + 25 ns in the merfibrane
In this case, as [Ru(bpypic-arg)]'°*is sensitie to oxygen concentrationtherefore

this is likely to play a role ithe varyindifetimes between the cell regiorior example,
ahigher oxygen concentration would be expected itiplophilic membrane, quenching

the luminescent lifetime there.

21ns

13 ns

750 ns

Figure 2.13 Falsecolour luminescent lifetime images ofO$(bpy)(pic-arg)]*®* (A) and
[Ru(bpy)(pic-args)]°* (B) (taken fromNeugebauer et &F) and the corresponding intensity images

in Sp2 cells. Prior to imaging, Sp2 cells were incubsatédt h 70 &M compl ex for
were acquired using a Microtime 200 system by PicoQuant for 20 minutes on a temperature
controlled stage set to 37 °C. The samples were excited with a 405 nm laser line and the emission

was collected using a long pd&30 nm filter. (Image zoom=10)
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The uminescent lifetime oimages/Os(bpyy(pic-arg)]*** wereacquiredin live CHO
cells andcompared to the lifetiméistributions inSp2 cells. Figure2.14 shows the
acquired RIM false-colour images ofOs(bpyy(pic-args)]'°* in a single CHO cel(A)
and $2 cell (B) with their corresponding lifetime distribution chaffsese cells are
representative of the sampl@se lifetime profiles ofOs(bpy)(pic-arg)]'°* between
the cell lines is surprisingly differensummaised inTable 2.2. The average lifetime
was obtained using SymPRame Analysis software, and provideé® average lifetime
of all the pixelsof the selected cell aremterestingly, the overall average lifetime in
Sp2 cellswas found to be longer thanathin theCHO cell, whichis reflected inthe
differences irthe lifetimedistribution throughout each cell typghownin Figure2.11.
The lifetime in the membrang from 18.8 + 0.6 ns in the 3pell, comparedo 13 £ 1.5
ns inthe CHO cell. The lifetime in the cytoplasmvas found to be 14.5 £ 1.5 ns in the
Sp2 cell, and11.6 £ 0.4 ns inhe CHO cell. This is a significant difference between the
two cell lines,athough the trends in lifetime distribution are the sameé&mh cell line,
i.e.the lifetime increases in the cell membrane, relative to thinfigeof thecytoplasm.
This is attributed to tight lipid packing in the plasma membrane whielepts

[Os(bpyy(pic-args)]1°* from relaxing to ground state as fast as it does in the cytoplasm.
21

21 ns 21 ns

Bns

Figure 2.14Luminescent lifetime imaging dDs(bpy}(pic-arg)]'°*in alive CHO (A) anda live

Sp2cell). Prior to i maging, Sp 2Ostpyk(picarg)e&complek nc uba:
for 24 h in cell culture media, and images were acquired @sMicrotime 200 system by PicoQuant

for 20 minutes on a temperature controlled stage set to 37 °C. The samples were excited with a 405

nm laser line and the emission was collected using a long pass 530 nm filter. (Image zoom=10)
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Table 2.2Average lumiescent lifetimes (ns) dOs(bpyy(pic-args)]*°*in CHO and Sp2 cells, and
[Ru(bpy)(pic-args)]*® in Sp2 cells. Each value represents the mean + SD for 3 separate experiments.

*Values taken fronNeugebauer et dbr comparisort!

[Os(bpy)2(pic-args)]*°* [Ru(bpy)2(pic-
Aver a(se (ns) args)] 10
(ns)
CHO Sp2 Sp2
Overall Cell 10.7£0.7 20+ 0.9 479
Membrane 13+15 18.8+0.6 453 + 25*
Cytoplasm 11.6+0.4 145+15 540 + 12*
TCsSPC U in
(at 37 °C in PBS solution) 29 + 2.05 514+ 49

The variations in theuminescentifetimes of[Os(bpy)(pic-args)]*°* within the two cell
linessuggests that osmium is influenced by its local environment. These changes are not
influenced by oxygen as it was demonstrated preloun section 2.3 that
[Os(bpy)(pic-args)]*°* shows no sensitivity toxygen concentrations. During_ M,

images were acquired at 3C using a heated stage to keep the temperature constant
throughaut the process. Ruling out thmossibilities of temperatre and oxygen, it
suggests that theemission lifetime differences may be attributed to the local
environments and cell structure betmehe two cell linesCHO, a mammalian cell line,

and Sp2, a cancerous cell line. Lipid modifications in the cell memebrsuch as
accumulation of cholesterol, are associated with cancer cells due to the increased
proliferation rate$? The overexpression of fatty acids, which make up the
phospholipids in the cell membrane, is also found in cancer cells, such as parstate

It is tempting to speculate that these structural differences might be aftbeticiganges

in lifetime of [Os(bpy)(pic-args)]° inthe two cell lineg?
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2.9 Resonance Raman Spectroscopy

As demonstratedn section 2.3 [Os(bpy}(pic-args)]°* exhibits a broad visible
absorbance and a large Stokes shift. These properties make Os(ll) highly suitable for
resonanc&aman The advantage of usingsonanc&aman is its ability to selectively
monitor a probe against a complex background, for exanagjainst a background of

lipid, carbohydrate and protein in cells. Resonance Ram@Hr O cells was conducted

and compared with drop cast solution of the complex @nglass slide. The resonance
Ramanspectra ofOs(bpyx(pic-COOH)F* and s(bpy}(pic-args)]1°* are presented in
Figure 215. For comparison, solutionsf both complexes in PBS in solution were
pipetted on to a glass slide, aercited witha 488 nm argon lasento the!MLCT
absorbance bandhe spectra were normalized to the 1317 dnipyridine ppy) peak

as it exhibitdittle dependence on the environméht

Raman Intensity (Normalised)

200 700 1200 1700

Wavelength (cm?)
Figure 2.15Raman spectra §0s(bpyp(pic-COOH)F* (8 ) and Os(bpy}(pic-args)]*°* (6 ) in PBS

solution (70 pM) excited using a 488 nm laser. Data was normalised to the 13bpgmeak and

offset for clarity. (n=3)
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As demonstrateth Figure2.15, [Os(bpy)(pic-args)]*°* exhibits a remarkably strong
resonanc&amarnsignalwhen excited at 488 nm in PBS solution. Signature vibrational
modes for the bipyridine (bpy) ligand appe&rl603, 1552, 1482, 1317, 1269, 1173,
1024 and 670 crh Interestingly, unlike the analogo{Ru(bpy(pic-args)]*°* complex
wherethe pic moietywas weaker at this excitatioviprational modes for the pic moiety
are equallyasintense, seen at 1556,0%cn?, and a 1458, 1422, 1248, 1198 and 829
cmit. This suggests Od$( ) t o tréngitipnand*Osd” ) t o MIECIT transitién
are both resonant at 488 nm. The spectrfOs{bpy}(pic-COOH)F* and its peptide
conjugate do not show any significant changegx®ected, ashe peptide does not

contribute to the visible ol transition.

ResonancRamarmapping of Os(bpy}(pic-args)]*°*in a CHO cell was then examined.
Figure 2.16 shows representative Raman mappif@sibpy}(pic-args)]°* in a single
CHO cell The CHO ells were prepared as describedsaction 22.10 with 70 uM
[Os(bpy}(pic-args)]'°*. Point spectra were acquired at the cell membrane, cytoplasm,
and nucleus, and compared @s(bpy)(pic-args)]*°* spectrum in solutioriThe