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ABSTRACT

In this work a range of organic, metal complex and nanoparticle architectures have been
investigated and optimized as probes and drug delivery agents. With the aid of a range of
super-resolution techniques the role of these new molecular systems in detecting and imaging
structures, organelles and biological processes within cells were delineated. These studies
have identified new probes to image mitochondria and nuclear DNA at <50 nm resolutions,
investigated the potential of organic probes to image reactive oxygen and nitrogen species in
live cells, assessed the potential of new nanocapsules as putative drug delivery agents, and
identified a new paradigm for the construction of probes based on organelle targeted two-

photon upconversion nanoparticles.
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1.0 INTRODUCTION

1.1 THE STRUCTURE OF DNA

Deoxyribose nucleic acid (DNA) is a biopolymer chain that contains three components; a
deoxyribose sugar, a base and a phosphate. The polynucleotide chain is formed by

phosphodiester linkages between the 3’-hydroxyl group of one nucleotide and the 5°-

hydroxyl group of the next.

> Adenine

> Cytosine

|

Guanine

> Thymine

Figure 1.1: The linkage of nucleotides via phosphodiester bonds



Two complementary polynucleotide DNA strands wrap around each other in a right-handed
anti-parallel helical orientation; one strand runs from 3’— 5’ and the other strand runs from

5°— 3’ and it forms a coil or a double helix*?.

Major groove

Major groove

Cytosine
\ i ‘ z—H-—O NL
L0 H—N N7 _ AN X6 (¢ )
4 O _ \V —— Adenine (/_\< AN N\DO
Thymine<—— ¢ N3—H-—-N N 6 N-—H-N_ [ 9
1N 1N\_\/ 9DO OD}\# 2})____H_'\?/3 .
? 3 |l| Guanine

oD O

Minor groove l
Minor groove

OD/DO = Deoxyribose

Figure 1.2: Watson-Crick base pairs in DNA. The orientation of bases A, T, G and C relative
to their major and minor grooves of DNA is also shown.

The formation of the double helix relies on the pairing of the nucleic acid bases in a specific
way. Guanine in one strand pairs up with cytosine (G-C base pair) on the complementary
strand through three hydrogen bonds and adenine pairs with thymine (A-T base pair) by two
hydrogen bonds. Thus, a bicyclic purine base always pairs with a smaller monocyclic
pyrimidine base, this gives rise to a constant diameter of ~10 A and a rise of 3.4 A between
adjacent base pairs of the double helix**. The most common form of DNA, known as B-
DNA, is the right-handed double helix conformation of DNA observed in vivo. The B form of
DNA has a diameter of 2 nm and base pair (bp) separation of 0.34 nm with the structure

repeating every 10 base pair.



Adenine

Thymine

—>3.4nm

Guanine

Cytosine

DNA backbone

> 0.34 nm

Figure 1.3: A DNA double helix

1.2 TYPE OF DNA INTERACTIONS

1.2.1 The nature of the grooves

As the two individual DNA strands wrap around each other in this right-handed fashion, they
create two helical grooves along the length of the double stranded DNA. These are referred to
as major and minor grooves. For B-form DNA, the major groove is ~12 A wide and the
minor groove is ~6 A wide. These grooves are defined structurally by the orientation of the
base pairs>.

For a molecule to be able to bind to a particular groove, it has to match the dimensions of
that groove and interact with the groove walls. Thus shape, polarity and hydrophobicity of a
drug have a distinct impact in groove binding and hence recognition of specific sites either in
the major or minor groove. Typically, both major and minor groove binders consist of several
aromatic rings connected by bonds with torsional freedom, which undergo minor rotation to

fit into the grooves and form Van der Waals contacts without distorting the DNA structure®.



1.2.2 Irreversible interactions

One of the most studied metal complex used in medicine is cis-diamminedichloroplatinum,
Cisplatin(l), as it is known to exhibit anti-tumour activity. It was first used for this purpose in
the late 1970s and remains one of the most widely used chemotherapeutics today. Cisplatin
binds irreversible to DNA and this drug's main therapeutic targets are testicular, ovarian,
bladder and head tumours. Under the physiological conditions that occur inside the cell,
chloride concentration is low and hydrolysis of the complex takes place®. The chloride ligand
IS a better leaving group than the ammonia ligand, hence the ammonia ligands remain while
the chloride ions are displaced by water. The sequence of events is first hydrolysis of one
chloride ligand following by reaction with one guanine ligand then hydrolysis of the second
chloride ligand followed by attachment of the second guanine. The water ligands are replaced
by N-donors from nucleobases of the DNA strand. The preferred point of attachment has
been found to be at the N7 atoms of the imidazole rings of guanine due to their strong basic
properties and they are the most accessible and reactive nucleophilic sites for platinum
binding®.

Lippard and co-workers® reported the x-ray crystal structure of double stranded dodecamer—
platinum (I1) unit in 1995. This confirmed the point of platination as an intrastrand cross-link
and also revealed that it causes bending of the helix. Cisplatin is successfully used in
chemotherapy, but is effective only against a narrow range of tumours. Cisplatin derivatives
lack activity against cancer which are resistant to the parent drug, because they form a similar
type of adducts to DNA.



1.2.3 Reversible interactions

1.2.3.1 Electrostatic binding

DNA is a highly charged polymer which must condense a significant number of cations from
solution to exist in stable conformations. Whilst electrostatic interactions involve binding of
cations to the negatively charged phosphates located in the DNA backbone they are generally
non-specific and reversible, however this interaction can still result in an increase in the
stability of the DNA conformation. Polyamines bind to DNA through such interactions as
they are usually fully protonated at physiological conditions; thus the negatively charged
phosphate backbone of the DNA serves as the complementary site for interactions.

Spermidine and spermine are typical molecules that employ this type of interaction™®.

H
H2N/\/\N/\/\/ N\/\/ NH;
H
Spermine
H

|_|2N/\/\/N\/\/NH2

Spermidine

Figure 1.4: Structure of spermine and spermidine



1.2.3.2 Groove binding

The major groove is 22 A wide whilst the minor grove is 12 A wide. Natural and synthetic
molecules can bind to either of these features. For example, single strands of DNA can bind
in the major groove. Felsenfield et al’ reported that poly-U can wind smoothly within the
major groove of polyU-polyA double helix forming Hoogsteen base triplets (U-A-U). It was
not until 1987 that Moser et al found that a short oligonucleotide could specifically bind into
the major groove of double stranded DNA, thus forming a section of triple stranded DNA.
This has the potential to inhibit replication and transcription of a particular gene. In order to
eradicate or completely suppress DNA replication and transcription of a particular sequence,
molecules can be designed to bind and induce irreversible damage to DNA™.

Minor DNA groove binders are another type of DNA binders. The most well known minor
groove binders are the polyamide anti-tumour antibiotics, netropsin, distamycin and
lexitropsin. They are all AT-specific binders. For example, netropsin binds to the minor
groove of the sequence 5°-AATT-3°, whereas distamycin binds to the 5’-AAATT-3’
sequence. These groove binder structures are very similar in that they both contain N-
methylpyrrole carboxamides in chains of similar length'?. Their structures are important
because they are curved in such a way that they resemble the curve of the DNA minor

groove, clearly enabling shape complementarity.



Hoechst 33258 like the other groove binders, binds with an affinity of ~ 5 x 10 M™ to minor
groove sites that have at least four A-T pairs. It is similar in structure to netropsin and
distamycin A, but shows some significant differences. In contrast to distamycin and
netropsin, H33258 has a stronger affinity for AATT than for TATA and displays higher
binding to AATT than to AAAA. The binding of H33258 to DNA involves hydrogen-bonds

from the benzimidazole-NH groups to O2 of thymine and N3 of adenine™.
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o

Figure 1.5: Left: Structure of the complex between the DNA and Hoechst Right: Chemical

structure of Hoechst

Generally speaking, large molecules such as proteins are likely to bind in the major groove

and smaller molecules prefer the minor groove.



1.2.3.3 Intercalation

Intercalation refers to the reversible insertion of a guest molecule into a lamellar host
structure. In the context of DNA binding, the small molecule (or intercalator) reversibly
inserts between two base pairs (the base pairs are an analogue of a lamellar structure). The
guest intercalator is usually a molecule with a planar aromatic ring system which intercalates
between two adjacent DNA base pairs through electrostatic, dipole-dipole and dispersive
interactions as well as « stacking. The intercalation unit may be the whole molecule or only a
part of a larger architecture. Depending on their electronic nature, intercalators may be
divided into two categories: organic intercalators and metal coordination complexes (also
called metallo-intercalators)**. Organic intercalators are important DNA binding agents.
Small organic intercalators may carry a positive charge as organic cations (e.g. ethidium,
daunorubicin, doxorubicin) so that there is an attraction with negatively charged double

stranded DNA, while others may not require such a charge™.



Figure 1.6: Ethidium (A), daunorubicin (B), Doxorubicin (C) and NDI intercalator (D)

Intercalators can induce distortion in the DNA double helix conformation. Firstly, in order for
the intercalation process to be complete, the space of the intercalation point is enlarged. This
leads to an angle change of the DNA strand. Secondly, the DNA strand becomes 3.4 A longer
than before, for each intercalated unit. This is concomitant with DNA double strand
unwinding, as well as with a change in the conformation of the sugars which connect with
phosphates. Thirdly, once the intercalation process is complete, the neighbouring binding
sites are not able to accept a second intercalator. This is due to the fact that the local DNA
structure has been changed by the first intercalation process, so the conformation of its

neighbouring binding sites also change accordingly. In a phenomenon called the neighbour



exclusion principle®® they become compressed so that another intercalator cannot now fit

between them.

1.3 METAL COMPLEXES AS DNA BINDING AGENTS

1.3.1 Brief description:

Four decades ago most of the synthetic and natural DNA binding molecules were organic in
nature, but as researchers delineated on a molecular level how genetic information is
expressed, a more complete understanding of how to target DNA sites with specificity was
developed. This in turn has led to possible new chemotherapeutic agents and probes such as
transition metal complexes®™®. Complexes of d° transition metals are very suitable as DNA
binding agents due to their inertness and stability under physiological conditions. Coupling
this with their well-defined and tunable molecular architecture, and their high solubility in
aqueous media, there is huge potential for developing these molecules as site-specific DNA
binding agents. The primary mode of binding for these transition metal complexes is
intercalation and they have become known as metallo-intercalators. All this group of
complexes contain an extended aromatic ligand, which protrudes away from the metal centre
and is ideally set up for intercalation. It has also been shown that the nature of the ancillary
ligands has a marked effect on the binding affinity and selectivity of these DNA binding
molecules. By systematically changing the nature of these ancillary ligands it is possible to
tune the DNA binding properties and the photo-reactive properties of the molecules. More
over by taking advantage of the rich photophysical handles that these complexes possess it is
easy to monitor and quantify their binding to DNA. Due to the rich photochemical and redox
properties of these complexes it is also possible to perform chemistry on the DNA bases

themselves®’.
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Figure 1.7: Left: Structure of complex intercalated to the minor groove of DNA.

Right: DNA bend upon interaction with complex (Adapted from Lawrence, D.;
Vaidyanathan, V.G.; Unni Nair, B. Synthesis, Characterization and DNA binding studies of
two mixed ligand Complexes of Ruthenium(ll). J. Inorg. Biochem. 2006, 100, 1244 — 1251)

1.3.2 Photophysical properties of Ruthenium based metallo intercalators

The spectral properties of Ruthenium based complexes arise from their unique electron states.
The d-orbitals of the metal ion are split in three energetically lower and two higher orbitals in
the presence of the ligands. The extent of the energy difference between the orbitals is
dependent on the crystal field strength A. The six electrons of the Ruthenium(II) fill the three
d-orbitals with lower energies. Transition between the orbitals is formally forbidden.
Although d-d transition can occur, the probability of the radiative transition is very low and

the emission is quenched.
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d-d excited states are usually unstable due to the fact that electrons in the e-orbitals are
antibonding regarding the metal — ligand bonds. In complexes, a transition involving a charge
transfer between the metal, in this case ruthenium, and the ligand can occur and is known as a
metal-to-ligand charge transfer transition (MLCT). This causes the intense absorption of the

ruthenium MLCs near 450 nm?,

Ligand sig*®

Ligand pi*

Metal d orbitals
I MLCT (octahedral) t,q Orbital

I LMCT I €g orbital

LL

Ligand pi orbital

Ligand sig orbital

Figure 1.8: Types of charge transfer

Emission from these states is phosphorescence, but is shorter lived. Due to spin-orbit
coupling of the heavy metal atom, the normally forbidden transition to the ground state is
more allowed, and so Ruthenium have a shorter luminescence lifetime. After photoexcitation,
the electrons undergo intersystem crossing from the singlet to the triplet MLCT state. This
event proceeds rapidly and with high efficiency. Hence, the excited state decays by radiative
and non-radiative pathways. The probability of non-radiative decay is higher than that of the
radiative decay, so that the decay times are determined by the non-radiative decay rates. For a
MLCT to be luminescent it is necessary that the MLCT state is located at a lower energy
level than the d-d state. In the case of this criterion is fulfilled and the d-d levels are not

12



accessible for radiationless decay. Therefore Ruthenium metal complexes are highly
luminescent®.

1.3.3 Previous study on Ruthenium complexes

After Lippard and co-workers® first established that a square planar metal complex containing
an aromatic heterocyclic ligand could bind to DNA through intercalation. Barton and co-
workers'® soon extended the complexes to three dimensions, when they started using
octahedral metal centres. The early studies focused on the tris(phenanthroline) complexes of
zinc, cobalt and ruthenium through NMR and photophysical studies. They suggested that the
cationic tris(phenanthroline) complexes bound to DNA through all three of the noncovalent
modes discussed earlier. One important observation to come from these early studies was that
there was a small but significant preference for the right-handed A isomer when bound to
right-handed B-form DNA. However the binding modes and exact orientation of these tris-
(phenanthroline) ruthenium(1l) complexes was open to much debate.

In the early papers to emerge from Barton’s lab the mode of interaction of [(phen)gRu]2+ with
B-form DNA was deemed to involve electrostatic and hydrophobic contacts with the DNA in
the major groove, with partial intercalation of one of the phenanthroline ligands into the DNA
base stack. Equilibrium dialysis experiments showed that the intrinsic binding constant was
small and highly dependent upon salt concentration, which indicates a large electrostatic
component to the binding free energy. Luminescence quenching experiments revealed a bi-
exponential decay indicating two emitting species were present, one of which is quenched
more readily than the other. Barton proposed that the species which was more readily
quenched was groove bound, and was therefore more accessible to the quenching agent,
whereas the other species was intercalated deep within the major groove of DNA and was
much less accessible to the quenching agent.

The chiral discrimination of the binding event was rationalised by assuming the propeller
twist of A-[(phen)sRu]®* was symmetry matched to the right handed helix found in B-form
DNA, allowing it to bind more preferentially compared to A-[(phen)sRu]?*. Barton also
reported sequence selectivity based upon steady-state polarisation of excited states, which
showed that the preference for the A-[(phen)sRu]** increases upon increasing GC content of
the DNA. This has been rationalised by the fact that the major groove becomes narrower with
increasing GC content and therefore closer in width to the diameter of [(phen)sRu]** thus
amplifying the important steric contacts between the complex and the sides of the groove

needed for chiral discrimination.
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However it is now established that tris- phenanthroline ruthenium (1I) complexes do not
intercalate into the base stack of DNA at all***%, In 1992 Norden and co-workers published
the results of an NMR study they had undertaken, seemingly contradicting all of the
structural elucidations proposed by Barton. They described NOE data which showed that
both A and A-[(phen)sRu]* bind to the AT region of the self-complementary oligonucleotide
[d(CGCGATCGCG)]; in the minor groove. The cross peaks observed between protons on the
metal complex and the oligonucleotide showed they are at distances of less that 5 A apart.
The H2 of adenine located at the bottom of the minor groove was shown to interact with
protons on one of the phenanthroline rings and sugar protons H1’and H4’, which both face
the minor groove, interact with the phenanthroline protons. Both enantiomers exhibit similar
cross peaks, however more were observed with the A enantiomer but higher concentrations of
drug were needed to see them. The oligonucleotide cross peaks are not affected in any way
upon binding of the complex indicating no change in conformation on interaction, suggesting
no intercalation takes place. The binding kinetics are rapid and the complex is in fast
exchange resulting in sharp signals, which again is an indication of no intercalation taking
place. In summary both A and A [(phen)sRu]** bind to the AT region of
[d(CGCGATCGCG)], through electrostatic and groove binding interaction within the minor
groove™. The issue of intercalation was disproved once-and-for-all, when Chaires et al®
published viscosity data showing only a very small increase in viscosity upon binding of tris-
phenanthroline ruthenium (I1) to DNA indicating a non-intercalative mode of interaction.

Finally a detailed spectroscopic and modelling account by Rodger et al showed that the
equilibrium binding constant was dependent upon the degree of saturation of the DNA by the
drug complex. They also reported two modes of interaction. A-[(phen)sRu]** was shown by
CD and LD studies to orientate in the major groove through partial insertion of one of the
phen moieties into the major groove. The phen moiety orientates itself within the major
groove in plane with the base pairs although phen does not protrude far enough away from
the metal centre to facilitate full intercalation. The A-[(phen)sRu]** species binds exclusively
in the minor groove by slotting a phen moiety vertically into the groove nearly perpendicular
to the plane of the base pairs. This mode results in considerable widening of the minor groove
to maximise interactions between the backbone and the other two phen ligands on the
complex. Again strong preferences were seen for AT regions of DNA over GC regions.
Although tris-phenanthroline ruthenium (1) complexes were shown to bind to DNA and
show a degree of symmetry recognition, the binding affinities for DNA were unimpressive,

and were highly dependent upon sequence, salt and temperature. In order for these metallo-
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intercalators to become useful in chemotherapeutics all of these problems needed to be

addressed?’.

The Molecular light switch effect

Barton et al, realised that to enhance binding affinities, the surface area of the putative
intercalating species needed to be extended. This led to the synthesis of [Ru(bpy).dppz]**,
which not only demonstrated enhanced DNA binding (K = 10° M™ as reported by Haq et
al.), but also a photophysical result known as the light switch effect?®>®,
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Figure: 1.9: [Ru(bpy).dppz]** - Photophysical property: (A) Structure of [Ru(bpy)-dppz]**
(B) Optical titration showing MLCT emission due to [Ru(bpy)-dppz]** binding to DNA

Solvatochromic luminescence is the ability of a chemical substance to change emission
colour due to a change in solvent polarity. A molecular light switch deviates from this in the
sense that upon moving from one environment into another the transition from no
luminescence to intense luminescence is seen. The complex is essentially switched ‘off” in
one environment (with little to no luminescence), and then ‘on’ in the other, thus making the
comparison of switching on a light. This feature is useful because it can be used to detect
changes in micro-environment. In the case of [Ru(bpy).dppz]** the complex emission is ‘off’

in aqueous solvent but ‘on’ when interacting with DNA%*®3,
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Figure: 1.10: Molecular Light-switch effect

The observed luminescence is as a result of the Ru-dppz moiety. Light induced charge
transfer of an electron from an orbital predominantly metal in character to an orbital
predominantly ligand in character (MLCT) causes electron excitation onto the dppz ligand.
The charge-separated excited state is localised on the bpy or phen part of the dppz ligand.
This *MLCT excited state then decays rapidly via intersystem crossing (ISC) to a *MLCT
excited state primarily localised on the phenazine nitrogen atoms®®%.

There are two possible deactivation pathways for the excited state; emissive and non-
emissive. This complex shows luminescence in organic solution, but not in aqueous solvent.
This is because in aqueous solution, water molecules deactivate the excited state through
hydrogen bonding with the endocyclic nitrogen atoms of the intercalating ligand. Thus a non-
emissive deactivation pathway of the excited state occurs. In the presence of organic solvent,
these interactions cannot occur, thus the excited state deactivates emissively. In the context of
DNA, this transition can be seen as the free metal complex in solution inserts between base
pairs, becoming protected from the aqueous solvent, resulting in an intense rise in
luminescence. The extent to which the molecular light switch effect is seen depends on the

degree of protection®®.

16



1.4 SUPER-RESOLUTION OPTICAL MICROSCOPY

Light microscopy methods either require samples to be coloured, or it is necessary to utilise
differences in phase as light passes through specimens in order to make out their features.
Phase contrast methods involve converting the phase shifts in light passing through the
sample to variations in brightness in the image, whilst stains increase the contrast of a sample
in areas where they are attached. An extension of traditional colour staining methods is to use
fluorescent dyes, as these have a very large contrast with a dark background when excited
using UV (or in some cases visible) light. As with any optical technique, however, the
resolution achievable using fluorescence microscopy is limited by the diffraction of light. The
Rayleigh criterion gives a minimum distance for which two light sources can be optically

resolved®®’.

Equation: 1.7  Al=M/NA

Where A is the wavelength of illuminating light and NA is the numerical aperture of the
optical system. The distance Al represents the separation of the centroids of each marker’s
point spread function (PSF); the fluorophores are optically resolvable if Al is greater than the
radius of the marker’s airy disk. In the case of biological samples labelled with fluorescent
markers, two closely neighbouring fluorophores active at the same time will not be resolvable
using visible light.

Various optical microscopy methods using fluorescent markers have been devised to obtain
spatial resolutions below the diffraction limit of light. These have been termed super-
resolution microscopy, or sometimes nanoscopy. Several of the most popular techniques fall
into two categories, targeted and stochastic super-resolution. Targeted readout techniques
reduce the size of the effective fluorescence point spread function (PSF), whilst in stochastic
techniques random subsets of fluorophores much further apart than Al according to the

Rayleigh criterion are imaged sequentially®®°.
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141 STED

Stimulated Emission Depletion (STED) microscopy works by depleting a zone around the
edge of the focal region of emitting fluorophore. In Stimulated emission by depletion
(STED), the sample is scanned with a combined excitation/depletion beam’">. STED is the
first super resolution microscopy technique to employ far-field super resolution imaging and
is based on imaging an ensemble of photostable molecules. Excited fluorophores exposed to
the STED beam are instantly transferred back to their ground states by means of stimulated

emission”’.

Excitation spot Effective

fluorescence spot

Figure: 1.11 STED microscopy resolution (Adapted from Abbott, A. The glorious resolution.
Nature, 2009, 45, 4 — 5)

This is achieved by switching the fluorophore in the depletion zone to a dark state by
stimulating its emission with a high intensity laser that matches the emission wavelength
(usually the red edge of the emission) of the fluorophore. This effectively reduces the spot
size of the incident laser to below the diffraction limit"®”’. STED uses a method of controlled
de-excitation of previously excited fluorophores. Fluorophores slightly off the centre of the
PSF will be illumination by the stimulated emission depletion beam, which has a doughnut
shape with a zero intensity at the very centre. The success of obtaining a good STED image
depends on the duration of the STED pulse and a good quality of the zero intensity of the

centred STED beam. The fluorescence from the central regions must be spectrally separated
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from the red shifted beam, this nonlinearity is essential to obtain high quality STED images®.
STED is dependent to a greater extent on the stability of the probe, probes with large broad
Stokes shift, high quantum vyield like the Atto dyes can be employed as a STED probe.
Multicolour STED is commonly hampered by strict requirements for the probe such as non
overlapping excitation, emission and depletion bands*’. For STED, sub-50 nm resolution has
been reported. The key strengths of STED are; the resolution improvement is molecular, thus,
data does not typically need additional post-processing, STED has achieved the lowest
resolution (sub-50 nm) of all of the super-resolution methods™”®. STED resolution depends
on the extent of saturation of emission depletion therefore maximization of STED emission
depletion is essential to improve STED resolution and this could be achieved by either
increasing the intensity of the STED pulse or decrease the intensity required to send a
fluorophore to the dark state®. A further advantage is that optical sectioning is intrinsic to the
STED method enabling acquisition of planes of roughly 100 nm. Indeed, 3-dimensional
structures several tens of microns deep inside tissue have even been achieved. Finally,
relatively fast image acquisition of several images per second means that it can be used on
live samples. STED has also been used widely to carry out super-resolution imaging to probe
innate confirmations changes of various proteins involved in bio-signalling pathways, there

by STED acts as a gateway imaging super-resolution platform to probe cellular dynamics.

1.4.2 STORM

Stochastic imaging techniques depend on the activation of a subset of fluorophores spread
across the sample with the rest remaining in a dark state, allowing the bright fluorophores to
be resolved spatially. STORM is a localization based microscopy technique that utilizes time
resolved localization and sequential activation of photoswitchable fluorophores resulting in
the generation of high quality super resolution images. The technique depends on a small
number of molecules being switched on at any time after excitation, although all of the
probes in the sample will eventually be recorded. Stochastic techniques produce images with
spatial resolutions of ~30 nm; these images are usually obtained using an inverted Total-
internal-reflection (TIRF) microscope, which minimises the likelihood of background
fluorescence from the sample. Despite the vast number of different stochastic techniques
recorded in the literature, it should be noted that all rely upon the ability to switch between
different, optically resolvable subsets of fluorophores repeatedly, and that the only major

difference is the methods by which the dyes are made to “blink™ through cycling between on
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and off states®®>’. Depending on the technique employed, this blinking is accomplished in a
number of ways.

Both Heilemann and Hell demonstrated the automatic switching of conventional fluorophores
with a single laser excitation wavelength, significantly reducing the complexity of imaging
compared to STORM. These techniques are called direct STORM (d-STORM), or ground
state depletion followed by individual molecule return (GSDIM) by the respective groups.
For obvious reasons, collectively these methods - and others derived from them - are often
labelled as ‘blink” microscopy® ®2. When time is used to separate the emission from dye
molecules many localised positions can be assembled into high resolution images of the
sample in a method termed pointillism, in analogy to the artistic painting technique. In this
way the chance of detecting particles with overlapping signals in one image is reduced to
almost zero as the number of simultaneously emitting particles is limited. Such series of a
few thousand images can then be processed and this is how high resolution images reaching
resolutions in the range of 30 nm can be accomplished. To sum up STORM relies on some
basic concepts, it requires photoswitchable or photoactivable fluorescent molecule which
means the molecule should go through the process of on/off transitions which would translate
to transient blinking — this could be a fluorescent molecule or a fluorescent protein''*. Probes
which do not show these characteristics cannot be applied as probes in STORM imaging. The
main currently employed STORM probes include certain reversibly photoactivated
luminophores, for example; fluorescent proteins like GFP, and small molecules like
rhodamines, dronpa, rsCherry, diaryl ethenes, and other cyanine analogues. Certain non-
genetically engineered macromolecule probes like inorganic quantum dots can also be
employed as STORM probes*. Achieving superior localization accuracy is an essential
criteria for generating a perfect SIM image.

1.4.3SIM

A third commonly employed super-resolution method, SIM, provides lower resolutions but is
more applicable to a wider range of optical probes.

SIM — Importance and Application

Structured illumination microscopy illuminates a sample with a series of sinusoidal striped
patterns of high spatial frequency. This pattern is typically generated by laser light passing
through a movable optical grating and projected via the objective onto the sample. When
illuminating a fluorescent sample containing fine structures, coarser interference patterns

(moiré fringes) arise in the emission distribution and these coarse fringes can be transferred to
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the image plane by the microscope®®. The excitation patterns are obtained in different
orientations and processing all acquired images using computer algorithms, a high-resolution
image of the underlying structure can be generated. With this approach the lateral resolution
increases by a factor of two beyond the classical diffraction limit. With three-dimensional
SIM (3D-SIM), an additional twofold increase in the axial resolution can be achieved by
generating an excitation light modulation along the z-axis using three-beam interference and
processing a z-stack of images accordingly. Thus, with 3D-SIM an approximately eightfold
smaller volume can be resolved in comparison to conventional microscopy®®®’.

An attractive feature of structured illumination for cell biological applications is the fact that
because standard dyes and staining protocols can be used, multiple cellular structures can be
simultaneously imaged with optical sectioning in three dimensions (Schermelleh et al). The
multicolour capability of 3D-SIM allows the imaging of several cellular components and the
mapping of their relative positions in macromolecular complexes, enabling the study of their
spatial relationship within the surrounding cellular contexts’*". Resolution of SIM image for
a great part depends on the reconstruction; with good signal-to-noise ratios unknown
structures can be rendered into well-resolved images. Low contrast in SIM images can
contribute to artefacts; this can only be prevented by using a suitable probe which does not
photobleach easily. Imaging conditions like percentage transmittance, laser power, and
scanning time all need to be optimized to acquire the perfect highly resolved SIM image
without artefacts. Probe suitability is not a problem in SIM as it was in the case of STORM
and STED. SIM allows the use of the same chemical dyes used in widefield microscopy. As
SIM is a widefield techniques all dyes which could be used in widefield imaging could

potentially be used as a SIM probe®’.
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1.5 CELLULAR IMAGING USING TRANSITION METAL
COMPLEXES

Photophysical properties of a molecule must be considered if it is to act as a bio-imaging
probe. The useful photophysical properties of some transition metal complexes have resulted
in them being heavily investigated for applications as cellular imaging agents. Transition
metal residing in the 2" and 3™ row of the periodic table, with d®, d® and d'° electronic
configurations, result in more effective I1SC than 1% row complexes producing highly intense
phosphorescent emission. As outlined in previous sections, heavy transition metals with a d°
configuration such as Ru(lIl), Re(l), Ir(l11) and Os(11), when bonded to one or more aromatic
bidentate ligands show the ideal photophysical and redox properties required to be useful
luminophores. Additionally, the cationic charges associated with metals of this nature
increase the likelihood of them being able to interact with the negative surface of the cell and
therefore enter the cells. The photophysical properties of a Transition metal (TM) complex
are reliant on the ligands attached, in the case of MLCT systems, the ligand attached acting as
an electron acceptor. Having both a high degree of stability and tenability, diimine ligands
(specifically polypyridines) are generally employed for this role. The diimines, 1,10’-
phenanthroline and 2,2’-bipyridine have attracted the greatest attention due to the suitable
energy of their lowest occupied molecular orbital (*). If the level of the n* orbital is too low
it can result in an increase in the rate of non-radiative decay. If the level of the ©* orbital is
too high the rate of the both the *MLCT and non-radiative decay decrease®®*’. Both extremes
produce poor luminophores. It is possible to have more than one diimine ligand attached to
the transition metal and to also have variation in the diimine ligand structure®*?**. Variation of
the diimine ligand structure not only allow for the electronic properties of the complex to be
finely tuned, but can provide a route to subcellular targeting.

As mentioned above, transition metal complexes have interesting photophysical properties.
Their MLCT means they display bright emission, and exhibit high quantum yields, which
means they could potentially be applied as probes for a variety of super-resolution
microscopy techniques. But, at the moment, there are not many metal complexes being used
in this role, this might be because of the special requirements for each of these super-
resolution microscopy techniques with respect to the suitability of the probes.

Super resolution microscopy techniques have been used to probe many biological systems

and processes especially at the cell level. However, the vast majority of these studies,
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especially in the case of STORM, involve fluorescent proteins or small molecules like

photoswitchable fluorophores like cyanine dyes (e.g. Cy5***®

), Dronpa, rsCherry and non-
genetically coded inorganic quantum dots®,. As mentioned in the previous sections, STORM
and variants such as DNA-PAINT requires a photoswitchable probe and heavily rely on a
probe with an activation and de-activation cycle. STED on the other hand requires a probe
with high photostability, brightness and long life times. Large Stokes shift for a STED dyes
always helps to allow the dye to be employed in multicolour imaging. Currently, ATTO dyes
are widely employed as STED probes®. Other dyes for STED include fluorescent
rhodamines, fluorogenic carbopyronines*, and other hydroxylated fluorescent dyes.** All of
these probes have excellent photophysics as they do not bleach out leading to excellent STED
images. In the first report of its kind, Keyes, et al®’ have also reported a non-intrinsic
ruthenium metal probe which was conjugated to a target specific peptides which shows
excellent photophysics and produces clear STED images. This particular example showed
that the excellent photophysical, photochemical properties exhibited by the transition metal
complexes could be utilized in super resolution microscopy. Structured illumination
microscopy (SIM) does not require any special characteristics for the probes to be used but
again the intrinsic photophysical and photochemical properties of fluorescent proteins and
organic dyes with appreciable quantum yield are employed as a SIM probe. Most commercial
trackers and antibodies can be applied for dual colour SIM imaging. The use of ruthenium
metal complexes as super resolution microscopy probe (SIM and STED) especially
complexes with DNA binding characteristics opens up new possibilities in understanding

cellular structure and processing at greater detail.
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1.6 AIMS

The main objective of this work is to examine the properties of a previously reported
dinuclear ruthenium(I1) cell probe for super-resolution imaging.

A good STED probe should exhibit high intensity red to NIR emission, good photostability, a
long lived emissive state and good overlap of emission spectrum with the STED laser whilst
avoiding re-excitation through ground state absorbance or promotion of the compound
through excited state absorption to a long-lived dark state/photobleach. It should also be
capable of permeating the cell membrane and in particular it should target with high precision
and selectivity, the site of interest**3*. The Ru(ll) polypyridyl complex that forms the focus
of this study, is a red-emitting probe that exhibits a number of important properties that
makes it a useful alternative to organic probes for exploitation in STED microscopy. The
most important is its large Stokes shift, long-lived emissive states and good photostability.
Such complexes emit at room temperature with relatively high quantum yields, but with peak
to peak separation between their absorbance and emission maxima of between 120 and 200
nm. This means that effective overlap of the depletion laser with the emission spectrum is

enabled without the possibility of re-absorption by the ground state of the dye®***. |

n
addition, stimulated emission from the phosphorescent state can be observed in transient
spectroscopy of the ruthenium complexes whereas only weak transient absorption is typically
observed in the region of stimulated emission. Furthermore, large Stokes shifts allow their
study in microscopy at high concentrations without dye performance being compromised by
self-quenching, so such complexes can be accumulated at high concentration into small
volumes such as organelles. The experiments discussed herein pave the way for optimising
Ruthenium based probes as a new paradigm in super-resolution microscopy techniques and
real time 3D-super-resolution imaging.

Apart from metal complexes discussed above, in this thesis specific probes and nanomaterials
developed by other lab will be investigated. Specifically their cell uptake and in cell optical
properties will be assessed. In particular, their compatibility with the least photochemically
demanding super resolution technique, SIM, will also be explored.

In these studies, probes that detect products of various biological processes in cells are a
particularly interesting area to explore using super-resolution techniques. For example,
understanding the generation of reactive oxygen species within cells can yield interesting

information with regard to disease progression and can also unravel complicated biological
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processes happening in cells. Exploring such entities using super resolution microscopy
might provide interesting information related to their intracellular localisation and dissect the

function of their analyte species.
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2.0 SUPER-RESOLUTION MICROSCOPY STUDIES ON
LUMINESCENT METAL COMPLEXES

2.1 DNA BINDING METAL COMPLEXES AS SUPER-RESOLUTION
MICROSCOPY PROBES

DNA binding molecules can provide valuable insight into understanding processes connected
to the origin of many diseases, especially cancer. In particular, the development of
straightforward cell-permeable, non-toxic, microscopy probes would enable essential
information about biological processes involving DNA to be acquired. Although many cell-
permeable organic probes have been reported for microscopy, inorganic probes which
specifically bind to DNA are still relatively rare®*®.

The most studied Ru(ll) systems are based around tris-diimine complexes. Despite the
favourable photophysical properties of complexes of this type, when compared to the number
of Ru-based complexes investigated for applications as O, sensors or DNA intercalators,
there are still relatively few examples of Ru-based complexes reported as suitable cellular
imaging agents®®®. A report by Musatkina et al®’. demonstrated how the uptake of Ru(ll)-
polypyridyl type complexes is dependent on the nature of the diimines. Whilst bipy analogue
ligands show poor cellular uptake, extended hydrocarbon system of batho-phenanthroline
show nuclear staining. Puckett et al*®, demonstrated the inclusion of targeting peptides can
further improve the uptake efficiency of a Ru(ll) tris-diimine complex. So, although
[Ru(bipy)2(dppz)]** showed poor cellular uptake, when conjugated with octarginine, staining
of the endosomes was observed and when conjugated with fluorescein, nuclear staining was
observed. The difference in localisation of the two complexes was attributed to the
differences in their lipophilicity. The difference in their lipophilicity was later confirmed with
the synthesis of two [Ru(phen)(dppz)(bipy)]** type complexes attached to octarginine. The
first of the two complexes was linked to octarginine only and displayed cytoplasmic staining;
the second complex was inclusive of octarginine, but also incorporated a fluorescein
conjugate and staining of the cytosol, nuclei and nucleoli of the HeLa cells was observed.
The Thomas group carried out cellular imaging using the [{Ru(phen),},tpphz]** complex and
achieved target specific nuclear imaging®*>*. They were able to image both duplex and

quadruplex DNA specifically using this complex. By effecting subtle changes in the structure
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of the previously mentioned bimetallic ruthenium complex, the Thomas group also succeeded
in imaging the intracellular environment again, this time targeting the endoplasmic
reticulum™®. In this chapter, one of the metal complexes developed by the Thomas group for
confocal microscopy is investigated as a probe for several different super resolution

techniques.

2.2 STORM AND SIM EXPERIMENTAL SET UPS AND INITIAL
SUPER RESOLUTION MICROSCOPY STUDIES IN CELL FREE
CONDITIONS

Having discussed the concept of super resolution microscopy in the previous chapter,
experimental details and an assessment of the suitability of metal complexes for these
techniques are first discussed in this chapter. This is followed by initial cell free studies,

which were used to select which techniques would be pursued in fixed and live cell studies.
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2.2.1 STORM IMAGING EXPERIMENTAL SET UP

> Objective

> Cylindrical lens

> |maging lens
=EMCCD
(A) (B)
Figure: 2.1 (A) N-STORM (SR Apo TIRF 100x), (B) STORM optical train (Source: LMF,
University of Sheffield)

The initial STORM experiments were performed by using the N-STORM with 3D capability,
motorised stage controller with piezo insert, petri dish holder and slide holder for stage,
temperature controlled incubator, EM-CCD camera, separate PC for image reconstruction
work, Laser lines: 405 nm, 488 nm, 561 nm, 647 nm, Lenses: SR Apo TIRF 100x, Filterset:

Quad cube for blue/green/red and far red.
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2.2.2 SIM IMAGING EXPERIMENTAL SET UP
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Figure: 2.2 Delta vision/GE OMX Optical microscope for Structured illumination (Source:
LMF, University of Sheffield)

Although SIM has lower spatial resolution than the previously mentioned technique, it
overcomes some of its drawbacks as, it works with most types of luminophore and requires
lower excitation power on the order of only 1-10 W/cm?, making SIM particularly well
suited for investigating living biological samples without exposure to deleterious light
intensities®.

2.2.3 SR-SIM

The optical configuration and point-spread function improvement for super resolution
structured illumination microscopy (SR-SIM) is shown in the image. The microscope
configuration consists of a laser source directed into the microscope optical train using a
multimode fiber coupler. The laser light, which is scrambled before entering the microscope,
is directed through a polarizer and a diffraction grating, and is then projected onto the
specimen. Only the -1, 0, and +1 diffraction orders are focused onto the objective rear
aperture, and these are collimated by the objective in the specimen focal plane where they
interfere and generate a three-dimensional (lateral and axial) sinusoidal illumination pattern.
Fluorescence emission generated by illumination of the specimen is captured by a CCD
camera system. The lateral resolution of SR-SIM approaches 100 nm or better, whereas the

axial resolution is improved to approximately 300 nm®”.
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Figure: 2.3 SIM optical train

In SIM, a non-uniform illumination pattern is formed by the interference of three linearly
polarised laser beams. Their polarisation is perpendicular to the plane of incidence, or s-
polarised, to generate maximum contrast in the illumination pattern. For optimal resolution
enhancement, the fourier components of the interference intensity pattern need to be located
close to the boundary of the Optical transfer function (OTF) support. Through frequency
mixing of the illumination pattern and the underlying sample information, normally
unobservable regions of frequency space (i.e., the regions outside the OTF support) are made

observable, thus extending resolution beyond the classic diffraction limit®®.
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2.3 STORM AND SIM — Sample set up for cell free studies

The initial SIM experiments were performed by using the Delta vision/GE-OMX optical
microscope for structured illumination (3D SIM), ultimate focus hardware autofocus module,
X,y,Z nano-motion sample stage with fast piezo z axis system, six colour wide field
illumination module and ring TIRF, temperature and carbon dioxide controlled, software:
Delta vision OMX softworx 6.0, Laser lines: 405 nm, 445 nm, 514 nm, 568 nm, 642 nm,
Lenses: 60X 1.42 oil planapochromat; 60X Apo TIRF 1.49 oil, Filterset: 436/31 (DAPI),
528/48 (Alexa fluor 488), 609/37 (Alexa fluor 568, mCherry), 683/40 (Alexa fluor 647, Cy5).

STORM buffer preparation (only for STORM):

STORM buffer was prepared by using TN buffer (50 mM Tris (pH 8.0) and 10 mM NacCl, an
oxygen scavenging system (0.5 mg ml ™' glucose oxidase (Sigma-Aldrich), 40 pg
mL" catalase (Roche or Sigma-Aldrich) and 10% (w/v) glucose) and 10 mM MEA (Fluka)).
MEA was stored as a solid at 4 °C and prepared fresh as a 1 M stock solution in water with
pH adjusted to ~8 with 1 M aqueous KOH. This stock solution was kept at 4 °C and used
within 1-2 weeks of preparation.

Metal complex stock solution (for both STORM and SIM)

The ruthenium complex was converted into its water soluble chloride derivative for carrying
out the experiments. This was done by dissolving the 0.15 mM [{Ru(phen)}.tpphz](PFs)s in
acetone. To this complex solution 10 eq tetrabutylammonium chloride (also dissolved in
acetone) ~ 1.53 mM is added and the formation of [{Ru(phen)},tpphz](Cl),4 is achieved by
allowing it to precipitate under cold conditions.

The stock solution of the chloride salt was diluted according to experimental requirements. A
1 mM complex solution was prepared by using the STORM buffer as mentioned above or
TRIS buffer for SIM.
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DNA stock solution (for both STORM and SIM)

Calf Thymus DNA (CT-DNA) was purchased from Sigma-chemicals as its lyophilised solid
sodium salt and used without further purification. An average length of 200-300 base pairs
was achieved using a modified preparation by Chaires et al, in which stock solutions of CT-
DNA were prepared by dissolving 100 mg of the solid material in 20 mL of tris buffer (5 mM
Tris, 25 mM NaCl) and then subjected to discontinuous sonication. This was conducted at ice
bath temperatures for a total of 30 minutes to ensure homogeneity, ensuring that five minute
periods of sonication were followed by 5 minutes of cooling.

DNA samples were quantified in terms of quality and concentration by conventional
absorbance measurements. Nucleic acids have an absorbance maximum at 260 nm and
contaminants such as proteins and single stranded DNA/RNA absorb maximally at 280 nm.
The purity of a sample is assessed by calculating the ratio of contaminants to DNA, with
AoeolAzgo > 1.9 indicating a protein free sample. The concentration of the resulting solutions
was also determined per base pair (bp) by UV spectroscopy using €60 = 13200 M™cm™ for
CT-DNA.

Structure of [{Ru(phen)},tpphz]**, the molecular probe used in experiments:
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DNA staining procedure (STORM and SIM)

DNA staining was carried out by incubating 15 pL of 1 mM DNA with 15 pL of 20 uM of
probe for 24 hours. The complex stock solution was prepared by using the relevant buffer and
diluted to 20 uM. The staining was carried out solely though standing and no sonification
was carried out. The staining was confirmed by carrying out photophysics studies on the
sample. The sample was stored under cold conditions during staining. The samples were

prepared fresh for each experiment.

SIM and STORM experiment — Cell free DNA imaging sample preparation

Microscopy slides, 25.4 X 76.2 mm and coverslips, 22 X 22 (thickness, 0.17 mm) were used
for STORM experiments. The microscopy slides and coverslips were washed with 1% HCI
and then with 70% ethanol for 30 min at room temperature on a shaker. The coverslip was
washed with DI water. The coverslip was incubated with poly-I-lysine, about 15 pL of
complex stained DNA is added on the poly-I-lysine coated coverslip and dried using nitrogen
gas. One drop of mounting reagent (Prolong gold mounting media, life technologies) was
added in such a way that no air bubble formation occurs. The coverslips was slowly tilted
over the microscopy slide in such a way so that, again, no air bubble was formed and then it
was tightly sealed with an adhesive. The samples are then exposed to laser of wavelength 405
nm and measurement was done by using the Quad cube filter set (STORM) or the DAPI filter
set (SIM).
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Figure: 2.4 Step by step illustration of sample preparation for Microscopy analysis
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2.4 STORM Experiment

Two neutral experiments were carried out with DI water and STORM buffer and the
impurities present were bleached away with bright laser source, this was done to remove the
background from the actual experiment. To achieve a blinking effect the sample (complex)
should be photo-bleachable but moderately stable to achieve a switching effect which is
essential in STORM. The initial images obtained did show some evidence of a blinking effect
over the time scale of the experiment, presumably due to individual complexes deactivating.
However these images were not well resolved, presumably because the lifetime of the excited
complex is too long lived to achieve true blinking. However, the complex could potentially
be used as a STORM probe in certain circumstances: further experiments need to be planned
to investigate whether modulating the concentration of the complex affects the blinking
effect, or the use of a redox quencher could produce true blinking effects. If this could be

accomplished, studies could then be extended to cellular imaging.
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Figure: 2.5 Initial STORM image of 1 mM CT-DNA stained with 20 uM RRP
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2.5 SIM Experiment

The initial SIM experiments with the probe were carried out by using 20 uM complex
incubated for 2 days. Even in these non-optimised conditions, it is clear that good quality
images of DNA fibres could be imaged using the metal complex probe in SIM experiments.

Figure: 2.6 (A) Initial SIM image of 1 mM CT-DNA stained with 20 puM RRP (Area 1)
(B) SIM image of 1 mM CT-DNA stained with RRP (Area 2)
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The initial cell-free investigations with fixed CT-DNA using STORM and SIM confirmed
that the dinuclear RuRu probe cannot be used in STORM on its own because the probe is
long-lived and possess high quantum yield, but SIM experiments suggested that the probe is
suitable as a DNA imaging super-resolution probe. Since using SIM within cells would effect
lateral resolution of 120 nm which is nearly double the resolution achieved through confocal
laser scanning microscopy (CLSM), optimising the probe as a cellular SIM probe could
potentially enable the retrieval of valuable information about chromatin architecture through
complex-DNA interactions. Additionally the exceptional quantum yield and life time
exhibited by the probe inspired us to seek out facilities to explore the use of the probe STED-

based cellular imaging.
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2.6 CELLULAR UPTAKE OF RUTHENIUM METAL COMPLEXES
(RRP, [{Ru(phen)},tpphz]*): WIDEFIELD MICROSCOPY

2.6.1 Cellular uptake study in MCF7 cells at diverse RRP concentration

The live cellular uptake characteristics of RRP have been determined already but these
experiments were carried out at a high fixed concentration monitored by confocal
microscopy™”. Cell permeable DNA imaging agents play essential roles in the visualization of
numerous healthy cellular processes, for example cell division involving nuclear chromatin,
as well as those involved in disease progression directly related to the DNA. Therefore a
detailed study of the probe was carried out to determine the minimum concentration of RRP
required so that nuclear uptake could be observed, and to determine the exact concentration
required to optimize super-resolution microscopy imaging. RRP shows minimum cytotoxicity,

5354 and these characteristics enable it to be

high level of brighness, high photostability
characterized at even low concentrations on cellular uptake, this prompted a concentration
dependent uptake experiment of RRP to study its innate cellular localization. These
experiments were initially carried out using the conventional widefield mode of the OMX-
SIM, imaging MCF7 cells (breast cancer cell line) and performed at a wide range of
concentration from 250 nM to 300 uM with post processing carried out offline using FIJI
software. Surprisingly, apart from the previously reported nuclear uptake, at low
concentration (from 250 nM to 10 uM) signals were observed coming from the cytosol region.
This phenomenon was then explored in more detail. As can be seen from Figure 2.7 (A), in-
cell emission was observed even at the low concentration of 250 nM. As the concentration
moved up from 250 nM, bright spots were observed in the cytosol regions indicating specific
localization of RRP in regions within the cytosol. Figure 2.7 (B) indicates an increase in
brightness with respect to increase in concentration. As concentration of RRP increases its
localization in the nucleus becomes more pronounced; this could be seen at RRP

concentration greater than 20 pM.
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Figure 2.7 (A) Widefield images of RRP cellular uptake at diverse concentrations in MCF7

cells. (B) Plot showing increase of in cellulo luminescence at diverse concentration of RRP
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2.6.2 Concentration dependent nuclear and uptake studies in MCF7 cells

The striking results produced in the initial concentration dependent uptake experiments
prompted us to carry out another set of uptake experiment particularly focussing over the

4 uM to 25 pM concentration range in which non-nuclear staining appeared to be most
pronounced. As seen from Figure 2.8, at concentration below 10 uM localization of RRP in
the cytosol regions is observed in MCF7 cells. Widefield images and deconvolved widefield
images were obtained as shown in Figure 2.8 and this proves this point. Pearson’s correlation
coefficients were generated from these widefield images and this supports the observed
results.

To identify localisation within the cytosol, colocalisation experiments were carried out. Since
lipophilic cations are often taken up by mitochondria, co-staining with commercial Mito
Tracker probes was first investigated. In these experiments Mito Tracker Red was excited at
568 nm and its emission was collected at the Alexa fluor 568 channel between 570 to 620
nm. We did investigate other Mito Tracker probes for widefield imaging, but the SIM
experiment only worked well with Mito Tracker Red; in all likelihood this is because its
higher photostability best tolerated SIM imaging conditions. Niehorster et al**® have already
shown that multiple probes can be used for simultaneous super-resolution imaging in
conjugation with FLIM imaging, opening up avenues for imaging multiple targets involved in
different bio-signalling pathways to track disease progressions. The localization pattern
exhibited by RRP at different concentration provides evidence of concentration dependent
uptake in multiple cellular organelles. This characteristic could mean that RRP could be used
as a flexible fluorescent probe to track diverse cellular mechanisms involving multiple
organelles.

We also found that true dual colour SIM images using RRP in combination with Mito
Tracker Red could only be generated at RRP concentrations above 25 uM, as at higher
concentrations RRP preferentially localizes in the nucleus. At lower concentrations this was

not the case.
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Figure 2.8 (A) Left to Right: Widefield images showing cellular localization of RRP (4 uM),
Mito Tracker Red (MTR) (1 uM) (Individual channel), Colocalized image of RRP (4 uM)
and MTR (1 uM), Pearson’s plot for the same. (B) Left to Right: Widefield images showing
cellular localization of RRP (6 puM), Mito Tracker Red (MTR) (1 uM) (Individual channel),
Colocalized image of RRP (6 uM) and MTR (1 uM), Pearson’s plot for the same. (C) Left to
Right: Widefield images showing cellular localization of RRP (12 uM), Mito Tracker Red
(MTR) (2 uM) (Individual channel), Colocalized image of RRP (12 uM) and MTR (1 uM),
Pearson’s plot for the same. (D) Left to Right: Widefield images showing cellular
localization of RRP (18 puM), Mito Tracker Red (MTR) (1 pM) (Individual channel),
Colocalized image of RRP (18 uM) and MTR (1 pM), Pearson’s plot for the same. The

experiments were carried on MCF7 cell line. Scale bar: 50 uM
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Pearson’s correlation coefficients, as shown by the colocalization maps in Figure 2.8 and the
coefficients in Table 2.1, prove that the localization of RRP in the mitochondria is more
observed at low concentration of RRP. As RRP is a charged molecule the uptake and binding
of RRP could depend to a large extent on this. The localization of RRP into the mitochondria
could be due to the mitochodrial potential, which helps in the uptake of a charged species like
RRP. The colocalization experiments were performed using a variety of standard trackers
which stains mitochondria some of them tested include Mito Tracker Red, Mito Tracker
Green and Mito Tracker Deep Red. This was done in order to confirm the observations. As
the imaging experiments were carried out using widefield microscopy, and RRP has a broad
emission profile extending from 600 — 750 nm, there is always a possibility of crosstalk
between channels. Therefore experiments with all available standard Mito Trackers were
carried out to remove any doubts with regard to the authenticity of the findings.
Colocalization of RRP with Mito Tracker Red is observable at concentration below 10 uM
and is especially clear below 8 uM. As it was difficult to process signals obtained from the
cytosol regions below 1 uM, we choose slightly higher concentration of about 4 uM to carry
out full colocalization experiments using wide field deconvolution microscopy.

As the following figures illustrate, the live cell experiments using Mito Tracker Green and
Deep Red confirmed that RRP localizes within mitochondria at these concentrations (Figure
2.9 and 2.10). Mito Tracker Green was employed in order to confirm the results obtained
from the colocalization experiments using Mito Tracker Red. Widefield microscopy images
obtained as shown in Figure 2.9 indicates that RRP is localizing in mitochondria at
concentrations of RRP as low as 4 uM. In this experiment Mito Tracker Green emission was

collected in the FITC channel (500 — 550 nm) which is far from RRP emission channel.
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Figure 2.9 (A) Left to Right: Widefield images showing the cellular localization of Mito
Tracker Green (MTG) (phase contrast and fluorescence merged), widefield fluorescence
image of MTG, widefield deconvoluted image of MTG. (B) Left to Right: Widefield image
showing cellular localization of RRP, 4 uM (Phase contrast and Fluorescence merged),
Widefield fluorescence image of RRP, 4 uM, widefield deconvoluted merged image of RRP
4 uM and MTG. (C) Widefield deconvoluted merged image of RRP 4 uM and MTG. Boxed
regions (a and b) shows colocalized regions. All experiments were carried out on MCF7

cells
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Additional colocalization experiments were carried out using Mito Tracker Deep Red which
has an emission profile in the far red region. This was done deliberately to avoid co-
excitation of RRP. Mito Tracker Deep Red excitation is at 644 nm which is far from the
excitation exhibited by RRP. The experimental results as shown in Figure 2.10 again
confirmed the localization of RRP on the mitochondria. Intensity profiles generated for these
images showed the Mito Tracker Deep Red (Red line) overlapping the RRP (blue line)
confirming colocalization.
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Figure 2.10 (A) Left to Right: Widefield images showing cellular localization of RRP (4
HM), Mito Tracker Deep Red (MTDR) (750 nM) (Individual channel), Colocalized image
RRP (4 uM) and MTDR (750 nM). (B) Left to Right: Intensity v Distance plot for MTDR,
RRP (4 puM), Bottom: Intensity v Distance plot for RRP (4 uM) and MTDR (750 nM)
merged. Boxed region: (a) shows RRP and MTDR colocalization. All experiments were

carried out on MCF7 cells. Scale bar: 10 uM
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As mentioned in the earlier sections, Concentration dependent mitochondrial localization was
confirmed by an analysis of the co-staining data using Pearson and Mander’s coefficients,
which showed that high overlap coefficient with Mito Tracker Red were only obtained at
lower concentrations of RRP uptake - Table 2.1. Pearson’s coefficient values and Mander’s
coefficient values were generated using Volocity, an off-line software package which
employs the widefield image data input to construct a correlation map. The Pearson’s
coefficient values are taken into consideration because they are more dependable compared to
the Mander’s coefficient values. The pitfalls of Mander’s coefficient when compared to
Pearson’s coefficient include, the hybrid measurement approach as it combines correlation
with a heavy weighted form of co-occurrence, it also favours high-intensity combinations. On
the other hand the Pearson’s coefficient measures only the exact correlations; it does not
overlook combinations with high and low intensity pixels and it also does not ignore blank
pixels, which plays an important part in the Pearson’s correlation coefficient calculations.
This is the reason why the Pearson’s coefficient is regarded as the most well-established
coefficient to support colocalization characteristics exhibited when two or more dyes are used
during a particular imaging experiment. Mander’s coefficient was introduced only as a

supporting tool to compliment the findings of Pearson’s coefficient™®.
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Concentration of Pearson’s Mander’s Mander’s
RRP (uM) Coefficient | Coefficient (M1) | Coefficient (M2)
4 pM 0.771 0.977 0.894
6 UM 0.654 0.982 0.969
12 uM - 0.096 0.992 0.843
18 M -0.259 0.657 0.992

Table 2.1 Colocalization measurments: Pearson’s coeffcients

It was found that even at these low concentrations, Airyscan experiments could be used to be
obtain high resolution microscopy images showing RRP localizing within mitochondria.
Airyscan images shown in Figure 2.11 gives a clearer picture of mitochondrial and nuclear
localization exhibited by RRP at lower (8 uM) and higher (18 uM) concentrations of RRP.
These images obtained from Airyscan are at higher spatial resolution and they confirm the
fact that the change in preferential uptake of RRP on altering its concentration can be
observed very clearly in MCF7, breast cancer cells. Airyscan microscopy is a high resolution
microscopy technique invented by Zeiss. Airyscan provides images with better spatial
resolution compared to conventional confocal microscopy. In addition an excellent lateral
resolution of 140 nm is achieved by Airyscan which is on par with certain super-resolution
microscopy techniques like SIM. The superior resolution in Airyscan is achieved by rejecting
out of focus light through a sophisticated technique which images a point-like source in an
extended airy disc pattern. The Airyscan technique substantially eliminates the possibility of
artefacts and autofluorescence and as a result it improves the signal to noise ratio to obtain a
high resolved image. Thus, greater resolution on RRP localization in the mitochondria and

nuclei was acchieved by employing RRP as an Airyscan cellular imaging probe. A
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comparison between confocal and Airyscan HR shows the improvement in resolution. The

lateral resolution is nearly doubled in Airy scan HR compared to the confocal — Fig 2.11.

RRP 8 uM Mito T Red "1'uM RRP 18 uM Mito TRed 1uM

RRP 8 uM — Mito 1 uM F RRP 18 uM — Mito 1 uM

Confocal Airyscan HR

Figure 2.11 (A) Left to Right: Airyscan High resolution images showing cellular localization
of RRP (8 puM), Mito Tracker Red (MTR) (1 pM) (Individual channel), Colocalized image
RRP (8 uM) and MTR (1 puM). Airyscan High resolution images showing cellular localization
of RRP (18 uM), Mito Tracker Red (MTR) (1 uM) (Individual channel), Colocalized image
RRP (18 uM) and MTR (1 puM). (B) Comparitive image Confocal and Airyscan High
resolution colocalized image of RRP and MTR. All experiments were performed on MCF7

cells
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2.6.3 Time dependent uptake study in MCF7 cells using RRP probe

Time lapse uptake experiments were used to determine the finer details of RRP uptake with
regard to preferential localization in more than one intracellular organelle. Having explored
the concentration effects on take up, time lapse uptake experiments were performed to
determine the rate of uptake of RRP in mitochondria and nuclei. In order to determine
whether a substantial amount of mitochondrial localization was happening over specific time
periods, colocalization experiment featuring a fixed concentration of RRP and a series of
Mito trackers namely, Mito Tracker Red, Green and Deep Red were performed. The only
variant in this colocalization time lapse experiment was time. The results, shown in Figure
2.12, revealed that the rate of uptake of RRP into both mitochondria and nuclei happens very

quickly, with staining observed within 2 minutes for concentration as low as 10 pM.
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Figure 2.12 (A) (Left to Right): Time lapse Widefield images of cellular internalization of
RRP (10 pM), Mito Tracker Red (1 pM) merged at diverse time intervals from 2 min. to 18
min. (B) (Left to Right): Time lapse Widefield images of RRP (10 uM) and Mito Tracker
Deep Red (750 nM) merged at diverse time intervals from 2 min. to 10 min. (C) (Left to
Right): Time lapse Widefield images of RRP (10 uM) and Mito Tracker Green (1 uM)
merged at diverse time intervals from 2 min. to 10 min. Boxed regions (b and c) show

colocalized regions. MCF7 cells were employed
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2.7 CONCENTRATION EFFECTS ON THE CELL CYCLE OF A2780
CELLS

The previous sections provides substantial evidence to indicate that RRP is a unique probe
because of its ability to localize in two different intracellular organelle at varying
concentrations. At higher concentration RRP is preferentially localized in the nucleus and it
stains the chromosomes. Imaging of sub-chromosomal structure using super resolution
microscopy with RRP could provide a great deal of information. Many cellular processes
involving diseased organism depend a great deal on the cell cycle. Determination of cell
proliferation and its distinction from incomplete cell cycle progression forms a critical
element in understanding the details of diseased pathways'®. The M-phase of the cell cycle
involves substantial alterations with regard to mid-body arrangement and mitotic spindles. As
cells travel through the different stages this phase, the chromosomal arrangement and
configuration varies greatly. As RRP probe preferentially binds to nuclear chromatin at high
concentration, a deeper study on the effect of varied concentrations on cell division was
carried out. This study was carried out on ovarian cancer A2780 cells as they show superior
and distinctive nuclear uptake of RRP even at concentration as low as 1 pM.

Although quantification experiments for specific organelles have not been performed,
qualitative imaging experiments indicated that nuclear uptake of RRP was greater for A2780
cells compared to MCF7 cells, allowing us to obtain nuclear images over a higher range of
concentrations. These observations led to experiments in which the effect of changing RRP
concentration on cellular processes within A2780 cells were studied. In these experiments
cells were exposed to concentrations of 1 uM, 5 uM and 50 uM and then observed for a time
interval of 100 minutes.
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Figure 2.13 (A) Widefield images showing effect of RRP (1 uM) on the different cellular
processes happening in A2780 cells. The different cellular events happening are Interphase[_]
Prometaphase () Metaphase A Anaphase D TeIophaseDas shown. (B) Bar chart
showing the percentage of interphase against other events happening during RRP (1 uM)
uptake
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From the widefield images acquired over this period, it was clear that the number of cellular
division events observed was higher at lower RRP concentrations, for example: the number of
prometaphase, metaphase, anaphase and telophase events was found to be far lower at 50 uM
RRP. These results indicate that although the probe is not classically cytotoxic, RRP uptake is
affecting cellular processes. It is evident that progress through the cell cycle has been affected
by RRP. The concentration dependent experiment with respect to preferential uptake in the
nucleus with regard to A2780 cells reveals that 5 UM looks the appropriate concentration of

RRP required for imaging.

55
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Figure 2.14 (A) Widefield images showing effect of RRP (5 pM) on different cellular
processes within A2780 cells. The different cellular events happening are InterphaseE]
Prometaphase ) Metaphase A Anaphase D TeIophaseDas shown. (B) Bar chart
showing the percentage of interphase against other events happening during RRP (5 uM)
uptake
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Ongoing studies within the Thomas group are exploring these cell cycle effects in much more
detail; however, it is clear that at lower concentration, RRP functions as an effective nuclear
probe in A2780, ovarian cancer cells allowing biological processes involving chromatin
architecture to be followed in a detailed way without affecting cellular processes.

A...

RRP - 50 uM - Interphase v Other Events
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Figure 2.15 (A) Widefield images showing effect of RRP (50 pM) on the different cellular
processes happening in A2780 cells. The cellular events happening is predominantly
Interphase [_] as shown. (B) Bar chart showing the percentage of interphase against other

events happening during RRP (50 puM) uptake
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2.8 PHOTOSTABILITY

The concentration dependent uptake experiments and colocalization experiments performed
using widefield microscopy and Airyscan microscopy gave a great deal of information with
regard to the diversity of localization of the RRP within the mitochondria and the nucleus.
These novel finding can be studied at a deeper level through super-resolution microscopy.
The super-resolution microscopy techniques SIM and particularly STED impose strict
restrictions over the probe suitability particularly related to its photophysical attributes. As
the most essential requirement for applying the RRP probe as a STED probe is its
photostability, a time dependent photobleaching assessment experiment to determine the
photostability of [{Ru(phen)}.tpphz]** (RRP) relative to standard Mito Tracker dyes was
carried out. These experiments were performed on MCF7 cells stained with RRP, Mito
Tracker Red and Mito Tracker Green using scans at 60 second time interval per frame
(during image acquisition). The photostability experiments for RRP and other dyes were
performed by using verified scans of light radiations using the conventional widefield
microscopy mode of the OMX-SIM. Laser power, time interval of image acquisition, number
of scans per minute were all maintained at the same setting for all the dyes. Post-processing
of the imaging data set was carried out by using Fiji/lmage J offline software. A robust and
continuous emission with minimum photobleaching was exhibited by RRP compared to the
other dyes indicating a superior photostability — an essential criteria for super resolution
microscopy. The photostability of RRP against conventional dyes is clearly shown in Figure
2.16.
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Figure 2.16 (A) Sequence of widefield images acquired over a period 1000 seconds of RRP

stained MCF7 cells complimented by Intensity — Time plot demonstrating the photostability

of the complex. (B) Sequence of Widefield images demonstrating the same for Mito Tracker

Red stained MCF7 cells complimented by Intensity — Time plot (C) Demonstrating the same

for Mito Tracker Green stained MCF7 cells. Boxed regions (b, c) indicate bleached out

regions during the course of continuous imaging (scan)
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2.9 SIM IMAGING OF NUCLEAR CHROMATIN AND DUAL COLOUR
IMAGING USING [{Ru(phen)};tpphz]** (RRP)

Advanced light microscopy is essential in carrying out nanostructure analysis of chromatin
structure. DNA staining dyes essentially provide information into the details of chromatin
and the changes it undergoes during cell proliferation. In super-resolution studies, such as
STORM, YOYO is a dye commonly used to stain DNA because of its blinking nature; it is
used as a DNA stain in cell free as well as in cellular condition.’®, YOYO interacts with the
double helical DNA through intercalation and can be conjugated with other molecules to
target other organelles in cells. Like YOYO, RRP interacts with DNA by binding reversibily,
but unlike YOYO it is a groove-binder of DNA. Optimization of RRP as a super-resolution
microscopy probe could provide a great deal of information regarding the organization and
behaviour of nuclear chromatin in detail, in addition the added advantage of concentration
based targetting of multiple intracellular organelle could help to maximize its biological
applicability from the super resolution microscopy point of view. Therefore, initial studies
were carried out on using RRP as a Structured illumination microscopy (SIM) probe.

Cells were incubated for 10 minutes with 50 uM RRP. RRP was excited at 405 or 488 nm
and emission at > 650 nm was collected. The broad Stoke’s shift and extraordinary stability
and brightness of RRP are some of the essential characteristics required for an ideal SIM
probe"®" Using these conditions the structure of chromatin nuclear architecture was clearly
visualized by the OMX-SIM as shown in Figure 2.17. The 3D SIM projection was processed
by IMARIS software.
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Figure 2.17 Top (Left to Right): SIM Images of RRP (50 uM) stained nucleus of A2780
showing different areas. Bottom: Two more different areas. These SIM Images show that
RRP at high concentration could used as an effective Super resolution probe to generate
single colour SIM Images showing greater nuclear chromatin detail. The imaging was carried
out on A2780 cells
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Comparison Single colour SIM v WF:

The comparison between SIM and widefield images (Figure 2.18) of RRP stained A2780 cells
indicates the superior resolution achieved obtained by using RRP as a SIM probe. These
single colour experiments were carried out using A2780 cells because of the superior RRP

nuclear uptake observed for this cell line.

WF—Decon

Figure 2.18 (A) Left to Right: Widefield image of RRP (50 uM) stained nucleus, Widefield
deconvoluted image of the same area, SIM image of the same area. (B) Top: Comparitive
Widefield and SIM image of RRP (50 uM) stained nucleus of the same area. Bottom:
Comparitive Widefield and SIM image of RRP (50 pM) stained chromosomes. The

experiments were carried out on A2780 cells
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2.10 DUAL COLOUR SIM IMAGING USING [{Ru(Phen)},Tpphz]*
(RRP)

Multicolour imaging forms a very important aspect of applying super resolution microscopy
toward imaging multiple biological targets within cells. Two-colour or Three-colour super
resolution imaging relies on applying multiple probes simultaneously to study simultaneous
biological mechanisms in several cellular organelle. Lacoste et al**’, have shown that dual
colour super-resolution microscopy can be used to image multiple cellular targets
simultaneously by labelling them with specific biomarkers such as fluorescent antibodies.
Although RRP is a concentration dependent multiple organelle targeting super resolution
microscopy probe, at high concentrations (> 20 pM) it could be employed for two colour
super resolution imaging with another probe. Choosing dyes with totally different spectral
characteristics targeting different regions in cells is an important criterion in multicolour
super resolution imaging. Therefore, SIM was carried out over a sample containing RRP and
Mito Tracker Red. In the conditions developed for nuclear staining which involves RRP
localizing purely on to the nucleus at high concentrations, the SIM experiment resulted in
minimum colocalization between RRP and Mito Tracker Red and therefore we were able to
acquire high quality dual colour SIM images as shown in Figure 2.19. Again, 3D-SIM
projections for the Dual colour SIM images were generated by using IMARIS software to

understand the greater details obtained from SIM.
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Figure 2.19 (A) Left to Right: Dual colour SIM Images of RRP (25 uM) stained nucleus,
the mitochondria is stained by Mito Tracker Red (MTR, 1 uM). (B) 3D-SIM projections of
the above Dual colour SIM Image generated by using offline software FIJI. The experiments

were carried out on MCF7 cells
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Comparison SIM and Wide field (Dual colour):

As shown in Figure. 2.20, a comparison between SIM and high-resolution widefield dual
colour images illustrates the improvement in resolution obtained by this technique which is
further portrayed in the intensity plots constructed for both nucleus and mitochondria. The
intensity profiles for both RRP and Mito Tracker Red was generated separately for both
widefield and SIM images and this analysis shows the superior resolution achieved in SIM
when compared to the widefield. The intensity profiles were generated by using offline FIJI
software. The dual colour imaging experiments were carried out on MCF7, ovarian cancer

cells.
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Figure 2.20 (A) Top (Left to Right): Widefield images of RRP (25 pM) staining the nucleus,
Mitochondria stained with Mito Tracker Red (1 uM) (Individual channel), Dual colour wide
field image, RRP (25 pM) and MTR (1 uM) merged. Bottom: Corresponding Intensity
profiles for widefield images of RRP (25 pM) and MTR (1 pM) individual channels
respectively. (B) Top (Left to Right): Comparative SIM images of the same area for RRP
(25 uM) stained nucleus, Mitochondria stained with Mito Tracker Red (MTR), 1 uM
(Individual channel), Dual colour SIM image, RRP (25 uM) and MTR (1 uM) merged.
Bottom: Corresponding Intensity profiles for SIM images of RRP (25 uM) and MTR (1 pM)
individual channels respectively. The experiment was carried out on MCF7 cells
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2.11 STED IMAGING USING [{Ru(phen)};tpphz]** (RRP)

Following the success of optimising RRP as a single and dual colour SIM probe its suitability
for a second super-resolution techniques was assessed. The main objective for this research
was to further improve resolution, as SIM only improves lateral resolution to 120 nm. An
attractive option was STED as, despite its advantages in terms of resolutions, comparatively
few STED probes have been reported®”. This is because the requirements for STED
microscopy probes are far more demanding than for SIM; high photostability, long life-times
and high brightness being essential criteria. Moreover, very few molecules with large Stokes’
shift have been reported as STED probes, yet this is advantageous. Since each STED probe
requires three separate wavelengths (excitation, depletion, and emission) a wide “spectral
window” will be useful for multicolour STED. As STED requires a probe with high
photostability, strong brightness, RRP could be be a great candidate for carrying out STED

imaging because of its intrinsic photophysical properties. Keyes, et al®’

have already reported
a ruthenium metal complex conjugated with target specific peptides and carried out target
specific STED imaging of more than one cellular organelle. With its instant cellular uptake,
and attractive photophysics RRP could be optimised as a STED probe and this might provide
crucial information on chromatin dynamics, finer details of sub-cellular chromatin, 3D super
resolved chromatin architecture and so on.

Initial STED experiments - carried out in DCU, Dublin in the lab of Prof. Tia Keyes - using a
standard 660 nm depletion line on 470 nm excitation were unsuccessful. The probe appeared
to show irreversible photobleaching, resulting in considerable loss of emission and the images
obtained showed no real improvement in resolution compared to the conventional
microscopy. This response is consistent with the depletion line further exciting RRP into a
“dark state”®’. Further examination of the spectral profile of the probes and its broad spectra
enabled us to identify another experiment involving a lower energy light depletion beam (775
nm). An experimental setup that could meet these conditions was found to be available in the
Rutherford Appleton Laboratory in Oxfordshire. Using the conditions available at RAL the

probe gave excellent results leading to significant improvement in resolutions.
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Confocal

2.11.1 Fixed cell STED Imaging:

STED - Localization of RRP on to the Mitochondria:

Multicolour STED imaging work done by Hell et al”®”” has been reported and it involves
employing highly photostable flurophores like luminescent organic dyes, proteins to
specifically label selected intracellular targets. As outlined previously, localization of RRP
over mitochondria only occurs at low concentrations and this could be used to specifically
image mitochondria. This led to us to explore the possibility of STED imaging using these
conditions.

As described in the previous sections of this chapter, RRP as a multi organelle localizing
probe at varied concentration with high photostability that could essentially be employed to
image specifically at different concentrations to produce high quality STED images of
individual intracellular organelle on which it localizes, namely mitochondria at 6 pM and
Nuclei at 60 puM. Image 2.21 clearly shows high quality STED images obtained for RRP
when it stains mitochondria and illustrates the superior resolution of STED in comparison to
deconvoluted CLSM. The mitochondria specific STED imaging of RRP was carried out in
MCF7, ovarian cancer cells.

As Figure 2.21 show, STED imaging proved to be possible even at these low concentration.
The figure presents a comparision between dCLSM (Hyvolution - a high-resolution confocal
microscopy technique) and STED in RRP stained mitochondria illustrating the increased

resolution.

Figure 2.21 Left to Right: dCLSM (Confocal) Image, STED Image, Merged Image of RRP
(6 uM) stained Mitochondria in MCF7 cells
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2.11.2 STED - Nuclear imaging using [{Ru(phen)}:tpphz]*" (RRP)

At higher concentrations the nuclear localization of RRP (60 uM) has the potential to provide
chromatin images of unprecedented quality and this could help in dissecting hidden
information pertaining to the complexity of the genome. Although SIM images of RRP
stained nuclei could be obtained, as discussed before there are limitations in resolution in the
SIM method. Through STED this has been successfully overcome, resulting in unravelling
greater details with regard to chromatin architecture. Figure 2.22 and 2.23 shows RRP
staining of a nucleus and chromosomes of A2780 cells illustrating its STED resolution. These
figures show a comparison between deconvolved high resolution confocal Hyvolution

imaging and STED super-resolution.
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Confocal

2 pm

Figure 2.22 Comparitive dCLSM (Confocal) and STED Image of a nucleus of an A2780 cell
stained by RRP (60 puM)
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Figure 2.23 Left to Right: dCLSM (Confocal), STED and Merged images for RRP (60 uM)
chromosomes of an A2780 cell

STED imaging was carried out over fixed A2780 cells at 60 UM RRP concentration. In these
conditions high quality STED images of resolutions below 50 nm was obtained. STED
images obtained for nuclei and chromatin shown in these figures indicates that there is
extraordinary improvement in resolution compared to dCLSM. The red spots seen in the
merged images in Figure 2.23 indicates the locations where significant improvements in
resolution through STED has been achieved. The use of RRP as a STED probe was possible
only because the probe exhibited superior photostability and withstood the whole imaging
STED imaging cycle. The probe was able to provide resolution improvement for not only
high concentrations of 60 uM but also for low concentration (around 6 pM, shown in figure
2.21), in the later case the concentration effect was in full swing as super-resolution was
achieved to visualize mitochondria. The concentration dependent uptake results obtained
using widefield fluorescence microscopy was confirmed and taken one step further, verifying

that RRP is a multipurpose probe for STED microscopy.
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Intensity v Distance: Comparison dCLSM and STED:

The intensity profile diagrams of merged images from dCLSM and STED for fixed A2780
cell nuclei indicates an improvement in resolution shown in Figure 2.24 where the red spots in
the merged images indicates the areas with improved resolution in STED. The superior

resolution is also seen in the intensity profiles which reveals resolution beyond 50 nm has

been achieved.

w1 Confocal
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Figure 2.24 (A) dCLSM (Confocal) and STED merged image of RRP stained nucleus of
A2780 cells. (B) Intensity profile comparison of dCLSM (Confocal) and STED of areas in the

nucleus drawn by Green and Violet lines
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2.12 3D-STED IMAGING

2.12.1 3D-STED: Resolution improvement

The excellent photostability exhibted by the RRP probe was used with particularly great effect
in 3D-STED. This is a demanding technique, greatly depending on the stability of the probe
as considerable emission can be lost due to photobleaching during STED depletion. A 3D-
STED stack was obtained in RRP stained A2780 nuclei, the probe’s extraordinary stability
provided the opportunity image across the whole nuclear volume with extraordinary
enhancement of resolution across the X,Y, and Z planes (Figure 2.25). Improvement in STED
resolution could be acchieved across all dimensions simultaneously (that is, axial and lateral).
The optical sectioning of the 3D-STED volume into individual planes was carried out using
the inbuilt software in Leica STED, more precisely the resolution across the whole 3D STED
volume is improved by the algorithms used in the Huygen’s software. The superior resolution
achieved heavily relies on the fitting of the polynomials connected to drift at selected imaging

positions across planes'®

. The superior STED resolution across all the optical planes XY, XZ,
and YZ throughout the whole 3D cross image cross-section is shown in Figure 2.25. The
merged images of 3D-dCLSM and 3D-STED involving the individual planes shows this

superior resolutions in a detailed way as shown in Figure 2.26.
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2um
3D volume(165 plan
Figure 2.25 (A) Top row (Left to Right): Comparitive 3D-dCLSM and 3D-STED images of
individual planes XY, YZ, YZ. Bottom row: Boxed regions (i and ii) showing
magnifications of STED regions in individual planes (B) (Left to Right): 3D-STED and 3D-

dCLSM merged whole volume constructed from 165 sections or planes, Combined 3D-
dCLSM and 3D-STED sliced quadrants from the 3D-STED and 3D-dCLSM merged volume.
Boxed regions (i, ii and iii) showing magnifications merged 3D-STED and 3D-dCLSM
regions from sectioned quadrants. The red spots indicating improvement in 3D-STED

resolution over 3D-CLSM. The experiment was carried out in A2780 cells
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2.12.2 3D-STED Intensity profiles

As shown above, substantial resolution improvement has been achieved across the whole 3D
cross section of the nucleus stained by RRP. 3D-STED slicing was carried out using the
inbuilt Leica STED microscope software. The 72" plane of a total of 165 planes which were
STED super-resolved is shown in Figure 2.26. The intensity profiles for specific areas of the
merged images (dCLSM and STED) are also presented in the Figure 2.26, indicating the
extraordinary resolution improvement (< 40 nm) achieved across all three planes. The 3D-
STED experment of RRP stained A2780 nucleus was possible only because of the
extraordinary photostability exhibited by RRP, which withstood the demanding STED
irradiation conditions (for duration as long as ~ 40 min.) required to accumulate the 3D-STED

image.
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Figure 2.26 (A) Left to Right: Merged 3D-dCLSM and 3D-STED individual plane sliced
from the combined 3D-dCLSM and 3D-STED Image volume XY, XZ and YZ respectively.
(B) Left to Right: Comparative intensity profiles (3D-dCLSM (Green) and 3D-STED (Red))
generated for areas represented by white lines 1 and 2 for XY plane, 3, 4 and 5 for XZ plane,

6, 7 and 8 for YZ plane showing resolution improvement. A2780 cell line was employed
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2.12.3 3D-dCLSM (Hyvolution) v 3D-STED: Individual plane:
The extraordinary super resolution obtained among each individual plane of the complete 3D

stack acquired is shown in Figure 2.27. Again, the superior resolution is clearly evident from

the comparison between 3D-dCLSM and 3D-STED for one particular plane.
plane#100

XY

ol oYU

00 06 10 15 20 25 30 36
Distance (xm)

0 1 2 3 4
Distance (oam)

Table 1. Dimentions of the resolved structures

nm)| i i

FWHM Pea 67 71

FWHM Peak 2 | 73 81

FWHM Peak 3 | 44 37
Figure 2.27 (A) Comparative 3D-dCLSM and 3D-STED images of individual plane from the
whole merged 3D-dCLSM and 3D-STED volume. (a) and (b) showing comparison between
3D-dCLSM and 3D-STED for magnified regions as indicated by boxes (a) and (b) in (A). C
showing details of magnified 3D-STED. i and ii showing comparative intensity profiles for
3D-dCLSM (Green line) and 3D-STED (Red line) indicating enhancement in resolution.

Table 1 showing the dimensions of resolved structures calculated from the intensity profiles
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2.12.4 Live cell STED Imaging
To compliment the fixed cell STED experiments, live cell STED imaging was also carried

I'* Thompson et al'® had reported STED imaging of live nerve cells and

out. Nagerl et a
they were able to obtain greater details of neuronal circuits and understand the in-depth
information of neuronal plasticity. To carry out live cell STED experiments, higher RRP
concentrations around 500 uM was employed as this had been found to produce high-quality
CLSM images. Gratifyingly, live STED imaging of RRP using MCF7 cell line yielded high
quality STED super-resolution images, showing great detail of nuclear chromatin in live
cells. Again resolutions below 50 nm were obtained. Figure 2.28 shows a comparison
between dCLSM, STED and 3D-STED of live MCF7 cells. The striking live STED images
exemplify the extraordinary super-resolution ability of RRP. Again, a comparison between
the dCLSM and STED live cell images of the same area (nuclei) shows the extent of
improvement of STED resolution over dCLSM. The resolution is amplified across the three
dimensional space in 3D-STED showing greater details of chromatin which could have been
potentially unexplored by conventional imaging techniques. Live cell STED imaging is more
challenging than the fixed cell STED imaging - largely because of the high laser power
employed by the STED depletion beam which needs to be controlled considerably to avoid

cell damage. STED data processing was carried out by using Leica LAS software.
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3D-STED

Figure 2.28 (A) dCLSM live cell image of RRP (500 uM) stained nucleus. Boxed region (a)
showing magnification of a particular area in the nucleus. (B) 3D-STED live cell image of
RRP (500 uM) stained nucleus. Boxed region (b) showing magnification of a particular area
in the nucleus. (C) STED live cell image of RRP (500 uM) stained nucleus. Boxed region (c)
showing magnification of a particular area in the nucleus. MCF7 cell line was employed
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2.12.5 Dual colour STED

RRP suitablility to act as a dual colour super-resolution probe was already proven when it was
used successfully as a dual colour structured illumination microsocpy (D-SIM) probe. The
excellent photophysics again helped it to be opitmized as a dual colour STED microscopy
probe. High quality dual colour STED images were obtained for MCF7 cells. The large
Stokes’ shift shown by RRP provided a window to accommodate another probe with different
spectral characteristics compared to RRP. Following the success with SIM, Mito Tracker Red
was investigated as its spectral characteristics complimented with that of RRP, the experiment
was carried out with high concentration of RRP along with Mito Tracker Red as the
complimentary dye. RRP and Mito Tracker Red was STED depleted at 775 nm and 660 nm
respectively. By using nuclei localizing high concentration (> 18 uM) RRP could be used a
dual colour probe along with Mito Tracker Red. to obtain striking dual colour STED images

such as that shown in Figure 2.29.

STED - Dual Colour

Figure 2.29 Dual colour STED image: RRP (20 uM) staining the nucleus and Mito Tracker
Red (1 uM) staining Mitochondria. MCF7 cell line was employed
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2.12.6 Differentiating DNA structures using RRP in STED Mode

The ends of a eukaryotic chromosome is composed of a repeating DNA sequence which is
associated with proteins. This special structure is called a telomere. The telomere has the
crucial role of maintaining the structure of the genome, as it prevents the fusion or
degradation of chromosome ends. Furthermore, during chromosome duplication the telomere
shortens and this happens regularly during the cell cycle, thus providing the mechanism by
which the Hayflick Limit for cell division is defined. The telomere as such is packed with G-
rich DNA than can form quadruplex structures. Unfortunately, due to spatial resolution
restrictions, conventional optical microscope cannot resolve the finer details telomeres. Since
super-resolution microscopy breaks the diffraction barrier of optical microscopy, we hoped
that it might be possible to explore the structure of the telomeres beyond the diffraction limit.
STED could be used as an ideal platform to overcome the limitation set by conventional
microscopy and could let us understand the interesting features of G-quadruplexes and the
telomeres as a whole.

Previous confocal experiments had shown that, apart from duplex imaging at wavelengths
around 660-680 nm, RRP can be used to image specific quadruplex DNA structures through a
emission signal at 620 — 640 nm. This is caused by the different binding geometry when the
complex interacts with duplex and quadruplex DNA. Therefore we set out to investigate
whether these experiments could be duplicated in STED experiments. RRP with its unique
combination of photophysics, cellular loclization, and sensitivity to DNA structure could be a
probe for the structure of DNA within telomeres.

The relevant STED microscopy experiments were peformed using RRP to stain A2780 cells.
In these experiments, emission was collected at two different wavelength windows and the
results are shown in Figure 2.30. These images show that the two different wavelength
outputs do not colocalize indicating that the high and low energy outputs are coming from
entirely different regions. This is consistent with the previous experiments and suggests that
duplex binding of the probe is shown by the low energy channel, whilst the image obtained

from the high energy channel may be due to quadruplex structures.
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Em: 620-640 nm Em: 660-700nm 2um
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Figure 2.30 (A) Left to Right: dCLSM (Confocal) images of emission originating from two
different channels for RRP stained chromosomes (Individual channel), Merged image of both
the channels. Boxed region (a) showing magnifcation of a particular area of the merged
image. (B) Left to Right: Corresponding STED Images of emission originating from two
different channels for RRP stained chromosomes (Individual channel), Merged image of both
the channels. Boxed region (b) showing magnifcation of a particular area of the merged

image. A2780 cell line was employed
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2.13 NOVEL IRIDIUM METAL COMPLEXES AS OPTICAL PROBES
FOR CELLULAR IMAGING

Introduction:

As the previous section illustrates d° metal complexes display brightness and extraordinary
stability which can be attributed to highly emissive MLCT states. In this section, studies are
extended to other d® metal complexes and the photophysical and specific cellular imaging
properties of Iridium bi-cylcometalated metal complexes as cell probes were investigated and
assessed.

The two biscyclometalated complexes shown in Figure 2.31 were prepared using a two steps
procedure by Dr. Alessandro Sinopoli in the lab of Dr. Paul Elliot at the University of
Huddersfield. In this procedure, iridium (I11) chloride and the corresponding 4-phenyl-1,2,3-
triazole ligand were first reacted together and then the Dppz ligand was added the crude
product of the first reaction. The final product, supplied to our lab in Sheffield as a
hexafluorophosphate salt, had been purified by chromatography.

2.14 PHOTOPHYSICS OF IRIDIUM METAL COMPLEXES CC 203
[(Ir(Ph-L),Dppz]") AND CC 204 [(Ir(Et-L),Dppz])

2.14.1 Optical titrations

Luminescence titrations:

In analogy to other M(dppz) systems, water molecules can quench the excited state of such
complexes when they form hydrogen bonds with dppz of [Ir(Ph-L),dppz]® and [Ir(Et-
L),dppz]*, but when the dppz interacts with the hydrophobic interior of the DNA, the excited
state lifetime of the complex changes considerably, producing large changes in emission
intensity. These changes can be used as a spectroscopic tool for studying the binding
interactions with DNA: if DNA is titrated into a solution of the metal complex of known
concentration the degree change in the emission spectrum is proportional to the fraction of
complex bound to the DNA%100-103,
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Figure 2.31 Bicyclometallated Iridium metal complexes ([Ir(Ph-L).dppz]" CC 203 (left) and
[Ir(Et-L).dppz] 'CC204)

The changes in fluorescence intensities on addition of CT-DNA was measured by exciting
([Ir(Ph-L).dppz]*, CC 203, and [Ir(Et-L).dppz]*, CC 204, at 450 nm which is the excitation
wavelength for the *MLCT band of both the complexes leading to a *MLCT emission that
extends from 580 nm to 700 nm with an maximum around 660 nm (Figure 2.32). Emission
spectra are measured as a function of increasing CT-DNA concentration. Relative intensities
are directly related to the extent of the DNA interaction with the metal complex. Hence when
calculating the binding coefficients the calculated fluorescence intensities obtained from the

luminescence titrations play a prominent role?".

Absorbance titration:

When the complexes interact with CT-DNA, the spectral characteristics of the complex
changes and this is because the complex is subjected to changes in microenvironment as it
moves from being completely solvated in aqueous solution to being in the hydrophobic
environment of the DNA helices'®%%1% Therefore UV visible titrations are also an effective
tool for deducing binding of metal complexes with DNA. The interaction of metal complex
with base pair causes hypochromic shift with small blue or red shift'?°. Addition of CT-DNA
to a solution of 50 uM of the Ir metal complexes resulted in a hyprochromic shift being
observed which is signified by a shift in the absorbance bands. The bands at 270, 353 and 369
nm in CC 203 and the bands at 290 and 400 nm in CC 204 display hypochromicity as CT-

DNA is titrated into the complex solution.
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Figure 2.32 Optical titrations, (A) Absorbance, (B) Luminescence carried out by adding 16.4
mM CT-DNA into a solution of 50 puM [Ir(Et-L)dppz]® (CC 203), Experimental
conditions: 5 mM Tris buffer, 25 mM NaCl pH 7.4 at 25 °C, Aex = 450 nm®°
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2.14.2 Binding studies: CC 203 (Ir(Ph-L).dppz) and CC 204 (Ir(Et-L).dpp2):

In order to compare the binding affinity of the complexes to DNA, an equilibrium binding
constants (K) was calculated and this calculation was carried out using McGhee Van hippel
(MVH) model. The binding constants for the interaction of CC 203 (Ir(Ph-L).dppz) and CC
204 (Ir(Et-L).dppz) with CT-DNA were calculated by constructing a non-linear Scatchard
plot using the changes in luminescence and fitting this data to the McGhee-von Hippel model
for non-cooperative binding®%*%, The model fitted the data well with an R? value of 0.94
for both complexes (see Figure 2.33 for the relevant data for CC 203). From the data obtained
by this method, a comparison of equilibrium binding constants indicated that CC 204 binds to

the DNA slightly more strongly compared to CC 203.
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Figure 2.33 (A) Left to Right: A Theoretical binding curve for CC 203 binding to CT-DNA
(were, X = Fraction bound, R = Ratio of Concentration of DNA and Concentration of metal
complex), Scatchard plot for the same (were, r/Cs r = Ratio of Concentration of metal
complex bound to DNA and Concentration of DNA, C¢ = Concentration of free metal
complex in solution). (B) Table showing Binding constants and the number of base pairs
binding to CC 203 and CC 204 respectively
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2.15 CELLULAR IMAGING STUDIES OF CC 203 - 204

2.15.1 Cell dependent uptake of CC 203 - 204

The DNA binding experiments encouraged us to investigate the potential of both CC 203 and
CC 204 as cellular probes. Cellular uptakes of iridium metal complexes have been well
reported™®!%, Bicyclometallated iridium metal complexes like CC 203 and CC 204 could
therefore be tested as cellular imaging agents to understand their interactions within a
biological environment. When added to the ovarian cancer cell line A2780, both complexes
showed instant cellular uptake at concentrations starting from 50 uM when subject to a 24
hour incubation period. The widefield images acquired shows that localization of CC 203 and
CC 204 is mostly in the cytosol region of the A2780 cells (Figure 2.34). The images were
acquired by excitation at 470 nm and emission was collected in the RFP channel filter set at
the wavelength range of 570 nm to 620 nm. These uptake experiments were extended to the
MCF7 breast cancer cell line. These cells also showed uptake of both the complexes similar
to that observed in the A2780 cell line.
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Figure 2.34 Top: Widefield images showing cellular uptake of CC 203 (50 uM and 100 uM)
in A2780 cells. Bottom: Widefield images showing cellular uptake of CC 204 (50 uM and
100 uM) in A2780 cells
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In cellulo intensity profile — CC 203 (Ir(Ph-L).dppz):
Intensity v Distance plots generated offline indicated that both CC 203 and 204 were not

localizing in the nucleus of cells but were localizing in other intracellular organelles present

in the cytosol regions of both the cell lines (Figure 2.35). The deconvolved widefield images

obtained using the Dual cam Nikon wide field microscope®® indicated structures similar to

that of mitochondria and this prompted studies on intracellular organelle tracking.
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Figure 2.35 (A) Widefield images showing the Incellulo luminescence exhibited during the

cellular uptake of CC 203 in A2780 cells. (B) Intensity v Distance plot for the area marked by

the blue line.
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2.15.2 Intracellular localization of CC 203 - 204:

The cellular imaging potential of CC 203 and 204 would be enhanced if these imaging agents
were found to image intracellular organelle in a specific manner. Many iridium metal
complexes reported so far have imaged mitochondria, for example see the reports by Jin et
al*® and Wang et al*®>. Mitochondrial accumulation of charged metal complexes occurs
because of the distinctive mitochondrial membrane potential attracts lipophilic cations.

In order to explore whether the emission signals observed in the cytosol region are arising
from localization of the complexes within mitochondria; initial intracellular tracking
experiments were carried out for CC 203 using Mito Tracker Green (Figure 2.36) which
shows emission in the GFP channel, namely 500 nm to 540 nm on excitation at 470 nm. This

tracking experiment confirmed that the CC 203 is indeed localizing on to the mitochondria.

Mito Tracker Green

Figure 2.36 Left to Right: Widefield images showing cellular localization of CC 203, Mito
Tracker Green (Individual channel), Colocalized image of CC 203 and Mito Tracker Green.

A2780 cell line was employed

Mito Tracker Green localizes mainly over the membrane of the mitochondria, as the CC 203
shows DNA binding characteristics it could be envisaged that the complex binds to
mitochondrial DNA in particular. Widefield fluorescence microscopy is not a pointilistic
technique like confocal microscopy and as it involves fast scanning across different focal
planes resulting in the generating of image volumes, the possibility of crosstalk between

adjacent channels could not be ruled out.
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To confirm again the localization of both the complexes over mitochondria, additional
tracking experiments with Mito Tracker Deep Red was carried out (Figure 2.37). Mito
Tracker Deep Red has spectral characteristics showing emission in the Far Red Cy5 channel
(> 650 nm) of the widefield fluorescence microscope filter set. This probe was excited at 640
nm and collected at 660 nm to 700 nm (Cy5 region).

Mito Tracker Deep Red

Mito Tracker Deep Red

Figure 2.37 Top (Left to Right): Widefield images showing cellular localization of CC 203,
Mito Tracker Deep Red (Individual channel), Colocalized image of CC 203 and Mito Tracker
Deep Red. Bottom (Left to Right): Widefield images showing localization of CC 204, Mito
Tracker Deep Red (Individual channel), Colocalized image of CC 204 and Mito Tracker
Deep Red. A2780 cell line was employed
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Eliminating the possibility of crosstalk between channels it was confirmed that both
complexes localize in mitochondria. Indeed, intensity vs distance plots confirmed that there is
a near perfect colocalization in mitochondria. The inset box area shown in the merged
colocalization image (Figure 2.38) shows that both channels match, however it also reveals

differences in brightness of both the probes.
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Figure 2.38 (A) Top (Left to Right): Widefield images showing cellular localization of CC
203, Mito Tracker Deep Red (Individual channel), Colocalized image of CC 203 and Mito
Tracker Deep Red. Bottom (Left to Right): Intensity profiles corresponding to the
localization of CC 203, Mito Tracker Deep Red (Individual channel) and merged channel.
(B) More detailed Intensity profile analysis of the boxed region (a) of the merged image of

CC 203 and Mito Tracker Deep Red. The experiments were carried out on A2780 cell line
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As Pearson’s correlation is by far the best correlation coefficient in terms of accuracy in
comparison to Mander’s coefficient, it has been utilized to measure the colocalization
between the CC 203 or CC 204 emission channel and the Mito Tracker channel (Deep Red or
Green). As mentioned in the previous chapter Pearson’s coefficient takes in to account all
combinations with respect to both the channels in terms of pixel by pixel and does not ignore
blank pixels thereby providing an authentic data set with is more reliable compared to
Mander’s coefficient®.

Pearson’s coefficients were calculated for all the colocalization experiments and are shown in
the Table 2.3. The results indicate a 90% colocalization with Mito trackers (Deep Red and
Green) for both CC 203 and CC 204 and this further confirms the mitochondrial localization
of both CC 203 and CC 204. Taken together, the data indicates that although CC 203 and CC
204 were shown to be DNA binders in cell free conditions, it appears they localize in the

membrane and other areas of mitochondria, which perhaps includes mitochondrial DNA.
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Compound Pearson’s Mander’s Mander’s Costaining
Coefficient M1 M2 Tracker
CC 203 0.943 0.839 0.929 MitoTracker Green
CC 203 0.903 0.999 0.925 MitoTracker Deep
Red
CC 204 0.885 0.986 0.863 MitoTracker Deep

Red

Table 2.3 Pearson’s coefficients of colocalization experiments for CC 203 and CC 203 with

Trackers
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2.16 CYTOTOXICITY OF CC 203 and CC 204

The need to employ non-toxic, cell friendly probes is essential in carrying out cellular studies
- especially cellular imaging. An ideal cellular probe should minimally affect the cellular
systems even when they are employed at higher concentrations. Therefore for a new probe,
an an evaluation cytotoxicity and any potential to cause cellular damage needs to be carried
out'®. CC 203 and CC 204 were tested for cytotoxicity against a standard of cisplatin in two
different cell lines to confirm this. Against HelLa cells and A2780 cells, both CC 203 and CC
204 show relatively low cytotoxicity (Figure 2.39), although there were differences.

Against the HelLa cell line, no significant cytotoxicity was observed. Even in the most
concentrated treatment of 200 uM there were still 74+£3% of cells (CC 203) or 102+1% (CC
204) in comparison to standard (Cis-platin) was still viable. Against the A2780 cell line, there
was appreciable cell death but, in comparison to cisplatin, lower cytotoxicity was still
observed. The calculated ICs, values for the complexes were 59 uM (CC 203) and 151 puM
(CC 204) respectively. These relatively low cytotoxicities indicate that CC 203 and 204 could
be leads for safe cellular imaging agents.
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Figure 2.39 (A) A Plot showing logarithmic scale of compound concentration with standard

deviations incorporated (X-axis) Versus percentage of inhibition (or) cell viability (Y-axis)
for CC 204, CC 203 in HeLa and A2780 cell line respectively. (B) Table showing the
determined 1Csq values for CC 204, CC 203 for HeLa and A2780 cell lines respectively
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2.17 SPECIFIC CELLULAR UPTAKE OF CC 203 and CC 204

The concentration dependent uptake experiment of CC 203 and CC 204 carried out using
A2780 ovarian cancer cell lines indicated the potential of both of them to be applied as
effective cellular imaging agents. It also enabled to determine the dosage of CC 203 and CC
204 required to illuminate the intracellular compartments. As the dosage employed in the
concentration dependent cellular uptake study does not reveal the detailed in-cell
accumulation of the complexes (CC 203 and 204), there is a need to determine this. Therefore,

in-cell accumulation was determined by ICP-MS as reported by Jin et al'*® 12,

and Wang et a
ICP-MS experiments were carried out in order to definitively determine cellular uptake in
different cell lines. CC 203 and CC 204 was tested against the two different cell lines used in
the microscopy experiments. In both cell lines, CC 203 accumulates within cells at higher
concentrations compared to CC 204, to be precise by a factor of 3 in A2780 and a factor of 11
in MCF-7. Complex CC 203 is more lipophilic, so this could translate to a difference in
diffusion across the cell membrane (Figure 2.40). The 1 and 24 hour time points show there is
steady accumulation over the 24 hour time period, and this is suggestive of passive diffusion

across the membrane.
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Figure 2.40 (A) Bar chart showing the comparative Cellular uptake of CC 203, CC 204
against control in A2780, MCF7 cell line determined over a period of 24 hours by ICP-MS.

(B) Table showing the exact values to confirm the extent of cellular accumulation of CC 203
and CC 204 against A2780 and MCF7 cell lines
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2.18 SUMMARY

[{Ru(phen)}»tpphz]** (RRP) was optimised as a super resolution microscopy cellular imaging
probe for both STED and SIM experiments The concentration dependent intracellular
localisation characteristics exhibited by the probe was investigated thoroughly and it was
found that mitochondrial and nuclear localisation occurred in a concentration dependant
manner. Furthermore 3D-STED experiments proved that extraordinary resolutions across all
dimensions could be achieved by the probe. The 3D super resolution capability of the probe
has expanded the horizons of cellular imaging from the super resolution microscopy point of
view and further studies pertaining to selective binding to G-quadruplexes should be
undertaken.

In addition to RRP, bicyclometallated iridium metal complexes (CC 203 and 204) with
attractive photophysical properties were investigated as optical microscopy probes. These

complexes were found to specifically localize in mitochondria.
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3.0 DETECTION OF INTRACELLULAR REACTIVE
OXYGEN/NITROGEN SPECIES AND SPECIFIC IMAGING
OF MITOCHONDRIA USING  SUPER-RESOLUTION
MICROSCOPY PROBES

3.1 MECHANISM OF ROS (HOCI) GENERATION IN CELLS

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) such as superoxide,
hydrogen peroxide, and peroxynitrite are highly reactive and cause oxidative modifications of

15148 Exogenous ROS and RNS can be produced from pollutants,

biomacromolecules
tobacco, smoke, drugs, xenobiotics, or radiation; whereas endogenously ROS are produced
intracellularly through multiple mechanisms. Depending on the cell and tissue types, the
major sources of these species are NADPH oxidase complexes in cell membranes,
mitochondria, peroxisomes, and the endoplasmic reticulum*®!%, Oxidative reactions in
tissue can involve Fenton’s reactions in which free metal ions can interact with peroxide,
yielding oxidised products like hydroxyl radical and super oxide™*°.

Mitochondria produce superoxide radical (O,") when oxygen is prematurely and incompletely
reduced. Myeloperoxidase (MPO), which is released from cytoplasmic granules of activated
phagocytes by a degranulation process, reacts with H,O, and chloride ions to generate
hypochlorous acid/hypochlorite (HOCI/OCI'). In turn, the strong oxidant HOCI can react with
proteins to modified their structure'’*">*"®. Monocytes and neutrophils typically contain
larger amount of MPO and the oxidative stress they can induce plays multiple role in the
development of atherosclerosis particularly with regard to modifications of lipoproteins. RNS
are derived from nitric oxide (NO) and superoxide (O;) via the enzymatic activity of
inducible nitric oxide synthase (NOS). The reaction of nitric oxide (NO) with superoxide
(0,) leads to the formation of highly reactive peroxynitrite (ONOO")*%:12°,

The combination of O, production and myeloperoxidase release gives neutrophils a broad and
unique oxidative role. Through the processes involving hydrogen peroxide and
myeloperoxidase discussed above, hypochlorous acid (HOCI) is the major end product of the
neutrophil respiratory burst. The powerful antimicrobial nature of HOCI and its conjugate
base, hypochlorite (-OCI) is very important. It is the active ingredient in household bleach

and the species responsible for the microbicidal properties of chlorinated water supplies. The
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production of HOCI by neutrophils is an integral part of the ability of these cells to kill a wide
range of pathogens*’*">"® However, the properties that make it such a useful antimicrobial
agent also place the host at considerable risk, because HOCI has the potential to damage host
tissue through the same processes used in the destruction of invading microorganisms.
Neutrophil oxidants have been implicated in the tissue injury associated with inflammatory
diseases, including respiratory distress, ischemia-reperfusion injury, acute vasculitis, arthritis,

and glomerulonephritis.

Why is ROS and RNS detection important?

As outlined above, intracellular generated reactive species of oxygen or nitrogen are essential
regulators of several physiological processes, ranging from intermediary metabolism to the
inflammatory response™*”**!. With regard to cardiovascular disease, the effects of HOCI on
tissue are enormous. Hypochlorite can cause endothelial cell apoptosis, which, in the long
term, can result in thrombosis. Also hypochlorite can promote foam cell formation in
Macrophages™. Foam cells are fat laden M2 macrophages that serve as a hallmark of early
atherosclerotic lesion formation, which results in an increased risk of heart attack and stroke
as a result of arterial narrowing. An understanding of the complexity of ROS signalling
requires the determination of their spatiotemporal distribution with high resolution,
specificity, and sensitivity. Toward this aim, significant progress in ROS imaging at the level
of intact cells, tissues and whole organs, as well as living organisms, has been achieved in the
last decade™***. The development of novel synthetic fluorescent ROS indicators and in vivo
imaging technologies have played an important role in these advances. Imaging ROS
dynamics in vivo has also provided information that is proving to be beneficial in disease

management and treatment'39147148,
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3.2 SUPER RESOLUTION IMAGING USING ROS AND RNS PROBES

To study the effect of oxidative species and understand the details of mechanisms in relation
to various disease processes they are involved in, there is a need for suitable probes to detect
these species. Most current ROS probes are not specific and they detect more than one ROS
as shown in the work by Jiao et al**®*. One method to detect and monitor intracellular ROS
involves fluorescent probes with appropriate cellular uptake characteristics*3*!33147,
Molecular imaging is a powerful tool to visualize and characterise biological processes at the
cellular and molecular level. Molecular imaging utilises fluorescent probes to probe the
details of specific biological processes. In the case of ROS detecting probes, luminescent
“turn-on” probes which shows sufficient signal enhancement on interaction with a target are
particularly attractive™’.

The main characteristic expected of an emissive probe to monitor ROS, and the processes in
which they participate, is that it should be cell-permeable, non-toxic, organelle specific,
photostable, and bright*3*3, While much progress has been made in the design of such
entities, presently there are very few super-resolution microscopy probes that can image ROS
in live cells. A turn-on probe with an ability to show a considerable amount of signal
enhancement could be optimized as a super resolution microscopy probe. As super resolution
microscopy always requires a probe with considerable amount of photostability and
brightness to provide images with enhanced resolutions. Such a probe would provide insights
into the finer details of biological mechanisms involving ROS/RNS generation. A ROS
specific SR probe which could specifically detect Hypchlorite (HOCI) or Nitroxyl (HNO),
which are the most common ROS generated during various disease progression, could help to
understand in greater detail the role played by these different ROS in vivo.

In this chapter a number of ROS and RNS probes synthesized at the National Chemical
Laboratories, NCL, Pune in the lab of an Indian Collaborator, Dr Amitava Das, are
investigated as in cellulo probes and their suitability for use with the super resolution

technique, SIM are assessed.
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3.3 ROS PROBE-1 FOR DETECTING HOCI WITHIN MACROPHAGES

3.3.1 Synthesis and Live cell detection of HOCI inside cells:

The ROS probe-1 was synthesised in the NCL by Dr. Firoj Ali through the reaction of a
BODIPY (Boron-dipyrromethene (IUPAC: 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)

core, 3,4-dihydroxy benzaldehyde, glacial acetic acid, and piperidine. As shown in Figure 3.1
this probe is designed to specifically react with HOCI and produce a luminescent derivative.

As discussed in the work of Gao et al'*

, BODIPY probe are characterized by their
photostability, brightness, high extinction coefficient. These are ideal requirement for the
probe to be optimised as a super resolution microscopy probe.

Live cell experiments in Sheffield were initially carried out using widefield fluorescence
microscopy. In these experiments HOCI was added to cells that were previously treated with
the ROS probe. With gradual addition of HOCI, bright widefield images were observed as
shown in Figure 3.2. Live cell experiments showed a gradual increase in emission. The
reaction of ROS probe-1 with HOCI is fast and is completed within 10 to 15 minutes. After
the completion of the reaction, brightness decreases indicating a saturation level has been
reached in the detection of HOCI by the ROS probe-1. As excess Hypochlorite (HOCI) is
always harmful to cells, after prolonged exposure to HOCI cell death is inevitable, this is seen

in the final frame of the image sequence shown in Figure 3.2.
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ROS probe 1

ROS probe 1 .
ROS probe 1 - Luminescent

Figure 3.1 (A) Structure and (B) Reaction scheme depicting HOCI detection by ROS probe-1
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Figure 3.2 Widefield microscopy time lapse images showing ROS probe-1 detecting
externally added HOCI in live RAW Macrophages
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3.3.2 Detection of HOCI in macrophages by ROS probe-1 using SIM

As mentioned in the previous sections, a significant emission enhancement of ROS probe-1
in the presence of HOCI and its chemical robustness prompted us to investigate its use in SIM
imaging, which requires a bright, photostable probe. Structured illumination microscopy
imaging depends on various factors which includes characteristics of the probe, type of cell
line under investigation. SIM is a widefield technique which involves scanning the sample
across the optical plane in all dimensions to generate a Z-stack which is then refined by a
reconstruction to arrive at the super-resolved image, significant loss of emission is often a
consequence of the quest to improve resolution.

Since live cell experiments carried out in the previous sections gave sufficient evidence to
suggest that the probe has the ability to detect hypochorite (HOCI), its use in SIM was
investigated. First, fixed cell experiments were carried out to determine the localization
characteristics of the probe and also to investigate the ROS detection characteristics of ROS
probe-1 across cellular regions.

The experiments were performed by incubating ROS probe-1 (10 puM) for 25 min in live
RAW Macrophages. Cells treated with only ROS probe-1 (10 uM) did not show any
observable intracellular fluorescence. Next cells were treated by externally adding (20 uM)
NaOCI for 30 minutes, then fixed with 4% Paraformaldehyde and imaged using OMX-SIM.
Bright incellular fluorescence was observed on the interaction of probe ROS probe-1 with
HOCI. The probe was highly photostable and did not bleach out in SIM conditions. Striking
SIM images were obtained showing extra structural details of ROS probe-1 detecting HOCI.
Comparative SIM and widefield images as shown in Figure 3.3 indicating the resolution
enhancement achieved in SIM, confirmed by Intensity v Distance plots generated by using
offline FIJI software. Over all, this comparison proves the effectiveness of ROS probe-1 in its

application for this super resolution microscopy technique.
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3.3.3 3D SIM for HOCI detection using ROS probe-1:

The initial SIM experiments carried out in fixed cells demonstrated that the ROS probe-1
could indeed be applied to detect HOCI in RAW macrophages and the generated images can
definitely give finer details into the cellular distribution of HOCI. 3D projections confirm that
the intracellular luminescence from the probe appears to come from the cytosol and there is
no luminescence observed in the nucleus as shown in Figure 3.4. Indeed, a closer scrutiny of
the 3D-SIM images generated using ROS probe-1 suggested it is detecting HOCI in specific
intracellular compartments in the cytosol. Before conducting experiments to investigate this
issue in detail, we first investigated the effect of changing HOCI concentration on the
emission output of the ROS probe. Changing the HOCI concentration is necessary because
one of the main objectives of this work is to more precisely assess the levels of ROS
generated, to understand any threshold level of generation, and discover how excess

generation of HOCI affects the cells.
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ROS probe-1

ROS probe-1

Figure 3.4 Top and Bottom row: Comparative SIM and 3D-SIM images of two different
areas in RAW Macrophages showing HOCI detection by ROS probe-1 in the cytosol
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3.3.4 Concentration dependent HOCI detection

After confirming the efficient cellular internalisation of the probe, experiments were then
performed in which HOCI was added externally or generated endogenously by a biochemical
process. As expected, live RAW macrophages treated with only ROS probe-1 (10 uM)
showed minimal intracellular fluorescence. However, cells exposed to increasing
concentrations of HOCI show a concomitant increase in ROS probe-1 emission. The gradual
increase in emission observed as HOCI was added externally or generated internally by LPS
indicated the sensitivity of the probe to HOCI in the cellular environment.

The obtained super-resolved images showed clearly resolved HOCI signal generation, which
then spread into the intracellular environment. Detailed images for both externally added and
endogenously generated HOCI are shown in Figure 3.5 and 3.6. These are well supported by
FI1JI generated 3D-surface plots which shows the signal enhancements at a wide range of

HOCI concentrations as detected by ROS probe-1 in its fluorescent state.
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For experiments withr externally added HOCI, RAW macrophages were pre-treated with the
ROS probe (10 uM) for 30 minutes and then treated with a range of concentration of NaOCI
from 0 uM to 20 uM, for 30 minutes; both these treatments were on live cells which were

consequently fixed using 4% paraformaldehyde and imaged using OMX-SIM.

ROS probe 1 +0uM HOCI ROS probe 1 +2 uM HOCI ROS probe 1 + 10 uM HOCI ROS probe 1 + 20 uM HOCI

Figure 3.5 Top row: SIM Images of ROS probe-1 detecting HOCI at different concentration
of externally added HOCI in RAW Macrophages, Bottom row: The corresponding 3D

Surface plots for the same
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Detection of Endogenously generated HOCI:

Since RAW Macrophages are known to generate HOCI, when they are stimulated by
lipopolysaccharide (LPS), cells were incubated with LPS at concentrations ranging from 250
ng/mL to 5000 ng/mL for 24 h in a DMEM culture medium with 10% FBS and then further
treated with ROS probe-1 (10 uM) for another 30 minutes. SIM images showed a bright
fluorescence signal from the cells. A control experiment, where cells were treated only with
ROS probe-1 (10 uM) was also carried out and this showed no intracellular fluorescence.
From these LPS dose dependent studies it was observed that increasing concentrations of LPS
led to enhanced intracellular fluorescence from the probe. Initially, there were intense signal
observed from certain round or punctated structures, but then the SIM images showed
significant signal attenuation. However, the main objective was achieved in that the varying
levels of internally generated HOCI could be vividly seen in the acquired SIM images and

well supported by the 3D-surface plots generated from them, Figure 3.6.
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ROS probe 1 +250 ng/mL LPS | ROS probe 1 + 500 ng/mL LPS ROS probe 1 +2500 ng/mL LPS | ROS probe 1 + 5000 ng/mL LPS

Figure 3.6 Top row: SIM Images of ROS probe-1 detecting endogenously generated HOCI
at different concentration of LPS in RAW Macrophages, Bottom row: The corresponding 3D

Surface plots for the same
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3.3.5 Time dependent detection of Endogenous generation of HOCI

The initial SIM experiments, on the detection of different levels of HOCI, produced a deeper
understanding of the ability of the ROS probe-1 to detect HOCI in cells from the super
resolution point of view. However, this led to many questions with regard to the area of
localization of the ROS probe-1 and where HOCI is generated in cells. SIM experiments
indicated that one or more intracellular organelle may be involved in the generation of HOCI
as examination of the images indicated the presence of punctuated and diffuse structures. As
the above hypotheses needed to be confirmed, time-lapse experiments to understand the
initial point of HOCI generation and the signal spread seemed to be essential as they may aid

in understanding bio-signalling mechanisms.
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Figure 3.7 (A — F) 3D-SIM images for the endogenous detection of HOCI (stimulated by
LPS) by ROS probe-1 at different time intervals of LPS showing signal attenuation and

spread. The experiment was performed on RAW Macrophages
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The 3D-SIM projections generated from the acquired SIM images were obtained by
conducting a time-lapse experiment over RAW macrophages which involved treating the cells
with ROS probe (10 uM) and further incubation of fixed concentration of LPS (2500 ng/mL)
over multiple time durations, before fixing them with 4% paraformaldehyde. These time
dependent LPS experiments were carried out at time intervals ranging from 2 minutes to 12
hours. After 12 hours the signals die out indicating possible cell death due to prolonged
generation of endogenous HOCI. The imaging was carried was carried out using OMX-SIM
at the LMF, University of Sheffield.

3.4 INTRACELLULAR LOCALIZATION OF ROS PROBE-1

It was evident from the collected widefield and SIM images that the probe was not localized
in the nucleus. Rather, it appeared to be localized in specific region of the cytoplasm.
Concentration dependent, time-lapse LPS experiments led to the generation of high quality
super-resolved images. These super-resolved images gave indication of not only HOCI
detection and high signal attenuation, but also showed signal spread across the intracellular
environment from punctated structures across the cytosol, therefore establishing the identity
of these structures become the next aim of these studies.

Several HOCI detecting probe with high degrees of target specificity have been reported in
the literature. For example, Zhou et al*®® have reported a mitochondria specific HOCI
detecting probe based on Rhodamine and Wang et al*®* have reported a lysosome specific
HOCI detecting probe based on seminaphthorhodafluor. In addition to this, Yuan et al*®,
have reported a fluorescent probe based on acedan which detects HOCI generation in two
different organelles namely mitochondria and lysosomes. As mentioned in the introduction,
ROS detection is very challenging and the invention of many organelle specific fluorescent
probes has helped to probe the various intracellular locations where HOCI generation seems
to happen. Therefore, colocalization studies using ROS probe-1 to obtain further details of its
exact sub-cellular localization were explored.

Initial colocalization studies on RAW Macrophages employed ER Tracker Green as a co-
stain. SIM images from co-staining with ROS probe-1, show low colocalization, with a
calculated Pearson’s correlation coefficient (PCC) < 0.05 indicating that the probe is not
localizing to the endoplasmic reticulum. There was minimum overlap between the ER
Tracker Green channel (500 — 550 nm) and the ROS probe-1 channel (570 — 620 nm).
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However, ER Tracker Green photobleaches more easily when compared to the ROS probe-1
and this process may be affecting the results, therefore widefield imaging was also employed
as this may give a greater idea of true colocalization. These widefield images (Figure 3.8)
and accompanying calculated Pearson’s coefficient (Table 3.1) values confirmed that ROS

probe-1 is not detecting HOCI in endoplasmic reticulum.
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ROS probe-1 ER Tracker

ROS probe-1 ER Tracker

Figure 3.8 Top row (Left to Right): SIM Images of ROS probe-1 in presence of HOCI, ER
Tracker green (Individual channel), Colocalized image (Merged) of ROS probe-1 and ER
Tracker green. Bottom row (Left to Right): Widefield images of the same area showing
ROS probe-1 in presence of HOCI, ER Tracker green (Individual channel), Colocalized image
(Merged) of ROS probe-1 and ER Tracker green. The experiment was performed on RAW
Macrophages
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Colocalization data with ER Tracker Green:

Treshold | Treshold
Sample Pearson’s | Mander’s | Mander’s | ER ROS Overlap
Name Coefficient | Coeffcient | Coeffcient | Channel | probe-1 Coefficient
(M1) (M2) (500 — | Channel
520 nm) | (570-620
nm)
ROS probe-1
Co-stained
with ER 0.0446 0.999 0.999 800 300 0.822
Tracker
Green

Table 3.1 Colocalization experiments of ROS probe — 1 (In presence of HOCI) with ER
Tracker Green

Having established that ROS probe-1 does not detect HOCI generated in the ER. Further
colocalization experiments were then carried out with commercially available Cytopainter
Golgi Green (CGG). Although there is minimum spectral overlap between the Golgi tracker
channel and the ROS probe-1 channel, it was found that CCG was not as photostable as the
ROS probe-1, therefore performing SIM over CCG led to no reliable SIM images because of
excessive photobleaching of the probe. Consequently, widefield microscopy experiments
were performed to determine whether ROS probe-1 detects HOCI generated in the Golgi
complex. Pearson’s coefficient and related plots were generated by using offline Volocity
software. The widefield images (Figure 3.9) revealed a very close spatial correlation between
ROS probe-1 and CCG and the calculated Pearson’s coefficient of 0.98 (Table 3.2). The
result obtained from this colocalization experiments confirm that the ROS probe-1 is indeed
detecting HOCI in the Golgi complex.
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ROS probe - 1 Golgi Tracker Green

Pearson’s Coeff: 0.98 Golgi Network

Figure 3.9 (A) From Left to Right: Widefield images of ROS probe-1 in presence of HOCI
and Golgi Tracker Green (Individual channel), Colocalized image (Merged) of ROS probe-1
with Golgi Tracker Green (B) Pearson’s Coefficient for the same, SIM image of Golgi
network of RAW Macrophages stained with ROS probe-1
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Colocalization data with Cytopainter Golgi Tracker Green:

Treshold | Treshold
Golgi ROS
Sample Name Pearson’s | Mander’s | Mander’s | Channel | probe-1 Overlap
Coefficient | Coeffcient | Coeffcient | (500-520 | Channel | Coefficient
(M1) (M2) nm) (570-620
nm)
ROS probe-1
Co-stained with
cytopainter Golgi 0.98 0.981 0.970 487 241 0.900
Tracker Green

Table 3.2 Colocalization experiments of ROS probe — 1 (In presence of HOCI) with Golgi
Tracker Green

Although ROS probe-1 is detecting the HOCI formed in the Golgi complex, this might be
because the ROS probe-1 is itself localizing on the Golgi complex which would in effect
mean generation of HOCI across regions other than the Golgi complex cannot be ruled out.
We can therefore infer that as the ROS probe-1 is localizing on the Golgi complex it is
detecting HOCI generated in the regions of Golgi complex. This brings us to the identity of
the punctated structures which we observed during our initial SIM investigation of HOCI
generation using the ROS probe-1. Therefore further colocalization experiments were carried
out to determine the identity of the punctated structures.

In many cases oxidative species are generated by lysosomes as shown in the work done by
Wang et al'®. Colocalization experiments were hence performed using the standard Lyso
Tracker Deep Red dye. Lyso Tracker Deep Red is a very stable probe and withstood SIM
acquisition conditions and gave nice SIM images along with the ROS probe-1. When

compared to the lysosome specific HOCI detecting probe reported by Wang et al'®*, ROS
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probe-1 was superior in terms of achieving spatial resolution because it is a super resolution
probe. Widefield images, 3D-widefield images and 3D-SIM images (Figure 3.10) illustrated
that, in addition to detecting HOCI in the Golgi complex, ROS probe-1 also specifically
detects HOCI formed in the lysosomes. The results were well supported by the generated

Pearson’s coefficient (Table 3.3).

ROS probe - 1

Figure 3.10 Top row (Left to Right): Widefield images of ROS probe-1 in presence of
HOCI, Lyso Tracker Deep Red (individual channel), Colocalized image (merged) comprising
ROS probe-1 and Lyso Tracker Deep Red, 3D-Widefield image showing colocalization of
ROS probe-1 and Lyso Tracker Deep Red. Bottom row: 3D-SIM image showing
colocalization of ROS probe-1 with Lyso Tracker Deep Red, Pearson’s coefficient for the

colocalization. The experiment was performed on RAW Macrophages
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Colocalization data with Lyso Tracker Deep Red:

Treshold | Treshold
Lyso ROS
Sample Name | Pearson’s | Mander’s | Mander’s | Channel | probe-1 Overlap
Coefficient | Coeffcient | Coeffcient | (>670 Channel | Coefficient
(M1) (M2) nm) (570-620
nm)
ROS probe-1
co-stained
with Lyso 0.781 0.973 0.968 1493 825 0.983
Tracker Deep
Red

Table 3.3 Colocalization experiments of ROS probe — 1 (In presence of HOCI) with Lyso
Tracker Deep Red

Although ROS probe-1 is localized in the Golgi complex and the lysosomes and hence it

detects the HOCI formation in these regions, Yuan et al*® has reported an Acedan probe

which could simultaneously detect the HOCI formed in the mitochondria and lysosomes,

indicating that the detection of HOCI in the intracellular environment relies on the site of

localization of the fluorescent probe. Although Yuan et al'® have successfully employed their

probe in two-photon imaging of generated HOCI in multiple organelles, in this chapter, we

have further improved spatial resolution by imaging the HOCI generated in Golgi complex

and lysosomes using super resolution microscopy.
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3.5 DUAL COLOUR SIM IMAGING USING ROS PROBE-1

To understand complex biological processes it is often necessary to employ more than one
probe so that higher quality imaging or information on simultaneous biological processes can
be obtained. Indeed, multi colour image using ROS probes has already been reported by
Wrobel et al™* and this shows the importance of multicolour imaging Since ROS probe-1 is a
super resolution probe capable of detecting HOCI in multiple organelle, its use in dual colour
structured illumination microscopy (Dual-SIM) experiments was investigated. For this
technique, a stain for a separate organelle with distinctly different spectral characteristics is
required. In this initial study we explored the use of the well-known nuclear stain Hoechst
33442. Using this combination, well-defined dual colour SIM images could be obtained.
Indeed the brightness and high photostability of both probes, meant that they could even be
used to construct striking 2D- and even 3D-SIM images of individual cells as shown in
Figure 3.11 and Fig 3.12.
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ROS probe-1 Hoechst

ROS probe-1 Hoechst

Figure 3.11 Top row (Left to Right): SIM Images acquired in RAW Macrophages showing
ROS probe-1 in presence of HOCI, Hoechst (Individual channel), Dual colour merged image
comprising ROS probe-1 and Hoechst. Bottom row (Left to Right): Widefield images of
ROS probe-1 in presence of HOCI, Hoechst (Individual channel), Dual colour merged image
of ROS probe-1 and Hoechst combined. The experiment was performed on RAW

Macrophages
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ROS probe-1 + Hoechst ROS probe-1 + Hoechst

Figure 3.12 Comparative dual colour 3D-SIM and 3D-WF image of ROS probe-1 in presence
of HOCI and Hoechst combination of the same area. The experiment was performed on RAW

Macrophages
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3.6 ROS PROBE FOR DETECTION OF HNO IN CELLS:

3.6.1 Detection of HNO in Macrophages by ROS probe-2

Nitrosyl (HNO) has been identified as an enigmatic reactive nitrogen species and a potential
pharmacological agent. It is thought that HNO is generated from NO® synthases through
oxidation of N-hydroxy-L-arginine or via reduction of NO® by mitochondrial xanthine
oxidase, cytochrome C. Recent advances in the understanding of the chemistry of HNO
reveals that this species displays unique cardiovascular properties. Most HNO is generated as
part of redox processes in cells, and technologies to detect it are required. Apart from its
beneficial effects in cardiovascular disease, HNO is known to inhibit GAPDH, a key

13513 |t also interferes

glycolytic enzyme for tumor proliferation and cancer cell apoptosis
with redox-based immunity mechanisms through fast depletion of glutathione, and is more
efficient in inhibiting platelet aggregation compared to traditional nitro vasodilators*®®.
Reagents that show fluorescence ON response on detection of HNO have an obvious edge for
use as an imaging reagent as well as for studying bio-species in living samples. Such reagent
also allows high sensitivity, and spatiotemporal resolution. The subcellular distribution of the
probe is an important factor to consider as a probe is only able to detect HNO in the regions of
the cells where it is localized*®. Most probes reported in the literature specifically detect
HNO in one or more intracellular organelle. Mitochondria seems to the be the main organelle
involving the generation of the ROS, but the literature has also suggested that ROS generation
happens in organelles other than mitochondria.

Among the various reagents that show a ON response, phosphine-based reagents have
received considerable attention. King and co-workers were the first to report the reaction of
such reagents with HNO. Since then, molecules that exploit this reaction for specific detection
of HNO using flourophores like rhodamine, coumarine, napthalimide and BODIPY have been
developed. This reaction has also been exploited in developing FRET based receptors for
HNO. In this section ROS probe-2 which specifically detects HNO or the nitroxyl group has
been designed. Although several ROS probes which specifically targets HNO have been
reported in the literature; for example, Tan et al**’, Sunwoo et al**®, Wrobel et al**°, no super
resolution microscopy probes have been reported. Since super-resolution microscopy gives
improved resolution across all planes this can be transformed in to 3D-SIM projections, which
could ideally help us to give more information about mitroxyl (HNO) generation within cells.
In this section the optimisation of ROS probe-2 as a SIM probe to specifically detect HNO
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generated in cellulo is described. Again, the probe was synthesised by Dr. Firoj Ali at the
NCL India. The photostability and brightness exhibited by the ROS probe-2 originates from
the BODIPY moiety, the probe also exhibits a sharp Stoke’s shift. All these characteristics
exhibited suggest the probe would be an excellent SIM probe.

As shown in Figure 3.13, a comparison between widefield and SIM image of the HNO
detection of ROS probe-2 shows that ROS probe-2 detects HNO mainly in the cytosol region
in cells (RAW Macrophages). The experiment was carried out by externally adding Angeli’s
salt, 20 UM (a nitroxyl generator), the small molecule is taken up in RAW macrophages and is
detected by 1 uM of ROS probe-2 in cells. The comparative images show tremendous
resolution improvement in SIM when compared to widefield giving detailed information

about the structures involved were the ROS probe-2 localises.
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Figure 3.13 Top row: Comparative SIM and Widefield images showing HNO detection by
ROS probe-2 in RAW Macrophages. Bottom row: Corresponding Intensity profiles of SIM

and Widefield showing resolution improvement.
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3.6.2 Concentration dependent HNO detection (HNO external addition)

The detection of different levels of HNO is an attractive characteristic of a probe. When
compared to other HNO detecting probes in the literature as reported by Tan et al®’, Sunwoo
et al**, Wrobel et al™*, the potential novelty of ROS probe-2 lies in detecting HNO probe in
cells at resolution higher compared to those reported previously. RAW Macrophages was
incubated with ROS probe-2 (1 pM) for 15 min at 37 'C (5% CO,) displayed no intracellular
fluorescence. In contrast, cells incubated with ROS probe-2 (1 uM) and then treated with
Angeli’s salt at concentration ranging from 0 uM to 50 uM for 30 min — a procedure known
to generate HNO - showed strong intracellular fluorescence. These results confirm that ROS
probe-2 is sufficiently bright and stable to be used as an imaging reagent for the detection of
HNO through SIM imaging.

HNO
_—
o}
o}
Ph,P

ROS probe 2 ROS probe 2 - Luminescent

Figure 3.14 Reaction scheme depicting HNO detection of ROS probe-2
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As shown in Figure 3.15, ROS probe-2 does detect different levels of HNO. This conclusion

is well supported by 3D-Surface plots generated from the SIM images using F1JI software.

ROS probe 2 + 0 uM HNO ROS probe 2 +2.5uM HNO

ROS probe 2 + 5 uM HNO ROS probe 2 +25uM HNO
¥ =

ROS probe 2 + 50 uM HNO

Figure 3.15 SIM Images showing ROS probe-2 and their corresponding 3D-surface plots
showing detection of externally added HNO at diverse concentrations in RAW Macrophages.
Scale bar: 10 pm

133



3.6.3 Intracellular localization of ROS probe-2 and specific HNO detection

Nitoxyl detection is heavily dependent on the intracellular distribution exhibited by ROS
probe-2, as it will only detect HNO generated in regions where it is localised. Therefore
colocalization experiments were carried out to investigate where the probe localises. These
experiments 2 were initially carried out using ER-Tracker Green. ER Tracker Green is not so
photostabl compared to ROS probe-2, which does not photobleach when exposed to SIM
conditions. The colocalization experiment was carried out by incubating the ROS probe-2 (1
MM) and Angeli’s salt (20 uM) for 30 minutes each after initially incubating the RAW cells
with ER-Tracker Green (1 uM) for 25 minutes. The cellular uptake of both the probes were
carried out in live cells and then the cells were fixed with 4% PFA and mounted and initially
inspected for proper cell morphology by using light microscope and then imaged by using
SIM and widefield fluorescence microscopy. These studies revealed that emission from ROS
probe-2 treated cells in the presence of HNO showed a very high Pearson’s colocalization

coefficient with ER-Tracker Green.
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ER Tracker Green ROS probe -2

ER Tracker Green ROS probe -2

Figure 3.16 Top row (Left to Right): SIM images of ER Tracker Green, ROS probe-2 in
presence of HNO (Individual channel), Colocalized image of ER Tracker Green and ROS
probe-2. Bottom row (Left to Right): Corresponding Widefield images showing ER Tracker
Green, ROS probe-2 (Individual channel) in presence of HNO, Colocalized images of ER

Tracker Green and ROS probe-2. Scale bar: 10 um
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Pearson’s Mander’s | Mander’s | Treshold ER | Treshold ROS Overlap
Coefficient | Coeffcient | Coeffcient Channel probe-2 Coefficient
(M1) (M2) (500 -520 | Channel (570
nm) — 620 nm)
0.936 0.973 0.986 1000 3200 0.979

Table 3.4 Pearson’s coefficient: Colocalization experiments of ROS probe-2 (In presence of
HNO) with ER Tracker Green

As explained earlier, ER Tracker Green photobleaches when exposed to SIM conditions,
therefore widefield microscopy images were acquired to confirm the localization of ROS
probe-2 in the ER. Pearson’s method of correlation - which is the most reliable method to
establish colocalization based on the pixel by pixel super imposition between the two
channels under consideration - gave a very high value of 0.936 showing the colocalization
between ROS probe-2 and ER Tracker Green. ROS probe-2 uniquely provides a method of
mapping HNO in the endoplasmic reticulum in RAW Macrophages.

3.6.4 Dual colour SIM imaging using ROS probe-2

As mentioned in previous sections, multicolour imaging of ROS probes can provide vital
information by helping to track two simultaneous biological processes occuring within cells.
The idea of a dual colour or multicolour imaging probe becomes more interesting if all the
probes involved could withstand super resolution microscopy conditions. Since it is known
that HNO generation in remote cell compartments can affect processes within the nucleus as

shown by Arthaut et al**®

, as an initial proof of concept, we chose to use the common nuclear
stain Hoechst 33342 (that groove-binds to, and visualises, chromatin DNA) as a
complimentary probe in dual colour Super resolution (SIM) imaging so as to simultaneously
visualise HNO in the ER and Hoechst in the nucleus. The microscopy experiments
demonstrates that SIM images of both HNO generation in the ER and chromatin morphology
can be accomplished through this combination of ROS probe-2 and Hoechst 33342 staining.
This provides a route to future studies in which the effects of a specific ROS generation

within the ER has on the structure and function of the nucleus can be simultaneously probed.
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ROS probe -2

ROS probe -2

Figure 3.17 Top row (Left to Right): SIM Images of Hoechst and ROS probe-2 in presence
of HNO (Individual channel), Dual colour image comprising ROS probe-2 and Hoechst.
Bottom row (Left to Right): Widefield images of the same for comparision to explain

improvement in resolution over it when compared to SIM. Scale bar: 10 um
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3.7 MITOCHONDRIA TARGETING ORGANIC PEPTIDE PROBE

In addition to intracellular ROS detecting probes which were examined for suitability as SIM
probes, an extremely photostable peptide-based probe, Organic peptide probe-A, was studied
to explore its cellular/biological application potential. Since mitochondria are key regulators
for much cellular behaviour, imaging to probe the morphology and function of mitochondria
is crucial in probing cell function. Furthermore, since mitochondria are key regulators for the
intrinsic pathways of cell apoptosis, mitochondria specific reagents for simultaneously
targeting, imaging and treatment functions are also of interest as theranostics. Therefore,
fluorescent probes are needed to dissect the various details of cell pathways which are directly
or indirectly related to mitochondrial function'***%. The probe discussed herein is designed to
just specifically target mitochondria through a peptide moiety attached to an organic probe
moiety.

Traditional fluorescent dyes (like Rhodamine, JC1 dye, Mito Fluor, MitoTracker) have all
been used successfully for in cellulo imaging of mitochondria, but these all suffer from high
photobleaching rates when used in high-intensity cell imaging studies, thus making their use
in long-term experiments and many super-resolution techniques unfeasible.

The targeting of probe molecules is greatly improved by conjugation to biomolecules which
possess the affinity to bind to specific intracellular organelle. Through conjugating a targeting
peptide to a small molecule luminophore such as BODIPY, target oriented probes which
localise within specific organelles can be generated. By combining a photostable, high
quantum yield luminophore with the target specificity of selected peptides, photostable probes
that can be used to study a variety of biological mechanisms within specific organelles over
extended time periods or at higher resolutions will be produced.

The potential of this approach, using a prototype photostable dye previously synthesized by
Dr. Sumit Kumar Pramanik in NCL, India, was investigated through Structured illumination
microscopy. The probe consisted of a BODIPY dye moiety attached to a mitochondrial
targeting peptide. As SIM is a widefield microscopy-based technique involving reconstruction
of the acquired RAW images, the SIM reconstruction process employs lengthy scanning time,
high laser power and loss of cumulative luminescence, the requirements of a stable and bright

dye is essential.
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Figure 3.18 Structure of the Mito targeting Organic peptide probe-A, The structural sequence
of the Mito targeting peptide = MALLRGVFIVAAKRTPFGAYGC

As shown by Gao et al*®’, BODIPY based dyes possess sharp fluorescence emission,
excellent photostability, high extinction coefficient. When compared to conventional trackers
like Mito Tracker Green, BODIPY probes possess better photostability, and their
structures/targeting can be modulated in conjugation with target-specific biomolecules like a
peptide with specific sequence. The exceptional brightness exhibited by the BODIPY moiety

compared to other standard organic probes such as those reported by Jung et al**°

, enables it
to be employed as a super resolution microscopy. Mitochondria targeting peptides when
conjugated with BODIPY probes could serve as an ideal vector to deliver to mitochondria, so
that SIM and 3D-SIM images obtained using such a SR probe could help in the better
understanding of mitochondrial function and dynamics*®.

The compatibility of the mitochondrial targeting organic peptide probe-A to SIM conditions
was initially assessed in RAW macrophages. A comparison between widefield and structured
illumination microscopy is shown in Figure 3.19. The probe was photostable and it did not

bleach out and improvement of resolution by using SIM is shown in Figure 3.19.
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Figure 3.19 Top: Comparative SIM and Widefield images showing resolution improvement
of Cellular uptake of Organic peptide probe-A in RAW Macrophages. Bottom:
Corresponding Intensity profiles for SIM and Widefield

Organic peptide probe-A probe needed to be tested at diverse concentrations to determine the
optimal concentration of the probe required to achieve the best super resolution microscopy
images. Signal saturation and signal bleaching both contribute to the generation of artefacts
during conventional imaging and the presence of artefacts in SIM images will hamper the

generation of high quality 3D-SIM images.
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Experiments reveal that, whilst considerable in cellulo luminescence was observed even for
concentrations as low as 10 nM, striking SIM images were obtained for concentration range
of 25 nM to 100 nM — Figure 3.20. It seems that 50 nM is the optimal concentration in which
high quality images were obtained and hence this concentration would be ideal in obtaining
perfect SIM and 3D-SIM images.

Organic peptide probe - A 10 nM Organic peptide probe - A 10 nM Organicpeptide probe - A 50 nM Organic pepﬁgie probe -A

Organic peptide proEJe A

Figure 3.20 SIM and 3D-SIM images showing cellular uptake of organic peptide probe at

diverse concentration in RAW Macrophages
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3.7.1 Colocalization studies with Mito targeting peptide probe-A

Organic peptide probe-A was designed to target mitochondria specificially as the peptide
moiety attached to the probe is known to conjugate with mitochondrial membranes. To
confirm this hypothesis colocalisation experiments were carried out.

As Pearson’s coefficient relies on the superimposability of pixels obtained from two different
channels under consideration and does not exclude blank channels it was essential to employ
widefield microscopy for the colocalization experiments. Localization experiments were
carried out using Mito Tracker Deep Red and Lyso Tracker Deep Red. As outlined in
previous studies, these trackers exhibit good stability and do not bleach out on prolonged
exposure to high laser power. Organic peptide probe-A showed emission in the Alexa fluor
568 channel (570 to 620 nm) and Mito and Lyso Tracker Deep Red showed emission in the
Deep Red channel (> 670 nm), so there is very little or no crosstalk between channels
indicating that the colocalization experiments performed is free from spectral interference or
overlap. The experiment with Mito tracker Deep Red gave clear evidence of localization of
organic peptide probe-A to the mitochondria as shown in he widefield images of Figure 3.21.
Intensity profile diagrams, generated by the offline software FIJI, shows characteristic
overlapping among signals indicating colocalization between the two channels. Furthermore,
co-localization with Mito Tracker Deep Red was confirmed by a Pearson’s coefficient value

of 0.96.
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Figure 3.21 Widefield images of organic peptide probe-A and Mito Tracker Deep Red
(Individual channel), Colocalized image of organic peptide probe-A and Mito Tracker Deep
Red, 3D Widefield projection of the same. Bottom row: Intensity profile diagrams for
individual and combined channels, Pearson’s coefficient for the same. The experiment was

carried out on RAW Macrophages

On the other hand, when the colocalization experiments were carried out using Lyso Tracker
Deep Red, they yielded widefield images which showed minimum colocalization between the
two channels as illustrated by the widefield images, and intensity profile diagrams shown in
Figure 3.22. The intensity profile diagram for the merged widefield image showed that the
peaks obtained from the lyso tracker deep red do not match with that of the organic peptide
probe-A and the Pearson’s coefficient gave a very low value indicating the lack of
colocalization between two channels. Hence from both colocalization experiments it could be

concluded that organic peptide probe-A is localized over mitochondria.
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Figure 3.22 Top row: Widefield images of Organic peptide probe-A and Lyso Tracker Deep
Red (Individual channel), Colocalized image of organic peptide probe-A and Lyso Tracker
Deep Red, 3D widefield projection of the same. Bottom row: Intensity profile diagrams for
individual and combined channels, Pearson’s coefficient for the same. The experiment was

carried out on RAW Macrophages

3.7.2 Dual colour imaging for Peptide probe-A

From the previous sections of this chapter it was shown that organic peptide probe-A
demonstrated organelle specific SR imaging exclusively localizing on mitochondria. As the
probe exhibits a large Stokes shift there is always a possibility of employing a complimentary
probe with distinct spectral characteristics to carry out cellular investigation pertaining to
another organelle simultaneously. Indeed, Pan et al'® have already demonstrated a
mitochondrial targeting cyanine dye, which could be employed as a dual colour probe.

In this work we sought to demonstrate that dual colour SR microscopy could be carried out
using our peptide functionalized organic probe. The probe shows emission in the red region
(580 to 620 nm) when it is excited at 568 nm and it was used as a dual colour probe along
with a Hoechst dye, which has distinct spectral characteristics when compared to organic
peptide probe-A. The nuclear imaging probe Hoechst 33342 exclusively images the nucleus

while organic peptide probe-A specifically images the mitochondria as shown in Figure 3.23.
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Figure 3.23 (A) Top row (Left to Right): Widefield images of organic peptide probe-A and
Hoechst (Individual channel), Dual colour Image of organic peptide probe-A and Hoechst
combined. Bottom row (Left to Right): SIM images of Organic peptide probe-A and
Hoechst (Individual channel), Dual colour Image of Organic peptide probe-A and Hoechst
combined. (B) Compartive 3D-WF and 3D-SIM of the Dual colour image of the same area.

The experiment was carried out on RAW Macrophages
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3.8 SUMMARY

ROS/RNS detecting probes and a mitochondria specific probe were optimised as super
resolution microscopy probes. The ROS/RNS probes, which were optimised for SIM, gave
information about the nature of intracellular localisation, spread of signals across multiple
cellular compartments, generation of signals from particular cellular compartments and
specific organelles, whilst the mitochondria probe showed clear localization in its target
organelle. Further work would involve utilising similar probes targeting different organelles
or other reactive species which form the basis of biological disorders with the help of

superior microscopy techniques.
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40 IN CELL OPTICAL MICROSCOPY STUDIES ON
NANOMATERIALS

4.1 NANOCAPSULES AS CELLULAR DELIVERY VECTORS

Polymeric nanocapsules have enormous potential within various domains of nanomedicine
such as drug delivery, imaging and sensing. Nanocapsules are of interest for biomedical
science because they can be used for the controlled release of drugs and specific organelle
targeting. Nanocapsules offer unlimited opportunities for the encapsulation of useful
compounds, ranging from hydrophobic/hydrophilic drugs, small RNAs, inorganic
nanoparticles and imaging/contrast agents. In general, nanocapsule morphology allows a
large aqueous core to polymer ratio, facilitating encapsulation of a large payload, which is
otherwise not possible for their bulk particle counterparts. To use nanocapsules as drug
delivery vehicles, they should be biocompatible, able to protect payload from external
environment (in vivo degradation), possess site specificity, and enable controlled release of
the payload. If they meet these criteria, nanocapsules with tailor-made properties will make a
significant contribution to the development of advanced drug delivery systems® 72173,
Polymeric nanocapsules can be prepared by using numerous methods such as layer-by-layer
assembly, double emulsion technology, nanoprecipitation, coacervation, and (micro-, mini-)
emulsion polymerisation techniques'’**”>. Among these different heterophase polymerisation
techniques, inverse mini-emulsion has an almost default position, as it allows for effective
encapsulation of both hydrophobic as well as hydrophilic compounds — Figure 4.1. Recent
advanced technology has been utilized to formulate nanocapsules that preserve the inherent
photophysical properties of their components™®?.

As the nanocapsules discussed in this section has been generated using the emulsion
polymerisation technique an outline of this method is provided in this section. Emulsion
polymerization involves mixing homogenous solutions at room temperature. The resulting
mini-emulsion is maintained under anhydrous conditions at slightly elevated temperature.
Over time this results in the formation of core shells by polymerisation. The particle size,

distribution and the polydispersity are all controllable®®

. Multi-potent nanocarriers of
excellent homogeneity in size, that can be drug-loaded, have been successfully prepared by
mini-emulsion procedures combined with many different reactions, including click

chemistry, polycondensation, radical polymerization and oxidative polymerization.
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Figure 4.1 Inverse mini-emulsion technique to synthesize nanocapsules
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The use of emission-based microscopy, offers huge opportunities for investigating the
complex interactions between such nanomaterials and biological entities*****?, Furthermore,
it allows the behaviour of engineered nanocapsules in complex biological environments to be
monitored. Working in the NCL, Pune India, Dr. Sumit Kumar Pramanik employed the
inverse mini-emulsion approach to produce nanocapsules containing non-isocyanate
polyurethane linkages. Most encapsulation techniques employ either isocyanate in solvent or
bulk to construct the core shell. Payloads are then encapsulated into this hydrophilic core

shell'®. Encapsulation delays the release of the payloads'®®

, Which in effect is one of the most
important criterion required for cellular drug delivery technologies. The nanocapsules utilized
in this project have been constructed by employing environmental friendly techniques. A
isocyanate-free, inverse mini emulsion technique was employed to generate nanocapsules
with uniform particle size. In this initial study, hydrophilic luminescent dyes (rhodamine
green or rhodamine 6G) were used as a model encapsulation guest, so that the cellular uptake
of the nanocapsules could be directly monitored by microscopy. The details of loading and
size of the nanocapsules, which were determined in India, are summarized in Table 4.1. All
of the following optical microscopy studies were carried out in Sheffield.

Red and Yellow nanocapsules:

The inverse mini-emulsion technique was used to produce nanocapsules containing urethane
linkages as shown in Figure 4.1, through an interfacial poly-addition reaction between
stoichiometric amounts of amine (1,8-diaminooctane) and carbonate (adipate biscarbonate or
sebacate biscarbonate) as the respective bi-functional monomers. In this approach, NaCl
solution was used to build up the osmotic pressure of the droplets in the continuous
hydrophobic phase. Rhodamine green was enacapsulated in the hydrophilic core leading to
yellow nanocapsules (YNC) and rhodamine 6G dye was encapsulated in the hydrophilic core
leading to red nanocapsules (RNC). Hypermer B246, a polymeric surfactant with outstanding
dispersion and emulsion stability properties was used during the encapsulation. The
luminescence from the nanocapsules is predominantly generated from the payloads; in other
words, the spectral characteristics of the nanocapsules changes only because of these changes
in payload. The uniform particle size and surface area of the nanocapsules are important
characteristics in efficient encapsulation. The photophysical properties and stability of the
loaded nanocapsules guarantees that the in-cell emission expected on controlled release of the

payloads can be exploited in bio-imaging.
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Capsules Dispersed phase Additive phase | Size/PDI (org. | Size/PDI (aq.
phase) phase)
YNC 0.57 mmol 0.57 mmol | 163nm/0.07 241nm/0.19
1,8-diaminooctane, Adipate bis
rhodamine green carbonate, TEA
0.57 mmol 0.57 mmol
RNC 1,8-diaminooctane, Sebacate bis | 179nm/0.06 248nm/0.21

rhodamine 6G

Carbonate, TEA
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Table 4.1: Details of the Nanocapsules — Loading and Dimensions




4.2 SIM IMAGING OF NOVEL NANOCAPSULES CARRYING PAY
LOADS

4.2.1 CONCENTRATION DEPENDENT CELLULAR UPTAKE OF NANOCAPSULE
PAYLOADS

RED NANOCAPSULES (RNC):

Since red nanocapsules encapsulate Rhodamine 6G as the payload, their luminescence is
observed in the RFP or Alexa Fluor 568 region in the range of 570 to 600 nm. The brightness
of the red nanocapsules meant they are compatible with super resolution SIM microscopy,
particularly as they display continuous emission with minimum photobleaching. Optimising
the red nanocapsules as SIM probes required a number of parameters to be explored. These
included optimal concentration of probe, the identification of suitable cell lines, appropriate
laser power, scanning time, size of optical sections to match with the characteristics of the
probe.

Concentration dependent experiments are particularly important in SIM as image
reconstruction in this technique can produce loss of emission intensity and brightness.
Therefore, the choice of the right drug/dye concentration becomes crucial in obtaining high
quality images. Using RAW macrophages the concentration dependent uptake of the RNC
were investigated. Widefield and SIM images, carried out using OMX-SIM at the University
of Sheffield, are shown in Figure 4.2. These images indicate that the RNCs seem to be mainly
localised in the cytosol region of RAW Macrophages. The incubation time of 12 hours
seemed to suffice for cellular internalisation but a time dependent experiment was also
carried out, vide infra. Loss of emission intensity happens during SIM reconstruction as this
technique rejects non-coherent emission signals, whilst excess brightness can lead to signal
saturation generating optical artefacts and blurring leading to loss of super resolution and
valuable information. Therefore it is essential to find a probe concentration which
compliments the image acquisition parameters. Near perfect SIM and 3D-SIM images were
obtained at 15 pug/mL uptake. The sequence of SIM and its corresponding 3D-SIM images,
acquired for different concentration, shown in Figure 4.2 (A) confirm this.
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B Incelluloluminescence - Red Nanocapsules

Brightness {Units)

20ug

Concentration (ug)

Figure 4.2 (A) Top row (Left to Right): SIM Images of Red nanocapsules (RNC) cellular
uptake in RAW Macrophages at diverse concentration, Bottom row (Left to Right): 3D-
SIM of the same. (B) Bar chart showing extent of Incellulo luminescence at diverse RNC

concentration. Scale bar: 10 pm
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4.2.2 YELLOW NANOCAPSULES (YNC):

Yellow nanocapsules with Rhodamine green as payloads were expected to show emission in
the GFP or FITC channel. As was mentioned in the previous section, determination of
optimum nanocapusles or drug concentration is one of the essential criteria in optimising the
nanocapsules for SIM. The concentration dependent uptake of the yellow nanocapsules
(YNC) was carried out in a similar way as was in the case of red nanocapsules. Again the
extent of cellular uptake in RAW macrophages at different concentration of YNC as shown in
Figure 4.3 was determined using widefield and SIM and a nanocapsule treatment of 15 pg/mL
for intracellular emission was confirmed to be optimal. SIM and the corresponding 3D-SIM
images obtained at different concentration of yellow nanocapsules uptake, as shown in Figure
4.3 (A), indicates that near perfect SIM and 3D-SIM - showing minimum or no artefacts - can
be obtained at 15 pg/mL which confirms the applicability of the yellow nanocapsules with
SIM.
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B Incelluloluminescence - Yellow Nanocapsules

Brightness (Units)

C'o'nscentratlon |ugy
Figure 4.3 (A) Top row (Left to Right): SIM Images of yellow nanocapsules (YNC)
cellular uptake in RAW Macrophages at diverse concentration, Bottom row (Left to Right):
3D-SIM of the same. (B) Bar chart showing extent of Incellulo luminescence at diverse YNC

concentration. Scale bar: 10 um
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4.2.3 Intracellular colocalisation of nanocapsules

Nanocapsules are mainly applied in bio-imaging application and theranostics because of their
dual applicability towards imaging and drug delivery in cells, which in future could be
extended to in vivo applications. Specific cellular organelle targeting using nanocapsules with
the aid of super-resolution microscopy as an imaging platform has been rare because of a
variety of limitations exhibited by nanomaterials reported by researchers such as Yu et al*®
and Guo et al'®?. The limitations of applying nanocapsules as a dependable cellular imaging
probe include: the non-cell friendly reagents required to prepare hydrophilic cores (as seen in
the work carried out by Yu et al*®, lack of specificity towards target cells, poor uptake, and

poor stability. Although some reports like Guo et al*®

show that the nanocapsules prepared
using environmental friendly methods can target cancer cells in particular, these have not
been reported to target specific intracellular organelle. Although the lack of super resolution
microscopy studies involving nanocapsules was one of the motivations behind this study, its
main objective was to investigate whether the new systems target specific organelles within
cells.

Intracellular localization of Red nanocapsules:

The in cellulo studies on the loaded nanocapsules discussed in the previous section indicated
that the emission signals are originating from the cytosol region in the cells. The exact
location was ascertained by colocalization experiments. The initial uptake experiments
suggested that the RNC were localising in mitochondria. Like the concentration dependent
uptake experiments, these colocalization experiments were carried out using RAW
macrophages. Since the loaded RNC are excited at 568 nm and emit at 570 to 620 nm, Mito
Tracker Green and Mito Tracker Deep Red were employed as complementary probes as Mito
Tracker Green excites at 488 nm and emits in the range of 500 to 550 nm and the Mito
Tracker Deep Red excites at 644 nm and emits > 670 nm. Since the spectral profile of Mito
Tracker Deep Red is completely different to the Red nanocapsules, colocalization
experiments with the commercial probe could be carried out in order to confirm the
authenticity of any colocalization results obtained with Mito Tracker Green. The
colocalization experiments showed that the in cellulo signals of Mito Tracker Green and
RNC matched with a Pearson’s coefficient 0.97. The confirmation experiments performed
with Mito Tracker Deep Red also showed a very high Pearson’s coefficient (0.91) confirming

that RNC localize on to the mitochondria.
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Figure 4.4 (A) Top (Left to Right): Widefield images of Red nanocapsules (RNC) and Mito
Tracker Green (MTG) (Individual channel), Colocalized. Bottom: Pearson’s coefficient of
the same (B) Comparative widefield images of RNC and MTG and their corresponding

Intensity profiles.
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Mito Tracker Deep Red
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Figure 4.5 (A) Top (Left to Right): Widefield images of Red nanocapsules (RNC) and Mito
Tracker Deep Red (MTDR) (Individual channel), Colocalized. Bottom: Pearson’s coefficient
of the same. (B) Comparative widefield images of RNC and MTDR and their corresponding
Intensity profiles.
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4.3 CELLULAR IMAGING USING NOVEL NANOPARTICLES

Introduction:

Nanoparticles (NPs) with targeted localisation offer great potential in therapeutics and
imaging technologies. Luminescent NPs shows advantages of low bandwidth, tunable
emission with long luminescent lifetime, large Stokes and anti-Stokes shift, high chemical
and photo-stability, low auto-florescence and very low toxicity. Through two-photon up-
conversion, UC, these systems can be excited with near-infrared light at wavelengths that are
within the biological optical window. Anti-Stokes shifts emission exhibited by the UC
nanoparticles has gained considerable attention and they are regarded as promising bio-
imaging probes because of their versatility in terms of chemical composition, unique optical
properties, and facile adaptability towards surface functionalization as demonstrated by Park

|193

et al™. For imaging technologies UC is advantageous as it minimizes scattering and

supresses background emission from endogenous fluorophores leading to high signal-to-noise
ratios'’"17°.

It is known that, hexagonal -phase NaYF, is an excellent up-converting host material and
many studies have used p-NaYF, nanoparticles doped with Yb-Er or Yb-Tm or Y-Ho rare-
earth ion couples for such studies’’"*"®. Although, p-NaYF4: Yb,Ef/Tm/Ho luminescent
nanoparticles have been used for the detection of avidin, DNA and in imaging cells and

tissues, work on biological applications on these systems'’**®

, especially in specific
subcellular organelle imaging or targeting drug delivery to specific organelles is still rare as
seen in the work demonstrated by Yang et al'®. There are also previously reports showing
up-conversion polymeric nanocapsules that target cancer cells; for example the work of
Bazylinska et al*®?, but specific organelle targeting was not reported in this case. Also,
although it has been shown previously that UC nanoparticles (UCNPS) can promote singlet
oxygen and ROS generation when internalised in cells, as demonstrated by Yang et al*®,
these systems lack specific organelle tracking ability. Herein, UC nanoparticles (UCNPS),
whose surface chemistry has been designed to produce low cytotoxicity, high cellular uptake,
and specific lysosome targeting are investigated.

In the NCL Pune, NaYF4:Yb, Gd nanoparticles with uniform size that possess intense
fluorescence were synthesised by Dr. Sumit Kumar Pramanik using a hydrothermal reaction
following a typical Stober-based surface modification, primary amino groups were introduced

on to their surface, allowing chemical coupling between the nanoparticles and other moieties.
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In this case the moiety used was the lysosomal targeting peptide (LTP) which was conjugated
to the functionalised UCNPs. Specific lysosomal delivery is important for therapeutics which
includes cancer, neurodegenerative diseases, and other diseases where reactive oxygen

species (ROS) are involved.
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Figure 4.6 Schematic presentation for the development of LTP-Conjugated UC-NP

The surface functionalization of NaYF4:Yb,Gd UCNPs using LTP, a C-terminal 20-residue
sequence from the lysosome-associated membrane glycoprotein, is shown as a schematic in
Figure 4.6. The sequence of LTP, used for these studies, is MAAPGSARRPLLLLLLLLLL,
where the N-terminal is protected with biotin and the C-terminal of leucine is available for
facile conjugation to the UCNPs.

The cellular uptake and subcellular localisation property of these LTP appended UCNPs were
successfully investigated by two-photon and widefield microscopy using the RAW
Macrophages. The main aspects of novelty in these studies on nanoparticles - which
separates from those research carried out by Yang et al'®, Bazylinska et al*®* - include,
conjugating the nanoparticles with specific lysosome targeting sequence specific peptide and
the high photostability and brightness of the UCNPs, allowing them to be employed as two
photon microscopy probes. These experiments reveal that the UCNPs can serve as two-
photon bio-labels that show uptake into specific regions of the cytosol in RAW macrophages.
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4.3.1 Nanoparticles as concentration dependent Two photon imaging probes
Introduction:

One of the most important consequences of the two-photon up-conversion process in UCNPs
is that they can be employed for both widefield imaging as well as total internal reflection
imaging. Considerable amount of autofluorescence can be eliminated by using UCNPs as a
two-photon probe. As the UCNPs luminescence lies in the visible region, on two-photon
excitation at 980 nm, they could be employed as effective bio-imaging probes without causing
excessive photo-damage to cells. Concentration dependent uptake studies on UCNPs were
carried out to ascertain the areas of localization, extent of uptake and its distribution. As the
use of UCNPs leads to low auto fluorescence, high contrast and very low background signals,
greater cellular details could be explored and detailed information with regard to the NPs
organelle specificity could be ascertained™®.

Concentration dependent uptake experiments to exactly determine the extent of uptake of
UCNPs in RAW macrophages were carried out using two-photon microscopy. The intense
emission signals obtained on excitation confirmed uptake and indicated that the in cellulo
luminescence is originating the cytosol region. The images revealed that some regions of the
cytosol produce more intense signals than other regions, indicating that the UCNPs might be
localizing in one or more specific regions in the intracellular environment. The extent of
uptake increases with increase in concentration of the UCNPs and this is shown in the surface
plot generated from the microscopy images. The distinctive cytosol accumulation of the

UCNPs led us to probe into the details of their localization.
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4.3.2 Intracellular localization of nanoparticles:

Since reports of UCNPs that target specific intracellular organelles are rare, intracellular
localisation experiments were carried out on RAW Macrophages with the help of Mito
Tracker Deep Red initially using the widefield microscopy option of OMX-SIM. The NPs
were excited at 488 nm and their emission is collected in the FITC channel (500 to 550 nm).
As Mito Tracker Deep Red channel is far away from the FITC channel, this probe acts as an
ideal foil to determine whether the NP are localizing to the mitochondria or not. The spectral
distinction between the two channels eliminates the possibility of channel overlap and hence
minimizes crosstalk. The results obtained from the colocalization experiments indicated that
the nanoparticles do not localise over mitochondria as there is poor overlap in the signals from
the two probes. This led to carry out additional experiments with Lyso Tracker Deep Red
which has similar spectral characteristics as the Mito Tracker Deep Red, to determine if the
nanoparticles localise over the lysosomes. The results obtained in these experiments suggest
that the NPs do localise in lysosomes. These results were confirmed by the corresponding

intensity profiles and Pearson’s profiles derived from these data.
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Figure 4.8 Top row (Left to Right): Widefield images of nanoparticles and Lyso Tracker
Deep Red (Individual channel), Colocalized image (Merged) of nanoparticles with Lyso
Tracker Deep Red. Bottom row: Intensity profiles of nanoparticles and Lyso Tracker Deep
Red and Pearson’s coefficient for the same.
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4.4 SUMMARY

Targeted intracellular drug delivery using nanomaterials was achieved and tracked by using

Structured illumination microscopy, which helped to delineate the localisation of these
nanomaterials in the intracellular environment. The studied nanocapsules and nanoparticles
specifically localised in different intracellular organelles namely mitochondria and lysosomes
respectively indicating that, in both cases, organelle specific delivery was accomplished.
Further work could involve targeting other intracellular organelles for drug delivery using

nanocapsules or imaging using the nanoparticles.
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5.0 EXPERIMENTS AND ANALYSIS

51 RRP PROBE: SYNTHESIS, SAMPLE PREPARATION,
MICROSCOPY EXPERIMENTS AND ANALYSIS

5.1.1 RRP Probe ([{Ru(Phen)}, Tpphz]** ) - Synthesis:
The synthesis of RRP probe was carried out by the method optimized by Dr. Martin Gill*%,

Step 1:

KBrO
7\ N\ P
— =/ 60%H,S0,
RT, 20h
1,10-phenanthroline 1,10-phenanthroline-5,6-dione (dpq)

1,10-phenanthroline (5 g, 27.8 mmol) was dissolved into concentrated sulphuric acid (30 mL).
Sodium bromide (2.6 g) and nitric acid (15 mL) were then carefully added and the mixture
boiled under reflux for 40 minutes. The solution was cooled and poured over ice (400 g) and
neutralised to pH 7.0 by addition of aqueous sodium hydroxide. An extraction with
chloroform was carried out. The collected organic layers were dried with magnesium
sulphate and the solvent removed by rotary evaporation. The yellow product was

recrystallised using water/methanol (1:50).
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Step 2:

) Ethanol
0 0 ] _ Fthanol
b
N32S203
CH
: 180°C, 2h
1,10-phenanthroline-5,6-dione (dpq)  Tetramethylammonium acetate Tetrapyrido[3,2-a:2°,3’-
c:37°,2°°-h:2"’,3”"’-j]phenazine
(Tpphz)

Tetramethylammonium acetate (15 g, 194.6 mmol), dpq (2.90 g, 13.8 mmol) and sodium
sulfite (300 mg, 1.72 mmol) were boiled under reflux in ethanol (50 mL) for 2 hours at 180°C
under nitrogen. The solution was cooled and water (20 mL) was added resulting the
formation of a yellow precipitate which was collected and washed with water, methanol and

acetone. The crude product was added to boiling EtOH (100 mL), filtered while hot and dried
in vacuo.

Step 3:
X
S
N
DMF | /N\’ NG
7\ \ + RuCL3H,0 —— s
—N = LiCl /R \Cl
Reflux, 8h ,L

1,10-phenanthroline

[Ru(phen),(Cl),]

A mixture of RuCl3.3H,0 (3 g, 11.53 mmol), 1,10-Phenanothroline (22.7 mmol, 4 g),

LiCl (3.1 g, 73.1 mmol) was heated to reflux in N,N-DMF (40 mL) for 8 hours. After cooling
to room temperature, 200 mL of Acetone is added. The reaction mixture was maintained at

0 — 4°C for 16 hours. The precipitate was collected by filtration, washed with water and
Diethyl ether and dried in vacuo.
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Step 4:

X

Z

X
\ N
=N
A
|

F

[Ru(phen),(Cl),]

\\\\\\CI N

N
u

| N

N

Tetrapyrido[3,2-a:2°,3’-

N Ethanol:H,O
—_—
Reflux, 12h

N

1:1

NH,PF,

c:37’,2°°-h:2°"*,3>’~j]phenazine

(Tpphz)

[ {Ru(phen),},(tpphz)]*" (RRP)

4+

A mixture of Ru(Phen),Cl, (1 g, 2 mmol) and Tpphz (278 mg, 0.72 mmol) in a solution of

1:1 Ethanol-Water (80 mL) was refluxed for 12 hours under nitrogen. The solution was

cooled to room temperature and maintained for a further 16 hours at 4°C. The brown solution

was filtered and the residual ethanol was removed by rotary evaporation. The addition of

NH4PFg resulted in the formation of a dark brown precipitate which was collected by

filtration, washed with water and recrystallized in acetonitrile by addition of diethyl ether and

dried in vacuo. No further purification was required. To carry out the tissue culture

experiments, the PFg salt of RRP was converted into its chloride salt by anion metathesis in

acetone using tetrabutylammonium chloride.
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5.1.2 RRP probe: Tissue culture - Sample preparation:

Fixed cells

Single colour experiments:

A2780 cells or MCF7 cells were seeded on cover slips (22 mm X 22 mm, 170 + 5 um square
cover glasses) placed in six well plates in RPMI culture medium containing (10% FBS and
1% Penicillin Streptomycin) for 24 hours at 37°C, 5% CO,. After 24 hours, when 70%
confluency was achieved, the cells were washed with RPMI culture medium then the cells
were treated with the probe for 5 to 10 min. Cells were then washed thrice with culture
medium. After that cells were washed again with Phosphate Buffer Saline (2 times). After
carrying out the Live cell uptake of RRP, the cells were fixed with 4% paraformaldehyde for
15 minutes and then washed thrice with PBS and two times and then the coverslips were
mounted using mounting medium (Vectashield h-1000). The coverslips were then sealed
using nail varnish and the samples were then imaged by 3D-STED, STED, SIM, Wide field
fluorescence microscopy (Deconvoluted) or Airyscan High resolution microscopy.

Multi colour experiments:

The colocalisation studies were carried out by using Mito Tracker Green, Mito Tracker Red
and Mito Tracker Deep Red. MCF7 cells were seeded on cover slips (22 mm X 22 mm, 170
+ 5 um square Cover glasses) placed in six well plates in RPMI culture medium containing
(10% FBS and 1% Penicillin Streptomycin) for 24 hours at 37°C, 5% CO,. After 24 hours
when 70% confluency was achieved the cells were washed with RPMI culture medium and
then treated with RRP for 5 to 10 minutes followed by incubation with Mito Tracker Red,
Mito Tracker Green or Mito Tracker Deep Red for 30 minutes and washed with 2 times
RPMI culture media. Cells were then washed thrice with culture medium. After that, cells
were washed again with Phosphate buffer saline (2 times), fixed with 4% paraformaldehyde
for 15 minutes and then washed thrice with PBS and then the cover slips were mounted using
mounting medium (Vectashield h-1000). The coverslips were then sealed using nail varnish
and the samples were then imaged by SIM, Widefield Fluorescence Microscopy

(Deconvoluted), Airyscan High resolution microscopy.
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Live cells

For live cell microscopy, MCF7 were grown on #1.5H glass bottom slide (Ibidi) and allowed
to grow for a minimum of 24 hours. Cells were thoroughly washed with RPMI 1640 and then
incubated with RRP (500 pM, 4 hours).for confocal, Hyvolution (dCLSM), 3D-STED and
STED microscopy.

5.1.3 Brief description of the types of Microscopy employed

Wide field HR microscopy

Widefield fluorescence microscopy involves collection of greater quantity of light (Including
out of focus light) compared the confocal microscopy technique, which involves loss of more
than 30% out of focus light discarded during image acquisition in this pointilistic technique.
The widefield microscopy technique involves improvement in resolution only after post
processing acquired Z-stacks. Processing of this data is done using Fiji software®®*?%,
Deconvolution Wide field HR microscopy

The deconvolution procedure herein involves the processing of the raw wide field images
obtained from the OMX-SIM (Conventional widefield microscopy mode) and image
processing was carried out by using the Soft Worx software. Deconvolution is a
computationally intensive image processing technique that helps in improving the contrast
and axial resolution post acquisition of the images from 400 nm to 350 nm by removing out
of focus blur from a Z-Stack of acquired images®**2%.

SIM

Structured illumination microscopy (SIM) was carried out using the Delta Vision OMX-SIM.
SIM is a widefield microscopy technique based on Moire’s effect. The resolution
improvement is achieved based on the reconstruction of the acquired image using Soft Worx.
The Z stacks acquired during the imaging are post-processed using the reconstruction option
of Soft Worx. SIM acquisition is dependent mainly on the imaging parameters and
acquisition parameters and this varies depending on the sample and in particularly on the
nature of the probe'**?®*. The RRP probe was excited at 405 or 488 nm and emission was
collected at > 650 nm (Alexa flour 647 channel of the Delta Vision OMX-SIM). The
structured illumination (SI) experimental condition employed for single colour experiments
were mainly dependent on the thickness of the Z stack (Sections 80 to 100), section spacing
(0.125 to 0.250), thickness of the sample (8 to 10). Since the RRP probe is bright with a large

Stokes shift, the image volume (Z-stack) was adjusted in such a way that artefacts arising
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during the imaging was minimised during the SIM image acquisition. In all single colour
experiments, exposure time was between 30 to 60 and %T was in the range of 30 to 50. When
colocalisation experiments were performed with Mito Tracker Red, Mito Tracker Green and
Mito Tracker Deep Red, the SIM conditions were maintained in accordance to the RRP
probe.

STED

In the STED technique the extraordinary photostability and long life times of the RRP probe
was exploited. RRP is a super stable probe with long triplet life times. A photostable probe
could withstand the harsh image acquisition conditions of STED microscopy and hence
superior super-resolutions are possible by using STED. As explained in chapter 1, STED
involves two laser sets, one for excitation and another for depletion of already excited
luminophore'*®*9"1%8  The possibility of applying RRP as a STED probe is examined and is

explained in this chapter.

5.2 MULTIMODULAR IMAGING USING RRP PROBE

Single colour SIM:

Single colour SIM experiments for RRP were performed for 50 uM RRP on A2780 cells. The
uptake was carried out for 5 to10 minutes. The RRP probe was excited at 405 or 488 nm and
the emission was collected at > 650 nm. The SIM conditions maintained were: thickness of
the Z-stack (sections 50 to 100), section spacing (0.125 to 0.250), thickness of the sample (8
to 11), exposure time was between 10 to 50 and the %T was in the range of 30 to 80.
Concentration dependent nuclear-uptake experiments were carried by using widefield
deconvolution microscopy at diverse range of RRP concentration ranging from 750 nm to
300 uM. The Widefield conditions maintained were: thickness of the Z stack (sections 40 to
80), section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was
between 10 to 30 and the %T was in the range of 30 to 60. The Airyscan High resolution

(HR) microscopy experiments were carried out at RRP concentration of 50 uM.
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Dual colour/Colocalization - SIM, STED, Widefield Deconvoluted, Airy scan:

Due to the broad emission spectra of RRP, colocalization experiments were performed with a
series of commercial Mito Trackers available: Mito Tracker Red, Mito Tracker Deep Red and
Mito Tracker Green. Colocalization experiments were performed by using low concentrations
of RRP in to order to monitor RRP colocalization over mitochondria. Dual colour or
Multicolour imaging for RRP with Mito Trackers was possible at high RRP concentration.
RRP and Mito Tracker Red:

For the colocalization experiments, MCF7 cells were incubated with RRP (4 uM to 25 uM)
for 5 minutes and then the cells were incubated with Mito Tracker Red (1 uM) for 30
minutes. For the Dual colour experiments, MCF7 cells were incubated with RRP (4 uM to 25
uM) for 5 minutes and then incubated with Mito Tracker Red (1 uM) for 30 minutes. The
cells were washed regularly three times with culture media and PBS (two to three times), the
cells were then fixed with 4% paraformaldehyde and mounted and navigated initially for
proper cell morphology by using Light microscope and then imaged by using Structured
[llumination Microscopy (SIM), Airyscan HR microscopy, Widefield microscopy (WF). The
RRP probe was excited at 405 or 488 nm and the emission was collected in the Alexa fluor
647 channel (> 650 nm) and the Mito Tracker Red was excited at 568 nm and the emission
was collected in the Alexa fluor 568 channel (570 nm to 620 nm). The SIM imaging
conditions maintained are, For RRP: Thickness of the Z stack (Sections 50 to 100), section
spacing (0.125 to 0.250), thickness of the sample (8 to 11), exposure time was between 10 to
50 and the %T was in the range of 30 to 80. For Mito Tracker Red: Thickness of the Z stack
(Sections 50 t0100), section spacing (0.125 to 0.250), thickness of the sample (8 to 11),
exposure time was between 10 to 50 and the %T was in the range of 10 to 50. The Widefield
imaging conditions maintained are, For RRP: Thickness of the Z stack (Sections 40 to 80),
section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was
between 10 to 30 and the %T was in the range of 30 to 60. The Widefield imaging conditions
maintained are, For Mito Tracker Red: Thickness of the Z stack (Sections 40 to 80), section
spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was between 10 to
50 and the %T was in the range of 30 to 60.
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RRP and Mito Tracker Green:

For the colocalization experiments, MCF7 cells were incubated with RRP (4 uM) for 5
minutes and then the cells were incubated with Mito Tracker Green (1 uM) for 30 minutes.
The cells were washed regularly three times with RPMI culture media and PBS (two to three
times), the cells were then fixed with 4% paraformaldehyde and mounted and navigated
initially for proper cell morphology by using Light microscope and then imaged by using
Widefield microscopy (Deconvolved). RRP was excited at 405 nm and the emission was
collected in the Alexa fluor 647 channel (> 650 nm) and the Mito Tracker Green was excited
at 488 nm and the emission was collected in the FITC channel (500 nm to 550 nm). The
Widefield imaging conditions maintained are, For RRP: Thickness of the Z stack (Sections
40 to 80), section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time
was between 10 to 30 and the %T was in the range of 30 to 60. The Widefield imaging
conditions maintained are, For Mito Tracker Green: Thickness of the Z stack (Sections 40 to
80), Section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was
between 10 to 50 and the %T was in the range of 30 to 60.

RRP and Mito Tracker Deep Red:

For the colocalization experiments, MCF7 cells were incubated with RRP (4 uM) for 5
minutes and then the cells were incubated with Mito Tracker Deep Red (750 nM) for 30
minutes. The cells were washed regularly three times with RPMI culture media and PBS (two
to three times), the cells were then fixed with 4% paraformaldehyde and mounted and
navigated initially for proper cell morphology by using Light microscope and then imaged by
using Wide field microscopy (Deconvoluted). The RRP probe was excited at 405 or 488 nm
and the emission was collected in the Alexa fluor 647 channel (> 650 nm) and the Mito
Tracker Deep Red was excited at 644 nm and the emission was collected in the Alexa fluor
channel (> 650 nm). The Widefield imaging conditions maintained are, For RRP : Thickness
of the Z stack (Sections 40 to 80), section spacing (0.250 to 0.500), thickness of the sample (8
to 11), exposure time was between 10 to 30 and the %T was in the range of 30 to 60. The
Widefield imaging conditions maintained are, For Mito Tracker Deep Red: Thickness of the
Z stack (Sections 40 to 80), section spacing (0.250 to 0.500), thickness of the sample (8 to

11), exposure time was between 10 to 50 and the %T was in the range of 30 to 60.
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5.2.1 Time dependent Imaging (Widefield microscopy)

The time-dependent uptake of RRP over mitochondria and the nucleus and concentration-
dependent tracking of cellular events was carried out by using Widefield fluorescence
microscopy. Images were acquired in a Nikon Dual cam Widefield fluorescence microscope
fitted with: a Spectra X LED light source (395 nm, 440 nm, 470 nm, 508 nm, 561 nm, 640
nm); single emission filter sets for DAPI, GFP, RFP, Cy5; a Quad filter for
DAPI/GFP/RFP/Cy5 with matching emission filter wheel; a Dual Andor Zyla sCMOS
camera 2560 x 2160; 6.5 um pixels and inbuilt NIS software employed for Widefield
deconvolution. For the time-dependent uptake experiments, 10 uM RRP was used and the
uptake was monitored for time intervals starting from 2 min to 10 min. For the concentration-
dependent tracking of cellular events a range of RRP concentration (1 uM, 5 uM and 50 pM)
was used. The RRP was excited at 470 nm and emission collected at > 650 nm (Cy 5
Channel). Mito Tracker Red was excited at 568 nm and emission collected in the RFP
channel at 570 to 620 nm. Mito Tracker Green was excited at 488 nm and emission collected
in the FITC channel at 500 to 550 nm. Mito Tracker Deep Red was excited at 644 nm and

emission collected at > 650 nm (Cy 5 channel).

5.3 RRP PROBE: TECHNIQUES, IMAGING METHODS AND DATA
PROCESSING

Technical description and Image acquisition — SIM:

SIM was carried out by using the Delta Vision OMX-SIM. The resolution improvement is
achieved based on the reconstruction of the acquired image by using the inbuilt software
namely Soft Worx. The Z stacks acquired during the imaging are post-processed by using the
reconstruction option of Soft Worx. SIM acquisition is dependent mainly on the Imaging
parameters and acquisition parameters and this varies depending on the sample and in
particularly on the nature of the probe. The RRP probe was excited at 405 or 488 nm and the
emission was collected at > 650 nm (Alexa flour 647 channel of the Delta Vision OMX-
SIM). In the case of RRP the Structured Illumination (SI) experimental condition employed
for running the Sl experiment for Single colour experiments were mainly dependent on the
thickness of the Z stack (Sections 80 to 100), section spacing (0.125 to 0.250), thickness of
the sample (8 to 10). As RRP probe is a very bright probe with a large Stokes shift therefore
the image volume (Z-stack) should be adjusted in such a way that artefacts arising during the
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imaging could be minimized during the SIM image acquisition in addition to that %T and
exposure time needed to be adjusted during SIM imaging of RRP, a DNA-binding probe. The
3D-SIM image acquisition mode used using RRP probe include, Z piezo step resolution of 5
nm, 800 ms scan speed in a 120 frame per cycle. The image to image interval during a
complete Z stack is 8 ms. The power is 300 Hz with 60% quantum efficient CMOS camera
with 6.5 um pixel size. Each image in the 3D SIM z-stack is 512X512 pixels, 1 ms exposure
per frame, 125 nm step, 8 z-slices, 15 image per slice, 120 images in total for single colour
imaging, for colocalization and dual colour the conditions are slightly different but essentially
similar. The SIM reconstruction conditions employed include essentially same conditions as
Z-stack image acquisition but the exposure time is 5 ms for 3D SIM reconstruction. The pixel
size for 60X and 100X objective in SIM were 80 and 48 respectively. In all our Single colour
experiments the exposure time was between 30 to 60 and the %T was in the range of 30 to
50. The colocalization experiments were performed with Mito Tracker Red, Mito Tracker
Green and Mito Tracker Deep Red. The Dual colour experiments were performed with Mito
Tracker Red exploiting the concentration dependent preferential nuclear uptake of RRP at
high concentration. In both of these experiments the SIM conditions of these co-staining
agents were maintained in accordance to the RRP probe.

Technical description and Image aquisition - STED:

STED images were taken in a commercial LEICA SP8 3X gSTED SMD confocal
microscope (Leica Microsystems, Manheim, Germany). The microscope is equipped with

3 depletion lines and it is also equipped with a 3D STED additional vortex to obtain higher
spatially resolved images in XY and Z. The excitation laser beam consisted of a pulsed
(80MHz) super-continuum white light laser (WLL). For a cleaner emission the excitation
lines had a clean-up notch filter (NF) in the optical pathway. The gSTED imaging was taken
with a 660 nm depletion laser, and the pulsed STED images with a pulsed 775 nm Laser,
again in every case the respective NF were in place. The objective employed was a Leica
100x/1.4 NA oil objective. The pinhole was set at one Airy unit. The gated HyD detectors
were set with the gated option on and the temporal gated selected was from 2 to 6.5 ns when
depleting at 660 nm. For the 3D STED images the depletion lasers were split in two, the
second vortex was set at 50%. Images of live MCF7 cells were taken at 37°C and 5% CO..
The dye was excited with a WLL at 470 nm, and STED depleted at 775 nm; the emission was
collected from 620 to 710 nm and a gating between 2 and 6.5 ns was used.
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RRP probe: Image analysis and Data processing — STED:

STED nanoscopy resolved the structure of the mitochondria and DNA with high detail, but as
expected the images had low intensity counts, especially when employing the continuous
wavelength depletion laser at 660 nm. To maximise signal-to-noise we deconvolved the
images using a commercially available software (Huygens package software, SVI,
Netherlands). To quantify the background level of noise we used either an automated
quantification provided by the software or a manual by means of computing the averaged
background intensity from regions outside the cell. Better results were obtained with the
manual process. For the deconvolution, 40 iterations, a signal to noise ratio of 15, and the
classical maximum likelihood estimation method provided by the software was employed.
Colocalization analysis was performed using the Huygens software package and the Pearson
colocalization coefficient was quantified. This software allows obtaining the colocalization
map of the regions that colocalize. These map regions could be surface rendered and the
digital image was employed to obtain quantitative values of the objects that colocalise, such
as width, and sphericity. Quantification of the data from the images was obtained by using
the Huygens Professional Software Package (Huygens; Scientific Volume Imaging,
Hilversum, Netherlands). The general protocol for the analysis of any image related to wide
field, Airy Scan, Hyvolution and STED (both single plane XY, YZ and 3D STED, i.e., X, Y
and Z) included several steps: object localization, quantification and characterization, plotting,
and image representation. As a general rule every single confocal plane of a 3D imaging
stack was first deconvolved, the resulting 3D image was surface-rendered, and the 3D iso-
surface was used for quantitative analysis; the advance object analysis module of Huygens
was used to localize, quantify and characterize the geometry of each individual granule; and
the resulting data was exported into graphing and statistics software). The values represented
in the population distribution graphs were obtained from the Huygens software. The surface
rendered images obtained by Huygens Professional, LAX software (Leica SP8) to generate
the surface rendered 3D STED images, and the orthogonal views, the rest of the images has

been post procesed with Fiji (ImageJ).
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5.4 BICYCLOMETALLATED IRIDIUM METAL COMPLEX PROBES
(CC 203-204): EXPERIMENTS AND ANALYSIS

5.4.1 Sample preparation

Cellular Uptake studies for CC 203-204:

A2780 or MCF7 cells were seeded on cover slips (22 mm X 22 mm, 170 + 5 pm square
Cover glasses) placed in six well plates in RPMI culture medium containing (10% FBS and
1% Penicillin Streptomycin) for 24 hours at 37°C, 5% CO,. After 24 hours when 70%
confluency was achieved the cells were washed with RPMI culture medium then the cells
were treated with CC 203 or 204 (50 uM or 100 uM) for 24 hours. Cells were then washed
thrice with culture medium. After that cells were washed again with Phosphate buffer saline
(2 times). After carrying out the live cell uptake of the CC 203 or 204 and then the cells were
fixed with 4% paraformaldehyde for 15 minutes and then washed thrice with PBS and then
the cover slips were mounted using mounting medium (Vectashield h-1000).The coverslips
were then sealed using nail varnish and the sample were then imaged by Wide field
fluorescence microscopy using the Dual cam Nikon.

Colocalization studies for CC 203-204:

The Colocalization studies of CC 203 and 204 was carried out by using Mito Tracker Green
and Mito Tracker Red. A2780 cells were seeded on cover slips (22 mm X 22 mm, 170 £ 5
pm square cover glasses) placed in six well plates in RPMI culture medium containing (10%
FBS and 1% Penicillin Streptomycin) for 24 hours at 37°C, 5% CO,. After 24 hours when
70% confluency was achieved the cells were washed with RPMI culture medium then the
cells were treated with 1 uM (Mito Tracker Green or Mito Tracker Deep Red) for 30 minutes
and washed with 2X RPMI culture media and then treated with 50 uM CC 203 or 204 for 24
hours. Cells were then washed thrice with culture medium. After that cells were washed again
with Phosphate Buffer Saline (2X PBS). After carrying out the live cell uptake of the CC 203
or 204 and then the cells were fixed with 4% paraformaldehyde for 15 minutes and then
washed thrice with PBS and then the cover slips were mounted using mounting medium
(Vectashield h-1000). The Coverslips were then sealed using nail varnish and the sample

were then imaged by Widefield fluorescence microscopy using the Dual cam Nikon.
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5.4.2 Imaging

Single colour imaging:

The complexes CC 203 and 204 were excited at 470 nm and the emission was collected
between 570 nm to 620 nm (RFP channel of Dual cam Nikon Wide field fluorescence
microscope). The Widefield imaging conditions employed for the cellular uptake studies of
the A2780 and MCF7 cells. The Widefield microscopy conditions maintained include,
thickness of the Z stack (Sections 40 to 100), section spacing (0.250 to 0.500), thickness of
the sample (8 to 15).

Colocalization (Multi colour imaging):

The complexes CC 203 and 204 was excited at 470 nm and the emission was collected
between 570 nm to 620 nm (RFP channel), Mito Tracker Green was excited at 470 nm and
the emission was collected between 500 nm to 530 nm (GFP channel), Mito Tracker Deep
Red was excited at 640 nm and collected between 650 nm to 700 nm (Cy5 channel). The
colocalization experiments were carried out using the same microscopy conditions as

mentioned for single colour experiments.

5.4.3 Cytotoxicity and ICP-MS studies

ICP-MS:

Cell cultures were grown on 60 mm dishes at a seeding density of 5 x10° cells per dish and
incubated for 24 hours. Cells were then treated with the complex (solubilised in and
maintained at 10% PBS/H,O: 90% medium throughout all solutions) at the stated
concentration and incubated for 24 hours. All complex solution (or control medium) was
removed, cells washed and 200 pL serum free medium added. Cells were detached by
scraping and transferred to a falcon tube, where 20 pL of each sample was removed for cell
counting. Each sample was transferred to a glass sample tube, 1 mL concentrated HNO;
added, heated to 60°C overnight and then diluted to 5 ml total volume with ultrapure Milli-Q
H,O before analysis of iridium content by inductively coupled plasma mass spectrometry
(ICP-MS). Using the obtained iridium concentration, the sample volume, number of cells per
sample and the assumption of a cell volume of 2 x10™ L an estimate of intracellular

concentration (mol L™) could be deducted.
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Cytotoxicity:

Cells were maintained in RPMI 1640 medium supplemented with 10% FBS, 100 mg mL™*
streptomycin, 100 units mL™ penicillin, and 2 mM glutamine at 37°C in a humidified
atmosphere containing 5% CO,. Experimental cultures were grown on 48 well plates at a
seeding density of 5 x 10* cells per well and incubated for 24 hours. The cells were then
treated with complex (solubilised in DMSO and PBS and maintained at a final concentration
of 9.99% PBS and 0.01% DMSO throughout all solutions) of a 1 — 200 uM concentration
range, in triplicate, and incubated for 48 h. The Culture media was removed and cells
incubated with MTT (0.5 mg ml™ dissolved in PBS) for 30 — 40 min. The MTT was removed
and formazan product eluted using 120 pL/well acidified isopropanol, 100 puL of which was
transferred to a 96 well plate for the absorbance to be quantified by spectrophotometer (540
nm, referenced at 640 nm). An average absorbance for each concentration was calculated and
cell viability was determined as a percentage of the untreated negative control wells (0.1%
DMSO: 9.99% PBS: 90% medium, average of triplicate). Data were plotted in a graph of
concentration against cell viability to produce a curve from which the 1Csy value could be
derived by interpolation.
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55 ROS PROBE: SAMPLE PREPARATION, MICROSCOPY
EXPERIMENTS AND ANALYSIS

5.5.1 ROS PROBE 1

Intracellular HOCI Detection Experiments (SIM and Widefield microscopy)

(A) Detection by External Addition of HOCI:

Intracellular detection of HOCI by ROS probe-1 probe was carried out using SIM. The
experiment was carried out by incubating the 70% confluent RAW Macrophages with 10 uM
ROS probe-1 in DMEM medium with 10% FBS and 1% Penicillin streptomycin at 37°C, 5%
CO;, for 25 minutes. The cells were further treated with varied concentration of NaOCI as
mentioned above for 30 minutes. Both live and fixed cell imaging were carried out by using
Widefield fluorescence microscopy. SIM was carried out only on fixed cells.

(B) Endogenous Detection of HOCI:

In order to determine whether the ROS probe-1 could detect HOCI generated inside the cells,
we carried out an experiment with Lipopolysaccharide (LPS). The experiment was carried
out by incubating the 70% confluent RAW Macrophages with increase in concentration of
LPS from 100 ng to 2500 ng in DMEM medium with 10% FBS and 1% Penicillin
streptomycin at 37°C, 5% CO, for 24 hours. The cells were further treated with 10 uM of
ROS probe-1 for 30 minutes. The increase in in cell luminescence with increasing
concentration of LPS in the cells was imaged by SIM and also Widefield microscopy.

(C) Intracellular Signal attenuation and spreading experiment:

This experiment was carried out on fixed cells using SIM. The experiment was carried out by
incubating the 70% confluent RAW Macrophages with in DMEM medium with 10% FBS
and 1% Penicillin streptomycin at 37°C, 5% CO; for 24 hours. The cells were first treated
with 10 uM of ROS probe-1 for 30 minutes and then treated with LPS (2500 ng) for specific
time intervals namely 2 minutes, 15 minutes, 30 minutes, 1 hour, 2 hour, 7 hour and 12 hours.
The changes in incellular luminescence according to different time intervals was imaged by
Structured illumination microscopy and also Widefield fluorescence microscopy. The signal
development and spreading were recorded using SIM and 3D-SIM.
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5.5.2 Colocalization SIM and Widefield microscopy Experiments:

(A) Colocalization experiments with ER Tracker Green:

The co-staining experiments with ER Tracker Green was carried out by incubating the ER
Tracker Green (1 puM) further for 30 minutes after incubating the RAW Macrophages with
ROS probe-1 (10 uM) initially for 25 minutes and NaOCI (20 uM) for a further 30 minutes.
The cells were washed regularly three times with DMEM culture media and PBS. The
cellular uptake of both the probes are carried out in live cells and then the cells were fixed
with 4% paraformaldehyde and mounted and navigated initially for proper cell morphology
by using Light microscope and then imaged by using Structured illumination microscopy
(SIM) and Wide field microscopy (WF). The ROS probe-1 was excited at 568 nm and the
emission was collected in the Alexa fluor channel (570 nm to 620 nm) and the ER-Tracker
Green was excited at 488 nm and the emission was collected in the FITC Channel (500 nm to
550 nm). The SIM imaging conditions maintained are, For ROS probe-1: Thickness of the Z
stack (Sections 50 to 100), section spacing (0.125 to 0.150), thickness of the sample (8 to 11),
exposure time was between 3 to 30 and the %T was in the range of 10 to 50. For ER Tracker
Green: Thickness of the Z stack (Sections 50 t0100), section spacing (0.125 to 0.150),
thickness of the sample (8 to 11), exposure time was between 10 to 50 and the %T was in the
range of 10 to 50. The Widefield imaging conditions maintained are, For ROS probe-1:
thickness of the Z stack (Sections 40 to 80), section spacing (0.250 to 0.500), thickness of the
sample (8 to 11), exposure time was between 1 to 30 and the %T was in the range of 2 to 30.
For ER Traker Green: thickness of the Z stack (Sections 40 to 80), section spacing (0.250 to
0.500), thickness of the sample (8 to 11), exposure time was between 10 to 50 and the %T
was in the range of 2 to 30.

(B) Colocalization experiments with Cytopainter Golgi Tracker Green:

The co-staining experiments with Cytopainter Golgi Tracker Green was carried out by
incubating the Cytopainter Golgi Tracker Green (1 pM) further for 30 minutes after
incubating the RAW Macrophages with ROS probe-1 (10 uM) initially for 25 minutes and
NaOCI (20 uM) for a further 30 minutes. The cells were washed regularly three times with
DMEM culture media and PBS. The cellular uptake of both the probes are carried out in live
cells and then the cells were fixed with 4% paraformaldehyde and mounted and navigated
initially for proper cell morphology by using light microscope and then imaged by using
structured illumination microscopy (SIM) and Widefield microscopy (WF). The ROS probe-
1 was excited at 568 nm and the emission was collected in the Alexa fluor channel (570 nm

to 620 nm) and the Cytopainter Golgi Tracker Green was excited at 488 nm and the emission
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was collected in the FITC Channel (500 nm to 550 nm). The SIM imaging conditions
maintained were: for ROS probe-1: thickness of the Z stack (sections 50 to 100), section
spacing (0.125 to 0.150), thickness of the sample (8 to 11), exposure time was between 10 to
50 and the %T was in the range of 2 to 30. The SIM imaging conditions maintained are: for
Golgi Tracker Green: thickness of the Z stack (Sections 50 to 100), section spacing (0.125 to
0.150), thickness of the sample (8 to 11), exposure time was between 10 to 50 and the %T
was in the range of 2 to 30. The Widefield imaging conditions maintained are: for ROS
probe-1: thickness of the Z stack (Sections 30 to 60), section spacing (0.250 to 0.500),
thickness of the sample (8 to 11), exposure time was between 2 to 30 and the %T was in the
range of 2 to 30. For Golgi Tracker Green: thickness of the Z stack (Sections 80 to 100),
section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was
between 2 to 30 and the %T was in the range of 2 to 30.

(C) Colocalization experiments with Mito Tracker Green:

The co-staining experiments with Mito Tracker Green was carried out by incubating the Mito
Tracker Green (1 pM) further for 30 minutes after incubating the RAW Macrophages with
ROS probe-1 (10 uM) initially for 25 minutes and NaOCI (20 uM) for a further 30 minutes.
The cells were washed regularly three times with DMEM culture media and PBS. The
cellular uptake of both the probes are carried out in live cells and then the cells were fixed
with 4% paraformaldehyde and mounted and navigated initially for proper cell morphology
by using Light microscope and then imaged by using Widefield microscopy (WF). The ROS
probe-1 was excited at 568 nm and the emission was collected in the Alexa fluor channel
(570 nm to 620 nm) and the Mito Tracker Green was excited at 488 nm and the emission was
collected in the FITC channel (500 nm to 550 nm). The Widefield imaging conditions
maintained are, For ROS probe-1: Thickness of the Z stack (Sections 30 to 60), section
spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was between 2 to
30 and the %T was in the range of 2 to 30. For Mito Tracker Green: thickness of the Z stack
(Sections 80 to 100), section spacing (0.250 to 0.500), thickness of the sample (8 to 11),
exposure time was between 2 to 30 and the %T was in the range of 2 to 30.
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(D) Colocalization experiments with Lyso Tracker Deep Red:

The co-staining experiments with Lyso Tracker Deep Red was carried out by incubating the
Lyso Tracker Deep Red (500 nM) further for 30 minutes after incubating the RAW
Macrophages with ROS probe-1 (10 puM) initially for 25 minutes and NaOCI (20 puM) for a
further 30 minutes. The cells were washed regularly three times with DMEM culture media
and PBS. The cellular uptake of both the probes are carried out in live cells and then the cells
were fixed with 4% paraformaldehyde and mounted and navigated initially for proper cell
morphology by using Light microscope and then imaged by using Structured illumination
microscopy (SIM) and Widefield microscopy (WF). The ROS probe-1 was excited at 568 nm
and the emission was collected in the Alexa fluor channel (570 nm to 620 nm) and the Lyso
Tracker Deep Red was excited at 644 nm and the emission was collected in the Cy5 Channel
(> 670 nm). The SIM imaging conditions maintained are, For ROS probe-1 : Thickness of
the Z stack (Sections 50 to 100), section spacing (0.125 to 0.150), thickness of the sample (8
to 11), exposure time was between 10 to 50 and the %T was in the range of 2 to 30. For Lyso
Tracker Deep Red: thickness of the Z stack (Sections 50 to 100), Section spacing (0.125 to
0.150), thickness of the sample (8 to 11), exposure time was between 10 to 50 and the %T
was in the range of 2 t030. The Widefield imaging conditions maintained are, For ROS
probe-1 : thickness of the Z stack (Sections 30 to 60), Section spacing (0.250 to 0.500),
thickness of the sample (8 to 11), exposure time was between 2 to 30 and the %T was in the
range of 2 to 30. For Lyso Tracker Deep Red: Thickness of the Z stack (Sections 80 to 100),
section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was
between 2 to 30 and the %T was in the range of 2 to 30.

(E) Dual colour SIM and Widefield microscopy Experiments:

The Dual colour experiments with Hoechst as the nuclear stain was carried out by incubating
the Hoechst (500 nM) further for 30 minutes after incubating the RAW Macrophages with
ROS probe-1 (10 uM) and NaOCI (20 uM) for a further 30 minutes. The cells were washed
regularly three times with DMEM culture media and PBS. The cellular uptake of both the
probes are carried out in live cells and then the cells were fixed with 4% paraformaldehyde
and mounted and navigated initially for proper cell morphology by using light microscope
and then imaged by using Structured illumination microscopy (SIM) and Widefield
microscopy. The ROS probe-1 was excited at 568 nm and the emission was collected in the
Alexa fluor channel (570 nm to 620 nm) and the Hoechst was excited at 405 nm and the
emission was collected in the DAPI Channel (420 nm to 500 nm). The SIM imaging
conditions maintained are, For ROS probe-1: Thickness of the Z stack (Sections 40 to 80),
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section spacing (0.125 to 0.150), thickness of the sample (5 to 8), exposure time was between
10 to 50 and the %T was in the range of 10 to 50. The SIM imaging conditions maintained
are, For Hoechst: Thickness of the Z stack (Sections 40 to 80), section spacing (0.125 to
0.150), thickness of the sample (5 to 8), exposure time was between 50 to 100 and the %T
was in the range of 10 to 50. The WF imaging conditions maintained are, For ROS probe-1:
Thickness of the Z stack (Sections 20 to 50), section spacing (0.250 to 0.500), thickness of
the sample (5 to 9), exposure time was between 10 to 50 and the %T was in the range of 2 to
30. The Widefield imaging conditions maintained are, For Hoechst: Thickness of the Z stack
(Sections 20 to 50), section spacing (0.250 to 0.500), thickness of the sample (5 to 9),

exposure time was between 10 to 50 and the %T was in the range of 2 to 30.

5.5.3 ROS PROBE 2

Imaging experiments with ROS Probe 2:

Concentration dependent uptake experiments:

ROS probe-2 probe according to the mechanism has the potential of showing fluorescence
when it traps the HNO in cell free conditions. The intracellular detection of HNO by ROS
probe-2 probe was proven by using Structured illumination microscopy, were an increase in
luminescence is observed on increase in addition of Angeli’s salt which generated HNO.
Angeli’s salt concentration was varied from 0 UM to 20 puM during a live cell uptake
experiment. The experiment was carried out by incubating the 70% confluent RAW
Macrophages with 1 uM ROS probe-2 in DMEM medium with 10% FBS and 1% Penicillin
streptomycin at 37°C, 5% CO, for 25 minutes. The cells were further treated with varied
concentration of Angeli’s salt (0 UM to 20 uM) for 30 minutes. The increase in incellular
luminescence with increase of generated HNO concentration in the cells was imaged by
Structured illumination microscopy (SIM) and also Widefield fluorescence microscopy. Both
live and fixed cell imaging were carried out by using Widefield fluorescence microscopy.
SIM was carried out only on fixed cells.
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Colocalization SIM and Wide field microscopy experiments:

The Co-staining experiments with ER-Tracker Green was carried out by incubating the ER
Tracker Green (1 puM) further for 30 minutes after incubating the RAW Macrophages with
ROS probe-2 (1 pM) and Angeli’s salt (20 uM) initially for 25 minutes each. The cells were
then washed three times with DMEM culture media and PBS. The cellular uptake of both the
probes are carried out in live cells and then the cells were fixed with 4% paraformaldehyde
and mounted and initially checked for proper cell morphology by using light microscope and
then imaged by using SIM and Widefield. ROS probe-2 was excited at 568 nm and the
emission was collected in the Alexa fluor channel (570 nm to 620 nm) and ER-Tracker Green
was excited at 488 nm and the emission was collected in the FITC channel (500 nm to 550
nm). The SIM imaging conditions maintained are: for ER-HNO probe: thickness of the Z
stack (Sections 40 to 80), section spacing (0.125 to 0.150), thickness of the sample (7 to 10),
exposure time was between 10 to 50 and the %T was in the range of 2 to 30. The SIM
imaging conditions maintained are, For ER-Tracker Green: thickness of the Z stack (sections
40 to 80), section spacing (0.125 to 0.150), thickness of the sample (7 to 10), exposure time
was between 50 to 100 and the %T was in the range of 10 to 50. The Widefield imaging
conditions maintained are: for ROS probe-2: Thickness of the Z stack (Sections 30 to 60),
section spacing (0.250 to 0.500), thickness of the sample (7 to 10), exposure time was
between 10 to 50 and the %T was in the range of 2 to 30. The Widefield imaging conditions
maintained are: for ER-Tracker Green: thickness of the Z stack (Sections 30 to 60), section
spacing (0.250 to 0.500), thickness of the sample (7 to 10), exposure time was between 50 to
100 and the %T was in the range of 10 to 50.

5.5.4 ORGANIC PEPTIDE PROBE-A

Concentration dependent uptake of peptide probe-A in RAW Macrophages:

Concentration dependent experiments using peptide probe-A was carried out using minimum
concentration in the scale of nanomoles. The probe was very bright even at low concentration
and also displayed low toxicity, therefore handling was facile. However, from the microscopy
point of view especially SIM, in which loss of emission intensity and brightness is observed
during generation of images (during image reconstruction), choosing precise concentrations
of drug uptake for generating good SIM images becomes vital for in cell studies. The range

of concentration employed varied between 10 nM to 100 nM.
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Colocalization experiments for peptide probe-A:

The intracellular organelle localisation of peptide probe-A was tracked using Lyso Tracker
Deep Red and Mito Tracker Deep Red. For the colocalisation experiments, RAW
Macrophages were incubated with the peptide probe (50 nM) for 12 hours and then the cells
were incubated with Lyso Tracker Deep Red (750 nM)/Mito Tracker Deep Red (750 nM) for
30 minutes. The cells were washed regularly three times with DMEM culture media and PBS
(two to three times), the cells were then fixed with 4% paraformaldehyde and mounted and
navigated initially for proper cell morphology by using light microscope and then imaged by
using Widefield microscopy (deconvoluted) using OMX-SIM. Peptide probe-A was excited
at 568 nm and its emission was collected in the RFP channel (570 to 620 nm). Lyso Tracker
Deep Red/Mito Tracker Deep Red was excited at 644 nm and their emission was collected in
the Alexa Fluor 647 channel (> 650 nm). The Widefield imaging conditions were: for peptide
probe-A: thickness of the Z stack (Sections 40 to 80), section spacing (0.250 to 0.500),
thickness of the sample (8 to 11), exposure time was between 10 to 30 and the %T was in the
range of 30 to 60. For Lyso Tracker Deep Red/Mito Tracker Deep Red: thickness of the Z
stack (Sections 40 to 80), section spacing (0.250 to 0.500), thickness of the sample (8 to 11),
exposure time was between 10 to 50 and the %T was in the range of 30 to 60. SIM imaging
conditions maintained are; for peptide probe: thickness of the Z stack (Sections 40 to 80),
section spacing (0.125 to 0.150), thickness of the sample (7 to 10), exposure time was
between 10 to 50 and the %T was in the range of 2 to 30. For Lyso Tracker Deep Red/Mito
Tracker Deep Red: thickness of the Z stack (sections 40 to 80), section spacing (0.125 to
0.150), thickness of the sample (7 to 10), exposure time was between 50 to 100 and the %T

was in the range of 10 to 50.
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5.6 NANOCAPSULES: SAMPLE PREPARATION, MICROSCOPY

5.6.1 Red and Yellow nanocapsules

Sample preparation:

Cellular uptake experiments of the nanocapsules (Single colour SIM/ Widefield
deconvoluted microscopy)

RAW Macrophages were seeded on cover slips (22 mm X 22 mm, 170 £ 5 um square cover
glasses) placed in six well plates in DMEM culture medium containing (10% FBS and 1%
Penicillin Streptomycin) for 24 hours at 37°C, 5% CO,. After 24 hours when 70% confluency
was achieved the cells were washed with DMEM culture medium. Cells were then washed
thrice with culture medium. After that cells were washed again with Phosphate buffer saline
(2 times). After carrying out the live cell uptake of the nanocapsules for 12 hours, the cells
were washed with DMEM media, then the cells were fixed with 4% paraformaldehyde for 15
minutes and then washed thrice with PBS and two times and then the coverslips were
mounted using mounting medium (Vectashield h-1000). The coverslips were then sealed
using nail varnish and the sample were then imaged by SIM, two photon and Widefield

fluorescence microscopy (deconvoluted).

5.6.2 Imaging

Cellular uptake of nanocapsules (Single colour imaging)

Single colour SIM experiments for both the nanocapsules were performed for concentration
dependent and time dependent uptake experiment on RAW Macrophages. The live cell
uptake was carried out in 12 hours. The concentration dependent uptake experiments were
carried out in order to determine the extent of uptake happening in RAW Macrophages
(Mouse blood murine cell line). The concentration uptake SIM and Widefield images
indicated that both the nanocapsules localized mainly in the cytosol region in RAW
Macrophages and the optimum concentration is around 15 pg. The Yellow nanocapsules
were excited at 488 nm and the emission was collected between 500 to 550 nm, whilst
nanocapsules (Red nanocapsules) were excited at 568 nm and emission collected between
570 to 620 nm. For imaging: thickness of the Z stack (Sections 50 to 100), section spacing
(0.125 to 0.250), thickness of the sample (8 to 11), exposure time was between 10 to 50 and

the %T was in the range of 30 to 80. Concentration dependent uptake experiments were
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carried by using SIM and Widefield deconvolution microscopy at diverse range of RNC and
YNC concentration ranging from 1 pg to 100 pug. The Widefield conditions maintained were
thickness of the Z stack (Sections 40 to 80), section spacing (0.250 to 0.500), thickness of the
sample (8 to 11), exposure time was between 10 to 30 and the %T was in the range of 30 to
60.

SIM and Wide field microscopy - Colocalization and Dual colour experiments

SIM was carried out by using the Delta Vision OMX-SIM. For single colour experiments,
Yellow nanocapsules were excited at 488 nm and the emission was collected at FITC channel
(500 to 550 nm) and Red nanocapsules were excited at 568 nm and the emission was
collected at Alexa fluor 568 Channel (570 to 620 nm) of the Delta Vision OMX-SIM. For
both the nanocapsules the Structured Illumination experimental condition employed for
single colour experiments were mainly dependent on the thickness of the Z stack (Sections 80
to 100), section spacing (0.125 to 0.250), thickness of the sample (8 to 10). The WF
conditions maintained were thickness of the Z stack (Sections 40 to 80), section spacing
(0.250 to 0.500), thickness of the sample (8 to 11), exposure time was between 10 to 30 and
the %T was in the range of 30 to 60. The colocalization experiments were performed with
Mito Tracker Green and Mito Tracker Deep Red. The Dual colour experiments were

performed with Hoechst.

5.7 NANOPARTICLES: SAMPLE PREPARATION, MICROSCOPY

Cellular uptake of Nanoparticles (NP) (Single colour Imaging)

Single colour Widefield experiments with the nanoparticles were performed for diverse
concentrations of NPs from 20 pg to 200 pg/mL. The uptake was carried out for 12 hours.
The NPs was excited at 488 nm and the emission was collected at 500 to 550 nm. The
Widefield microscopy conditions maintained were thickness of the Z stack (Sections 40 to
80), Section spacing (0.250 to 0.500), thickness of the sample (8 to 11), exposure time was
between 10 to 30 and the %T was in the range of 30 to 60.
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Two photon microscopy

Two photon microscopy experiments for UCNP were carried out using Zeiss LSM 510Meta
upright or inverted confocal microscope. The live cell uptake of the UCNPs (20 pg to 100
pHg/mL) was carried out over 12 hours. The UCNP was excited at 975 nm and emission
collected between 500 to 550 nm. The LSM 510 Meta microscope has high numerical
aperture (NA) lenses (Plan-Neofluar 10x/0.3, Plan-Neofluar 40x/1.3 Qil DIC, C-achroplan
NIR 40x/0.8 W and Plan-Apochromat 63x/1.4 Oil DIC), a confocal scan-head (Zeiss
LSM510) to select one optical plane at a certain depth in the specimen and make images void
of background. As excitation light sources, a set of three lasers: one Argon (458, 477, 488,
514 nm) and two HeNe lasers (543, 633 nm) which fully cover the whole spectrum of
excitation needed for the most commonly used fluorophores. The system is equipped with
sensitive photomultiplier tubes (PMT) and a META detector system. Two photon images
(Single colour) were acquired for NPs (20 ug, 50 pg, 100 pg) cellular uptake on to RAW

cells. The data processing was carried out by using FIJI and LSM (Free software).

Colocalization Experiments (Multi colour imaging)

UCNPs and Lyso Tracker Deep Red:

The colocalization experiments were performed using Lyso Tracker Deep Red due to the
distinct spectral characteristic of the UCNP. For the colocalization experiments, RAW
Macrophages were incubated with UCNPs (50 pg/mL) for 12 hours and then the cells were
incubated with Lyso Tracker Deep Red (750 nM) for 30 minutes. The cells were washed
three times with DMEM culture media and PBS (two to three times), the cells were then
fixed with 4% paraformaldenyde and mounted and initially screened for proper cell
morphology by using light microscope and then imaged by using deconvolved Widefield
microscopy using OMX-SIM. The UCNPs were excited at 488 nm and the emission was
collected in the FITC channel (500 to 550 nm). Lyso Tracker Deep Red was excited at 644
nm and the emission was collected in the Alexa fluor 647 Channel (> 650 nm). The
Widefield imaging conditions maintained are, for NP: thickness of the Z stack (Sections 40 to
80), section spacing (0.250 to 0.500), thickness of the sample (8 to 11). Exposure time was
between 10 to 30 and the %T was in the range of 30 to 60. For Lyso Tracker Deep Red:
thickness of the Z stack (Sections 40 to 80), section spacing (0.250 to 0.500), thickness of the
sample (8 to 11), exposure time was between 10 to 50 and the %T was in the range of 30 to
60.
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CONCLUSION AND FUTURE WORK

In this research work; metal complexes, organic probes, nanomaterials were optimized as
super resolution microscopy probes. Metal complexes with DNA binding capabilities were
studied thoroughly and applied as bioimaging probes. The Metal complexes, were optimized
as a multimodel super resolution optical microscopy probe. In particular, SIM and STED
imaging was carried out using RRP as a cellular imaging probe. The improvement in
resolution provided by these two techniques helped us to study structural details of RRP’s
chromatin and mitochondrial localization. The extraordinary photostability of RRP helped to
dissect the three dimensional cross section of stained nuclei with extraordinary super-
resolution beyond 50 nm across all dimensions (lateral and axial). Striking dual colour STED
and SIM were also obtained. Microscopy studies were extended to optimize the use of
organic ROS probes to detect and monitor the generation of ROS inside cells. In particular,
ROS generation and spread through the cell was studied using the super resolution SIM
technique. Nanocapsules as drug delivery systems and UCNPs as imaging agents were also
studied using SIM and other optical microscopy techniques.

Future work will involve extending these studies on super resolution probes to investigate
binding towards other organelles and structures. For example, more detailed investigations
need to be carried out with regard to the specific DNA binding characteristics exhibited by
RRP - and its future derivatives - towards a variety of G-quadruplexes using super-resolution

microscopy techniques such as STED and SIM.
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