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I may be wrong and you may be right, and by an effort, we may get
nearer to truth.

Karl R. Popper




Abstract

Luminescent complexes of europium and terbium, incorporating new sensitizing
chromophore moieties containing carboxylic acid functional groups, have been
synthesised. It has been shown that the new tetraazatriphenylene chromophore leads
to highly emissive complexes. A thiaxanthone chromophore, despite sensitizing
lanthanide emission, results in complexes with lower quantum yields and is only

practically useful for europium.

Modification of the azaxanthone chromophore by formation of its N-oxide was
investigated as a possibility of extending its longest wavelength  absorption

maximum beyond 340 nm.

Phosphinate pendant arms were introduced into complexes containing the

azaxanthone chromophore and resulted in highly emissive complexes

Complexes of the new chromophores were investigated, together with numerous
further examples, in terms of their susceptibility to quenching by electron rich
species (iodide, ascorbate, urate). These experiments enhanced the mechanistic

understanding of this process.

Complexes using an azaxanthone chromophore with a carboxylic function and
phenyl amide arms were used in coupling reactions. The coupling reactions involved
isolation of the NHS ester of the complex. Cellular uptake and cytotoxicity
experiments were carried out with several of these conjugate complexes. The
possibility to observe these complexes using two photon excitation fluorescence

microscopy was demonstrated.
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1,4,7-tris(tertbutoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane
Dipyrido(3,2-f:2°,3°-h]quinoxaline
3-Methyl-10,11,12,13-tetrahydrodipyrido-
[3,2a:2_,3_-c]phenazine
N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride
Ethylenediamine tetraacetic acid
Diethyl ether-ethanol-isopentane glass
Endoplasmic reticulum

Electrospray

Fluorescence Correlation Spectroscopy
Fluorescein Isothiocyanate
Fluorescence Lifetime Imaging
Fluorescence Loss In Photobleaching
Fluorescent Protein

Fluorescence Recovery After
Photobleaching

Fluorescence Resoance Energy Transfer
Green Fluorescent Protein
4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid
1-Hydroxybenzotriazole hydrate

High performance liquid chromatography
Human Serum Albumin

Infrared

Intersystem Crossing

Lysine :

Matrix assisted laser desorption ionization
Metal to Ligand Charge Transfer
Magnetic Resonance Imaging

Mass spectrometry
3-(4,5-dimethylthiazol-2-yl)-2,5-



NBD
NBS
NHS
NIR
NMR
PAMAM

PBR
PBS
PPA
STED
STIM
TAT
TFA
THF
TIRF
TOF
uv
Vis

diphenyltetrazolium bromide
4-Chloro-7-nitro-1,2,3-benzoxadiazole
N-bromosuccinimide
N-hydroxysuccinimide

Near Infra Red

Nuclear Magnetic Resonance '
Dendrimer based on ethylene diamine and
acrylic acid building blocks

Peripheral type benzodiazepine receptor
Phosphate Buffered Saline
Polyphosphoric acid

Stimulated Emission Depletion

Stromal Interaction Molecule
trans-activating transcriptional activator
Trifluoroacetic acid

Tetrahydrofuran

Total Internal Reflection Fluorescence
Time of flight

Ultra violet

Visible
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1 Introduction

The 'importance of the phenomenon of fluorescence, first described by Sir George
Gabriel Stokes in 1852, has grown from a simple and intriguing observation into a
very widely used technique. Fluorescence based techniques are now amongst the
principal tools used in biological research, especially in the fields of microscopy and
cell imaging The high intrinsic sensitivity and modality of fluorescence had
predestined it for this role, and its realisation comes through endless amounts of
research and development." 23

The development has two principal aspects: instrumental development on the
one hand and new fluorescent probes on the other. Confocal and multiphoton
microscopy procedures are just some of the major advancements in instrumental
development over recent years, each of which is being refined and improved
constantly.* '

Many fluorophore molecules have been developed and are being used for
more specific and intriguing observations. The vast selection of small organic
ﬂuorophores5 is accompanied by several other types of ﬂuoreséent label. The group
of fluorescent proteins probably constitutes the major one. Isolation and cloning of
the Green Fluorescent Protein from the jellyfish Aequorea Victoria initiated the
development of this field. Since then, many new variants of the protein have been
developed with improved photophysical, stability and functionality properties.6
Recent years have also seen a boom in the use of quantum dots. This advance is
much more recent and hence not so well developed.7

Receiving less attention from the biological community are luminescent
metal complexes, whether based on a transition metal or a lanthanide (III) ion. These
possess unique properties, which make” them particularly attractive for cellular
imaging. Namely, their long luminescent lifetimes making time gated experiments
possible and large Stokes’ shifts, especially useful in FRET based experiments.
Lanthanide emission further offers a sharp, line-like spectrum, which can even
exhibit ratiometric sensitivity to its environment.®

The development of highly specific probes, capable of directed localization

and reporting on cell status and activity, is happening for each class of fluorophore.
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In vivo imaging in small animals is slowly being made possible by the development

of NIR probes and multiphoton excitation techniques, as the problems associated

with light propagation in tissue are decreased in these cases.

9,10

1.1 Development of Imaging Instrumentation

Whilst this thesis deals with the development of new fluorescent probes, it is fitting

to mention some of the current technological advances in the field of fluorescence

microscopy, as these have implication for the design and structure of the new

fluorophores.
Instrument Key application Advantage Disadvantage
Scanning confocal Core confocal microscope Highly flexible core  Expensive. Notwell suited to

Scanning disk confocal

Multi-photon

Wide-field

suitable for most applications
including imaging of fixed
and living specimens. Can be
used for many techniques
including FRAP and FLIP.
Add-ons enable FLIM and
multiphoton.

Live cell imaging confocal.

Imaging  thicker  tissue
specimens.
General ‘work horse’ in

imaging that is available in

most departments.

technology, widely available

in many institutions

Less photobleaching, faster

acquisition rates.

Can be used to image deep
insﬁde tissues and model

organisms.

Fast, fiexible data
acquisition, with high spatial
and temporal resolution;
multidimensional data can be
processed using

deconvolution.

longer-term live cell
imaging. Generally slow

scanning except of the less

flexible fast-scanning
variations (e.g.  resonant
scanners).

Not suitabie for

photobleaching, and can
have lower resolution than

scanning systems, e.g., less

amenable to imaging of
multiple fluorophores, or
more limited scan
orientations during
acquisition.

Expensive. Requires

specialised equipment and
maintenance. Axial
resolution inferior to
scanning confocals.

Not  confocal so z-
information really requires
deconvolution which is a
complex issue.
Photobleaching  techniques

require laser coupling.

Table 1.1 - Instrumentation.of fluorescence microscopy®
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1.1.1 Confocal Microscopy

The aim of obtaining images with the best possible resolution and contrast is
omnipresent in any imaging technique. One of the reasons for loss of these in normal
(Epi-illumination, widefield) fluorescence microscopy set ups, is the fact that light
emitted out of focus reaches the detector as well as light that is in focus. Confocal
microscopy offers significant improvément to the image contrast and resolution, as

only light coming from the plane of focus is allowed to reach the detector."’

=== Cetectar aperture

f

llluminaton source

Dichreic
nirror

llumination aperture

Qbjective lens

~+——— Focal o:ane

Specimen

Figure 1.1 - Schematic representation of a confocal microscope'’

This is achieved by placing a pinhole between the specimen and the detector, which
allows only the in-focus light (solid line, Figure 1.1) to reach the detector, rejecting
the out-of-focus light (dashed line, Figure 1.1). This, however, creates new problems
as spectral acquisition is much slower. Hence, more extended illumination of the
sample is needed, leading to the danger of photobleaching and photodamage. These
disadvantages are effectively removed by the use of spinning disk confocal
microscopy, where a disc with multiple pinholes is used instead of a single one. Thus,
a confocal image of the field of view can be generated in a much shorter time,
furthermore a camera can be used instead of a photomultiplier tube. Recent advances
include the use of high sensitivity cameras, which leads to a decrease in the

excitation intensity needed and a lessening of induced photodamage.'?
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1.1.2 Multiphoton microscopy

An alternative way of reducing the amount of light coming from planes out of focus
is to reduce the amount of specimen being excited. Two-photon excitation
procedures, using a pulsed laser as a light source offer one possible solution. Under
these conditions, the excitation of the fluorophore is achieved by the concomitant

absorption of two “low energy” (IR) photons (Figure 1.2).

Ex&ﬂeds:ate litetime
hvl ‘ T

M¥arvseion
hv2 l

Figure 1.2 — Energy diagram describing two photon excitation in fluorescence spectroscopy"'

Envigy

The reduced number of excited fluorophore molecules results from the fact that it is
the square of the intensity of the light that determines the probability of excitation.
So, the number of excited fluorophores falls non-linearly as a function of the distance
from the plane of focus. Thus, not only light generated from out of focus
fluorophores is diminished, but also photobleaching and photodamage are
significantly reduced. Moreover, the long wavelength (NIR) excitation wavelength
suffers less scattering in the biological sample, leading to the possibility to collect
information from within a tissue. The long wavelength, however, brings decreased

spatial resolution.

1.1.3 4Pi and I°M microscopy"?

The 4Pi microscopy is a modification of confocal microscopy experiment, which
improves its axial (z-axis) resolution. The sample is however illuminated by light
focused onto it from two opposing objectives. The fluorescence light is also collected

using these two objectives (Figure 1.3). This is in principle equivalent to increasing
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Technique Key application Advantage Disadvantage
Fluorescence Recovery After  Monitoring diffusion rates of Simple. Implemented in Data analysis can be
Photobleaching (FRAP) fluorescent species in celis. most confocal microscopes complex.

very easily.
Fluorescence  Loss In Monitoring diffusion rates of More appropriate for longer Continual illumination

Photobleaching (FLIP)

Photoactivation

Fluorescence Resonance
Energy Transfer (FRET)
Fluorescence Lifetime
Imaging

Total Internal Reflection
Fluorescence ~ Microscopy
(TIR-FM)

Fluorescence Correlation

Spectroscopy (FCS)

fluorescent species in cells.

Selective illumination of a
fraction of cell/organelle.
Similar in many ways to a
pulse-chase experiment.

Monitoring  protein-protein
(or protein-lipid) interactions

in live and fixed cells.

A key technology for FRET
measurement as it s

concentration independent.

Monitoring fluorophore

mobility close to the

coverslip-sample interface.

diffusion

dynamics in solution and in

Monitoring

cells by measuring small
changes in fluorescence
caused by changes in

microenvironment.

than FRAP.
Very useful validation of
FRAP

additionally

time frames
kinetics and
indicates
connectivity of fluorophore
pools.
Simple, allows selective
imaging of subpopulation of

structures/proteins.

Multiple methods can be
used to verify experiments.
Can be implemented on both
confocal and  wide-field

systems.

Concentration-independent
Can

also give useful data on the

FRET measurements.

microenvironmert  of a
fluorescent probe. Can be
used for separation of closely

related fluorophores.

Excellent for monitoring
dynamics of exo- and
endocytosis, and plasma

membrane events.

Applicable to the analysis of

size  distributions  (e.g.,
ligand binging, complex
formation).

required can lead to more

photodamage.

Only applicable to a limited

number of photoactivatable

fluorophores and
nonstandard lasers.
Data analysis can be

complex, careful correction
for bleed-through and/or
cross-talk required.
Absolutely dependent on the
orientation as well as
proximity of fluorophores.

Technically demanding,

complex data analysis,
difficult to apply to living

cells.

Requires careful alignment
of illumination using
specialise  quipment. Can

only by used for events 50-
200 nm from the coverslip.
Complex mathematical

analyses required.

Table 1.2 — Experimental techniques for fluorescence microscopy*

Some of the more common protocols for fluorescence microscopy are described in

Table 1.2."
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Thus, only fluorophores close to the interface are excited. The depth of excitation can
be varied with the angle of incidence and can range from 50 nm to 150 nm (Figure
1.4). Once again the exposure of the cell to the excitation beam is significantly

reduced, minimizing photobleaching and photodamage.

1.2.2 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a more specialised technique based
on the observation and measurement of the fluorescence intensity fluctuation in a
small volume (107" 1), arising from the diffusion of fluorophores in and out of the
illuminated region as well as changes in their emission spectra. Its main use is in the
study of events at cell membranes, where the diffusidn is much slower than in the
cytoplasm and, within the cellular compartments. Better resolution of this technique
can be achieved with two photon excitation or by using total internal reflection

fluorescence micro'scopy (TIRFM).

1.2.3 Fluorescence (Forster) Resonance Energy Transfer (FRET)

FRET is a process whereby energy of an excited chromophore (donor) is non-
radiatively transferred to another chromdphore (acceptor) that is in close proximity
(Figure 1.5). The transfer process involves a long range dipole-dipole coupling. The
acceptor chromophore may subsequently emit the gained energy as fluorescence. The
efficiency of this process is inversely proportional to the 6" power of the distance
between the donor and the acceptér. Thus, observation of FRET implies that these
two chromophores are within the range of 1-10 nm. Ranges of this order of
magnitﬁde are common in many biomolecules, their domains, complexes and
conformational transitions and are far below the diffraction limits of optical
microscopy. Further parameters, determining the efficiency of FRET are; spectral
overlap of donor emission and acceptor absorption spectra, the relative-orientations

of the donor absorption and acceptor transition moments and the refractive index.'*
16,17
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covering large parts of the visible and near infra-red regions of the spectrum (Figure

1.13). Inclusion of reactive functional groups which enable conjugation of these

probes to biologically relevant macromolecules is an integral part of the development
in this field.

H N

Alexa 350 Alexa 546

Figure 1.12 — Examples of small organic fluorescent molecules used in cellular imaging; the

‘Cyanine Cy’ and ‘Alexa Fluor’ series™ %%’

4 g 3 8§33 2989% 33
5 3 2 7 333 2399 §3
2 3 I < <4= <2238 332
T T

—

B

2

L)

:

<

|
A

\

Absorbance
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—

) K

300 350 400 450 500 550 600 650 400 450 500 550 60D 650 700
Wavelength (nm) Wavelength (nm)

Figure 1.13 — Absorption (A) and emission spectra (B) of selected dyes from the ‘Alexa Fluor’

series®

15
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usefulness of FPs in cellular imaging even further (Table 1.3). Nevertheless, the
problem of labelling proteins with an allegedly “non-invasive” label of the same

order of molecular volume and molecular weight, will always be present.

Source laboratory  Excitation®  Emissiond

Class Protein Brightness®  Photostability!  pKa  Oligomerization

(references) (nm) (nm)
Far-ted mFlum? Talen {5) 590 649 41 53 <45  Menomer
Red mCherryd Talen (4) 587 610 16 - <45  Monerer
tdTemated Tslen (4) 554 581 4 98 : 4.7 Tander dimer
mStrawberry? Tsien (4) 574 596 26 15 <45  Mendmer
J-Red” Evrogen 584 B0 88 13 5)  Dimer
DsRed-monciner”  Clontesh 550 586 35 16 45 Monomer
Orange mQrange® Tsien (4) 548 562 49 9.0 6.5  Monomer
mkg MBL Intl. (10) 548 559 31" 122 5.0 Monomer
Yellov~-green mChring! Tsien {16,23) 516 529 59 49 57 Monomar
venus Miyawaki (1) 515 528 53 15 6.0 Weak dimer!
YPet? Daugherty (2) 517 530 80’ 49 56  Weak dimeri
EYFP Invitrogen (18) 514 527 51 [:D] 6.9 Weak dimer!
Green Emeraldy Invitrogen (18) 487 509 39 0.60 6.0  Weak dimer!
EGFP . Clontech! 488 507 34 174 6.0 Weak dimer!
Cyan CyPat Daughzrty (2) 435 an 18 59 59  Weak dimeri
meFPm® Tslen (23) 433 475 13 64 4.7 Monomer
Ceruteand Piston (3) 433 475 27 36 47 Weak dimer!
'UV-gxclishie ogen  T-Sapphire® ~ Grigabeck (6) 399 511 26 F] 49  Weakdimer

Table 1.3 — Classification of the most useful fluorescent proteins®®

1.3.3 Quantum Dots*®

Quantum dots constitute the most recent addition to the range of fluorescent probes
suitable for cellular imaging. They started off as a curiosity in materials science little
more than two decades ago and have developed into a useful tool for biological

science, particularly for cell labelling studies.’

The photochemical basis comes from the luminescence observed from colloidal
suspension of monocrystals of semiconductors such as CdSe or CdTe. They typically
consist of a protective ZnS shell. The surface layer may be coated to provide water

solubility and functionality for conjugation or interaction with biological systems.
(Figure 1.18)
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1.3.4 Metal Complexes

Luminescent metal complexes offer an alternative to entirely organic fluorophores.
There are two major categories of luminescent metal complexes (Figure 1.19);
luminescent transition metal complexes (e.g. Ru, Re, Os) and luminescent lanthanide

complexes (Tb, Eu, Sm, Nd, Er, Yb).2 837

t
&
N

Ry

ity "y

Figure 1.19 — Examples of emissive transition metal and lanthanide complexes

The two common features that give these compounds advantages as fluorescent dyes
for biological applications are their large Stokes’ shifts and long lifetimes of
luminescence (up to microseconds for transition metal complexes and up to several
milliseconds for lanthanide comlexes). The large Stokes’ shifts ensure sufficient
separation of excitation and emission spectra, which is most useful in FRET
measurements. The long lifetimes of luminescence, on the other hand, enable time

gated experiments that remove the background fluorescence from the signal observed.

The. nature of the excited state is what distinguishes these two types of metal
complexes from the photophysical perspective. The transition metal complexes
generally emit from an MLCT based excited state, whereas the lanthanide (1II) ions
all emit from a metal based excited state. The luminescence observed can be

modulated by the design of the ligand structures in each case.
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1.4 Applications of Fluorescent Probes

The cellular medium is a very complex system, divided into numerous compartments
(organelles), with an enormous number of events (chemical reactions, transport of
compounds across membranes and supramolecular interactions) happening at any
given time. Fluorescent compounds used in cellular imaging are expected to convey
information about the condition of the biological system into which they are
introduced. Therefore, further requirements are placed upon fluorophore molecules
apart from the ability to enter the biological system and maintaining their

fluorescence in a cellular medium.

Hence, another way of classifying fluorescent probes is by their intended use and the
information they should deliver. Some of the tasks that fluorescent molecules in
cellular imaging are expected to perform are: selective staining of a particular
cellular compartment, reporting on the concentration of ions (Ca®**, H") and
molecules, measuring enzyme activity or monitoring the synthesis transfer and

interactions of biological macromolecules, such as proteins and nucleic acids.

1.4.1 Compartment Staining

Cells, especially eukaryotic ones, are divided into many different compartments.
Being able to visualize these selectively is of interest to the biologist, as

morphologies of different organelles can be indicative of the state of the cell.

The compartments of greatest interest for observation are nucleus, mitochondria,
Golgi complex, endoplastic reticulum, endosomes/lysosomes and cellular
membranes (Figure 1.20).38’39 Structures of the cytoskeleton such as tubulin and

actin are also common targets for visualisation using fluorescent probes.
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Figure 1.22 — Examples of traditional fluorophores that stain the nucleus™?

Ethidium bromide itself does not cross cellular membranes; only structurally related

compounds such as Hexidium lodide and Dihydroethidum are able to do that.’

N
\ \
(CH,)sCH3 O CH,CH;
Hexidium lodide Dihydroethidium

Figure 1.23 — Cell permeable derivatives of Ethidium bromide®

Dihydroethidium (Figure 1.23) fluoresces in the blue and stains the cytosol. In many
viable cells, however, it gets oxidised to ethidium, which gives a red fluorescence
only after intercalating into DNA.* Hexidium iodide (Figure 1.23), which upon
DNA binding has a shorter wavelength of emission compared to ethidium, stains the
nuclei and cytosol of eukaryotic cells and it has been observed to stain mitochondria

and nucleoli in certain instances.

‘Both DAPI and Hoechst dyes exhibit blue fluorescence upon binding into the minor
groove of DNA. DAPI shows selectivity for AT base pairs’' and possesses a higher
photostability but lower brightness. The selectivity of DAPI for DNA binding over

RNA binding is more pronounced than for Ethidium bromide and related probes.
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CHCI
MitoTracker® Orange MitoTracker® Red

Figure 1.34 - Structures of Mitotracker® probes®

In addition, partially reduced forms of these fluorescent probes are available as well
(Figure 1.35). They are non-fluorescent and become fluorescent only upon oxidation

inside normally respiring cells.

I I
ASeSh

CHCI

ChyCl
MitoTracker® Orange-H, MitoTracker®™ Red-H,

Figure 1.35 — Structures of reduced mitochondrial probesS

* Also available are the MitoTacker® Green and MitoFluor™ Green mitochondrial
probes (Figure 1.36).°' Their major advantage is the fact that they are non-
fluorescent in aqueous media and only become fluorescent upon being taken into the
less polar ‘lipid’-like environment of the mitochondria. This practically eliminates

background luminescence from the probe.’
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MitoTracker® Green MitoFluor™ Green

Figure 1.36 — Structures of green fluorescent mitochondrial probes®

Furthermore, probes with a degree of responsiveness have been developed as well.
Exaniples of these include RedoxSensor™ Red (2,3,4,5,6-
pentafluorotetramethyldihydrorosamine) and the JC-1 probe (5,5°,6,6’-tetrachloro-
1,1°,3,3 -tetraethylbenzimidazoylcarbocyanine iodide) (Figure 1.37).

CH,CH, CHCH,

cl N N cl
JO O 1Y
cl NoT h c

CH,CHj CH4CH2

RedoxSensor'™ Red JC-1

Figure 1.37 - Structures of responsive mitochondrial probes®

The RedoxSensor™ is introduced into the cell in its reduced non-fluorescent form.
Depending on the reduction potential of the cytosol, it might be oxidised to its
fluorescent form (excitation/emission 540 nm/600 nm) and then be taken up by
mitochondria. >? Alternatively, the reduced form is taken up by lysosomes and
oxidised to the fluorescent probe there. Co-staining with MitoTracker® Green is

beneficial for quantitative measurement of this distribution (Figure 1.38).
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benzodiazepine receptor (PBR), which is expressed on the outer mitochondrial
membrane. This receptor is believed to be involved in many of the biological
functions of the mitochondria. Furthemore, its over-expression should mark a
pathological state of the cells such as variety of tumours or neurodegenerative
diseases (Huntington’s and Alzheimer’s disease, as well as multiple sclerosis). The
fluorophore in this probe is the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) moiety
(Figure 1.42).%°

Figure 1.42 — Fluorescent probe for the Peripheral Benxodiazepine Receptor expressed on the

mitochondrial surface>

Selective mitochondrial staining was also reported by Koide et. al. with their
modified rhodamine fluorophore MitoAR (Figure 1.43). The MitoAR probe is
faintly fluorescent due to the quenching by intramolecular photoinduced electron
transfer. The fluorescence is “switched on” by the reaction of the probe with highly
reactive oxygen species (hROS) such as hypochlorite or hydroxyl radical, which are
formed in cellulo under oxidative stress conditions. The strongly fluorescent

HMTMR (Figure 1.43) fluorophore is formed in this reaction.’®

MitoAR HMTMR
Almost nonfluorescent Strongly fluorescent

Figure 1.43 — Modified rhodamines as mitochondrial probes™
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Such a probe (NBD Cg-ceraminde) has been used in a study, together with Mito-
Tracker deep red (mitochondria staining) and BODIPY Texas Red thapsigargin
(endoplasmic reticulum staining), investigating the juxtaposition of these organelles
in pancreatic acinar cells and their responses to acetocholine-induced signals using

Ca’" jons (Figure 1.57).%

Fluorescently labelled derivatives of Brefeldin &, which is a fungal metabolite, are

also available for staining the Endoplasmic reticulum and Golgi apparatus.

An interesting result in staining the Endoplasmic reticulum and Golgi apparatus has
recently been reported by Villa et. al.. They have published the preparation of NBD
labelled choline (Figure 1.58) and described its use for fluorescence microscopy, in

a study using commercially available C¢-NBD-phosphatidylcholine as well.®®

NO,
NBD-choline

Figure 1.58 — NBD-choline®
These dyes have shown differential localisation profiles in three related cell lines;

drug sensitive carcinoma MCF-7 cells, multidrug resistant carcinoma MCF-7/DX

cells and normal immortalized MCF10A cells.
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1.4.1.4 Probes for Lysosomes

Lysosomes are the digestive compartments of cells, involved in the processing of
material taken up by cells in autophagy and endocytosis. They contain over 50
different hydrolases (e.g. nucleases, proteases, glycosidases, lipases, phosphatases
and sulphatases) that operate in acidic conditions. Therefore, the pH of lysosomes is

kept at 5383

The lower pH of lysosomes is also used as a means for their labelling with some
fluorescent dyes. This, for example is the case for the LysoTracker®® dyes from
Invitrogen, where a weakly basic amine is linked to the fluorophore. Only a small
portion of the probe is thus N-protonated at the neutral pH of most of the cell
compartments. The amine group gets substantially protonated in the acidic organelles,
such as the lysosomes, switching off the photoinduced electron transfer process that

quenches the singlet excited state.’

Also available are the LysoSensor'™ dyes, which show pH dependent changes in
their emission spectra. The fluorophore in these probes is quenched by the amino
group side chain. This quenching is effectively removed by the protonation of the
amino group in weakly acidic compartments. Dyes with different emission maxima

and pK, values are available (Table 1.4).

Dye Aaps (nm) Aem (nm)  pKa
LysoSensor Blue DND-167 373 425 5.1
LysoSensor Green DND-189 443 _ 505 5.2
LysoSensor Green DND-153 442 505 7.5
" LysoSensor Yellow/Blue DND-160 384 540° 39
329 440°
LysoSensor Yellow/Blue 10000 MW Dextran 381 540° 4.2
335 440°

Table 1.4 — Properties of different LysoSensor dyes (a: pH 3; b: pH 7°
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their contents from the surroundings. Their structure does not permit free diffusion of
matter from one side to the other. Their basic lipid bilayer structure is enhanced by
incorporation of many membrane peptides. These are involved in reactions at the
membrane, transport of chemical substances across the membrane or the receipt of

chemical information from the surroundings.*® *

The lipid constituents of biological membranes can be sorted into several groups.
The major structural theme is their amphiphilicity, meaning that they contain a polar
head group and a non-polar (hydrocarbon) tail. There are three major classes of
molecules of membrane lipids: phospholipids, sphingolipids and cholesterol and its
derivatives.*®* Many experiments carried out to enhance the understanding of
biological membranes are carried out using models such as vesicles, which rahge

immensely in size and composition.”

Many available fluorescent probes, localising into biological membranes, are derived
from lipid molecules by the incorporation of fluorophores into the lipid structures.
The fluorophores can be incorporated both into the long chain acid tails, as well as

the head-groups for phospholipids.

N(CHg)2

Nee
F =z o)
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<
C,-BODIPY 500/510 C, . O¢S<N/\/\/\/\/\)k0*‘

. H
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(1 ;
o] e=
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Figure 1.70 — Fluorescently labelled fatty acids®

Fluorescently labelled fatty acids (Figure 1.70) are available, even though their main

use is for incorporation into fluorescent lipid molecules. They are also used directly
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as probes for membranes and liposomes as well as in live cell experiments,

concerning their metabolic fate.

Phospholipid molecules, fluorescently labelled in the fatty acid part of the molecule
(Figure 1.71), usually contain the probe in one chain of the acid, acylating position
two of glycerol. The most common fluorophores are BODIPY and pyrene molecules.
Diphenyl hexatrienyl and NBD fluorophores are used as well. It is, however,
suspected that the NBD fluorophore is too polar, and therefore it localises in the head

group region rather than deep in the phospholipid bilayer.

o]
C|5H:| CisHa
\N
\ // / \ //
N—0 —Q,
% / | 2
0 0
N*— N"—
/ /
2-{4 4-diftuoro-5-methyi-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl) 2-(6-(7-nitrobenz-2-oxa-1.3-diazol-4-yl)amino)hexanoyl-
-1-hexadecanoyl-sn-glycero-3-posphocholine 1-hexadecanoyl-sn-glycero-3-phosphocholine

Q o
0 C|5H3|
C|5H3|

: N g
. \//

\//

p

N/_ /”'_
/

1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-phesphocholine 2-(3-(diphenylhexatrienyl)propanoyl)-
1-hexadecanoyl-sn-glycero-3-phosphocholine

Figure 1.71 — Phospholipids with fluorescent label in fatty acid residues®

Both fatty acid residues of the phospholipid molecules may be labelled as well.

NBD labelled phosphatydyl inositol was used in a study of cellular delivery of

fluorescently labelled inositol derivatives by polyamine shuttles (Figure 1.72).”
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Sphingolipids are important components of biological membranes, especially for
eukaryotes. Both sphingomyelin and glycosylsphingolipids, that contain fluorophores
are therefore available (Figure 1.74). The BODIPY fluorophore is the most common
label in these probes.

CyaHy OH

HO.,
A OH
o]

HO 0]

N-(4 4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s- N-(4.4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoyl) indacene-3-dodecanoyl)
sphingosyl phosphocholine sphigosyl-1-b-glucopyranoside

Figure 1.74— Fluorescently labelled sphingolipids®

Sphingolipids labelled with an NBD fluorophore, such as NBD C¢-ceramide, were

extensively used, prior to the development of the BODIPY chromophore.

Cholesteryl esters, where the 3B-hydroxyl group of cholesterol is acylated with a
fatty acid incorporating a fluorescent probe, can be used to study the transport of
cholesterol in cells or the receptor-mediated endocytosis of lipoproteins. The
BODIPY labelled cholesteryl ester is available commercially (Figure 1.75).
Fluorescent cholesterol derivatives as membrane probes have recéntly beeﬁ reviewed

by Wiistner.”®
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Cholesteryi 4,4-difluoro-5,7-dimethyi-4-bora-3a,4a-diaza-s-indacene-3-dodecanoate

Figure 1.75 — Fluorescently labelled cholesteryl ester’®

Probes for biological membranes fhat are not structurally related to their lipid
components are available as well. Examples of these are long chain
dialkylcarbocyanines, lipophilic coumarines (fluoresceins, rhodamines), diphenyl
hexatrienyls, Nile red, prodan, laurdan and anilinonapthalene sulfonates (Figure

1.76).}

AN

HO. 0. 0
cr

Ca7Has

N
\ ’
CiaHzs CizHas

ClOy

1.1°-didodecyi-3,3,3' 3'-tetramethyl-indocarbocyanine
perchlorate

g I
N (o] o]
O OO0 OO
N/ O T\
1 6-diphenyl-1,3 5-hexatriene Nile red 6-dodecanoyl-2-dimethylaminonapthanele

{laurdan)
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Figure 1.76 — Non-lipid probes for cellular membranes®

A range of these probes as well as GFP labelled a-synuclein have been used in the

studies of membrane interactions of amyloid fibril forming proteins. These are
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The technique of Fluorescent Speckle Microscopy has been used in the analysis of

cytoskeleton dynamics as has been discussed in section 1.2.7.

1.4.2 Targeted imaging

Following analysis of the fluorescent molecules, fluorescent proteins apart,
mentioned in the preceding brief overview of probes for cellular organelles, it
becomes apparent that another classification is possible. Two fluorophore. groups can
be identified. The first group are molecules where the fluorophore itself is also the
moiety determining the fate of the probe in cellulo (e.g. Ethidium, Hoechst or
MitoTracker). The other group is comprised of probes, where a clear breakdown of
the structure to a fluorophore and a localising vector is possible (e.g. lipid based
membrane probes, guanidinium mitochondrial probe or fluorescently labelled Taxol

and Vinblastine).

The idea of making targeted or specific fluorescent probes by combining a
fluorophore and a targeting vector will be discussed further. Preparation of targeted
fluorescent probes was one of the major aims of the work presented in this thesis,

using luminescent lanthanide complexes as the lumophore.

1.4.2.1 Organelle Targeting

Several conclusions for organelle targeting can be inferred from preceding sections.

These should however be treated as guidelines rather than ‘hard’ rules.

- Nuclear localisation can be expected for molecules including
flat aromatic moieties, as these tend to intercalate the DNA
and RNA.

- High positive charge favours mitochondrial localisation due to

the highly negative potential of the mitochondrial membrane.
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- Incorporating the fluorophore into a lipid like structure can
enhance localisation into endoplasmic reticulum and Golgi
apparatus as they are highly membraneous oranelles.

- Incorporation of weakly basic amino groups into the probe
structure should enhance localisation into acidic organelles

such as lysosomes

Further developments of targeting vectors, especially of those with low molecular
weights, are however needed, to achieve a state where a “toolbox” of such agents

would be available.

One possible base for development could be the cell penetrating peptides (CPPs).
The permeation and localisation of small molecules and macromolecules alike can be
enhanced by conjugation to certain oligopeptide sequences. The seminal work in the
field was carried out with the frans-activating transcriptional activator (TAT) from

HIV-1. Many more CPPs have been identified to date.?*

Despite having been developed mainly to enhance cellular penetration, they can
impart effects on localisation as well. Some of the TAT sequences can impart nuclear
localisation.*> Some of the arginine rich sequences can target mitochondria due to

their high positive charge.

The success of the CPPs has been a starting point for the development of new
localisation vectors, such as the oligoarginine vector developed by de Mendoza et.
al.”” The aim was to maintain the localisation profile due to the high positive charge
imparted by the guanidinium groups, but to remove deficiencies such as the danger

of hydrolysis imminent for the peptide chains.
Targeting by means of complex molecules such as taxol or vinblastine as the

targeting vectors is also possible.® It, however, is a case to case approach rather than

a general tool, as targeting based on guests for specific receptors.®’

58



CHAPTERI] Introduction

1.4.2.2 Macromolecular targeting

Targeting and fluorescently labelling any given macromolecule of choice in the
living system can be seen as one of ultimate goals for fluorescent imaging. The most
obvious example of coming very close to this aim are the fluorescent proteins, which
can be tagged by co-expression to many endogenous peptides.®® This, however, is not
without problems. The major issue is that fluorescent protein probe is the same size
as the protein it is reporting. Thus, the localisation and function of the protein
monitored may be altered significantly. The development of specific labelling of
macromolecules with low molecular weight fluorescent probes is thus necessary, and

the goal is still far from being achieved.

A way of labelling the macromolecule in question by the probe needs to be
established. Several bioorthogonal reactions have been identified for this purpose.
These include formation of hydrazides, the Staudinger ligation and reaction of azides
with alkynes.® The benefit of these reactions is that they do not need the biological
machinery of the cell to make them happen. They still have their drawbacks. To
achieve labelling, the cells have to be fed unnatural monomers of macromolecules
bearing one of the reactants (eg. azide). In the simplest scenario, these would then be
nonspecifically incorporated into the biological macromolecule, which would
become labelled reacting with the probe incorporating the other reactant (e.g.
triphenyl phosphine) (Figure 1.81).% This approach is however non-specific, as
different macromolecules can be labelled. Incorporation of a larger number of
unnnatural residues can also compromise the structure and function of the
macromolecule in question. A more specific way of labelling will need to be carried

out by interference with the biochemical machinery.

This is most easily realised with peptides where sequences can be added by genetic
modification. By modifying the tRNA and the aminoacyl-tRNA synthtase, the above
described methodology can be used for specific labelling of protein of choice by an
unnatural amino acid (Figure 1.81).°°2 A most general approach, however, is to
incorporate a small oligopeptide chain at the end of the protein of interest, which can

then be recognised and used for labelling.
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1.5 Introduction to lanthanide lumniescence

The aim of the work presented in this thesis was the synthesis of luminescent
lanthanide complexes as cellular probes. Hence, it is fitting to describe the principles

governing lanthanide luminescence at this point.

1.5.1.1 The forbidden nature of ff transitions > '*% 101,102,103

The predominant oxidation state of lanthanides in solution is +3 and the
corresponding 4f" electron configurations apply. The 4f electrons are strongly
shielded from surroundings by 5s and 5p outer shells resulting in a weak splitting of
the ff transitions (~100 cm™). This results in very sharp absorption and emission
bands of lanthanides, in comparison with dd bands of transition metals, which are
strongly split by ligand fields. Despite this general rule the relative intensities and
fine structure of the bands can carry a substantial amount of information (especially
for Eu®").

The ff transitions in Ln®" ions are Laporte forbidden with increased intensities for
systems without a centre of symmetry or those where the centre of symmetry is
removed by coupling the electronic transition with a vibrational state. Low molar
extinction coefficients (<10 M’ cm’') are one practical result of the ff transition
being forbidden. Long luminescence liftetimes is the second outcome. Whereas the
first implication of the forbidden nature of ff transition creates an obstacle in the
design of lanthanide luminescent complexes, the second is highly favourable, since

long luminescence lifetimes are beneficial for cellular imaging purposes.
Lanthanide ions can emit both in the visible range (Tb>*, Eu**) as well as in the near

infrared region (Nd**, Er** and Yb*") part of the spectrum. Only complexes of Tb**

and Eu’* have been synthesised in the presented work.
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1.5.2 Sensitised emission

Sensitised excitation of the lanthanide ions is used to bypass the problem of their low
extinction coefficients. A suitable organic chromophore is used to absorb the light.
Thus, the chromophore is excited to one of its singlet excited states S;. An
intersystem crossing to its triplet excited state T, follows after vibrational relaxation
to the lowest S; level. Chromophore fluorescence is a competition process, hence fast
intersystem crossing is necessary for efficient sensitisation. The lanthanide ion is
excited by energy transfer from the chromophore T, state (Figure 1.83). Sufficient
separation of the T, and lanthanide emissive states is necessary (>1700 cm’') to
prevent thermally activated back energy transfer, which would lead to the reduction
of the emission intensity and lifetime. The emissive energy levels lie at 17 240 cm’!
(Do, Eu**) and 20 400 cm™ (°Ds, Tb*"), and intramolecular energy transfer to these
levels therefore requires that the sensitising triplet possesses an energy in excess of
22 500 cm'.

W
S N SR »—,—  Energy
1 I — 3
SC (i tmnfer
- T Emissive state
Absorption Lanthanide
.. . fluorescence
Sensitiser Sensitser
fluorescence phosphorescence
\
Sy —————3¥— Ground state
Sensitiser Ln3*

Figure 1.82 — Simplified Jablonski diagram for sensitised emission of lanthanide (1II) ions®”

This involvement of several excited states leads also to large Stokes’ shifts for

lanthanide emission, which is a further advantage for their use as cellular probes.
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1.5.3 Basic features of europium and terbium (lll) emission

spectra

Emission spectra of lanthanide ions consist of several well defined bands. The ratio
of intensities and fine structure of these bands can provide information about the

coordination sphere of the lanthanide, especially in the case of europium.

The emissive state of Eu(IlI) complexes is Dy and the strongest emission comes
from the transitions to the 'F, and 'F; states at 590 and 612 nm respectively (Figure
1.83). The transition to the 'F, state (AJ = 1) has magnetic dipole character and is not
very sensitive to the structure of the coordination sphere. However, the transition to
’F, (A = 2) state is electric dipole in character with high sensitivity to the nature and
symmetry of the coordination sphere. Symmetry determines the number of bands in
the AJ = 1 region giving two bands for complexes with C4 symmetry and at least
three bands for less symmetric ones. The last relatively intense transition is to the "F,
state, which is predominantly electric dipole in character and thus sensitive to the
ligand field. There are more small intensity transitions in the Eu spectrum. The
transition to 'Fo at 580 nm is one of them. Its energy is sensitive to ligand
environment and it may therefore be used to probe the homogeneity of the europium
speciation. Thus, the number of bands in this transition depends on the number of

chemically distinct environments of Eu(III) ion.
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Figure 1.83 — Schematic diagram showing transitions corresponding to different bands in

emission spectra of Eu*" and Tb*" %

The Tb(III) emission spectrum offers less structural information. Its emissive level is

D, and the major band comes from the transition to the 'Fs state (AJ = 1) at 545 nm

(Figure 1.83). It is hypersensitive, but not as sensitive as the transition to 'F, state in

Eu(IlT). Even analysis of the fine structure of the spectrum does not give much

information on the coordination sphere of the ion because of the large number of

unresolved transitions in the bands.
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Lanthanide excited state deactivation, apart from the desired emission of a photon,
can proceed by several pathways. It was previously mentioned that a small enough
energy gap between the lanthanide excited state and chromophore triplet state can

result in back energy transfer. Energy then can be dissipated by competing procesess

at the triplet state.

It has been experimentally established that OH, NH and CH oscillators can
deactivate the lanthanide emissive state. This takes place by vibrational energy

transfer to bound solvent molecules or the ligand (Figure 1.85). Both emission

intensity and lifetime decrease in this case.
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Figure 1.85 — Lanthanide excited state deactivation by vibrational relaxation®**
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It is amine NH groups of the ligand and the OH oscillators in bound water molecules
that are the most efficient quenchers. The energy gap of 12 000 cm™ for Eu’* as
opposed to 15 000" for Tb** makes Eu(IlI) more sensitive to this type of quenching.
This is because in the case of Eu®" the energy is best matched with the third
vibrational overtone of OH vibration compared to the fourth overtone in the case
Tb*. The Franck-Condon overlap factor is less favourable for Tb’*. The OD
oscillators have a lower frequency and matching is therefore possible only with
higher vibrational states, which leads to significantly lower levels of quenching in
D,0. Significant quenching by amide NH and CH vibrations is observed for Eu** but

is much less pronounced for Tb**.

A further quenching mechanism of the lanthanide excited states by electron transfer

from electron rich species will discussed in detail in Chapter 3 of this thesis.

The presence of the deactivation pathways described above implies that the
structures of the ligands for the luminescent lanthanide complexes need to be
designed carefully to obtain highly emissive complexes. Some of the complexes
suitable for cellular imaging were mentioned in earlier sections of this chapter and
the knowledge gained in their synthesis and administration in cellular imaging

experiments was used as the basis for the work presented herein.
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2 New Chromophores and their Integration into
Lanthanide (lll) Complexes

Luminescent complexes of Tb®* and Eu®*, based on the cyclen (1,4,7,10-
tetraazacyclododecane) macrocycle, containing suitable sensitizing chromophores
and various pendant arms have been synthesized. The ability to stain live and fixed
cells with these complexes has been observed.' Issues with the ease of crossing the
cell membrane and sensitivity to quenching of the Ln** excited states have been
identified and tentatively related to certain structural features of these complexes.
The synthesis and photophysical investigation of two new chromophores
incorporating carboxylic acid groups to allow conjugation, and the synthesis and

characterisation of their DO3A complexes are discussed in this chapter.

2.1 Sensitizer structures

The core structures of the new chromophores are based on sensitizers previously
used in luminescent complexes to stain cells for fluorescence microscopy
experiments; namely 7-methyl-dipyrido[3,2-f:2’,3’-h]quinoxaline, 1, and 2-
methylazathioxanthone, 2 (Figure 2.1).

Figure 2.1 - Parent structures of desired chromophores

These sensitisers have previously been integrated into emissive systems, such as

[TbL']* and [EuL?]** (Figure 2.2).%3
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Figure 2.2 — Emissive complexes incorporating tetraazatriphenylene and azathioxanthone

chromophores

The structures (1, 2) were amended by incorporating carboxylic acid groups into the
ring structure. Two carboxylic groups were attached to the tetraazatriphenylene
chromophore into positions 2 and 3. One carboxylic group, in position 7, was
attached to the azathioxanthone structure. Thus, the following chromophore core
structures were obtained; dipyrido[3,2-f:2°,3’-h]quinoxaline-2,3-dicarboxylic acid, 3,

and 7-carboxyazathioxanthone, 4 (Figure 2.3).

\ OH

Figure 2.3 — Target sensitizer structures containing carboxylic acid groups

The carboxylate functional group was introduced into the chromophore structure to
serve as a possible linking group for conjugation of the desired lanthanide (III)
complexes. An additional aspect was to study their effect on the sensitivity of the
complexes to quenching by electron rich species such as iodide, ascorbate or urate. It
was postulated that the negative charge of the deprotonated carboxylic acid group (as

the quenching experiments are to be performed at physiological pH) would render
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the complexes less sensitive to this type of quenching, by virtue of Coulombic

repulsion to encounter.

2.2 Chomophore Synthesis

2.2.1 Synthesis of the Tetraazatriphenylene Chromophore

Being derived from the dipyrido[3,2-f:2°,3’-h]quinoxaline (dpq) chromophore, the
new carboxylic acid functionalised tetraazatriphenylene chromophore, 3, was
expected to retain its attractive properties for sensitisation of lanthanide
luminescence. These may be listed as follows: high molar extinction coefficient at
wavelengths above 340 nm; an absence of chromophore fluorescence; fast
intersystem crossing to the triplet energy state that is sufficiently high in energy to

avoid back energy transfer from the Tb**excited state.*

The synthetic steps were expected to follow established methodology, used for the
synthesis of related ‘dpq’ and ‘dpqc’ chromophores, changing only the diamine

reactant to introduce the carboxylate functionality.

® [
N H80, O N
7 1O, 7
KB

' o Z N
| 67 % |

= AN

5 6 7

Scheme 2.1 - Synthesis of 2-methyl-1,10-phenanthroline-5,6-dione

The synthesis starts by methylation of 1,10-phenanthroline, 5, in position 2, creating
a site for attachment into the ligand structure. The methylation is achieved by
reaction with MeLi in dry THF, which leads to the formation of a dihydro species
that is subsequently re-aromatised by reaction with MnQO,, to yield the desired 2-
methyl-1,10-phenanthroline, 6 (Scheme 2.1). This was then oxidised to the
corresponding 5,6-quinone, 7, using KBr, H,SO4 and HNOs. This reaction involves

generation of molecular bromine in situ. The quinone can then be used in a
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cyclisation reaction, with a chosen diamine, to form the extended heteroaromatic

structure with appropriate functionality.

>

N
1) THF

I Y |

N

EtaN

/ N\_/ \

Scheme 2.2 — Attempts to obtain the desired heterocyclic structure by cyclisation with 2,3-

diamino-maleinonitrile

Initial attempts at the synthesis of dipyrido[3,2-f:2°,3’-h]quinoxaline, with the
desired functionality were carried out according to a published procedure, based on
the reaction of 2,3-diamino-maleinonitrile, 8, with_ the dione, 7 (Scheme 2.2). The
reaction, however, yielded an insoluble black, tar-like, material, from which only
very small amounts of the desired product, 9, could be recovered. Hence, a different
diamine precursor had to be identified. 2,3-Diamino-succinic acid, 10, was chosen as
a suitable candidate. It was esterified to give the diethyl ester, 11, using dry HCI gas
in dry EtOH (Scheme 2.3).

o]
NH, NH, HCI N
HO _ EoHMHCI 1) EtOH / |
HO. 51 % o 2) MnO, \
NH, ’ ~~ NH, HCI 7 £100C
(o] N

10 9 12

/N N\

Scheme 2.3 — Synthesis of the desired tetraazatriphenylene chromophore as its diethyl ester

The cyclisation reaction between 11 and 9 was, however, not followed by a
spontaneous air-promoted aromatisation to the desired product, 12, as was the case
for other diamines. The diethyl-7-methyl-dipyrido[3,2-f:2°,3’-h]quinoxaline-2,3-
dicarboxylate, 12, was obtained from the dihydro precursor by the action of MnO,
(Scheme 2.3). An aqueous EDTA extraction had to be used during the work-up

procedure, to remove traces of manganese (1) salts from the product.
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Having obtained the desired chromophore structure, containing the carboxylate
- functionality, the methyl group needed to be transformed into a haloalkyl group, so
that it could be used in an Sn2 alkylation reaction with a cyclen ring nitrogen.
Previous experience showed that direct bromination using N-bromosuccinimide was

not possible, and an alternative reaction sequence had to be adopted (Scheme 2.4).

EtO0C N

T

Et00C N

YA
1k
7~

/NI

12 13 o]

E100C N

)@

EtO0C N

PCi3

CHCly x
N 26% E100C N

Cl

/7 N\_/ \
B

8
'~
/7 N\_/ \

OH

15 14

Scheme 2.4 — Functionalisation of the chromophore methyl group for cyclen alkylation

The methyl group was first transformed into the corresponding carboxaldehyde 13
using selenium dioxide in dioxane. The aldehyde was reduced to the alcohol, 14, by
sodium cyanoborohydride. This reagent gave better results than sodium borohydride,
used in the synthesis of analogues of this chromophore. Finally, the alcohol 14 was
converted to the desired chloromethyl compound 15 using PCl;. The overall yield of
the reaction sequence was rather low, but sufficient material was obtained for the

further steps of the ligand synthesis.
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2.2.2 Synthesis of the azathioxanthone chromophore

The synthesis of azaxanthones and azathioxanthones is carried out in two key steps.
The first involves the coupling of a phenol or thiophenol of choice with a suitably
functionalised 2-chloronicotinic acid. The heteroaromatic ring system is

subsequently formed by an electrophilic cyclisation reaction in hot polyphosphoric
acid (PPA).’

2-Chloro-6-methylnicotinic acid, 26, and methyl-4-thiobenzoate, 25, were considered
the reactants of choice for the coupling reaction. The latter was not commercially

available and had to be prepared from a suitable precursor.

MeOH Y 225°C 1) NaOH
N

H2S0, 2)HCl

S 0 [o] S
& & Y h L
PN AN

16 17 18 9 20 21

Scheme 2.5 — Synthetic route to 4-thio-benzoic acid

In preliminary work, the synthesis was based on 4-hydroxybenzoic acid, 16. This
was esterified in methanol catalysed in the presence of concentrated H,SO4. The
esterification was followed by reaction with dimethyl thiocarbamoyl chloride to yield
the thiocarbamate 19. A high temperature (225°C) rearrangement led to the
formation of the precursor 20 with sulphur attached to the aromatic ring. The final
step in the sequence involved aqueous base hydrolysis to yield the 4-thio-benzoic
acid, 21. The length and modest yields of this reaction sequence led to consideration

of an alternative sequence, starting from p-anthranilic acid, 22. (Scheme 2.6)

o OH 0. OH o) OH
s
NaNO, /“\ 1) KoCO4
= . K —
HCI o s 2) NaOH
) 3) Hel
94%

NH, N SH
22 23 24 21

Scheme 2.6 — Alternative synthetic route to 4-thio-benzoic acid
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In this alternative reaction sequence, the amino group was converted into the
corresponding diazonium salt 23, which was reacted with potassium ethyl xanthate,

24. The desired 4-thiobenzoic, 21, acid was obtained after base hydrolysis.

o] o}

MeOH
OH o
HCl
100%
HS HS

21 25

Scheme 2.7 — Synthesis of methyl-4-thio-benzoate

Esterification of the carboxylic acid 21 in methanol catalysed by dry HCl, yielded the
desired methyl-4-thiobenzoate, 25, quantitatively (Scheme 2.7).

Scheme 2.8 — Nucleophilic aromatic coupling reaction

The methyl-4-thiobenzoate, 25, was subsequently used in the coupling reaction with
2-chloro-6-methyl nicotinic acid, 26. The reaction was carried out in. DMF using
K,COj; as base and CuBr as a catalyst. This procedure is different to the one used in
the synthesis of azaxanthones, where the reaction i§ carried in molten phenol using
sodium methoxide deprotonation priof to the reaction. Partial hydrolysis of the
methyl ester was observed (‘"H NMR analysis) in the isolated product. The mixture of
the ester 27 and the acid 28 was carried forward for the cyclisation reaction (Scheme

2.9)
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0 o)
N OH o
[ P 1) PPA
N s 2) Hzo

1) PPA

Scheme 2.9 — Chromophore cyclisation

The cyclisation reaction was carried out by heating the starting material in
polyphosphoric acid (PPA) for 20 hours (Scheme 2.9). Performing the reaction work
up in water, as was the case of other azaxanthones and azathioxanthones, led to the
hydrolysis of the ester. The isolation of the acid product proved to be cumbersome
and isolated yields were mediocre. Much better results were achieved by working the
reaction up using methanol. The desired azathioxanthone, 30, was thus obtained in

good yield.

Ccd,
AN O/ NBS 3

l Diberzoyl peroxide *
25%

Br 32

Scheme 2.10 — Chromophore methyl group bromination

The functionalisation of the methyl group was performed by benzylic bromination
with N-bromosuccinimide (NBS) (Scheme 2.10), using dibenzoyl peroxide as the
radical initiator. The bromination does not, however, stop after the formation of the
desired product 31 and proceeded to the dibrominated compound 32. Hence, the
reaction needed to be monitored by '"H NMR to determine the optimal conversion, at

which point the reaction mixture contained the highest proportion of the desired
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product. The starting material and both products were isolated in the
chromatographic separation of the reaction mixture. The dibrominated product 32

was converted into the monobromo species 31 in a reductive reaction using diethyl

phosphite (Scheme 2.11).

o] o]
| N O/
. Br
Q 9 N s
Diethy phosphite
S O/ N-ethyl-di-isopropyl amine A
+
Br. P THF
45%
N S ° (0] e}
Br 32
| AN O/
P
N S

Scheme 2.11 — Debromination reaction

This reaction proceeds to the completely debrominated azathoxanthone 30 as well as
the desired monoboromo compound 31. The parent azathioxanthone can thus be

recycled to increase the overall efficiency of this sequence.

2.3 Complex Synthesis
2.3.1 DO;A Alkylation

1,4,7,10-Tetraazacyclododecane-1,4,7-triacetic acid was chosen as the core ligand
structure for the first series of complexes incorporating the new chromophores. The
functionalisation of the cyclen ring was carried out on the tris t-butyl ester of DO3A

(Scheme 2.12).

Alkylation reactions were carried out in acetonitrile in each case, using K,CO; and
Cs;CO; as bases for the tetraazatriphenylene and azathiaxanthone examples,
respectively. In each case, the N-alkylated product was purified by column

chromatography on neutral alumina.
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Scheme 2.12 - DO3A alkylation with chromophores

2.3.2 Ligand Deprotection and Complexation

The tetraazatriphenylene containing ligand was deprotected by acid hydrolysis of

each ester group in hot 6M HCI (Scheme 2.13).

34 36

Scheme 2.13 — Ligand deprotecion

Thus, the desired ligand containg free carboxylic acid groups, 36, was obtained.

Direct complexation with a Ln (III) salt was expected to yield the desired complex.
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Two different deprotection approaches had to be used in the azathioxanthone system,

as a result of difficulties in subsequent synthetic steps (Scheme 2.14).

37

__/ \ / (o] 0]
HO
Q o) o—

°© ﬁ\ CF3COOH/CH,Cl, 5’/\/ \

N N
S (0]

: “C 3
N==
N N

\_/ \ / (o}
OH
O
38
Scheme 2.14 — Ligand deprotection
Aqueous acid hydrolysis of the protected ligand, removing all of the ester groups to

yield compound, 37, was carried out as well as selective removal of the t-butyl ester

groups by TFA in CH,Cl,, leading to ligand 38.

0 i
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Scheme 2.15 — Complexation reaction with Ln (III) salts
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The tetraazatriphenylene containing ligand 36 was complexed with terbium or
europium chloride in a water/methanol mixture (Scheme 2.15). The pH of the
complexation reaction mixture was maintained at 5.5 by addition of dilute aqueous
KOH solution. The crude reaction mixtures were purified by reverse phase HPLC

chromatography to yield the desired complexes [Th.L’] and [Eu.L’].

Attempts to perform the complexation reaction of the azathioxanthone containing
ligand 37 in a similar manner to obtain complexes [Ln.L*] were unsuccessful
(Scheme 2.15). Formation of a precipitate was observed shortly after the addition of
the lanthanide salt. Tb*" and Eu* emission profiles were observed from the reaction
mixtures, but the luminescence lifetimes measured were significantly shorter than
anticipated from results in similar systems. Furthermore, no Ln emission signal was
observed after the treatment of the samples at pH 10 (a treatment used for the
removal of excess Ln salt). This led to the conclusion that the desired complexes

[Ln.L%] had not been formed.

o)
KO
o% g
HO N N S (o] LnCl3.6H,0
N== H,O/MeOH
N N

pH 5.5
R N A e e
OH
e}
38

NaOH/H,0
pH 10, 285 K

Scheme 2.16 —Complexation and ester hydrolysis
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The proposed explanation of this observation was that the Ln** jon was loosely
complexed by the chromophore carboxylate groups, preventing it from being
properly installed into the ligand cage. This complex would be expected to have a
reduced luminescence lifetime due to a higher number of coordinated waters, and
would also be expected to be easily hydroiysed into Ln(OH); under basic conditions.
To avoid this problem, the partially deprotected ligand 38 was prepared (Scheme
2.14) and the lanthanide (III) complexes [Ln.L’] were synthesised (Scheme 2.16).

The complexes [Ln.L%] were purified by reverse phase HPLC chromatography. The
subsequent hydrolysis of the methyl ester was attempted using mild base conditions
(NaOH, pH 10; Scheme 2.16). The reaction was slow and a significant degree of
decomplexation was observed. Small quantities of the desired complexes [Ln.L%]

were however obtained, after HPLC purification.

2.4 Azaxanthone chromophore

In a parallel project, the DO3A complexes incorporating azaxanthone chromophore
analogous to the 7-carboxyazathioxanthone, 4, were synthesised. The chromophore

core structure was 7-carboxyazaxanthone, 39 (Figure 2.4).

\

39

Figure 2.4 — Azaxanthone chromophore containing a carboxylic acid group

2.41 Chromophore synthesis

The synthesis of the azaxanthone chromophore 41 and its bromomethyl derivative 42

was carried out in a similar fashion as for the azathioxanthone chromophore

(Scheme 2.17).
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Scheme 2.17 - Synthesis of the bromomethyl derivative of the desired azaxanthone

chromophore

In this sequence, methyl-4-hydroxybenzoate, 17, was coupled to the 2-chloro-6-
methylnicotinic acid in this reaction sequence. The coupling reaction was carried out
in a different manner, compared to the azathioxanthone synthesis. Excess of the
phenol, which melted at the reaction temperature, was used as the solvent and the
deprotonation was carried out with sodium methoxide in methanol, generated in situ.
The cyclisation and bromination reaction followed the scheme described above.
Once again, both the desired bromomethyl derivative 42 and the undesired dibromo
compound 43 were isolated. The reductive debromination, described above (Scheme
2.8), was employed to improve the overall yield of the desired bromomethyl

derivative 42.

2.4.2 DO3A complex synthesis

For initial investigation of this chromophore, the Ln (III) complexes based on
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A) were synthesised. The
synthesis was carried out following the previously described route starting from the

t-butyl ester of DO3A.
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Scheme 2.18 — Synthesis of the DO3A complexes incorporating the azaxanthone chromophore

{Ln.L8)

2.5 Synthesis of complexes incorporating amide arms

The DO3A complexes are suitable for assessing the ability of the chromophores to
sensitise the luminescence of Ln(III) ions, as well as for further solution experiments.
Our previous work has, however, shown that they are not particularly suitable for
cellular experiments because of their intrinsic sensitivity to quenching by
endogenous reductants such as ascorbate and urate (see Chapter 3). It was the more
lipophilic 3+ charged complexes such as [TbL']** and [EuL?]** that were considered
more appropriate for preliminary cellular imaging experiments. Hence, the new
chromophores were incorporated into complexes bearing the (S)-1-
phenylethylacetamide arm, for these cellular imaging experiments (discussed in

detail in Chapter 4).

Protective groups need to be employed to achieve selective alkylation of the cyclen

nitrogens.
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Scheme 2.19 — Ligand synthesis for the amide arm series of complexes

The synthesis of the ligands containing amide arms began with the alkylation of the
unprotected nitrogen of fris Boc-cyclen, 46, using the bromomethyl derivative of the -
azathioxanthone, 31, or azaxanthone, 42. The protecting Boc groups were then
removed in a reaction with dry TFA in DCM to give the ligand precursors 49 and 50.
The ligand synthesis was then accomplished by alkylating the free amino groups of

the cyclen with (S)-1-phenylethylchloroacetamide, 51..
The prepared ligands 52 and 53 were then used in complexation reactions with the

Ln(IIT) salts. The standard procedure of such a reaction, using an appropriate Ln(III)

triflate salt in dry acetonitrile was used.
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Scheme 2.20 — Complexation reactions forming the phenyl amide series of complexes

The complexes were purified by precipitation onto dry Et,O, which was followed

by

an anion exchange reaction to replace the triflate anion with a more water soluble

chloride counterion.

2.6 Photophysical Charcterisation of the Chromophores

An organic chromophore needs to fulfil several characteristics to be considered

suitable as a senzitizing moiety for lanthanide luminescence. The most important are:

high molar extinction coefficient, fast intersystem crossing and suitable energy of the

triplet excited state. Furthermore, for practical considerations in fluorescence

microscopy, absorption above 340 nm is important for the complexes considered for

cellular imaging.
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2.6.1 Azaxanthone and Azathiaxanthone Chromophores

Aromatic ketones are known to populate effectively their triplet state, hence
benzophenones and acridones have been used in previous work to sensitize
lanthanide luminescence.® Several photophysical studies have suggested that hetero-
atom derivatives of acridones such l-azaxanthone and 1-azathioxanthone should
possess suitable properties as sensitizers of lanthanide luminescence. ’’ ¥ °
Furthermore, the replacement of a phenyl group with a pyridyl moiety in the
chromophore structure, introduces another possible binding atom into the ligand.

This should decrease the distance between the chomophore and the metal, thus

increasing the efficiency of energy transfer to the metal centre.
The carboxymethyl substituted azaxanthone 41 and azathioxanthone 30, were

synthesised as a part of a small library of chromophores, with the aim of studying the

effect of substitution of the core structures on their photophysical properties. '

0 o] o] [o] (0] o]
N/ S N/ S N/ (] N/ Q'
54 30 55 41

Figure 2.5 — Structures of a-methyl azathioxanthone and azaxanthone chromophores

Structure Apma/nm (&, Mem™)®  dop/nm® Er/em™®

54 371 (6,770) ' 425 23.700

30 369 (5,360) 433 23,800

55 330 (6,900) 405 24,800

41 328 (5,720) 392 24,900

Table 2.1 - Photophysical properties of selected azaxanthone and azathioxanthone

chromophores a: (MeOH, 295 K); b: (Et,O-isopentane-ethanol glass, 77 K)
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The small energy gap of the nm and nn excited states led to the expectation that the
photophysical properties would be sensitive to substitution, as well as to solvent

effects.

The data in Table 2.1 show that the introduction of the carboxymethyl group into the
chromophore structure does lead to small changes in the singlet and triplet excited
state energies. It needs to be mentioned that a significantly higher amount of
fluorescence was observed for the 1-azathioxanthone chromophores in comparison to
the 1-azaxanthone ones. A similar trend was observed with the introduction of an

alkyl substitutuent, such as a ¢-butyl group in position 7, 56.

Figure 2.6 — 7-fButyl-1-azaxanthone

More dramatic substituent effects were observed with the introduction of amino or

methoxy groups, Figure 2.7, in which lone pair conjugation can occur.
[e] (o]
m /(YD/O\
N/ Q NH; N/ O
57 58

Figure 2.7 — Amino and methoxy derivatives of the azaxanthone chromophore

Structure  Apa/nm (&, M em™)® Don/nm® Eem™®
57 356 (18,000) 458 21,600
58 355 (4,845) 453 21,500

Table 2.2 — Photophysical properties for azaxanthone chromophores with strongly electron
donating substituents a: (MeOH, 295 K); b: (Et,O-isopentane-ethanol glass, 77 K)
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These changes are also demonstrated in the following absorption and
phosphorescence spectra, Figure 2.8, showing the difference between 1-azaxanthone,

S5, and 8-amino-1-azaxanthone, 57.
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Figure 2.8 — Absorption and phosphorescence spectra for 1-azaxanthone and 8-amino-1-
azaxanthone

These results show that structures 57 and 58 are not suitable for sensitisation of
lanthanide luminescence. The energy of their triplet state (21,600 cm™) is too low for
efficient Tb>* sensitization and they possess several hundred fold higher fluorescence,
which would be expected to significantly decrease the overall Ln®" emission quantum

yield.

Small changes in absorption maximum for the parent 1-azaxanthone, 55, were
observed in different solvents. The absorption band at lowest energy shifted from
329 nm in EPA to 330 nm in MeOH and 334 nm in water. This can be explained by
an increased 7n contribution to the predominantly nmt character of the singlet
excited state. The extinction coefficient of this peak also shows solvent dependence,
going from 6,900 M'cm™ in MeOH to 4,500 M'cm™' in 33% water-MeOH. A blue
shift and a decrease in fluorescence intensity was observed for the azaxanthones with
decreasing solvent polarity, with no observable fluorescence in CH,Cl,, EtOAc, THF
and toluene. The effect of solvent on the chromophore fluorescence was even more
significant for the thioxanthones, where the amount of fluorescence observed varied
to a greater extent. The variation of the fluorescence emission maxima with solvent
polarity are shown in Figure 2.9, showing a reasonable correlation with Reichardt’s

classical solvent polarity parameter, E130.

91






CHAPTER 2
New Chromophores and their Integration into Lanthanide (I1l) Complexes

Structure Ayod/nm (€, M'cm™)® dop/nm® Egem™®
12 355 (5,430) Not observed 22,800
59 340 (3,800) Not observed 23,800
60 347 (6,400) Not observed 23,400

Table 2.3 — Photophysical properties of tetraazatriphenylene chromophores; a: (295 K, MeOH),
b: (Et,O-isopentane-ethanol glass, 77 K)

The results show that the new tetraazatriphenylene bearing a di-carboxyethyl
substitution has maintained the adequate properties for practicable lanthanide
sensitization. Efficient absorption at wavelengths exceeding 350 nm is still present.
The lack of chromophore fluorescence is consistent with fast intersystem crossing.

Also, the triplet energy is sufficient for both Tb** and Eu’* sensitization.

2.7 Characterisation of complexes

2.7.1 HPLC separation and analysis

The purity of the prepared complexes was assessed by reversed phase HPLC. The
complexes [LnL*]* and [LnL?] both showed one major peak in the chromatograms
of the crude complexation mixtures. This was purified by semi preparative HPLC,
also with the aim of removing the salts contained in the crude samples. The
1

purification and analysis of complexes [LnL%* is discussed in Chapter 4.
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Figure 2.14 — Absorption spectrum for the anionic dpq complex, [LaL*)*, (H,0, 295 K)

Complexes with the tetraazatriphenylene chromophore possessed the longest

wavelength absorption at 347 nm (Figure 2.14).
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Figure 2.15 - Absorption spectrum for the azathioxanthone complex, [LnL®}, (H,0, 295 K)
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Figure 2.16 — Absorption spectrum for the azaxanthone complex, [LnL®]**, (H,0, 298 K)

Figures 2.15 and 2.16 demonstrate the spectral differences between the
azathioxanthone and azaxanthone chromophores, with the latter absorbing at higher

energy.
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Figure 2.17 — Emission spectra for the anionic tetraazatriphenylene complex, [LaL*)*, Ln=Tb
(left), Ln = Eu (right), (H,0, 298 K)

The emission spectra were recorded in water at 298 K. Emission spectra of DO3A

complexes [Ln.L’] containing the tetraazatriphenylene chromophore, showed strong

lanthanide emission and an absence of chromophore fluorescence.
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Figure 2.18 — Emission spectra for the azathioxanthone complex,[LnL?], (H,0, 298 K)

The emission spectra of the azathioxanthone complex, [Ln.L%], showed a significant

amount of chromophore fluorescence, with a rather weak lanthanide emission.
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Figure 2.19 — Emission spectra for the azaxanthone complex, [LnL®]**, (H;0, 298K)

The emission spectra of the cationic triphenylamide complexes [Ln.L¥** exhibited
strong lanthanide emission and a very weak chromophore fluorescence could be

discerned in the case of the europium complex, [Eu.L*]**.

2.7.3.2 Luminescence lifetime measurements and hydration state
analysis

Luminescence quantum yields and luminescence lifetimes are highly informative

about the photophysical properties of the emissive complexes.

The lanthanide emission quantum yield is indicative of the overall efficiency of the

process that populates the lanthanide excited state and its emissive relaxation.

98



CHAPTER 2
New Chromophores and their Integration into Lanthanide (I1I) Complexes

Complex Lifetime in Lifetime in q Quantum yield
HzO (ms) D20 (ms) (%)
[Th.L}~ 2.26 2.41 0 55
[Eu.L*) 1.07 1.61 0 17
[Tb.L’] 1.46 N.d. N.d. 33
[Eu.L’) 1.08 N.d. N.d. 18
[Th.L?] 0.53 0.62 1.1 2.2
[Eu.LSA 0.51 1.62 1.3 2.1
[Tb.LY 1.89 2.88 0.64 12
[Eu.Lml 0.60 2.08 1.1 8
[Th.LE" 1.60 N.d. N.d. 19
[Eu.lj’r'+ 0.58 N.d. N.d. N.d
[Th.L")* 1.65 2.89 1.00 37
[Eu.L"P 0.54 1.73 0.97 8

Table 2.4 — Emission lifetimes and quantum yields of selected lanthanide complexes

The emission lifetime, in turn, gives information about the coordination sphere of the
metal defined by the corresponding ligand, and the extent to which it protects the

lanthanide excited state from non-radiative deactivation processes.

[LnL') [LaLitpe [LnL"p*

Figure 2.20 — Structures of the complexes used for comparison of emission data

Thus, it can be seen that the complexes incorporating the new tetraazatriphenylene

chromophore, [LnL*]*, have maintained the favourable photophysical properties of
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previous complexes bearing analogous chromophores, such as [LnL’]. Indeed, both

the luminescence lifetime and the quantum yield are actually increased.

In the case of the azathioxanthone complexes [LnL’], the photophysical
characteristics are not so favourable, with both quantum yields and luminescence

lifetimes decreased in comparison to analogous azaxanthone complexes [LnL'O].

Measurement of the luminescence lifetimes in H,O and D,O for the newly
synthesised complexes allowed an estimation of the hydration state of each complex.
The tetraaztriphenylene complexes, based on a nonadentate ligand, did not have a
bound water molecule. The thiaazaxanthone complexes, derived from an octadentate
ligand, bind one water molecule at the metal centre. The number of bound water

molecules was calculated according to the following equations'?:

G50 =1.2 (K20 = Koo —0.25 — x-(0.075)) (1)

qu=5-(kH20 —kpao —0-06) (2)

In these equations, knyo and kpyo are the radiative decay rate constants in water and
deuterium oxide respectively; the term 0.25 for Eu (0.06 for Tb) refers to quenching
due to second sphere water molecules and the 0.075 term refers to amide NH

quenching for Eu complexes.

2.7.3.3 CPL measurements for triamide complexes

Since the triamide complexes [LnL%*" are chiral, their photophysical properties can
be further investigated by chiroptical methods. Circular dichroism measurements,
which assess the difference in absorption of right and left circularly polarised light
(ground state investigation), are not easily used for these complexes. This is because
the measurement of the lanthanide absorption spectrum is necessary and requires
relatively concentrated solutions, due to the forbidden nature of the f-f transitions.

Circularly polarised luminescence (excited state investigation), on the other hand,
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Complex g g g
(SSS)-[EuLsg‘“ +0.009 -0.077 +0.011
(S)-A-[EuL']** +0.09 -0.09 +0.08
Complex g Zow Zow
(SSS)—[TbI7213+ +0.080 -0.050 +0.018
(S)-A-[TbL"]** +0.14 -0.1 +0.17

Table 2.5 — Comparison of g, values for the (S5S)-enantiomers of [LnL®]** and (S)-A-[LnL"}}**

The sign and sequence of the transitions for the Eu and Tb complexes [LnL*** was
the same as for the (S)-A-[LnL"*}**. Hence, a A-helicity can be assigned to these

complexes.

2.7.3.4 Two photon excitation

As has been discussed in the introduction (Section 1.1.2), two photon excitation is
currently being pursued for certain fluorescent probes in biological imaging, as it
offers higher resolution and deeper tissue penetration and may cause less
photodamage. Only a limited number of reports have been published so far dealing

with two photon excited luminescence of lanthanides. '® 7

Recently, two photon emission spectra were recorded for two europium complexes

synthesised in Durham, [EuL"]** and [EuL**."®

|EuLY)> 1EuL™)™

Figure 2.24 — Complexes used in initial two photon excitation experiments
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salts and in biological media. These conditions correspond to assay conditions used

in different protocols commercially.

The results are consistent with a high stability of the complexes with time, with the

exception of the observed sensitivity to Mn®* ions.

\ / \—
/ N\ N=
—/ \/

[EuLep*

Figure 2.31 — Structure of the reference Eu®* cryptate K,.;, used in the stability experiment

The observation of stepwise decarboxylation for the aged samples is not surprising.
Decarboxylation of carboxylic acids in the o-position to pyridine, quinoline or
pyrazine groups is well established in the literatue and is usually associated with a

thermally activated process for the protonated ligand.

3 !

N N, H
LT\ I\I
e N N R

Scheme 2.21 — Possible mechanism of decarboxylation of tetrazatryphenylene complexes [LnL’]

2.8 Chromophore modification by N-oxide formation

The longest wavelength absorption maximum in the azaxanthone spectrum, lying just
below 340 nm, is on the borderline for practicable use in fluorescence microscopy.
Previous work in Durham has shown that the formation of the N-oxide on the
pyridine ring of the azaxanthone chromophore shifts the absorption maximum more
than 10 nm to the red.2’ The DO3A complexes containing this modified azaxanthone
chomophore were prepared to assess their utility in sensitising lanthanide

luminescence.
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2.8.1 Complex synthesis

The synthesis was carried out along the established route for azaxanthone synthesis,
preparing the bromomethyl derivative 64 in three steps. This was then used to

alkylate the tris-tertbutyl ester of DO3A, 33.
o]
@\ - MeONaMeOH oM :;.’;gH
2, 1zo°c | O 92%
12% N/ o

NBS
Dibenzoyl peroxide
CCl,
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33 63
Scheme 2.22 — Synthesis of an azaxanthone substituted DO3A derivative

The protected ligand was obtained following alkylation in acetonitrile. The ¢-butyl
esters were removed by TFA/DCM at room temperature followed by boiling of the

crude reaction mixture in H,O,/TFA, to allow the formation of the desired N-oxide.

1. TFAICH,CL R.T.
2. H,0TFA feflux O™
—_—

3. LnCl;MeOH/H,0
pH5.5
Ln=Tb, Eu

Scheme 2.23 — Synthesis of N-oxide complexes

The complexes were then formed by reacting with appropriate lanthanide chlorides

in aqueous methanol mixtures, with the pH kept at 5.5.
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Even a small amount (5% v/v) of water added to the dry acetonitrile solution of the
N-oxide complex led to nearly complete removal of the lanthanide luminescence.
This could be the result of weak binding of the chromophore N-oxide to the metal
ion as a result of strain in the bite angle. Thus, the chromophore is easily displaced -
by competitive coordination of water molecules. These results showed that the N-
oxide complexes were not suitable for cellular imaging by fluorescence microscopy

and were not developed further.

2.9 Phosphinate complexes

Previous work in Durham has shown that tetrakis phosphinate complexes, [Lan]',
possess long luminescence lifetimes (nearly 4 ms of Tb** complex), and high overall

emission quantum yields, up to 44% in H,0.'

Figure 2.34 — Tetrakis phospinate comlexes

This observation, together with the possibility to vary the lipophilicity of the
complex by variation of the alkyl group R, made complexes incorporating three
phophinate pendant arms and a chromophore an interesting target. Complexes with

two different alkyl groups (methyl, benzyl) were selected as goals for initial work.

2.9.1 Complex synthesis

Two different strategies were used in the synthesis of the two analogous ligands.
Each route involved protection and deprotection steps to achieve the selective

substitution of the cyclen ring nitrogens.
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Scheme 2.24 — Synthesis of the methyl phosphinate ligand, L*'

The synthesis of the protected methyl phosphinate ligand, 69, commenced with
protection of three cyclen ring nitrogens by Boc groups. The remaining nitrogen was
alkylated with the bromomethyl derivative of 1-azaxanthone, 63, in a subsequent
reaction. The protecting Boc groups were removed by TFA in dry CH,Cl, and the
monosubstituted cyclen derivative 67 was reacted with diethoxymethylphosphine

and para-formaldehyde, to yield the protected ligand 69.

The synthesis of the benzyl phosphinate ligand, 74, began with a series of protecting
and deprotecting reactions aimed at obtaining the mono-Boc protected cyclen
derivative 70. The cyclen was first acylated at three ring nitrogens by ethyl
trifluoroacetate, and the remaining position was protected by a Boc group. The
derivative 70 was then obtained following mild base hydrolysis. The phosphinate
pendant arms were introduced in an Arbusov reaction with diethoxybenzylphosphine,
71, and paraformaldehyde in dry THF. This was followed by the removal of the Boc
protection with TFA in DCM and alkylation of the free cyclen nitrogen to give the
desired protected ligand 74.
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Scheme 2.25 — Synthesis of the benzyl phosphinate ligand, L™

The synthesis was completed by acid hydrolysis of the phosphinate ethyl groups and
complexation with an appropriate lanthanide (III) salt in aqueous methanol adjusting
the pH to 6. The neutral complexes, [LnL*'] and [LnL?*, were purified by column

chromatography on alumina.

-

O
-’
ar O /\R
/
/ N N .
//o [ j 1) 6 M KCl reflux
2) LnCly, H;O/MeOH. pH 6
Ln=Tb, Eu
\ / o
\o\\
70R =Me [LnLY)R =Me
75 R = CH,Ph [LnL?3) R = CH,Ph

Scheme 2.26 — Synthesis of the phosphinate complexes, [LnL'®] and [LnL")
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2.9.2 Complex properties

The phosphinate complexes containing the azaxanthone chromophore had the
favourable luminescence properties that were expected. The luminescence lifefitimes

are summarised in Table 2.6.

Ligand b Eu
L"® 3.57 ms 1.16 ms
L’ 3.63 ms 1.25 ms

Table 2.6 — Luminescence lifetimes for the phosphinate complexes (H,0, 295 K)

The luminescence lifetime in DO was measured for the benzyl phosphinate complex
[TbL*] and was found to be 3.58 ms. This indicates that there are no water
molecules directly bound to the metal centre, even though the ligand is only
octadentate. This behaviour was observed with other complexes bearing the benzyl
phosphinate pendant arms and is probably due to the steric hindrance of the metal
centre by the benzyl groups and the overall lipophilic character of the complex.” The

luminescence quantum yield for the benzyl phosphinate complex [TbL*] was 44%.

These results were not further developed, apart from quenching studies (Chapter 3),
in this thesis but were taken as an encouragement to use phosphinate arms in further

work with luminescent complexes.

2.10 Conclusions

Two new chromophores incorporating carboxylic acid functionality and their DO3A
complexes have been synthesised. Their photophysical properties were investigated.
The tetraazatriphenylene chromophore, 12, gives rise to highly emissive complexes.
The only drawback in the case of this chromophore is its tendency over time to lose
one or even both of its carboxylic acids. The monocarboxylate complexes have,
however, been shown to be highly emissive and stable with time in media used for

commercial assays. The monoacid complexes also retain one possible conjugation
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point. Complexes of the azathioxanthone chromophore exhibit only weak lanthanide

emission. This is in part due to strong chromophore fluorescence in aqueous media.

An analogous azaxanthone chromophore, containing a carboxylic acid ester, has
been incorporated into cationic amide arm complexes, which have been shown to be

highly emissive. Further work with these complexes is presented in Chapter 4.

Further work was aimed at amending properties of the azaxanthone chromophore by
making its N-oxide. The N-oxide complexes are not emissive in aqueous media and
cannot be used for cellular imaging purposes. Phosphinate pendant arm complexes
have been synthesised as well, and have been shown to have good photophysical

properties.
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3 Quenching studies

A large number of factors needs to be taken into consideration during the design of
luminescent lanthanide complexes for cellular imaging purposes.'> Some of these,
such as the prerequisites for sensitizing chromophores, have been discussed in
previous chapters. Further understanding can be obtained from a mechanistic

analysis of the pathway leading to lanthanide emission, Scheme 3.1

. lanthanide
ligand fluorescence luminescence
sens—Ln
hv'
energy .
Kem transfer kem | hv"
hv Kisc ker

» 'sens—Ln » ’sens—Ln -—= sons—Ln*

absorption kgeT \kﬂ_
Kety / \kq[Q] lkq-[oz] kq-[x7/ \k'E, N

Scheme 3.1 — Photophysical kinetic scheme for sensitised lanthanide luminescence

sens—Ln

This scheme shows that there are three excited states in the overall excitation
pathway. The first two are the singlet and triplet excited states of the chromophore
and the third one is the excited state of the lanthanide ion. The chromophore excited
states can undergo several other energy-, electron- or vibrational- relaxation
processes, which can lead to a decreased quantum yield for lanthanide emission.
Thus, the sensitizing chromophores need to be chosen with care. The deliberate
controlled perturbation of these excited states can also be used in the design of

sensitive probes.>*

The lanthanide excited state can be quenched by a variety of processes. Vibrational
deactivation by energy matched X-H (X = O, C or N) oscillators is well known. The
sensitivity of Tb*" and Eu*'excited states to vibrational quenching by OH and amine
NH groups needs to be considered in ligand design.”' ® Energy transfer to
chromophores with appropriate absorption spectra can also occur and has found

application in many time resolved assays.”
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Furthermore, another quenching pathway, involving an electron/charge transfer
process, can be anticipated. The terbium SD4 and europium °Dj excited states lie high
above their ground states at 244 and 206 kJ mol” respectively. In addition, these
excited states have lifetimes of the order of milliseconds. This energy can be utilised
as a driving force for an electron-transfer process.’ It has been observed that this
process occurs in the presence of electron rich species, which can, in the limiting
case, be oxidised with the concomitant reduction of the complex. The facility of such

a process can be assessed using the Weller equation (1).'°

AG,, = nFl(on ~E,)-E,. - e%_f]./ mol™ )

Here, Eox is the oxidation potential of the electron donor (quencher), E.q is the
reduction potential of the complex, Eiq+ is the energy of the lanthanide excited state
(2.52 and 2.13 €V for terbium and europium respectively) and e*/er is a Coulombic
attraction factor correcting for the transient formation of a charge separated species,

which is usually small (< 0.2 eV).*

The first implication, obvious from equation (1) is that terbium complexes should be
quenched more readily by this mechanism than europium complexes of the
corresponding ligands, due to the higher energy of the terbium excited state
(difference of 38 kJ mol™). This in turn implies, at least in the case of terbium
complexes, that the electron is accepted by the heterocyclic chromophore, rather than

the metal.’

Thus, knowing the reduction potential of the chromophores, and using equation (1),
an estimate can be obtained as to which electron rich species should be expected to
exhibit this kind of quenching. For the tetraazatriphenylene complexes, with the
chromophore reduction potential of -1.1 V, and halide anions it is only iodide (Eox =
+ 0.54 V)'' that should effectively quench the lanthanide luminescence. The
oxidation potentials of + 1.07 V and + 1.36 V for bromide and chloride respectively

should rule them out as possible quenchers.**
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As these lanthanide complexes were developed for cellular imaging, other electron
rich species needed to be investigated as possible quenchers of lanthanide emission.
The two most obvious ones are urate (Eox = +0.59 V) and ascorbate (E,x = +0.30
V).'2 These two compounds are present in most eukaryotic cells with concentrations
ranging from 0.1 to 1 mM and probably act in synergy, as part of the cell’s

antioxidation mechanisms.

In addition, initial observations of this type of quenching have shown that it is both
the emission intensity and its lifetime that are reduced. This indicates that a

dynamic/collisional quenching process is taking place.* ?

3.1 Investigation of dynamic quenching

The Stern-Volmer equation (2) is commonly used to quantify the extent of quenching

by a given quencher':

. I%=] +k,7, [Q]=1+ Kg [Q] . 2)

Io and I in equation (2) are luminescence intensities in the absence and presence of
the quencher respectively, kg is the rate constant for the bimolecular quenching
process, To is the luminescence lifetime in the absence of quencher and [Q] is the
-quencher concentration. The product of kq and t (Ksv) is the Stern-Volmer quenching
constant, which has units M™". The quenching susceptibility is usually quoted as the
inverse value of the Stern-Volmer Kgy (M), which indicates the concentration at

which the luminescence is quenched to 50% of its initial value."?

A similar equation relating luminescence lifetimes can be used for dynamic

quenching, equation (3).

T% =1+K, (0] 3)
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Scheme 3.2 — List of complexes used in the quenching study
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3.2.1 Quenching with potassium iodide

The data obtained with solutions containing varied concentrations of potassium
iodide followed the relationship implicit in equation (3) and gave linear Stern-

Volmer plots. The results are summarised in Table 1.

Entry Complex Terbium Europium
1 [LoL']** 0.92 27

2 [LnL’) 2.10 >1000
3 [LoL*)* 6.90 >1000
4 [LnL*p* 1.64 85.5

5 [LaL¥*)* 2.35 10.8

6 [LnL®] = 225 >1000
7 [LnL?2") 3.21 >1000
8 [LoL2)> 2.50 >1000
9 [LnL?] 36.6 120
10 [LnL*} 26.2 139
11 [LnL?] 53.5 125
12 [LoL*®| 35.2 N.d.
13 [LnL?)* 10.9 250
14 [LoL")* 9.20 278
15 [LnL®* 5.60 N.d.
16 [LnL** >1000 N.d.

Table 3.1 — Inverse Stern-Volmer quenching constants Kgy' (mM) for quenching of the
lanthanide luminescence by iodide (298 K, 10 uM complex, pH 7.4, 10 mM NaCl, 0.1 M HEPES
buffer) '

The expected higher sensitivity of terbium complexes to quenching is maintained in
every case. The following order of susceptibility to quenching was observed for
charged complexes positive > neutral > negative. This trend can be explained by
simple electrostatic attraction/repulsion ideas and is evident especially for entries 1-3

and to a lesser extent, for entries 4, 6 and 8.
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The susceptibility to quenching is also a function of the reduction potential of the
chromophore. This trend is observed for a set of complexes with different
chromophores but identical pendant arms, such as entry 1 and 11. The azaxanthone
complexes are quenched to a lesser extent than the tetraazatriphenylene ones, as their

standard reduction potentials are -1.6 and -1.1 V.

3.2.2 Quenching with Urate and Ascorbate

A similar study was carried out using uric and ascorbic acid as the quenching agents.

Entry Complex Urate Ascorbate
Terbium Europium Terbium Europium

17 [LaL")* 0.025 0.07 0.18 0.39
18 [LnL?] 0.005 0.11 0.35 2.92
19 [LnL*)* 0.01 0.16 0.75 4.13
20 [LnL2**P**  0.009 0.49 0.24 0.51
21 [LaL®")P**  0.018 0.028 0.47 0.47
22 [LnL*?) 0.05 0.05 0.55 1.13
23 [LnL>") 0.03 0.08 0.99 7.50
24 [LnL*)>  0.012 0.084 0.38 2.55
25 [LnL?') 0.02 N.d. 0.48 N.d.
26 [LnL?] 0.06 0.36 0.93 11.3
27 [LnL*") 0.012 0.28 0.57 8.90
28 [LnL®) 0.01 N.d. 0.61 N.d.
29 [LaL®P*  0.02 0.27 0.30 1.52
30 [LoL"}*  0.04 0.60 0.37 1.50
31 [LnL%?* 0.018 N.d. 0.19 N.d.
32 [LaL*)*  >1000 N.d. >1000 N.d.

Table 3.2 - Inverse Stern-Volmer quenching constants Ksy"' (mM) for quenching of the
lanthanide luminescence by urate and ascorbate (298 K, 10 nM complex, pH 7.4, 10 mM NaCl,
0.1 M HEPES buffer)
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The higher susceptibility of terbium complexes to quenching was also observed with
these quenchers. Other results obtained from this study, did not adhere to the

predictions based on equations 1-3.

Most importantly, each complex showed a much higher sensitivity (up to an order of
magnitude) to quenching by urate compared to ascorbate. This behaviour does not
match the expectation based on their oxidation potentials of +0.59 and +0.30 V,
respectively. The sensitivity to quenching by urate/ascorbate mirrored the ease of
reduction of the chromophore, for complexes based on the same ligand parent
structure (e.g. DO3A). No overall trend was evident, however, based on overall
charge i.e. coulombic effects, as was the case for iodide. The steric shielding of the
metal centre seems to play a more important role. Comparing, for example, the
azaxanthone DO3A complex (Entry 27) to its benzyl phosphinate analogue (Entry
26), it is evident that the more sterically hindered benzyl phospinate complex is less

sensitive to quenching.

The data presented in Table 3.2 were obtained with concentrations of urate in the
range from 5 to 50 uM and ascorbate 50 to 500 uM. This concentration range had to
be used as the Stern-Volmer plots of 1o/t versus quencher concentration showed

deviation from linearity predicted by equation 3, consistent with saturation behaviour.

12

10

0 2 4 6 8 10
[Q) imM

Figure 3.2 — Nonlinear behaviour of 1o/t plots for urate (squares) and ascorbate (open triangles)
with complex [TbL''|** (pH 7.4, 0.1 M HEPES, 10 mM NaCl, 10 uM complex, 295 K)°
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This effect is especially marked for terbium complexes in quenching experiments
with urate. Non-linear behaviour and the tendency to reach a limiting 1o/t value was
also observed with high concentrations of ascorbate as well. This nonlinear
behaviour was most evident with cationic complexes, such as [LnL']**, where
deviations from linearity were observed at 50-200 uM urate concentration. Urate
concentrations 3-4 times higher were required for such an effect with the

corresponding neutral and anionic complexes.

Thus, another parameter was needed to be defined in order to describe the quenching
behaviour exhibited by urate and ascorbate. The to/t value, at a fixed quencher
concentration was considered. Analysing these values for example for complexes
[LnL'}*, [LnL’] and [LnL®]> with 50uM urate, to/t values are 5.1, 11.5 and 5.6
respectively. It can be clearly seen that the charge effects that dominated iodide
quenching are not important in this case. Indeed, the cationic complex is the least
sensitive. This behaviour is further emphasised by examining the limiting 7o/t values,

which are 8 for the cationic complex and >20 for the other two.

3.2.3 Amide arm complexes of functionalised azaxanthone
complexes

Ph coO Ph CONHMe

[TbLJO]Z' [TbL31]3¢

Figure 3.3 — Structures of complexes showing limited sensitivity to quenching by electron rich

species
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and thus increase the sensitivity to quenching, as was the case for the methyl ester.

Thus, further investigation is needed for a greater understanding.

3.2.4 Investigation of the Quenching Mechanism

The observation of non-linear behaviour in the quenching of lanthanide emission by
urate and ascorbate, as well as the unexpected sensitivity to quenching by urate, led

to the need to explore further the underlying quenching mechanism.

. k1 . k2 ks
A +D (A'D) (As"De*)———> (Ae" + Do)
1 -2
1/T0
A+D

Scheme 3.4 — Kinetic scheme for collisional quenching proposed by Weller and Rehm'*

The Stern-Volmer model used to interpret the quenching data is based on the kinetic
scheme proposed by Weller and Rehm (Sheme 3.4).'"° This model assumes the
formation of an encounter complex (A*D), with overall kinetics being controlled by

diffusion, followed by electron transfer from the donor to the acceptor.

An alternative scheme has been proposed, during the analysis of quenching data for
certain systems, especially pairs of aromatic donors and acceptors. In this case, a

relatively long lived exciplex is postulated as an intermediate in the mechanism
(Scheme 3.5).'% "7
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) k1 . ka
A +D (A'D)=—== (A°D%")
k_1 k_2
hv |1/, ks
A+D A+D

Scheme 3.5 — Kinetic scheme for quenching involving an associative step, forming a long lived

exciplex

In this case, provided that k.,>>k3, an equilibrium constant K¢ for the formation of

the exciplex can be defined:

K, =k @)
Sk ko,

The exciplex lifetime is then dependent on (k3)". The ‘Stern-Volmer’ quenching
constants obtained in measurements where such a mechanism is in operation, have
limited validity, and have a different meaning than defined earlier. A new, nonlinear,
relationship for the dependence of lanthanide Iuminescence on quencher

concentration can then be defined:

:—r_o_z(l + k3TOKux [Q]) (5)
T (1+Kex[QD

This relationship also includes the possibility of a limiting value of 1o/t being equal
to kstpat high quencher concentrations. The formation of the long lived exciplex can
be enhanced by weak forces such as charge transfer, hydrogen bonding or w-n
interactions. In particular, charge transfer between the © systems is likely, especially

in the case of the electron rich urate anion and the electron poor chromophores.
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Scheme 3.6 — Urate and ascorbate one electron oxidation’

As an association step is involved in the mechanism according to Scheme 3.5 it
should be expected that this process would occur to a lesser extent with increasing
temperature. This is contrary to processes that conform to Scheme 3.4, which are

purely collisional and should be activated with increasing temperature.

Therefore, the temperature dependence of emission lifetime of [TbL']** was
measured for a fixed quencher concentration. The conditions were the same as for
other quenching experiments (10 uM complex, pH 7.4, 10 mM NaCl, 100 mM
HEPES). The quencher concentration was half the value of Kgy"' for iodide and
ascorbate and 50 puM for urate. The results are summarised in the Arrhenius plot

(Figure 3.6), where In(k) is plotted against 1/T.

0.5 -

03 -

0.1 -

-0.1 -

-0.3 -

-0.5

2.8 3 3.2 34
1T (K'x 10%)

3+

Figure 3.6 — Arrhenius plot for quenching of |[TbL"'|

with iodide (circles), urate (crosses) and
ascorbate (squares)9

The different behaviour observed for urate and ascorbate, as compared to iodide,
supports the suggestion that different processes might be involved. Further analysis
of this data shows a small positive activation enrgy E, = + 1.5 (+0.3) kJ mol for

iodide and negative values of - 6 and — 3.6 kJ mol" were found for ascorbate and

131



CHAPTER 3 Quenching studies

urate, respectively. The activation entropies for urate and ascorbate could then be
estimated using Eyring’s transition state analysis, and a negative value for AS* = -

260 (+ 20) J mol”' K™ was found, in accord with the proposed associative process.

An experiment testing the effect of ionic strength was carried out to further test this
hypothesis. It was again carried out with [TbL''}** under the conditions of previous
experiments (10 uM complex, pH 7.4, 100 mM HEPES, 298 K and with 40 uM urate
or 10 mM iodide), and with NaCl concentration varied from 10 to 800 mM. The
lifetime dropped from 1.50 to 1.25 ms in a control experiment, without added
quencher, in the concentration range of added NaCl. The lifetime change in the case
of urate was rather small going from 0.6 to 0.8 ms at 0.8 M NaCl. A more dramatic
increase in lifetime was observed for iodide, where the change was from 0.7 to 1.25
ms, reaching this limitat only 0.2 M NaCl concentration. This is in line with
expectations based on the sensitivity of collisional encounters of charged species to

ionic strength.

The data obtained for the temperature and ionic strength dependence of the
luminescence lifetime support the idea that iodide quenching happens by purely
collisional process. In contrast, an associative process, likely to involve an exciplex
i1s more plausible for ascorbate and urate. This hypothesis has subsequently been
supported by quenching experiments with selected catechols, which showed similar

behaviour to urate, as expected from their structure.’

3.3 Urate sensing

The high sensitivity of lanthanide emission to quenching by urate, which can be an
issue in the cellular imaging use of these complexes, can however be useful. The fact
that the Ksv™' values for urate are an order of magnitude lower than for ascorbate and
several orders of magnitude lower than for iodide, indicate the possibility to use this
quenching potency for determination of urate concentration, even in the presence of

these species.'®
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Measuring urate concentration is an interesting goal as it is an important marker
measured in clinical conditions. Uric acid is the final metabolic product for purines,
such as nucleobases adenine and guanine. Their metabolites are converted to uric
acid in the liver, with its equilibrium concentration in the body being controlled by

its relative rate of synthesis and renal excretion.

Elevated uric acid levels (hyperuriceamia) are most commonly associated with gout,
increased breakdown of cell nuclei and renal disease. Increased uric acid levels are
observed often also for leukemia, lymphoma or myeloma, where uric acid levels
need to be monitored to avoid kidney damage.'” Gout patients suffer from pains and
inflammations caused by uric acid precipitation in joints. Kidney stone formation is
also more likely due to elevated uric acid concentrations (above 0.60 mg/ml in serum
and between 1.5 and 4.5 mmol/ml in urine). Elevated uric acid levels can also be
linked to inappropriate diet and intoxications such as overconsumption of alcohol.
Defects leading to decreased uric acid levels (hypouriceamia) are less common and
are usually linked to AIDS, diabetes, mellitus and some malignant diseases. Thus,
the need for quick and accurate measurement of uric acid concentration in biological

liquids is obvious, so that appropriate treatment can be used.?®?!

3.3.1 Current assays for uric acid

Uric acid assays used currently for in vitro analysis of uric acid concentrations in
samples of biological liquids are based on the action of the uricase enzyme. This
enzyme transforms uric acid into a more water soluble product (allantoin) and
produces hydrogen peroxide as a side product.zz’ > Hydrogen peroxide is then the
detected analyte. The detection can be done in several ways; oxidation of a phenolic
dye to a strongly coloured compound or by the action of peroxidise enzyme, leading
to the production of an intensively coloured chromogen or a strongly emissive
fluorophore. These methods have, however, several drawbacks. Firstly, they suffer
from ascorbate interference (leading to the need of co-administratioh of ascorbate
oxidase) and bilirubin. A linear response for the clinically used kits is obtained for

the concentration range from 0.12 to 6 mmol I in urine and 0.09 to 1.8 mmol I in
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plasma and serum. Furthermore, the analysis requires at least 30 minutes of
incubation and careful pH control.?* Careful storage to avoid contamination, damage

or denaturation is also needed, both for the enzymes and the dyes involved.

3.3.2 Ratiometric measurement using a Tb/Eu mixture

The fact that a europium complex of a given ligand is quenched to a lesser extent
than its terbiufn analogue allows the use of quénching of lanthanide emission to
measure urate concentration. In a mixture where both europium and terbium
complexes of a common ligand are present, the urate concentration can be related to
the ratio of the terbium and europium emission intensity, at selected wavelengths (e.g.
546/616 or 546/700). Thus, a ratiometric measurement of the desired variable is

obtained.

Such a ratiometric measurement is very desirable, as the measured signal is solely a
function of one variable; uric acid concentration in this case. Since in this system the
two ligands are the same, differing only in the metal ion, all interferences will
happen to both ligands to the same extent and will be eliminated, as the intensity
ratio is measured. Such interferences include sample to sample variation of protein
content, light scattering by particulates or differing surface adhesion. Interferences
more specific for the given system, such as static quenching of the chromophore
singlet excited state (e.g. by halides)*®, will be also eliminated, as they will happen to

the same extent for each component.

3.3.3 Proof of concept experiments

Initial experiments have been carried out with complexes [LnL?*]*. A 1:1 mixture of
the corresponding terbium and europium complexes was prepared at pH 7.4 in 100
mM HEPES buffer. The absorbance was 0.1 at both 313 and 348 nm (approximately

corresponds to 5 uM solution of each complex).
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Figure 3.7 — Structure ofcomplex [LoL*]* used in proof of concept experiments for urate

concentration determination

A 1 mM solution of uric acid was prepared (standardised with absorbance at 290 nm;
e = 1.22%10*M" cm™) in 100 mM HEPES (pH 7.4). Triplicate measurements were
carried out with uric acid concentrations ranging from 0 to 50 uM, to obtain a
calibration curve. Urine samples from healthy volunteers were prepared as well in
100, 300 and 500 fold dilution and triplicate measurements were taken as well.
Measurements were carried out using an Analytik Flash Scan plate reader, using 96
well plates. Ten spectra were recorded and averaged and 546/616 and 546/700 ratios
were calculated and plotted against uric acid concentrations to obtain the calibration
curve, which was tentatively fitted with biexponential decay. A high precision of this
measurement was demonstrated by less than a 1% variation in the ratios measured
for any given uric acid concentration. This high accuracy is inherent to ratiometric

measurements.

Uric acid concentrations in the urine samples were easily calculated using the
calibration curve. Parallel measurements were carried out using a commercial uric
acid assay (Invitrogen, Amplex Red Uric Acid kit), which uses horseradish
peroxidise, on these samples as well. The two methods gave uric acid concentrations,
which were within 10% from each other. It should be noted that the enzyme kit

precision is estimated to be no better than 10%.
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Figure 3.8 — Plot of varitation of the Tb (546 nm) and Eu (616 nm) emission intensity ration as a

function of added urate (pH 7.4, 0.1 HEPES, 298 K)'®

Thus, a ratiometric, nonezymatic assay for uric acid in urine and possibly other
biological fluids, with accuracy at least comparable to current commercial assays,

can be envisaged on the basis of these results.

3.4 Protein Effect

All of the complexes presented in the study contain a heterocyclic chromophore
consisting of at least three fused aromatic rings. Such a structure can exhibit
reversible binding with proteins, as has been recently observed by modulation of
emission and relaxivity (Gd*") in protein titration measurements.?® Serum albumins
are one of the most abundant proteins in mammalian cells, and well known for
binding aromatic guests. It was therefore considered fitting to study their effect on
quenching susceptibility for selected luminescent complexes (JTbL']*", [TbLX*)*

[TbL*"** and [TbL?)).
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n-bLu]:.
[TbLY* a)R=H [TbLY
b)R=Ph

Figure 3.9 — Complexes used in the protein binding study

The addition of bovine serum albumin to each of the mentioned complexes led to a

decrease in their emission intensities and lifetimes.

The lifetimes were also measured in a solution containing 0.4 mM of serum albumin
and 0.1 mM of uric acid. The luminescence lifetimes obtained were 0.57, 0.38, 0.28
and 0.06 ms for [TbL'}*, [TbLX*)*, [TbL**)** and [TbL’] respectively. This
demonstrates tHat the DO3A complex [TbL9] is sensitive to quenching by urate in
the presence of protein to a much higher degree than the other complexes. These
results offer an explanation to the difficulties experienced in fluorescence

microscopy experiments using this complex.

[TbL31]30

Figure 3.10 — Structure of methylamide complex [TbL* ™
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For azaxanthone complexes, such as [TbL*']**, the Iluminescence lifetime was
reduced only from 1.52 to 1.40 upon addition of protein, and the lack of sensitivity of

the amide complexes to quenching by urate was mentioned earlier.

3.5 Conclusions

A large number of complexes have been studied in terms of their susceptibility to
quenching by electron rich species such as iodide, ascorbate and urate. Empirical
rules relating structure and this quenching sensitivity could, thus, be established.
Further work has demonstrated a fundamental difference in the quenching by iodide,
which proceeds by a purely collisional mechanism, and ascorbate and urate, which

are postulated to involve formation of a relatively long lived exciplex.
It has been demonstrated that the difference in sensitivity to quenching displayed by

analogous terbium and europium complexes can be used to measure concentrations

of the quenching species (e.g. urate) even in biological samples (e.g. urine, plasma).
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4 Conjugation Experiments and Cellular uptake
studies

Considerable progress has been made in the field of highly emissive and well defined
lanthanide (III) complexes over the past decade. These complexes have found use in
several assays and sensérs, often employing time resolved methods. They can
provide information in their spectral profile, luminescence lifetime or circular
polarisation. In particular, their long luminescence lifetimes make them very
attractive for applidations in cellular imaging, where time gating can significantly
reduce the signal to noise ratio. Thus, it comes as no surprise that lanthanide
complexes capable of traversing the cellular membrane have been developed and
observed in fluorescence microscopy experiments. A mechanistic understanding of

the uptake and subsequent fate of these complexes in cells needs to be developed."?
3

Differential localisation profiles within cellular compartments for a range of Eu and
Tb complexes have been established. However, the key structural elements that
determine the predominant localisation profile have not yet been established

unequivocally.

H 0 NH
" L
E10 ed
ribosomes lysosomes
nucleolus ' nucleus

Figure 4.1 — Different cellular localisation profiles for selected emissive lanthanide complexes™*
6
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A more versatile approach in the development of complexes with defined localisation
profiles, could involve an emissive complex, which can be conjugated to different
localisation moieties (vectors). Thus, the localisation profile would be determined

primarily by the nature of the attached vector.

Figure 4.2 — General structure of emissive lanthanide complex based on cyclen, incorporating

three pendant arms and a heterocyclic chomophore

Considering cyclen based complexes, represented by the generalised structure in
Figure 4.2, incorporating three pendant arms and a heterocyclic sensitiser, two
generéll points of attachment can be envisaged. The linking group could either be
incorporated into the heterocyclic chromophore structure or via one of the pendant
arms. The position trans to the chromophore is the most likely one to be chosen for
the linking arm, due to synthetic considerations. Such an approach has been
employed previously (Figure 4.3), and is being further developed as a part of current

work in Durham.

Me Ph

[TbLJZ]JO

Figure 4.3 — Structure of a complex bearing a free amino group in the pendant arm as an

attachment point for protein conjugation using isothiocyanate methodology’
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Incorporating the linking group into the chromophore structure, even if complicating
chromophore synthesis, will be advantageous in later synthetic steps, as the N-linked
donor groups can be the same, which removes protection and deprotection steps
needed for introduction of different pendant arms. Also, in the case where
conjugation of a responsive system would be desired, linking through the
chromophore could be beneficial. This is due to the fact that the pendant arms
defining the coordination sphere of the metal need to be engineered and introduced
solely with the aim to tune the properties of the complex for the given responsive

function. This is more difficult if one of them is to be used as a linking point.

4.1 Conjugation using a linking group incorpofated into
the chromophore structure

The synthesis of three chomophores containing a carboxylic acid/ester group, which

can be utilised as a linking point in conjugation work, has been described in chapter

2 (Figure 4.4).

& o
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Figure 4.4 — Structures of three chromophores bearing carboxylic ester groups which can be

utilised for conjugation via amide bond formation

Each of the chromophores has advantages and disadvantages. The
tetraazatriphenylene, 12, gives rise to highly emissive complexes with excitation at
348 nm, but its synthesis is moderately difficult with rather low overall yields. The
azaxanthone, 41, and azathioxanthone, 30, chrompohores are obtained more readily.
Moreover, complexes bearing the azathioxanthone chromophore, 30, can be excited
at 370 nm. The excitation wavelength for azaxanthone complexes is at 336 nm, but
the peak tails well above the 340 nm needed for practicable use in fluorescence

imaging. The high amount of chromophore fluorescence (pa up to 50% in water),

143



CHAPTER 4 Conjugation Experiments and Cellular uptake studies

low quantum yields of lanthanide luminescence and oxygen sensitivity for terbium
complexes limit the uses of the azathioxanthone chromophore, 30. The azaxanthone
chromophore gives complexes with quite good quantum yields (Qr20"° = 20-40 %)
and so was chosen as the chromophore of choice for the conjugation work. It should
be noted that first attempts of conjugation experiments were carried out on

complexes with the azathioxanthone chromophore.

Several different types of pendant arms have been incorporated into the ligand used
in the luminescent lanthanide complexes. The three major types of pendant arms
used are the carboxylate arm, the amide pendant arm and the phosphinate pendant

arm.

(o]

o N
= /Y ~ “R S <R

) R \ /é
Ln Lh—0 Ln

Carboxylate arm Amide arm Phosphinate arm

Figure 4.5 — Structures of the most commonly used chelating groups in emissive lanthanide

complexes .

Some of the lanthanide complexes bearing only carboxylate pendant arms have not
been observed in cells in fluorescence microscopy experiments. This is believed to
be due to their high susceptibility to quenching by species such as urate or axorbate
and their low protein binding affinity (Chapter 3). Complexes incorporating amide
arms have been established as being observable in fluorescence microscopy. Their
simplé and versatile synthesis, allowing the variation of the group R, is also
beneficial. Phosphinate pendant arms give rise to very emissive complexes,
especially for lipophilic R groups, such as benzyl. Their more difficult synthesis and
low water solubility are their drawbacks, even though preliminary experiments
indicated that these complexes are observable in fluorescence microscopy
experiments. The amide arm using the S-1-phenylethyl amine was chosen for intial
coupling studies, as complexes of this pendant arm have been well studied in cellular
experiments and comparisons to complexes bearing different chromophores could be

made.
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4.1.1 HPLC methods for monitoring and purification

As has been noted before, lanthanide (III) ions are paramagnetic, which has
implications for NMR measurement. Routine use of NMR in the same way as for
organic compounds and complexes of other metals is more difficult, even though
relatively sharp 'H NMR spectra can be obtained for complexes of certain
lanthanides (e.g. Eu** or Yb*"). Also, reaction monitoring methods used in organic
chemistry, such as thin layer chromatography, usually cannot be used due to the
charged nature of the complexes. Reversed phase HPLC, however, is ideally suited
to monitor the progress of reactions of the complexes that will be described in the
following sections. Due to the highly polar nature and the milligram quantities used,
reversed phase chromatography was also the method of choice for purification in
many instances. The chromatographic gradients used in this work are described in
Appendix 1 and a selection of representative chromatograms is presented in

Appendix 2.

4.1.2 Development of conjugation methodology

The synthesis of complexes incorporating azaxanthone or azathioxanthone
chromophores with (methoxy)carbonyl substitution was described in chapter two

([LnL")*" and [LaL®*").

X=S;[Lnl’]**;Ln=Eu
X = 0; [LnL%?**; Ln=Eu, Gd, Tb

Figure 4.6 — Generalised structure of amide arm complexes prepared as a starting point for

conjugation experiments
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Even though the methyl ester can, in theory, react with primary amines to form an
amide bond, such a reaction usually needs rather forcing conditions and a large
excess of amine, which can lead to metal decomplexation. A different route needs to
be employed, providing a more active derivative of the carboxylic function towards
nucleophilic attack. Hence, the methyl ester was converted to the carboxylic acid by

mild base hydrolysis (KOH, pH 10, H,O/MeOH, 298 K).

Ph

H
>/N
1) KOH/pH 10 J
R;0/MeOH G N i
—_— T e, L
2) HCI 1M i :
HN
PH PH
X=8; [LnL"P*; Ln=Eu X=8; [LnL¥P*; Ln = Eu
X=0;[LnL%*; Ln=Eu, Gd, Tb X = 0; [LnL¥%**; Ln = Eu, Gd, Tb

Scheme 4.1 — Mild base hydrolysis of chromophore ester group (Appendix 2, Chromatograms
6.2.1 and 6.2.2)

Amide bond formation is a well studied problem and a wide range of methods for
carboxylic acid activation has been developed. Initial attempts to activate the
carboxylic acid in the azathioxanthone complex [EuL33]3+, were carried out with PL-
IIDQ resin, which activates the carboxylic acid by the formation of a mixed

anhydride, in a manner similar to the use of chloroformates.
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PL-1IDQ resin
——— -

H,NR

MeCN

R = iPr, CR,Ph

[ EuLJB]M

[ EuL**?)** R = j-Pr
[ EuL*?)** R = CH,Ph

Scheme 4.2 — Attempt of amide bond formation using heterogeneous catalyst (PL-IIDQ resin)

This attempt was, however, unsuccessful. Isobutyl chloroformate was used in the
next attempt, carried out in single phase, to determine whether the mixed anhydride

methodology is feasible.

[ Eul®p

[ EuL4ep

Scheme 4.3 — Attempt of amide bond formation using mixed anhydride activation

Initial positive results were however not reproducible and new methods using more
modern activation strategies were employed subsequently. A single step EDC/HOBt

catalysed amide forming reaction was tried out in the next attempt.
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OH

fo e [

EDC
HOBt
NEt,
DMF

3043+
[LnL) [LnL3%)%*

Scheme 4.4 — Amide bond formation using EDC and HOBt catalysis

Reproducible results were obtained using this methodology. Excess EDC and HOBT
had to be used to achieve modest conversions (50%) and significant side product
formation was observed. Further methods were therefore tested to obtain a more
practicable conjugation route. A two step sequence was chosen, involving the
formation and isolation of the intermediate N-hydroxysuccinimidyl (NHS) active

ester.

{ LaL2opP [ LnL36p™

Scheme 4.5 — Formation of the N-hydroxysuccinimdyl activated ester (Appendix 2,
chromatogram 6.2.3)

The active ester complex, [LnL*]**, was isolated, purified and stored in the dark at

low temperature (-18°C).
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MeCN N==

[ THLSP 79
Scheme 4.6 — Alternative reaction scheme with amide bond formation at the ligand stage

An alternative approach, where the coupling was attempted on the ligand, was tried
out as well. This route, gave results establishing its feasibility, but was not used as it
1s more suitable to have the conjugation step after complexation as this leads to a
smaller number of reactions. Also, the possibility to store the active ester complexes

LnL*]*" makes that route very pragmatic.
prag

4.1.3 Synthesis of simple amide derivatives

Having identified the NHS active ester complex, [LnL**}** asa key intermediate for
the conjugation experiments, its versatility in reactions with different amines needed
to be established. Three primary amines of differing alkyl chain length (methyl,
hexyl and dodecyl), were chosen for initial ‘proof of concept’ experiments. The other
motive for choosing these amines was the desire to investigate whether this structural

change would result in different behaviour in cellular experiments.
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The reaction of the active ester complex, [LnL36]3+, with the amines in dry DMF is
fast and proceeds cleanly. Complete conversion was observed by reverse phase
HPLC for samples of the reaction mixture taken for analysis 30 minutes after

reaction initiation.

[LoL3P* R=CH;
[ LnL36p3* [LnL3%]%* R = CgHy3
[ L3P R=CypHys

Scheme 4.7 — Reaction of the active ester complex with primary amines (Appendix 2,

chromatograms 6.2.4-6.2.6)

The amide complexes were purified by precipitation onto Et,O, followed by
preparative reverse phase HPLC. These experiments were carried out with Tb*

complexes only, with the exception of the hexylamide example.

The amide complexes remained strongly emissive and the luminescence lifetimes in

H,O were in the expected range 1.5 - 1.7 ms.

4.1.4 Conjugation to oligoarginine peptide sequences

It is known that peptide sequences with a high content of positively charged residues
such as arginines, aid the translocation of various compounds across the cellular
membrane.® ° Two simple peptides were therefore selected for conjugation to the
active ester complex, [LnL**}**, (H-Args-OH and H-LysArg;-OH). The H-Lys-Arg;-
OH sequence was chosen as its primary amine group was expected to be more
reactive in the conjugation reaction than the terminal a-amino group of arginine in

the other peptide or, indeed, its own a-amino group.
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The peptides were supplied as their hydrochloride salts and therefore a base needed
to be used in the coupling reactions to deprotonate the ammonium groups. No
reaction was observed in initial experiments using dry DMF as a solvent and
diisopropyl-ethylamine or 4-dimethylamino pyridine, even with elevated reaction

temperature (40°C). This problem occurred with each peptide.

Formation of product was observed when carrying out the reaction in H,O buffered
with 0.1 M HEPES to pH 7.4. The hydrolysis of the active ester was observed as a
competing reaction and an excess of complex [LnL*)*" had to be used. The

conjugates were purified using HPLC separation.

—_—
0.1 M HEPES
pH7.4

3613+ [LnL*¥** R=Arg;-OH
[TbL*] [LnL**** R =Lys-Arg;-OH

Scheme 4.8 — Conjugation of oligopeptide sequences (Appendix 2, chromatograms 6.2.7 and
6.2.8)

The luminescence properties showed that the lifetime remained virtually unchanged
in comparison to other derivatives, but a decrease in the overall luminescence

quantum yield was apparent and will be discussed in section 4.

4.1.5 Conjugate with a ‘non-peptidic’ oligoguanidinium vector

As has been mentioned in the introduction (p. 34), the oligoguanidinium vector,
synthetised by de-Mendoza and conjugated to fluorescein, resulted in mitochondrial
localisation of the conjugate. The vector was obtained as a kind gift from the group

of de-Mendoza as a part of a collaboration. The coupling reaction was carried out in
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