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Abstract 

Name: Emily Fisher 

Dissertation Title: Development of PET Radioligands for Imaging Neurodegeneration: 

Targeting α-Synuclein Fibrils and TSPO. 

 

Positron emission tomography (PET) is a non-invasive medical imaging technique that 

allows visualisation and quantification of biochemical, physiological and 

pharmacological processes in living subjects. This is achieved through application of 

radiotracers – compounds labelled with positron emitting radionuclides.  

Neurodegeneration is the progressive loss of neurons resulting in impairment of brain 

function leading to cognitive decline and can affect movement. The underlying 

pathology of many neurodegenerative diseases is misfolding of proteins such as α-

synuclein, the key pathological hallmark of Parkinson’s disease. Also implicated in the 

processes of neurodegeneration is neuroinflammation, which is observed by the 

activation of microglia – the immune cells of the brain. Activation of microglia is 

associated with the upregulation of the 18 kDa mitochondrial translocator protein 

(TSPO). 

This work has involved the synthesis and characterisation of novel compounds that 

have the potential for being applied as radiotracers for imaging α-synuclein fibrils 

(project 1), or TSPO (project 2) via PET. 

Over the course of project 1 a library of compounds was synthesised based upon 

structural modifications of a lead structure identified from the literature. These 

compounds then underwent screening via biophysical methodologies in order to 

determine their affinity to α-synuclein fibrils. This stage of the work involved the 

development of a novel biophysical technique – microscale thermophoresis (MST). A 

general automated radiosynthetic method to afford the [18F]fluoro-derivatives of these 
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compounds has also been developed, and preliminary in vitro autoradiography studies 

and an in vivo microPET scan has been performed. 

For project 2, an automated radiosynthetic method was developed to produce 

[18F]GE387, a lead compound identified through collaboration with GE Healthcare. This 

radiotracer has then been applied to preliminary in vitro autoradiography and an in vivo 

microPET study using rats with induced neuroinflammation alongside control rats. 
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1 Introduction 

1.1 Positron Emission Tomography 

Positron emission tomography (PET) is a non-invasive medical imaging technique that 

allows visualisation and quantification of biochemical, physiological and 

pharmacological processes in living subjects. This is achieved through application of 

radiotracers – compounds labelled with positron-emitting radionuclides (e.g. fluorine-

18 or carbon-11).1 

1.1.1 History of PET 

PET as it is known and used today has developed significantly over several decades. 

Initially, the use of radiotracers in biology was restricted by the chemical and physical 

properties of naturally occurring radionuclides. One of the first artificially produced 

radionuclides was 13N via the nuclear reaction 10B(α,n)13N. 

There are two key events that occurred that enabled the development of PET as a 

medical imaging technique. These were: discovery of the positron, and the invention of 

the cyclotron.  

1.1.1.1 Discovery of the Positron 

A positron is a sub-atomic particle with an equal mass and charge size as an electron, 

but with a positive charge. In 1928, Paul Dirac of Cambridge University published an 

equation, for which he was later awarded the Nobel Prize for physics in 1933, that was 

the first to theorise the idea of an “antielectron” i.e. an electron with a positive charge.2 

He referred to this “antielectron” as a positron in his Nobel Lecture in 1933.3 Carl 

Anderson at the California Institute of Technology proved the physical existence of the 

positron in 1933, and was also awarded the Nobel Prize for physics in 1936.4 
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1.1.1.2 The Cyclotron 

The cyclotron is a particle accelerator and was invented by Ernest O. Lawrence in the 

early 1930s.5 This invention allowed the generation and study of many artificially 

produced radionuclides and gained Lawrence the Nobel Prize for physics in 1939.6 The 

cyclotron uses two high voltage electrodes to accelerate a beam of protons and direct 

them towards the target nuclei. This incorporates an extra proton into the nucleus and 

thus affords an isotope of a new element. The proton-to-neutron ratio of the new 

isotope’s nucleus is energetically unstable, and hence will spontaneously decay emitting 

radioactivity as it does.7  

1.1.1.3 Early PET Studies 

In the early 1940s, there were several studies that exploited the use of the short-lived 

carbon-11 radionuclide such as; Ruben et al. studying photosynthesis with [11C]carbon 

dioxide (1940)8,  Cramer et al. synthesising and studying the metabolism of [11C]lactic 

acid in rats (1941)9,10 and Buchanan et al. using various carbon-11 labelled compounds 

to investigate intermediary metabolism (1946)11. An early study using fluorine-18 came 

from Volker et al. who investigated the adsorption of fluorides by enamel, dentin and 

bone ex vivo (1940).12 The first example of a use of radiotracer in man comes from 

Tobias et al. (1945) who investigated what happened to [11C]carbon monoxide when 

inhaled. They collected exhaled gasses and trapped [11C]carbon dioxide in soda lime and 

used a Geiger-Muller counter to measure activity over various body regions. They found 

that the majority of the radioactivity was recovered in the exhaled breath and hence 

indicated that uptake of carbon monoxide is reversible.13  

Despite the early interest in short-lived radionuclides, their involvement in biological 

research declined over the next few years due to the discovery of carbon-14, which was 

deemed a more versatile label than carbon-11. Ter-Pogossian is credited with rekindling 

the use of short-lived radionuclides in the 1950s after performing a series of respiratory 

and cerebral metabolism studies using [15O]oxygen and other radioactive gases.6,13  
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By 1955, the first hospital-based cyclotron was up and running at Hammersmith 

hospital, London.14 Since then, there has been a significant increase in the use of 

cyclotrons to produce short-lived radionuclides for both biomedical research and 

clinical applications. There are now many facilities around the world that produce 

radiotracers on a daily basis. 

1.1.2 How PET Works 

The radionuclides used in PET decay via positron emission i.e. as the unstable proton-

rich nucleus decays, a positron is released e.g. 18F → 18O + positron (e+) + neutrino (ν).  

The emitted positron will travel a short distance, known as the positron range (Table 1), 

before it collides with an electron from the surrounding environment and an 

annihilation event takes place.  

 

Table 1 - Positron range of several biologically important positron-emitting radionuclides in 

water.15 

 This annihilation produces two ‘coincident’ high-energy photons (-rays) (511 keV) at 

180 to each other (Figure 1).16  
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Figure 1 - Schematic of positron emission and detection.  

A PET scanner uses scintillation crystals such as those shown in Table 2 as detectors. 

The ideal scintillator for high resolution imaging should have a low decay constant, have 

high density to allow more detectors per area, have a high light-yield and be cheap to 

produce.17 To date, the majority of PET scanners are based upon LSO, or derivatives of 

LSO such as LSO doped with cerium (Ce:LSO) due to its fast decay time and high light 

yield.18 

 

Table 2 - Properties of some scintillator crystals used in PET scanners. 

When situated inside a PET scanner, a ring of scintillation-crystal detectors surrounds 

the subject. When the -rays reach the detectors, their energy is absorbed by the 
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crystals, promoting an electron within the crystal to a higher energy level. As this 

electron drops back down, the energy is given out as visible light. This light passes 

through photomultiplier tubes, which detect and amplify the light before the light signal 

is converted into an electrical current proportional to the incident -ray energy. A 

reading is recorded as a true event if the -rays are coincident i.e. they hit the detectors 

at the same time.1,19,20  

As an alternative to the combined use of scintillator crystals and photomultiplier tubes, 

which tend to be bulky, have relatively large areas of insensitivity around their edges 

and can have long-term performance instability, is the use of solid-state based 

detectors.21 These allow direct conversion of gamma photon energy into electronic 

signal. Solid-state detectors often used in PET include avalanche photodiodes (ADP), 

silicon photomultipliers (SiPM).21,22 The major advantage of this type of detector is that 

they are not affected by magnetic fields, as is the case for photomultiplier tubes, so are 

very attractive for use in hybrid PET-MRI machines. However, they can suffer from high 

noise, and can be affected by temperature.22 

The data collected from a PET scan is then reconstructed using computer algorithms to 

produce tomographic images. 

1.1.3 Radiotracer Development 

Central to the success of PET imaging is the continued development and application of 

novel and biologically relevant radiotracers. This is one of the major advantages of PET 

over other forms of medical imaging. Through the use of an appropriate radiotracer, the 

technique can be used to visualise and then quantify a specific biological process such as 

the loss of function of dopamine D2 receptors in Parkinson’s disease, which can be 

observed with the radiotracer [11C]raclopride.23 This allows PET to be used as a 

powerful tool with applications in the clinic for diagnosis and therapy monitoring, in 

research for gaining knowledge of disease progression using preclinical studies and in 

drug development for identifying possible drug targets and studying metabolic profiles. 
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One of the most common radionuclides used in PET is carbon-11 (t1/2 = 20.3 min). As 

carbon is present in nearly all biologically active compounds, radiotracers labelled with 

this isotope have the exact same structure, and therefore behave in the same way as the 

native, unlabelled form. 

Development of novel radiotracers can be a difficult process, with a need for some or all 

of the following requirements to be achieved before a compound can be successfully 

applied in PET imaging:24  

• High target affinity – the compound must bind to the target with high affinity 

(often in the low nM range) to ensure that the images produced clearly show the 

desired target. 

• Selective binding – the compound must be highly selective for the target i.e. have 

very low binding to other potential targets (e.g. potential ligands for serotonin 

receptors must have low affinity for dopamine receptors) to ensure that the 

radioactivity is only visualised at the desired target. 

• Low non-specific binding – there needs to be low levels of non-specific binding 

(e.g. to membrane or plasma proteins) to ensure that images produced show 

good levels of contrast. 

• Appropriate lipophilicity – the compound must have the appropriate 

lipophilicity to reach the target. This is particularly important for neuroimaging 

where compounds must be lipophilic enough to cross the blood-brain-barrier, 

but not be so lipophilic as to have high non-specific binding. 

• Robust radiolabelling methods – due to short half-lives (t1/2) of the radionuclides 

used, many standard bench-top organic chemistry reactions are too slow or 

practically complex for use in the synthesis of radiotracers. Chemical reactions 

performed with the common PET radionuclides preferably need to include late-

stage incorporation of the radionuclide, be rapid and high yielding with simple 

purification. Thus allowing for radiosynthesis, purification and formulation 
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whilst minimising losses through radioactive decay. The radiochemistry should 

also be amenable to automation on a synthesis module so the whole process can 

be performed inside a lead-shielded compartment, a ‘hot-cell’, to reduce 

exposure of workers to harmful ionising radiation.  

• In vivo stability – dependant on the process under study, it may be critical to 

ensure that the radionuclide used does not readily dissociate from the tracer in 

vivo within the timescale of the PET study, otherwise the scan will primarily 

show the fate of the radionuclide, not the radiotracer. 

• Known metabolism – it is important that the metabolism of the compound is 

understood to ensure that PET images show the fate of the intact radiotracer, 

rather than the fate of any radiometabolites, which will have different binding 

properties to the desired tracer. 

• Pharmacokinetics – it is important that incorporation of the radionuclide does 

not significantly change the biological properties of the tracer, such as affinity 

for target, transportation and elimination. It should not have significant off-

target interactions, which would make interpretation of PET data challenging. 

• Fast kinetic properties – the tracer needs to clear quickly from sites where there 

is no target interaction e.g. blood, to ensure that a high-contrast PET image can 

be produced. 
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• High molar radioactivity – relative to the target to be imaged, the formulated 

radiotracer should have high molar radioactivity, which is a measure of the 

amount of radiolabelled material per mole of material (Figure 2). This is of 

particular importance for targets which have low in vivo concentration / density, 

which are more susceptible to binding sites becoming fully occupied with tracer 

molecule containing the stable isotope, and hence resulting in poor visualisation 

by a PET scan. 

 

Figure 2 - Pictorial representation of low (left) and high (right) molar radioactivity. 

In a similar way to any novel drug candidate, there are many steps/processes involved 

in development of a new radiotracer, and there is much evaluation that must take place 

before a radiotracer can be utilised in the clinic. Simplified, these steps are: 

1. Target identification – selecting a target that will allow the proposed question to 

be answered. 

2. Identification of potential radiotracer structure – needs to show biological 

activity and have a structure that will allow for radiolabelling. This may require 

large amounts of lead optimisation. 

3. Choosing appropriate radionuclide – discussed in more depth below (1.1.3.1). 

4. Radiosynthesis – discussed in more depth below (1.1.3.2) 

5. In vitro and in vivo biological evaluation – this includes determining binding 

affinities for target and establishing any off-target effects and investigating in 

vivo kinetics and metabolism.  
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1.1.3.1 Choice of radionuclide 

An important step in the development of novel PET radiotracers is the choice of 

radionuclide to be used. There are many positron-emitting radionuclides whose half-

lives (t1/2) vary from seconds to days (Table 3). Most important to consider is the 

biological process under study, and choosing a radionuclide with an appropriately 

matched t1/2. For example, oxygen-15 and nitrogen-13 have such short t1/2 (2.1 and 9.97 

min respectively) that they are often only used in the chemical form in which they are 

produced from the cyclotron (O2 and NH3 respectively). Conversely, to study antibody 

interactions, which take a long time to reach equilibrium, copper-64, zirconium-89 or 

iodine-124 (t1/2 of 12.71 hrs, 3.26 days and 4.14 days respectively) are likely to be the 

most appropriate choices. The most widely used positron-emitting nuclides are carbon-

11 and fluorine-18 (t1/2 of 20.3 and 109.8 min respectively), which are usually used to 

study small organic molecules or peptides. Another important consideration is whether 

the radiotracer needs to be transported prior to injection – this may make the use of 

carbon-11 an impractical choice.1 

 

Table 3 - Positron emitting radionuclides and their associated half-life time.1 

Also key to radionuclide selection are the chemical and physical properties of the 

nuclide. Carbon is in almost every biological molecule and often chemistry allows for 

easy incorporation of carbon-11 into a biologically active molecule, without any 
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structural modifications. Despite not being natively present in many biological 

compounds, fluorine is a bioisostere for hydrogen and can be incorporated into many 

molecules with relative ease. Also, due to the electronegativity of fluorine, it forms very 

strong bonds with carbon and hence is found in 20-25% pharmaceuticals.25 Addition of 

fluorine into a molecule can alter physiochemical and pharmacological properties such 

as: bioavailability, logP, H-bonding and metabolic stability.26 Fluorine-18 is often the 

most desirable choice for labelling of a small molecule as the t1/2 is relatively long, giving 

more freedom when performing radiosyntheses, allowing for multi-step synthesis if 

required. This also allows for transport of radiotracers from one site to another, 

removing the need for an on-site cyclotron and radiochemistry laboratory. Finally, 

although there are other factors that also affect the overall resolution of a PET image27, 

the positron range plays a key role in image resolution and for fluorine-18 is smaller 

than for other commonly used radionuclides (see Table 1), making it the highest 

resolution of all the positron emitters.28 

1.1.3.2 Radiosynthesis  

There are many different options for producing radiolabelled compounds some of which 

are discussed briefly below. 

Radiolabelling with Carbon-11 

Carbon-11 is produced either in the form of [11C]CO2 or [11C]CH4 via the reaction 14N(p, 

α)11C with addition of a small amount of O2 or H2 gas respectively.29 Due to 

contamination from atmospheric sources of CO2 it is crucial that all reactions are 

performed in sealed systems to ensure that carbon-11 tracers are made with high molar 

radioactivity.1 The [11C]CO2 or [11C]CH4 can be used directly in reactions, or they can be 

readily converted to several other highly reactive species. Most commonly, carbon-11 is 

incorporated into compounds through the use of alkylating agents such as [11C]MeI or 

[11C]MeOTf (Figure 3).23,30,31  
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Figure 3 - Reactions of carbon-11.1,29,35,36 

More recently, some groups have been using palladium-mediated transformations to 

form carbon-carbon bonds with carbon-11 via Stille, Sonogashira or Suzuki cross-

coupling reactions.32–34 Due to the low mass of carbon-11 produced by the cyclotron 

(and taking into account dilution with carbon-12), in these reactions the palladium 

complex is used in a large stoichiometric excess and hence it is incorrect to refer to them 

as ‘catalytic’.29 The use of metals can be problematic, particularly when using stannanes, 

as it can be difficult to fully remove toxic metal residues from the product before 

administering the radiotracer.1 

Radiolabelling with Fluorine-18 

Fluorine-18 can be incorporated into molecules either through the use of electrophilic 

fluorine in the form [18F]F2, or as nucleophilic fluoride in the form [18F]F-. The use of 

molecular fluorine poses several problems: initially, fluorine gas is very reactive and 

therefore specialist equipment is required for its use, and often fluorination with 

fluorine gas can be unselective, leading to mixtures of fluorinated products. Secondly, 

due to the presence of two fluorine atoms within F2, its use leads to products that have 

low molar radioactivity. However, there are some examples of the use of molecular 

fluorine such as the synthesis of 2-[18F]fluoro-L-tyrosine and 6-[18F]fluoro-L-dopa via 

fluoro-de-stannylation reactions.37 Another common use of electrophilic fluorine is 

through the conversion of molecular [18F]fluorine into electrophilic fluorinating 
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reagents such as [18F]Selectfluor, or [18F]acetylhypofluorite ([18F]AcOF)  which provide 

a less reactive source of electrophilic fluorine.38,39 (Figure 4) 

 

Figure 4 - Radiolabelling reactions using electrophilic fluorine. A: Synthesis of 2-[18F]fluoro-L-

tyrosine and 6-[18F]fluoro-L-dopa via fluoro-de-stannylation.37 B and C: Electrophilic fluorination 

through the use of [18F]Selectfluor bis(triflate) and [18F]AcOF respectively.38,39  

Much more commonly used is the nucleophilic form of fluorine-18 – [18F]F- 

([18F]fluoride). This is produced in a cyclotron via the reaction 18O(p,n)18F and is 

delivered from the cyclotron as aqueous solution. As anhydrous conditions are often 

required for successful reactions with [18F]fluoride, the first step of most syntheses is to 

isolate the [18F]fluoride from the [18O]H2O. This is done by using an anion exchange 

cartridge to trap the [18F]fluoride whilst also allowing for recycling of [18O]H2O, which 

passes through the cartridge. The [18F]fluoride can then be eluted from the anion 

exchange cartridge using a weakly basic solution such as K2CO3(aq) to give [18F]KF. Due to 

the poor reactivity of [18F]KF, the azacryptand Kryptofix® 222 (K222), is often added to 

the eluting solution with an organic solvent such as MeCN or MeOH. The K222 complexes 
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the potassium ion, giving more reactive ‘naked’ [18F]fluoride. Azeotropic drying with 

anhydrous solvent such as MeCN is then performed to remove any residual water.  

The dried fluoride can then be used in aliphatic nucleophilic substitutions via the 

displacement of a leaving group such as tosylate or mesylate. Examples include the 

synthesis of [18F]FMISO, [18F]FLT and [18F]fallypride.40–42  

It is also possible to perform nucleophilic aromatic substitution on aromatic rings 

bearing an activating (electron withdrawing) group in the ortho or para position, and a 

good leaving group, for example the synthesis of [18F]haloperidol and 

[18F]fluorobenzaldehyde.43,44 The use of iodonium salts provides an alternative route for 

radiolabelling in aromatic positions that may not undergo SNAr with standard leaving 

groups. Through careful control of the sterics and electronics of the two aromatic rings, 

it is possible to obtain selective fluorination.45  

 

Figure 5 - Direct radiolabelling reactions with [18F]fluoride. 

These methods, summarised in Figure 5, are all classified as ‘direct labelling’ as the 

[18F]fluoride is incorporated directly into the molecule of interest. These reactions often 

require harsh reaction conditions, such as high temperatures, in order for them to 

progress successfully within the timescale of PET radiochemistry. Not all compounds 

that are used as radiotracers are stable at these temperatures therefore it is sometimes 
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necessary to radiolabel a precursor molecule, such as 4-[18F]fluorobenzaldehyde, and 

then use this ‘synthon’ for accessing more complex molecules.  

As with carbon-11 radiolabelling, there are also several examples of late-stage 

[18F]fluorination, that are mediated by transition metals such as palladium46,47, copper48 

and iridium49 (Figure 6). 

 

Figure 6 - Examples of [18F]fluorination mediated by: A: palladium, B: copper and C: iridium.46,47,48,49 

In summary, there has been significant research into development of methods for fast 

and efficient radiolabelling of compounds. Despite this, a robust radiosynthesis is often a 

major challenge when developing a novel PET radiotracer. 
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1.2 Neurodegeneration 

Neurodegeneration is the progressive loss of neurons, the cells responsible for brain 

function. This degeneration causes impairment of brain function, resulting in a decline 

in cognitive function, and can affect a person’s movements.50 A wide range of 

pathologies are classed as neurodegenerative diseases such as; Alzheimer’s disease 

(AD), Parkinson’s disease (PD), Huntington’s disease (HD), dementia with Lewy Bodies 

(DLB), multiple system atrophy (MSA) and multiple sclerosis (MS).50–52 

In our aging population, the prevalence of these neurodegenerative diseases has become 

much more widespread. Worldwide, it is estimated that currently there are 47 million 

people living with dementia, and 10 million people living with Parkinson’s disease.53,54 

This is associated with an extremely large socio-economic cost in excess of  £650 billion, 

which encompasses costs of treatments, provision of care and loss of earnings from 

patients, and is expected to rise into the trillions by 2030.55 More difficult to quantify, 

due to the lack of accurate estimates of people living with neurodegenerative diseases in 

many world regions, is the strain placed on caregivers, which can be both emotionally 

and financially draining.56 

Despite a large amount of research into these neurodegenerative diseases over the past 

decades, there are still many gaps in knowledge of how and why disease progression 

occurs, and many diseases remain incurable, with available treatments merely focussing 

on symptom management rather than reversing the cause.  

1.2.1 Proteins in Neurodegenerative Diseases 

Although the many neurodegenerative diseases can present with different clinical 

symptoms, it is now understood that they have similarities in their underlying 

pathology. This involves toxicity arising from steps involved in the aggregation and 

misfolding of proteins such as; β-amyloid (A) in AD, tau in progressive supranuclear 

palsy (PSP) and AD, and α-synuclein (α-syn) in PD and DLB.57–59 For this reason, these 

diseases are termed ‘proteinopathies’.55 In the native state, these proteins are unfolded 
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and soluble but over the course of disease form insoluble fibril inclusions known as 

plaques, neurofibrillary tangles (NFTs), and Lewy Bodies primarily made up of 

misfolded A, tau and α-syn respectively.51,58,60 

The aggregates can have different structures, which can be described as 

amorphous/disordered fibrils or amyloid fibrils. ‘Amyloid fibrils’ is a generic term for 

fibrils with a -sheet structure, interlinked with cross--sheet interactions.60,61 

1.2.1.1 β-Amyloid and Tau 

In 1907, Alois Alzheimer first described the Aβ plaques and tau NFTs of the disease that 

was later named after him.56 Since then, as the most common neurodegenerative 

disease, these pathological hallmarks of AD have been rigorously studied and the 

processes involved in their formation are described by the ‘Amyloid Cascade 

Hypothesis’ (Figure 7).62  

 

Figure 7 - The amyloid cascade hypothesis. 

Initially, the amyloid precursor protein (APP) is cleaved into A peptides of various 

lengths. One of these peptides, A42, has a high tendency towards aggregation and forms 
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the A-amyloid plaques via intermediates termed ‘protofibrils’ or ‘oligomers’.63 Studies 

suggest that it is these oligomeric species that are neurotoxic.51  

Tau pathology occurs as a downstream effect of plaque formation, although it is still 

unknown exactly how these two pathologies are linked.64 Tau is a microtubule 

associated protein, which in tauopathies becomes hyperphosphorylated, reducing its 

binding to microtubules. Once hyperphosphorylated it begins to recruit normal tau and 

aggregate into paired helical filaments (PHF), the major component of NFTs. 65,66  

Formation of plaques and NFTs is associated with the progressive loss of neurons and 

hence dementia. 

1.2.1.2 α-Synuclein 

α-Syn belongs to a family of synuclein proteins containing three members – α,  and γ-

synuclein. They have very similar structures (particularly α and -synuclein whose 

primary sequences are 86% identical), they range in length from 127 to 140 amino 

acids, they are stable at high temperatures and are reasonably soluble.67 The differences 

in sequences of the three synucleins are small with each of the isoforms having a similar 

modular make-up; the first two-thirds is amphipathic, with an imperfect repeat of 11 

residues, whilst the C-terminus is acidic with a high number of glutamate residues. 

Absent from all isoforms are cysteine and tryptophan residues which are readily 

oxidised.68 Immunohistochemistry has shown that the α- and β- forms are concentrated 

in nerve terminals (α-syn is enriched at presynaptic terminals) whereas the γ- form is 

found throughout the nerve cells.69 Although the native function of α-syn isn’t fully 

understood, it is known that the 11-mer repeat unit forms an α-helical secondary 

structure, which is able to bind lipid vesicles.70 

PD is the second most common neurodegenerative disorder and is clinically 

characterised by uncontrolled motor functions such as bradykinesia (abnormally slow 

movements), abnormal gait and resting tremors.71 These issues with motor-function 

have been shown to correlate with a reduction in dopamine uptake in the putamen.72 
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The pathological hallmark of PD was first identified in 1912 by Fritz Lewy and hence the 

inclusions were later called Lewy Bodies or Lewy Neurites (LBs/LNs).73 LBs have since 

been shown to be prevalent in several other neurodegenerative diseases such as DLB 

and MSA.69 In 1997, two significant papers were published which sparked a surge in 

research into α-syn. The first from Polymeropoulos et al.74 identifying a mutation in the 

α-syn gene in cases of familial PD and the second by the Spillantini group75, reporting 

staining studies showing the main component of Lewy Bodies to be α-syn. This has been 

confirmed by the use of α-syn specific monoclonal antibodies, whereas the use of  and 

-syn specific antibodies showed that they are absent from the inclusions.75–77 

When fibrillised in LBs, the structure of α-syn changes from the native unfolded form to 

highly organised, β-pleated-sheets termed ‘amyloid structure’.78,79 The propensity 

towards aggregation of full-length α-syn has been shown to be lower than expected, 

however it has also been shown that the sequence contains several fragments that are 

highly amyloidogenic.80 In particular, this includes residues 61-95, known as the non-

amyloid component (NAC) region, which makes up ~10% of plaques found in AD.70,81 

Further work has indicated that residues 69-82, within the NAC region, may initiate the 

aggregation process as these are located within the main fibril core, and have the 

highest propensity towards aggregation.80,82  

Interestingly, it has been shown in vitro that α-syn formed from the genetic mutation 

A53T, found in cases of familial PD, forms aggregates faster than wild-type (WT) α-syn 

whereas the A30P mutant form, also found in familial PD, aggregates at a similar rate to 

wild-type.59 In vivo, both mutant forms fibrillise quicker than WT. One theory behind 

this is that the mutated forms of α-syn are transported less quickly than WT α-syn, 

therefore build up in high concentrations, which in turn increases the rate of fibril 

formation.83 

The fibrils of α-syn (WT, and mutant forms) are shown to have a very similar beta-sheet 

(amyloid) structure as A-fibrils found in AD plaques.79 Recent studies indicate that 
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residues 31 to 109 are folded into fibrils, whereas the ~30 residues of the C-terminus 

and N-terminus are flexible and heterogeneous respectively.84 Another study has shown 

that C-terminal truncated α-syn fibrillises at a much faster rate than wild-type, 

indicating that assembly into fibrils occurs via the N-terminal repeat regions.78 It is now 

widely accepted that oligomeric and protofibril species of α-syn are the most toxic, 

although it is clear the fully formed fibril species also play a key role in the progression 

of neurodegenerative synucleiopathies.85 

1.2.2 Neuroinflammation in Neurodegeneration 

Neuroinflammation associated with microglial activation has been established in many 

neurodegenerative disorders.  Microglia are immune cells in the brain that exist in either 

a resting or activated state: triggered by infection, injury or disease. They act as 

mediators and also as responders to the process of cell death as they are recruited to 

remove (phagocytose) debris and dying cells, and also to release cytokines and 

neurotoxic proteins to promote cell death.86 It has been shown that microglia are 

activated by oligomeric protein species, and that activated microglia surround protein 

deposits in AD and PD.87,88 It is thought that this process is initiated to promote 

clearance of misfolded proteins, however, due to properties specific to the misfolded 

proteins, the microglia are unable to accomplish this, and therefore become chronically 

activated.89  

Importantly, activation of microglia is associated with upregulation in expression of the 

mitochondrial translocator protein (18 kDa; TSPO), previously termed the peripheral 

benzodiazepine receptor (PBR) as it was first identified as a secondary binding site for 

benzodiazepine anxiolytic drugs.90 In healthy subjects, TSPO is found in low levels 

throughout the central nervous system (CNS) located on the outer membrane of 

mitochondria and is involved in many physiological processes including: cholesterol 

transport, steroidogenesis, immunomodulation, metabolism and cellular respiration.91 

TSPO has five rigid trans-membrane alpha helices, connected by two extra- and two 
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intra-mitochondrial loops that are flexible allowing for conformational changes 

necessary for interactions.91  

1.3 PET Imaging in Neurodegenerative Diseases 

PET imaging has become a useful tool for diagnosis, researching the pathological 

progression and assisting with the development of novel treatments for various 

neurodegenerative diseases. There are four main focuses for PET imaging within the 

realm of neurodegeneration. These are: 

• Brain metabolism 

• Neuroreceptors and neurotransmitters 

• Misfolded proteins 

• Neuroinflammation  

Outlined below are several examples of radiotracers currently in use, or in development 

for potential applications within PET imaging of neurodegeneration. 

1.3.1 Brain Metabolism 

The primary radiotracer used for studying brain metabolism is [18F]fluorodeoxyglucose 

([18F]FDG, Figure 8). [18F]FDG is the most commonly employed radiotracer in all areas 

of PET imaging, with its primary application being within the field of oncology.92  

 

Figure 8 - Structure of [18F]Fluorodeoxyglucose ([18F]FDG). 

[18F]FDG has become such a powerful tool for PET imaging due to its in vivo metabolic 

pathway: firstly it is transported into a cell, where it becomes phosphorylated just as 

glucose does. However, whereas glucose is then metabolised further through the 2-OH 

group, [18F]FDG cannot undergo any further metabolism due to the presence of the 
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fluorine atom instead of the 2-OH group. [18F]FDG therefore becomes trapped within the 

cell.93 (Figure 9)  

 

Figure 9 - Metabolism of glucose and [18F]FDG. 

 This metabolic trapping causes an accumulation of fluorine-18 within cells exhibiting 

hypermetabolism (e.g. cancer cells) or low accumulation in areas of hypometabolism – a 

symptom of neurodegenerative diseases. This variation can be observed and quantified 

using PET.  

Studies have shown that the scale of hypometabolism correlates with the progression of 

the neurodegeneration, and that changes in cerebral glucose metabolism may be used to 

predict the severity of disease progression, i.e. whether a patient with PD is likely to 

develop dementia too, allowing physicians to offer more tailored medication and advice 

to their patients.94–97 

Another way to quantify brain metabolism with PET is through the use of [15O]H2O to 

observe cerebral blood flow. However, due to the very short t1/2 of oxygen-15 (2 min), 

this technique is not widely applied in the clinic as it requires an on-site cyclotron. It has 

been shown that in patients with AD, brain regions showing a reduction in cerebral 

blood flow correlate well with regions with reduced glucose metabolism as observed 
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with [18F]FDG.98 [15O]H2O has also been used in a study of patients with PD to determine 

effects of deep brain stimulation treatment.99 

1.3.2 Neurotransmission 

Imaging neurotransmission via PET can be done by targeting: presynaptic receptors, 

postsynaptic receptors or neuronal metabolism, including targeting specific enzymes 

and transporters.93 Neuroreceptors are usually proteins, located within cell membranes. 

They send signals that cause a defined response when stimulated by specific 

neurotransmitters (chemical compounds).100 Changes in function of various 

neuroreceptors have been associated with progression of neurodegenerative diseases, 

such as the loss of dopaminergic neuron function in PD, and hence, monitoring their 

function has become a useful biomarker for PET imaging.101 There are many examples 

within the field of neurodegeneration of radiotracers for use in visualising the 

dopaminergic, cholinergic and serotonergic systems, each of which has been implicated 

as playing a role in the progression of neurodegenerative diseases (Figure 10). 
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Figure 10 - Radiotracers for imaging neurotransmission.23,29,42,102–106 
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1.3.3 Misfolded Proteins 

Within the last decade, a major focus for the development of novel PET radiotracers for 

imaging of neurodegenerative diseases has been targeting aggregated protein deposits 

as they are the pathological hallmark of these diseases. The ability to image aggregated 

proteins via PET allows for improved diagnosis, and hence treatment, for patients and 

clinicians. It is also a key tool for furthering the understanding of pathophysiological 

processes associated with disease progression.107 Outlined below, are several examples 

of radiotracers that have been developed for imaging protein aggregates, and a brief 

discussion of some of the pitfalls of these compounds.  

1.3.3.1 -Amyloid 

A range of PET imaging probes have been developed to target Aβ-plaques (Figure 11). 

The first in vivo study of A deposits utilised the radiotracer; 2-(1-{6-[(2-

[18F]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile ([18F]FDDNP), 

which has been shown to bind well to A fibrils, however it shows poor selectivity as it 

also binds to neurofibrillary tangles (NFTs), which contain no A.102,107 The most 

successful compound to date is [11C]Pittsburgh Compound B ([11C]PiB) – a derivative of 

thioflavin-T (ThT) amyloid stain, which has been shown to bind selectively to A-

plaques and has been used in several human studies.108 However, its wide-scale use is 

limited due to its short-lived carbon-11 radiolabel. [18F]flutemetamol is a fluorinated 

analogue of PiB for which there are currently on-going clinical trials. Initial indications 

are that there appears to be good correlation between the two compounds.109 

[18F]florbetapir110 (also known as [18F]AV-45 or [18F]Amyvid) and [18F]florbetaben111 

are stilbene-derived fluorine-18 radioligands that have been approved by the US Food 

and Drugs Administration for clinical imaging of β-amyloid in the diagnosis of AD. 
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Figure 11 - Structures of radiotracers currently used for imaging of A-plaques. 

1.3.3.2 Tau 

There are two main radiotracers currently undergoing clinical trials for their ability to 

image tau deposits in vivo: [11C]PBB3, a derivative of ThT with additional alkene 

linkages between the two aromatic groups, and [18F]AV-1451 (also called [18F]T807) 

(Figure 12). Both have been shown to bind well to tau fibrils found in AD, obtained data 

showing good correlation with clinical symptoms and the known progression of tau 

deposition, or with post-mortem tissue analysis.58,112,113 However, there is some 

indication in the literature that [18F]AV-1451 does not show the same correlation in 

non-AD tauopathies such as PSP, casting doubt over its use in these diseases.114 This 

does not seem to be an issue with [11C]PBB3.52 

 

Figure 12 - Structures of radiotracers currently used for imaging tau. 
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1.3.3.3 α-Synuclein 

Unlike for A and tau, there is currently no radiotracer targeting fibrillar α-syn that has 

shown enough promise to enter into clinical trials. Development of a radiotracer that 

will be suitable for this purpose has so far been hindered by the following challenges: 

• Potential tracer must be very selective for α-syn fibrils as they are often 

accompanied by Aβ, and sometimes tau, pathology.115  

• As with any potential new tracer, there are restrictions on lipophilicity and size 

of the compounds as they must be able to cross the blood-brain-barrier (BBB). 

As the majority of α-syn accumulates intracellularly, a novel radiotracer must 

also be able to cross the cell membrane, adding further restrictions to its size 

and lipophilicity.116 

• Challenges faced with accurately determining binding affinities of potential new 

lead compounds through in vitro methods. (This is discussed in more detail in 

Chapter 4). 

• There is a general lack of knowledge surrounding the structure of α-syn fibrils in 

vivo, which limits the development of new lead compouds.117 

Aβ Ligands with Affinity for α-Syn 

In 2007, Fodero-Tavoletti et al.118 investigated whether the binding of PiB to α-syn 

fibrils contributed to the uptake of [11C]PiB in patients with DLB. It was found that 

[3H]PiB did bind to recombinant α-syn fibrils, although with lower affinity when 

compared to binding with synthetic A fibrils. However, during in vitro binding studies 

with tissue samples from patients with AD, DLB with A-plaques (DLB-A), pure DLB 

(i.e. A free), and age matched controls, [3H]PiB did not bind to pure-DLB or control 

homogenates, or colocalise with Lewy Bodies by immunohistochemistry. It was 

concluded that there is no significant contribution from [11C]PiB binding to Lewy Bodies 

in vivo, allowing for the continued use of [11C]PiB as a selective radiotracer for imaging 
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A plaques. However, it is noteworthy that PiB was shown to bind to recombinant α-syn 

fibrils in vitro. 

In 2008, Ye et al.119 performed a study determining binding affinities between 

recombinant α-syn and several compounds with known affinity for A fibrils. It was 

found that all five compounds had affinity to the recombinant α-syn fibrils in the 

nanomolar range (<250 nM). Ex vivo autoradiography on amygdala slices from PD 

patients with [3H]PiB showed no binding, similar to the results observed by Fodero-

Tavoletti et al..  It was suggested that the reduction in binding when using tissue 

samples rather than synthetic fibrils may be due to structural modifications that occur in 

vivo such as; phosphorylation, nitration and ubiquination. 

During a study investigating the selectivity of 2-[2-(2-dimethylaminothiazole-5-

yl)ethenyl]-6-[2-(fluoro)ethoxy]benzoxazole) (BF-227) for A, Fodero-Travoletti et 

al.120 showed that [18F]BF-227 bound to both synthetic α-syn and A fibrils. As with 

previous studies, no binding was observed using A-free brain homogenates. However, 

immunohistochemistry studies using slices from the LB rich substantia nigra region of 

PD patients showed colocalisation of BF-227 with LBs. From these observations, it was 

concluded that further investigations into BF-227 and its potential use as a radiotracer 

for α-syn fibrils were worthwhile due to strong affinity to synthetic α-syn and staining in 

LB rich PD tissue. 

A year later, Kikuchi et al.121 utilised [11C]BF-227 to visualise α-syn deposits in patients 

with MSA, a sporadic neurodegenerative disease that is part of the family of α-

synucleinopathies due to its pathological hallmark being LB accumulation in glial cells. 

In this study, immunostaining was used to show colocalisation of BF-227 with α-syn in 

slices from patients with PD, DLB and MSA. In a PET study, [11C]BF-227 was found to 

clear more slowly from MSA patient brains than controls. It was also found that there 

was higher uptake in subcortical white matter and lenticular nucleus in MSA patients, 
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which correlated with the large amount of α-syn deposits found in these regions post-

mortem. 

Targeted α-Synuclein Radiotracers 

This section discusses the development of several potential radiotracers that specifically 

target imaging α-syn fibrils. 

Phenothiazines 

Due to indications of their neuroprotective properties, Yu et al.122 synthesised a range of 

analogues based upon optimisation of the phenothiazine pharmacophore through 

structure-activity relationship (SAR) analysis.123,124 Evaluation of 19 compounds in a 

competition assay with ThT and fibrils grown from recombinant α-syn identified four 

compounds with binding affinity <100 nM (SIL5, SIL22, SIL26 and SIL23 – Table 4). 

Three of which: SIL5; SIL26; and SIL23, included moieties suitable for radiolabelling 

with carbon-11, fluorine-18 and iodine-125 respectively. It was also established from 

these SARs that for good binding, it is crucial to have an electron-withdrawing group on 

one of the aromatic rings and a free proton on the nitrogen atom of the central ring. 

 

Table 4 – Structural modifications and binding affinity data with α-syn fibrils of phenothiazines 

synthesised by Yu et al. (NB: only modifications resulting in Ki <500 nM are shown).122 
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In a subsequent publication from the same group by Bagchi et al.125 the radiochemical 

synthesis of [125I]SIL23 from the bromo precursor was reported. This was then used in 

saturation binding experiments with recombinant α-syn and the binding affinity 

determined as Kd = 148 nM. [125I]SIL23 radioligand competition assays were then 

performed and binding affinities (Ki) determined for SIL3B, SIL5, SIL22 and SIL26 with 

recombinant α-syn and tau fibrils, synthetic A fibrils and PD brain homogenates (Table 

5). It was concluded that SIL26 appeared to be the most selective candidate for binding 

to α-syn fibrils.  

 

 Table 5 - Summary of binding affinities determined by Bagchi et al.125 

Bagchi et al. also reported results from ex vivo studies with brain homogenates from two 

transgenic mouse models for PD – M83 line, carrying a human α-syn transgene with the 

A53T mutation found in familial PD, and M7 line, carrying a WT human α-syn transgene. 

Binding of [125I]SIL23 in the homogenates from M83 line was observed (Kd = 151 nM), 

but no significant binding in M7 line concluding that use of the A53T transgenic mouse 

model would be useful for future evaluation of potential radioligands through in vivo 

microPET, or ex vivo autoradiography. 

A third study from the group by Zhang et al.126 reported the radiosynthesis of [11C]SIL5 

and [18F]SIL26 and subsequent use of these radioligands for ex vivo biodistribution 

studies with Sprague-Dawley rats. It was established that both radioligands crossed the 
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BBB with high initial uptake and reasonable washout. It is also noteworthy that for 

[18F]SIL26, there was no high accumulation of radioactivity in the bone, indicating no 

defluorination occurred. [11C]SIL5 showed slightly quicker washout so was progressed 

to a microPET study in a healthy cynomolgus macaque. This confirmed that [11C]SIL5 

crossed the BBB with homogenous uptake in all brain regions and fast washout.  

Conjugated Diphenyls 

It is known that flavonoids, such as flavone, chalcone and aurone are able to inhibit the 

formation of A and α-syn fibrils. Ono et al.127 therefore developed a series of 

radioiodinated diphenyls (IDPs) based upon the chalcone pharmacophore with varying 

numbers of double bonds between the phenyl rings. The four compounds were used in 

saturation binding studies between and recombinant α-syn and A fibrils (Table 6), and 

for fluorescence staining of PD brain slices.     

 

Table 6 - Structure of IDP-1-4 and their associated binding affinities to α-syn and A fibrils.127 

In agreement with the saturation assay results, colocalisation between 

immunohistochemical staining and IDP-3 and IDP-4 was observed, but was not seen for 

IDP-1 or IDP-2. Ex vivo biodistribution studies in mice showed that brain penetration 

decreased as the molecular weight and size increased (i.e. as the number of double 

bonds increased).  Although IDP-4 showed the best in vitro properties, it was concluded 

that its utility as a radiotracer for imaging α-syn may be negligible due to poor brain 
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penetration. Therefore, again, further structural modifications are required before this 

class of compounds will be suitable for use as α-syn radiotracers.  

Indolinones and Indolinone-dienes 

Studies were conducted by Chu et al.128 based on literature reports of an indolinone 

having affinity, but poor selectivity, for α-syn, A and tau fibrils129, alongside reports of 

two LDS fluorescent dyes labelling LBs in post-mortem PD tissues130.  By combining the 

indolinone backbone with the diene fragments of the LDS dyes, the group synthesised a 

series of 45 compounds and assessed their binding affinities with α-syn, tau and A 

fibrils via ThT competition assay (Figure 13).  

 

Figure 13 - Structure of indolinones and indolinone-dienes. 

It was found that, in general, the indolinone-diene derivatives had better affinity than 

indolinones to all three amyloid fibrils. Difficulties with purification of the regioisomers 

due to rapid re-isomerisation after purification, was overcome by the introduction of a 

para-nitro substituent onto the aromatic group at the end of the diene chain. It was also 

established that addition of a benzyl group to the nitrogen of the indolinone improved 

selectivity for α-syn fibrils. Of the 45 compounds, the most potent and selective 

derivative was identified as ‘46a’ (Figure 13) with Ki = 2, 142 and 80 nM for α-syn, A 

and tau fibrils respectively. Analogue 46a was radiolabelled with fluorine-18 and a 

saturation binding study with [18F]46a established Kd = 9, 271 and 50 nM for α-syn, A 

and tau fibrils respectively. However, due to the high log P of 46a (4.18), it was difficult 

to obtain reproducible data when using α-syn isolated from PD brain tissue, therefore, 
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more structural modifications will be required before this class of compounds is suitable 

for use as an α-syn specific radiotracer. 

1.3.4 Neuroinflammation  

The gold standard for imaging TSPO, and thereby allowing observation of microglial 

activation in vivo is through the use of the radioligand (R)-[11C]-PK11195 (Figure 14).  

 

 

Figure 14 - Structure of (R)-[11C]-PK11195. 

This isoquinoline compound has been well established for its selective binding to TSPO. 

Upregulation of TSPO expression is also associated with activation of astrocytes, another 

type of glial cell, which are also involved in neurodegeneration.131 However, data 

obtained in a PET study using (R)-[11C]-PK11195 in epilepsy patients with 

hippocampal sclerosis, characterised by an increased number of astrocytes, showed no 

increase in binding of the radiotracer compared to control subjects. This indicates that 

the in vivo signal obtained with (R)-[11C]-PK11195 is primarily due to upregulation of 

TSPO expression caused by activated microglia.132,133 (R)-[11C]-PK11195 has been 

utilised in studies with in patients with idiopathic PD,134,135 AD,136 MSA,137 PSP,138 and 

HD139 to correlate areas of known pathology with microglial activation, the majority of 

studies indicating that microglial activation appears to occur early in disease 

progression, and hence may contribute to neuronal loss through release of cytokines.  

(R)-[11C]-PK11195 is limited due to high levels of non-specific binding and low brain-

uptake resulting in poor signal-to-noise ratio of PET images.140 Therefore, a significant 

amount of research has been done to develop second-generation TSPO radiotracers 
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labelled with both carbon-11 and fluorine-18. Some of the most promising are: 

[11C]PBR28141, [18F]DPA714142, [18F]FEPPA143 and [18F]GE180144 (Figure 15). 

 

Figure 15 - Second-generation TSPO radiotracers. 

Studies utilising one of the earliest second-generation TSPO radiotracers, [11C]PBR28, 

in healthy pigs,145 non-human primates (NHP)141 and humans146 showed that this 

radiotracer had good in vivo properties, and showed specific binding to TSPO. The 

radiotracer has since been used to successfully image activated microglia in: aged vs. 

young rats;147 rats with induced cerebral ischemia;148 NHP with induced 

neuroinflammation;149 and to determine different levels of neuroinflammation in 

patients with AD vs. mild cognitive impairment.150  

[18F]DPA714 has been shown to have good brain uptake and specific binding to TSPO in 

several animal models of neuroinflammation including: mice with induced epilepsy / 

stroke;151 rats with chronic hepatic encephalopathy152 or acute neuroinflammation;153 

and NHP with excitotoxic lesions.142 The radiotracer has also been assessed for its utility 

in healthy humans,154 where it was shown to cross the BBB and have a similar uptake 

and binding profile to other TSPO radioligands, and has been subsequently used in a 

study comparing healthy controls and subjects with amyotrophic lateral sclerosis.155  
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Although not so widely studied, a fluorine-18 analogue of [11C]PBR28,  [18F]FEPPA has 

been assessed for specific binding to TSPO in healthy rats156 and pigs145 and in rats with 

activated microglia via injection of neurotoxic agent 6-hydroxydopamine,140,157 all of 

which concluded that although this radiotracer showed promise, more research was 

required to fully assess the in vivo binding properties. Subsequently, there have been 

preliminary studies assessing this radiotracer in healthy humans, all conclude that this 

radiotracers appears a promising lead for imaging TSPO in vivo.143,158,159  

Most recently, Wadsworth et al. identified [18F]GE180 as a promising TSPO ligand 

through comparison of uptake in olfactory bulb (high TSPO expression) and striata (low 

TSPO expression) in healthy rats.160 This radiotracer has also been assessed in 

preclinical rat models of stroke,161 where it performed better than (R)-[11C]-PK11195, 

and spinal cord injury,162 showing specific TSPO signal. A first-in-man PET study and 

subsequent kinetic analysis of the radioligand has also been performed.144,163 All the 

data to date indicates that [18F]GE180 is a promising second-generation TSPO 

radioligand. 

Despite all of these second-generation TSPO ligands showing promise in preclinical PET 

studies, it has been noted that there is sometimes large amounts of variability observed 

in binding of human subjects.164–167 The cause of this has been attributed to a single 

genetic polymorphism of the TSPO gene, rs6971, located on exon 4, causing a single 

amino acid substitution in the fifth transmembrane domain from alanine (Ala) to 

threonine (Thr) at position 147 (Ala147Thr).168 Although Ala and Thr are both neutral, 

Ala is hydrophobic whereas Thr is polar, and therefore it is thought that this 

substitution is significant enough to result in a conformational change of TSPO.168 This 

results in three different population groups termed: high-affinity binders (HABs; 

Ala/Ala), low-affinity binders (LABs; Thr/Thr) and mixed-affinity binders (MABs; 

Ala/Thr). Differences in affinity between the different population groups impacts on the 

design of PET studies as all subjects must be screened for their genetic polymorph prior 
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to participating, allowing LABs to be excluded. It may require extra consideration of 

subject ethnicity as the prevalence of LABs is highest within Caucasians (30%) and 

Africans (25%), whilst very low within Han Chinese (2%) and Japanese (4%).169 In a 

somewhat serendipitous manner, (R)-[11C]-PK11195, the first TSPO radiotracer, is 

insensitive to the polymorphism, and hence remains the gold standard TSPO 

radiotracer. 
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2 Project Aims 

As previously discussed in Chapter 1, development of novel radiotracers for applications 

for PET imaging within the field of neurodegeneration is vital. Through this continued 

development PET can be an invaluable tool for: 

• Gaining understanding of disease mechanisms in humans. 

• Early-stage clinical diagnoses – currently, most diagnoses of neurodegenerative 

diseases are confirmed by post-mortem pathological evaluation of tissue.  

• Predicting disease prognosis – allowing clinicians to more precisely estimate the 

likely severity of disease progression. 

• More precise monitoring of patients over the course of their disease – to allow 

for better understanding of disease progression, which in turn may highlight 

new areas to target novel therapeutics. 

• More tailored treatment plans can be put into effect by having more accurate 

diagnoses and prognoses. 

• Clearer evaluation of novel treatments methods, including close monitoring of 

their in vivo effects. 

In particular, there is a major need for a radiotracer targeting α-syn fibrils as there are 

currently no radiotracers to have reached clinical trials for this target, despite α-syn 

fibrils being a pathological hallmark of many neurodegenerative diseases. This need is 

deemed so great that The Michael J. Fox Foundation for Parkinson’s Disease Research 

has recently announced that they are a supporting a $2 million prize to be awarded for 

the first selective, viable α-syn radiotracer.170 

Although there are PET radiotracers available in the clinic for imaging TSPO, there is a 

critical need for a fluorine-18 labelled radiotracer that has does not have significant 
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binding variability due to the genetic polymorphism of the TSPO gene, which can be 

applied to all subjects.  

Towards developing these two radiotracers, the specific aims of this PhD project can be 

split into two sections:  

Project 1: Targeting α-syn fibrils 

• Develop a library of small organic molecules through structural modifications of 

a literature sourced lead compound. 

• Investigate the ability of these compounds to bind to α-syn fibrils in vitro 

through appropriate biophysical techniques.  

• Develop automated radiosynthetic methods for radiolabelling compounds of 

interest. 

• Use the radiolabelled compounds for in vitro studies using human α-syn tissue 

samples.  

• Undertake preliminary in vivo microPET study. 

Project 2: Targeting TSPO 

• Synthesise radiolabelling precursors and reference standard. 

• Develop automated radiosynthetic methods for radiolabelling compounds of 

interest. 

• Use the radiolabelled compounds for in vitro studies using tissue from rat 

models of neuroinflammation.  

• Undertake preliminary in vivo microPET studies. 

 

 



 

 

 

 

 

 

Project 1: 

Targeting α-Synuclein Fibrils



   Synthetic Chemistry 

   39 

3 Synthetic Chemistry 

3.1 α-Synuclein Radioligand Development 

3.1.1 Background and Lead Selection 

A detailed discussion of the current status of α-syn fibril radiotracer development can be 

found in Section 1.3.3.3. In brief, the most promising compounds that have been 

published to date are [11C]SIL5 and [18F]SIL26,122 both phenothiazine analogues, and 

[18F]46a,128 an indolinone-diene derivative (Figure 16).  

 

Figure 16 - Structures of compounds under investigation as potential radiotracers for α-syn fibrils 

and their associated binding affinities. 

SIL5 and SIL26 have been shown to bind in vitro to recombinant α-syn fibrils and PD 

brain homogenates, with a slight selectivity towards α-syn fibrils vs. A and tau fibrils 

(Figure 16).125 Both radiolabelled compounds have been used in ex vivo biodistribution 

studies with Sprague-Dawley rats, and [11C]SIL5 has been used in a microPET study 

with non-human primates. Initial indications from these studies show that these 

compounds do cross the blood-brain-barrier, but more investigations are required to 

fully establish their in vivo properties.126 More recently, 46a showed very promising 

initial results with good selectivity for α-syn fibrils in vitro (Figure 16). However, studies 

with insoluble α-syn isolated from PD brains have indicated that the high log P of 46a 

(4.18) may be problematic for its use in vivo.128 Therefore, structural alterations may be 

required to progress to in vivo studies.  
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Based on this literature data, we selected phenothiazines SIL5 and SIL26 as a structural 

scaffold for further optimisation as these two compounds were the most promising 

candidates for development of a selective α-syn radiotracer.  

Yu et al. showed that the key features of the phenothiazine backbone required for 

efficient binding were presence of the electron-withdrawing group on one aromatic ring 

and a free NH on the central ring. Therefore, analogues synthesised here focussed on 

two areas: modification of the side chain and heteroatom.  

Structural modifications (Figure 17) were proposed to explore their effects on α-syn 

affinity and selectivity whilst incorporating moieties allowing for the synthesis of 

fluorine-18 radiolabelled analogues.  

The projected modifications included derivatives of the side-chain, which were expected 

to change the physicochemical properties, whilst including moieties that would allow for 

simple radiolabelling with fluorine-18. The modifications proposed were: use of a 

propyl chain 1, addition of a trifluoro group 2, addition of a polyethylene glycol (PEG) 

linkage 3 and direct addition of fluorine to the aromatic ring 4. 

As Yu and co-workers performed no structural modifications to determine whether the 

sulphur atom is important for binding, two heteroatom modifications of the SIL26 

structure were also considered to explore this: a phenoxazine (N/O) derivative 5 and a 

phenazine (N/N) derivative 6.  

 

Figure 17 - Proposed structural modifications to SIL5 and SIL26 phenothiazine backbone. 
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3.1.2 Synthesis of Lead Compounds 

In order to evaluate novel analogues in vitro, it was critical to first have compounds 

known in the literature to compare them to. Therefore, SIL5 and SIL26 were 

synthesised following the published protocol.122  

The synthesis of SIL5 (Scheme 1) started from commercially available starting material 

2-amino-6-methoxybenzothiazole 7, which was hydrolysed under basic conditions 

before reacting with 1-chloro-2,4-dinitrobenzene 8 to afford the thioether 9 in 51% 

yield. The isolation of this material was complicated due to clogging during filtration; 

therefore, the crude reaction mixture was centrifuged to obtain the solid thioether 9, 

resulting in somewhat lower yield than that reported. The free aniline of 9 was then 

protected with an acetyl group to give acetamide 10 in 89% yield. 

 

Scheme 1 – Synthesis of SIL5 from 2-amino-6-methoxybenzothiazole 7 via the Smiles rearrangement. 

From here, Yu and co-workers synthesised the phenothiazine SIL5 directly via Smiles 

rearrangement (Scheme 2) followed by N-acetyl deprotection in a single step using KOH 

and refluxing in acetone for three hours. However, in this work, the planned 

derivatisations required further reaction of the cyclised, acetyl protected material 11, 
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therefore, we wished to perform the cyclisation of acetamide 10 with retention of the 

protecting group in order to produce larger quantities of 11 for future use. This was 

accomplished by reducing the time held at reflux to 0.5 – 1 hour, affording acetyl 

protected phenothiazine 11 in 89% yield.  Hydrochloric acid was used to remove the 

acetyl-protecting group in a subsequent step to afford SIL5 in 78% yield.  

 

Scheme 2 - Smiles rearrangement to afford the cyclisation of acetamide 10 into phenothiazine 11. 

Therefore, analogue SIL5 was synthesised in four steps with an overall yield of 32%. 

Compared with the literature data (61% over three steps), our synthetic route employed 

an additional step to allow for more of acetyl-protected phenothiazine 11 to be 

produced. The lower overall yield is due primarily to issues with isolation of the aniline 

9. 

To synthesise SIL26 (Scheme 3), the methoxy-phenothiazine 11 was quantitatively 

demethylated using BBr3 to afford phenol 14. In order to avoid use of toxic BBr3, 

demethylation was also attempted using: AlI3/TBAI171 in either cyclohexane or 

dichloromethane; and HBr/Aliquat 336,172 however decomposition was observed with 

all conditions, and neither desired product nor the starting material were isolated. 

Phenol 14 was further reacted with fluoroethyltosylate 16, to yield SIL26 after 

deprotection (48% over two steps). The overall yield for the two steps 

(substitution/acetyl group deprotection) was higher when acetylated fluoroethyl 

derivative 17 was isolated. This was in contrast to Yu’s report, where a one-pot two-step 
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method using bromofluoroethane followed by 3 M HCl was employed to give 33% of 

SIL26.  

 

Scheme 3 - Synthesis of SIL26 from methoxy-phenothiazine 11 and fluoroethyltosylate 16. 

Fluoroethyl derivative SIL26 was synthesised in six steps with an overall yield of 19%, 

which compared favourably with the literature result (15% over six steps).  
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3.1.3 Synthesis of Derivatives 

3.1.3.1 Side Chain Derivatives 

The syntheses of the three side chain analogues (fluoropropyl 1, trifluoro 2 and PEG-

linkage 3) were accomplished via nucleophilic substitution of the common phenol 

intermediate 14 followed by acidic removal of the acetyl group (Scheme 4). 

 

Scheme 4 - Synthesis of fluoropropyl 1, trifluoro 2 and PEG-linkage 3 derivatives from reactions 

between common phenol intermediate 14 and tosylates 19, 21 and 23 respectively. 

Employing this approach we prepared N-acetyl protected fluoropropyl 1, trifluoro 2 and 

PEG-y-lated 3 derivatives in 62%, 16% and 35% yields using tosylates 19, 21 and 23 

respectively. While tosylates 19 and 21 were prepared from the alcohols using TsCl, the 

synthesis of 23 was accomplished via substitution of ditosylate with fluoride. A 

somewhat lower yield in the synthesis of trifluoro phenothiazine 2 was due to the 

volatile nature of the tosylate reagent 21. Deprotection of the acetyl group proceeded 

smoothly for all three analogues to yield 49%, 100% and 74% of 1, 2 and 3, respectively. 
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3.1.3.2 Synthesis of Directly Fluorinated Derivative 

The synthesis of directly fluorinated phenothiazine derivative 4 followed the synthesis 

pathway shown in Scheme 5.  

 

Scheme 5 - Synthesis of directly fluorinated derivative 4 from 2-amino-6-fluorobenzothiazole 24. 

Similarly to the syntheses of SIL5 and SIL26, aniline 25 was prepared in 52% yield via 

basic hydrolysis of 2-amino-6-fluorobenzothiazole 24 and subsequent reaction with 1-

chloro-2,4-dinitrobenzene 8. The aniline functionality was then protected with an acetyl 

group to give the acetamide 26 (95%), which was cyclised into the acetyl-protected 

phenothiazine with 43% yield. The final stage was to remove the acetyl protecting group 

with hydrochloric acid to afford the directly fluorinated derivative 4 in 50% yield. Yields 

obtained for the synthesis of 4 were comparable to those of SIL5 and SIL26.  
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3.1.3.3 Heteroatom Derivatives  

Phenoxazine 

The synthesis of phenoxazine 5 was envisioned to start from commercially available 

nitrophenol 29 which, after reduction of the nitro group, would react with 1-chloro-2,4-

nitrobenzene 8 to give phenol 28 that could then be cyclised to form the tricyclic 

phenoxazine scaffold 27. Protection/deprotection manipulations using acetyl protecting 

group and nucleophilic substitution of demethylated 27 would afford desired 

fluoroethyl phenoxazine analogue 5 (Scheme 6). 

 

Scheme 6 – Retrosynthetic approach to synthesis of phenoxazine derivative 5. 

Problems arose immediately when attempting this synthesis and it was eventually 

determined that appropriate conditions could not be found to reduce the nitro group of 

5-methoxy-2-nitrophenol 29. Three different sets of reaction conditions were 

attempted: FeCl3, activated charcoal and hydrazine hydrate; SnCl2.2H2O; and the 

standard hydrogenation conditions of hydrogen atmosphere with palladium on charcoal 

(Pd/C) catalyst. The reaction with FeCl3 and hydrazine hydrate was refluxed overnight 

after which ~ 20% of starting material was recovered unreacted, but none of the desired 

product was isolated. The reactions using SnCl2 and Pd/C both showed consumption of 

all starting material by TLC and LCMS after ca. 2 hours. However, again, the desired 

reduced product was not isolated from the reaction. 

In order to determine whether it was the position of the methoxy group (para to the 

nitro) that affected the reactivity of nitrophenol 29, we chose to use the meta-
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substituted methoxy-nitrophenol 30 and attempted reduction of the nitro functionality 

under all three explored reaction conditions (FeCl3, SnCl2 and H2/Pd/C). This isomer 

was readily reduced under all conditions, allowing both the reduced product and the 

subsequent HCl salt 31 to be isolated as bench-stable solids in good yields (65% - 

quantitative). 

This material was then selected to progress through the proposed synthesis, discussed 

below, resulting in the phenoxazine 33, with methoxy and nitro groups arranged in a 

trans formation across the molecule (Scheme 7), rather than the cis formation that had 

originally been proposed in compound 5. 

 

Scheme 7 – Synthetic route taken to afford phenoxazine 33 from 4-methoxy-2-nitrophenol 30. 

The HCl salt 31 was coupled with 1-chloro-2,4-dinitrobenzene 8 using sodium acetate in 

a water/ethanol (1:5) mix to afford the methoxyphenol 32 in 50% yield. The cyclisation 

of the methoxyphenol 32 into phenoxazine 33 was mediated by K2CO3 in DMF and 

progressed with 65% yield.  

From analysis of NOESY NMR of product obtained it has been determined that in 

contrast to the cyclisation step in synthesis of SIL5 and SIL26, this cyclisation does not 

progress via the Smiles rearrangement but rather via nucleophilic aromatic substitution 

(SNAr) of the nitro group (Scheme 8) 
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Scheme 8 - Hypothetical products formed from cyclisation of methoxyphenol 32 via Smiles 

rearrangement (A) and SNAr (B). 

Protection of the aniline 33 was then explored, to allow for demethylation of the 

methoxy group and subsequent alkylation. Acetyl protection proved surprisingly 

problematic, with very low conversion and difficult separations. Several different 

reaction conditions were explored (e.g. Ac2O/Pyr, and AcCl/Et3N) but all progressed 

very sluggishly. As an alternative, the Boc protecting group was instead used and this 

proved successful, affording the N-protected product 38 in excellent yield of 98% 

(Scheme 9).  

 

Scheme 9 - Synthesis of phenol-phenoxazine 40 from methoxy-phenoxazine 33 via boc-protected 

intermediate 38. 
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The Boc-group was found to be unstable under the conditions used in the subsequent 

demethylation step resulting in formation of product 40 with free phenol and aniline 

groups. An attempt was made to demethylate phenoxazine 33 directly, however, this 

reaction did not proceed and merely caused degradation of the phenoxazine material 33 

(Scheme 9). Attempts were made to re-Boc-protect the aniline group of 40, however, 

this reaction gave only 33% of the desired product 41 (Scheme 10). The major product 

isolated (68%) was doubly protected derivative 42, where both the phenol and amine 

groups were protected with Boc. However, it was found that reacting phenol 40 directly 

with 2-fluoroethyl tosylate 16 resulted in the desired trans-substituted phenoxazine 

derivative 43 (Scheme 10), indicating the protection of the amine group was not 

essential for alkylation of the OH group. 

 

Scheme 10 - Synthesis of para-substituted phenoxazine derivative 43 from reaction between phenol 

40 and 2-fluoroethyltosylate 43. 
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Phenazine 

The synthesis of the phenazine 6 was planned to start from reaction between 

commercially available 4-methoxy-o-phenylenediamine 46 and 1-chloro-2,4-

nitrobenzene 8, which followed by acetyl protection would give acetamide 45. 

Following cyclisation to form the phenazine scaffold 44, demethylation and subsequent 

nucleophilic substitution would afford desired fluoroethyl phenazine analogue 6. 

(Scheme 11) 

 

Scheme 11 - Retrosynthetic approach to synthesis of phenazine derivative 6. 

Commercially available 4-methoxy-o-phenylenediamine 46 was reacted with 1-chloro-

2,4-dinitrobenzene 8 in DMF with K2CO3 yielding 45% of the pure methoxybenzene 

diamine 47 after column chromatography. This was then readily protected with an 

acetyl group through the use of acetic anhydride and pyridine giving the acetamide 45 

in quantitative yield (Scheme 12).  

 

Scheme 12 - Synthesis of acetamide 45 from 4-methoxy-o-phenylenediamine 46. 

Unfortunately, the cyclisation step to form the phenazine 44 proved to be challenging. 

Initially, the same conditions as used in the synthesis of phenoxazine derivative (K2CO3, 

DMF, 125 C) were used, however, even after the extended reaction time of four days, 
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only the acetamide starting material 45 (82%), as well as an isomer of the starting 

material 48 (7%) were isolated (Scheme 13). The identity of the isomer was confirmed 

by mass spectrometry and complete NMR analysis (1H, 13C, COSY and NOESY).  

 

Scheme 13 - Attempted cyclisation of acetamide 45 into phenazine 44 and acetamide isomer 48 

isolated. 

The most likely explanation for the formation of isomer 48 is that 45 undergoes the first 

stage of the Smiles rearrangement, but instead of undergoing cyclisation by nucleophilic 

aromatic substitution (Scheme 14, blue pathway) to give the desired phenazine 44, 

acetyl migration occurs to give the isomer 48 (Scheme 14, red pathway). 

 

Scheme 14 - Smiles rearrangement followed by acetyl migration - proposed mechanism for the 

isomerisation of 45 into 48. 

The reaction was conducted under varying reaction conditions using different bases 

(DIPEA, NaH, Cs2CO3) in an attempt to promote cyclisation, however, only unreacted 
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starting material 45 and a small amount of isomer 48 were isolated each time. The 

reaction was also performed using the conditions employed during the synthesis of SIL5 

and SIL26 (KOH in refluxing acetone); however, under these conditions, no unreacted 

starting material 45 nor any other identifiable products were isolated indicating that the 

starting material 45 degraded under these conditions. 

Three alternative methods were also attempted to afford the dihydrophenazine 

backbone (Figure 18). Unfortunately, none of the desired phenazine product 51 was 

isolated from any of these reactions.  

 

Figure 18 - Reactions 1, 2 and 3173 for the attempted synthesis of the dihydrophenazine 51. 

Due to the difficulties described above, and associated failure to synthesise cyclised 

intermediates of the phenazine derivative 6, further work with this analogue was not 

pursued. 

  



   Synthetic Chemistry 

   53 

3.1.4 Synthesis of Radiolabelling Precursors 

Chapter 5 discusses the steps involved in development of an automated fluorine-18 

radiolabelling process for [18F]SIL26 and [18F]3. The precursors for these radiochemical 

reactions, 53 and 54, were synthesised as shown in Scheme 15.  

 

Scheme 15 - Synthesis of SIL26 radiolabelling precursor 53 and 3 radiolabelling precursor 54. 

The common phenol intermediate 14 was reacted with ethylene ditosylate 52 or 

diethylene glycol ditosylate 22 to give radiolabelling precursors 53 and 54 in yields of 

38% and 56% respectively.  
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3.1.5 Summary 

Table 7 summarises the properties of the two lead compounds SIL5 and SIL26, and 

their analogues: fluoropropyl 1, trifluoro 2, PEG-linkage 3, directly fluorinated 4 and 

trans-substituted phenoxazine 43. All of these modifications have been made with the 

view to exploring their affinity and selectivity towards fibrillar α-syn. The next stage of 

development of a successful radiotracer is to assess the non-radiolabelled compounds in 

vitro, this is discussed in Chapter 4. 

Two tosylate precursors for radiolabelling, 53 and 54, were also synthesised to allow 

for synthesis of [18F]SIL26 and [18F]3 respectively.  

 

 

 

Table 7 – Analogues and radiolabelling precursors synthesised and their associated cLogP*. 

(*calculated using ChemDraw Professional 15.0) 
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4 Biophysical Assessment 

4.1 Background 

After synthesising target compounds, the next stage in the development of novel 

radiotracers involves assessment of the compounds through in vitro evaluation which 

may include: biophysical assays, autoradiography, metabolite studies and stability 

studies.  

There has been much effort into development of biophysical techniques that have been 

used for studying interactions between amyloid fibrils and small molecules in vitro.174 

The most widely utilised techniques include; isothermal titration calorimetry (ITC), 

surface plasmon resonance (SPR) and competition assays using either fluorescence or 

radioactivity. However, when being used for determination of binding affinities between 

protein fibrils and small molecules these classical receptor-binding techniques have 

been met with practical challenges (discussed below). In order to overcome these 

challenges, we have investigated the novel application of microscale thermophoresis 

(MST) to quantify these binding interactions.  This chapter will focus on the 

development and validation of MST for application in the assessment of binding affinity 

to fibrils. 

4.1.1 Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) uses a solution of protein contained within a 

temperature controlled sample cell. Small aliquots of a target molecule are then titrated 

into the protein solution, and changes in the temperature of the solution are measured. 

From this, it is possible to determine the enthalpy of binding (ΔH) and the binding 

association constant Ka, which is inversely proportional to the binding affinity Kd (i.e. Ka 

= 1/Kd).175  
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However, ITC can be a complex and lengthy experiment to perform as the enthalpic 

changes measured are often very small. To reduce artefact signals during 

measurements, the protein and ligand solutions must be exactly pH matched (± 0.05 pH 

units is regarded as acceptable). Also, sample consumption is high (most instruments 

requiring 6-7 mL protein solution of micromolar concentration, and at least 1-2 mL 

ligand solution, of high micromolar or millimolar concentration) in order to obtain 

sufficient signal.176  

4.1.2 Surface Plasmon Resonance  

To perform a binding study using surface plasmon resonance (SPR, Figure 19) the 

receptor is first fixed onto a solid support, which is usually a thin gold film. This is then 

loaded into a small cell and analyte, a solution containing the small molecule, is flowed 

across the surface. During the experiment, polarised light from a laser passes through a 

prism to the underside of the gold film.  One angle of light (the critical angle) is absorbed 

more than the rest as it matches the surface plasmon resonance. The reflected light 

passes into a detector, which allows the critical angle to be observed as there will be a 

decrease in intensity of reflected light at the critical angle. A change in this critical angle 

(e.g. A to B, Figure 19) is observed upon binding due to a change in the refractive index 

of the medium within 300 nm of the gold surface. This change can be used to measure 

the binding affinity (Kd).177 

 

Figure 19 - Schematic of SPR instrument set up. 
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The major disadvantage of SPR is due to the immobilisation of the protein on a solid 

support, which is a very difficult process and may impact on the native structure of the 

protein and hence impact ligand binding. A further limitation is that as the binding 

method between fibrils and compounds is not well established, it is likely that some of 

the binding sites may be unavailable once the protein is immobilised.  

4.1.3 Competition Assay 

During a competition assay, a ‘competitor molecule’ of known concentration, with a 

known affinity for the target and a measurable property, such as fluorescence or 

radioactivity, is displaced by a ‘molecule of interest’ at various concentrations. From 

this, a sigmoidal curve is plotted, allowing an IC50 to be calculated. The inhibition 

constant (Ki), an alternative unit of binding affinity, is then calculated using the Cheng-

Prusoff equation (Equation 1).  

𝐾𝑖 =
𝐼𝐶50

1 +
[𝐶]
𝐾𝑑

 

Equation 1 – Cheng-Prusoff equation showing the relationship between IC50 and Ki where [C] is the 

competitor concentration, and Kd is the binding affinity between the competitor molecule and target. 

The ability of a competition assay to successfully determine an accurate binding affinity 

relies on the fulfilment of the two key assumptions; 1 – that the molecule of interest 

competes for the same binding site as the competitor, and 2 – that there is no direct 

interaction between the molecule of interest and the competitor. In this work, where we 

are studying interactions of small molecules with protein fibrils, the likelihood of 

ensuring that assumption 1 is satisfied is greatly reduced, as protein fibrils are likely to 

have multiple binding sites available. Other disadvantages of using a competition assay 

include: consumption of a large quantity of fibrils, and hence are not suited to assays 

where the monomeric protein is expensive or where the fibrils are difficult to produce; 

also, if using a competitor ligand that is labelled with a radionuclide (usually tritium or 

iodine-125 and occasionally fluorine-18), extra precautions and more specialised 
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personnel are required for handing the radioactive materials and waste products. 

Despite these concerns, competition assays are the most commonly used method for 

determining protein fibril and small molecule interactions. 

4.2 Microscale Thermophoresis 

4.2.1 Background 

Thermophoresis, also known as thermodiffusion, is defined as the movement of 

molecules along a temperature gradient and was originally observed by Carl Ludwig in 

1856.178 Small changes to the environment of a protein, such as solvation shell, size, 

conformation and charge variation, will cause an observable change in the 

thermophoretic movement of that protein.179 MST can be used to measure the rate and 

direction of movement of a fluorescently labelled protein along a microscopic 

temperature gradient at various concentrations of a binding partner (either a small 

molecule or another protein), and by doing so can be used to calculate the binding 

affinity (Kd).   

The advantages of using MST over other biophysical techniques are that MST requires 

very small amounts of sample (μL’s of nM concentration are required), it is a fast 

measurement so binding activities can be screened with relatively high throughput, the 

samples are in solution and do not need to be immobilised on a solid surface so there 

are no issues with restricted movement, and it measures interactions with virtually no 

limitation on molecule size or molecular weight.180,181 

4.2.1.1 How MST Works 

An aliquot of protein, labelled with a fluorescent tag, is mixed with each concentration of 

a serial dilution of the small molecule. Each of the resulting solutions is then loaded into 

a specialised MST capillary tube via capillary action. The MST capillaries are produced to 

highly specific dimensions with inner diameter variations of <1 m to ensure that 

induced temperature gradients are consistent throughout all samples.181 The filled 
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capillary tubes are then loaded into a temperature-controlled chamber of the MST 

instrument – Monolith NT.115 produced by NanoTemper Technologies (Figure 20A). 

 

Figure 20 – A: Monolith NT.115 (Image taken from www.nanotemper-technologies.com).  

B: Schematic of MST instrument set-up. 

As shown in Figure 20B, the instrument uses a combination of visible light, to excite the 

fluorescent marker, and an infrared (IR) laser to induce the temperature gradient within 

the sample. IR-laser heating is used in preference to a contact heating system as the 

beam of the IR-laser can be focussed to the exact same spot at which fluorescence 

intensity is being measured, and also provides very precise temperature gradients in a 

small and localised area of the sample. Both of these factors make the heating process 

reproducible.181  

  



   Biophysical Assessment 

   60 

Before performing an MST experiment, a capillary scan is executed which measures the 

fluorescence intensity of each capillary. This is a crucial step as it allows the user to be 

sure that there is a consistent amount of fluorescently labelled protein in each sample 

(NanoTemper recommended range is <±10 % variation), and also allows the user to 

determine whether sticking is occurring (discussed in more detail in Section 4.2.3.1). On 

a capillary scan the highest compound concentration is in capillary 1, and the lowest 

concentration in capillary 12 (Figure 21).  

 

Figure 21 - Example MST capillary scan showing less than ±10% variation 

(Experimental conditions: α-syn fibrils (500 μM) and SIL26 (100 μM)). 

Once a successful capillary scan has been performed, the MST experiment can begin. 

During the experiment the instrument measures the fluorescence intensity of the 

capillary for 5 seconds before switching on the IR-laser to heat the sample for a 

designated amount of time (e.g. 30 seconds of heating). The fluorescence is also 

measured for 5 seconds after heating is removed. This process is repeated for each 

capillary in turn and produces thermophoresis curves (Figure 22), which show several 

different stages of the experiment that can each be analysed to provide information 

about binding.182 



   Biophysical Assessment 

   61 

 

Figure 22 - Example thermophoresis curves showing MST experiment regions. 

Temperature jump – measured for the first second after the IR-laser is switched on. As 

it is known that the fluorescence intensity of solutions of fluorescent dyes change with 

temperature, this stage measures the fluorescence intensity changes caused by heating 

alone (i.e. no molecules are moving during this stage). This can give information on the 

binding site of the small molecule, as these initial fluorescence intensity changes of the 

dye will vary if its local environment has changed due to binding (i.e. if the small 

molecule is bound close to the label, or if a conformation change has occurred upon 

binding). 

Thermophoresis – measured from beyond the first second of IR-laser heating. This 

stage measures the change in fluorescence intensity due to thermophoresis (i.e. 

molecules moving within the temperature gradient). This provides information on 

larger changes e.g. size and charge as these have a direct effect on the speed of 

thermophoresis – a diffusion limited process.  

Inverse Temperature Jump – measurement of the fluorescence intensity changes 

caused by cooling immediately after the IR-laser is switched off. This presents 

equivalent information to that gained by the ‘T-jump’ region. 
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Backdiffusion – measured after the inverse temperature jump (i.e. when the sample has 

returned to a homogeneous temperature). In this stage, the change in fluorescence 

intensity is measured as molecules diffuse through the solution due to the resultant 

concentration inhomogeneity left after the thermophoresis. This only gives information 

on the size of the species moving since it is entirely diffusion limited. 

After a whole data set is collected, analysis software (NT Analysis) can be used to 

evaluate the data and produce binding affinities. This is done through analysing the 

change in normalised fluorescence intensity at two points on the curve e.g. to analyse 

only the thermophoresis data of the curves in Figure 22, points should be chosen at 

around 1 s (after IR-laser is switched on), and at around 30 s (when the heating is 

switched off). The software then uses built-in fitting parameters and fits the data to 

provide a value for binding affinity (Kd). 

4.2.2 Selection of MST 

In 2010, Wienken et al. reported on the use of MST for determining binding affinities 

between several biologically relevant proteins (GFP, the cytokine interferon-ϒ and the 

receptor protein calmodulin) with antibodies, calcium ions and small molecules in 

buffer, cell lysate and serum.180 In the report, it was specifically highlighted that good 

signal-to-noise ratios were obtained, even when low molecular weight binding partners 

were used. A subsequent report by Jarabek-Willemsen et al., featuring the use of MST for 

investigation of protein-small molecule amongst other protein-protein and protein-DNA 

interactions, again highlighted sensitivity of MST in allowing the interactions of proteins 

with low molecular weight species to be quantified.182 

Practically, the main advantage of MST over classical biophysical techniques is the small 

amounts of protein required, that the samples are in solution and that the experiments 

are rapid to perform. 
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The favourable literature reports, paired with the practical advantages of MST led to our 

desire to investigate the novel application of MST to determination of binding affinities 

between small compounds and protein fibrils. 

Since this work began, there have been several more studies reporting on the ability of 

MST to successfully investigate the interactions between proteins and small 

molecules.181,183 Of particular interest to this project is a study by Wolff et al. reporting 

the use of MST for quantifying interactions between camelid nanobodies and EGCG, a 

green tea flavonoid, with α-syn in both monomeric and oligomeric forms.184 All of these 

later studies strengthen our hypothesis of the potential utility of MST within this field.  

4.2.3 Experimental Results 

4.2.3.1 Conditions Optimisation 

In order to study the use of MST for quantifying interactions between fibrillar α-syn and 

small molecules, we first needed to develop optimal experimental conditions. 

NB: All MST experiments were carried out at 25°C, and prior to performing MST 

experiments, the fluorescence spectrum of each compound was determined to ensure 

that they would not fluoresce at the wavelengths used by the MST instrument. 

Sticking 

One artefact that can be observed during MST experiments is the unspecific adsorption, 

or ‘sticking’, of one of the solution components to the surface of the capillaries.185 If this 

occurs, it can be clearly observed during a capillary scan, as the peaks become non-

symmetrical with noticeable shouldering or in extreme cases can become double peaks 

(Figure 23).  
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Figure 23 - Two individual capillaries showing A: sticking, indicated by double headed peak and B: 

no sticking, indicated by symmetrical peak shape. 

There are several simple ways to eradicate sticking such as using an alternative capillary 

type (NanoTemper supplies standard-, enhanced standard-, hydrophilic- and 

hypdrophobic-coated capillaries), or through addition of an agent to decrease non-

specific binding (i.e. detergent) such as Tween 20 or bovine serum albumin (BSA).  

No sticking was observed with α-syn fibrils and standard grade capillaries, therefore 

further investigation into alternative grade capillaries was not required and these 

capillaries were used for all further experiments.  

Despite not observing sticking during our capillary-test experiments, we did note that 

there was often variation in the initial fluorescence observed during the capillary scan 

(Figure 24). The limit set by NanoTemper is <±10% variation in the initial fluorescence 

recorded during the capillary scan. >±10% variation indicates a non-constant amount of 

fluorescently labelled α-syn fibrils across the compound dilution series, which will lead 

to inaccurate results. 

 

Figure 24 - An example capillary scan showing >±10% variability in initial fluorescence.  

(Experimental conditions; α-syn fibrils (200 nM), PEG-linkage analogue 3 (20 M)) 
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In an effort to reduce this variability, we first investigated the use of Tween 20 by using 

buffers containing various concentrations of Tween 20. For all concentrations used, 

fluorescence intensity was increased compared to when no Tween 20 was present, and 

the highest fluorescence intensity was observed using 0.005% Tween 20 (Figure 25A).  

 

Figure 25 - A: Fluorescence of capillaries containing α-syn fibrils (100 nM) diluted in buffer 

containing various concentrations of Tween 20.  

B: Free label (5.75 μM) with diluted in buffer with varying concentrations of Tween 20 (Left to right 

0% to 1%) 

In a control experiment using free-label and buffers with varying Tween 20 

concentrations, no changes to fluorescence intensity were observed in the absence of α-

syn fibrils (Figure 25B). This shows that changes in the fluorescence intensity observed 

are not due to an interaction between Tween 20 and the fluorescent label and is 

therefore thought to be due to decreased loss of labelled protein through reduced 

sticking to vial walls and pipette tips.  

Next, we directly compared results obtained from MST experiments both with and 

without 0.005% Tween 20 using a compound known to bind to α-syn fibrils. For this 
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purpose we selected PiB, which has been reported to bind to α-syn fibrils (Ki = 116 (88.0 

– 150) nM125). In these experiments final concentrations were; 100 nM α-syn fibrils 

(20% labelling density), 1366 nM highest concentration of PiB and experimental 

conditions used were 90% LED power with 40% MST power. Interestingly, when 

comparing these two experiments, it was observed that there was almost a complete 

loss of differences in thermophoretic movement across the dilution series and 

significant sticking to the capillaries when Tween 20 was used (Figure 26B vs. Figure 

26A).  

 

Figure 26 – Thermophoresis curves (left) and capillary scans (right) performed with A: in the 

absence of Tween 20; and B: with 0.005% Tween 20 showing loss of thermophoretic movement and 

increased sticking when using Tween 20.  

These observations could be due to an interaction between Tween 20 and the α-syn 

fibrils, which causes a change in configuration to the fibrils and hence inhibits binding of 

PiB. Unlike our initial experiments where a positive effect of Tween 20 to reduce loss of 

α-syn fibrils to vials and pipette tips was observed, MST data obtained with PiB as 

reference, suggested significant sticking to the capillary tubes due to the application of 

Tween 20. This discrepancy was likely due to an interaction between α-syn fibrils and 

Tween 20, which only occurs after a period of incubation. During the experiments using 

PiB, the samples were incubated in the capillaries for 20-30 min, whereas this was <5 
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min for previous experiments. It was therefore determined that the use of Tween 20 in 

the experimental buffer had no beneficial effect. 

As a further investigation, in an effort to reduce α-syn fibril loss to vial walls and pipette 

tips, without the use of Tween 20 in the experiment buffer, we attempted to pre-

treatment of all of the pipette tips and vials with buffer containing 0.005% Tween 20. 

This was done by filling, incubating for 2-3 seconds, emptying and air-drying all 

equipment before use. Unfortunately, this lead to very variable initial fluorescence 

measurements during capillary scans (Figure 27), thus it was abandoned. 

 

Figure 27 - Significant variation observed when using Tween 20 pre-coating procedure for sample 

tubes and pipette tips. 

In conclusion, as no sticking was observed in the standard-coated capillaries in the 

absence of Tween 20, it was decided that we would apply these conditions in our future 

experiments. This was based upon the assumption that any losses due to α-syn sticking 

to capillaries or pipette tips would be considered systematic. 

Preparation of α-syn fibrils 

Next, we investigated the morphology of the α-syn fibrils used in our MST experiments. 

Collaborator Dr. Alexander K. Büell (Department of Chemistry, University of Cambridge) 

provided atomic force microscopy (AFM) images of the α-syn fibrils immediately after 

they were grown. The image showed that the fibrils were heterogeneous in nature due 

to different lengths of fibril strands being present within the sample (Figure 28, left). 

Heterogeneity within the sample may cause difficulties with the MST measurements as 

the small molecules may interact differently with the different sized fibrils, and it may 
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also cause inconsistencies in the quantity of sample pipetted during sample preparation. 

Complications may also arise from the fact that thermophoretic movement is dependant 

on the size of the protein. Therefore, it is important to homogenise the samples prior to 

experiments. To do this, Dr. Büell suggested that we sonicated the diluted α-syn fibrils 

briefly either with a sonicating probe (30 s at lowest intensity), or in a water bath (1 

minute) in order to make the fibrils a more uniform length. An AFM image of α-syn 

fibrils after sonication is shown on the right in Figure 28. 

 

Figure 28 - AFM images of α-syn fibrils before (left) and after (right) sonicating for 1 minute. 

Through initial MST experiments, it was established that the fibrils are not stable for 

long periods of time after sonication (Figure 29). Therefore, it was determined that 

freshly sonicated fibrils should be used promptly. 

 

Figure 29 - MST analysis of the interaction between α-syn fibrils (100 nM) and PiB (highest 

concentration 1366 nM) using α-syn fibrils that were sonicated immediately prior (circles), 4 hours 

before (squares) and 5 hours before (triangles) analysis was performed. 
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Fibril Labelling Density 

The α-syn fibrils used in these experiments were labelled with the far-red fluorescent 

dye Alexa Fluor® 647 and the next step of our conditions optimisation involved 

determination of an appropriate labelling density. The dye was coupled to N122C 

cysteine variant α-syn monomers, before incubating with a small amount of unlabelled 

seed fibrils to produce the amyloid fibrils. By mixing the N122C variant Alexa Fluor® 

647 labelled α-syn monomers with unlabelled WT α-syn monomers in different 

proportions before incubation, fibrils can be grown with different overall labelling 

densities. In this study, we investigated the use of fibrils with labelling densities ranging 

from 1 – 50 %. α-Syn fibrils of varying labelling densities (500 nM α-syn concentration) 

were mixed separately with a dilution series of PiB (highest concentration 100 M). 

Through analysis of the data obtained from the T-Jump region (Figure 30) fitting and 

subsequent calculation of the Kd was possible for all labelling densities, except for 10% 

labelled. However, the only data set in which the fitting appears to be an optimal fit was 

with the 2% labelled fibrils and hence this labelling density was chosen for all future 

experiments.  

 

Figure 30 - Analysis of interaction between α-syn fibrils (500 nM) and PiB (highest concentration 

100 M). The α-syn fibrils were labelled with varying amounts (1 – 50%) of Alexa Fluor® 647. 
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Incubation Period 

In our early attempts, it was noted that there was large amounts of variability within the 

determined binding affinities calculated by MST, even when equivalent conditions were 

used. Therefore, taking the advice from collaborator Anna Mikes (MTA-TTK-NAP B - 

Neurodegenerative Diseases Drug Discovery Research Group, Hungarian Academy of 

Sciences), an incubation period of 30 min was introduced after filling and loading the 

capillaries, which greatly reduced the variability between experiments.  

4.2.3.2 Assessment of Compounds  

After establishing appropriate experimental conditions (standard-grade capillaries, 

freshly sonicated fibrils, 2% labelling density, 30 min incubation time), we moved on to 

determination of binding affinities for the compounds SIL26, SIL5, PiB, SU4312 and 

ThT (Figure 31) with α-syn fibrils.  

 

Figure 31 - Structures of compounds assessed via MST analysis. 

The first compounds investigated were SIL26; literature affinity Ki = 15.5 (11.7-20.6) 

nM125 and 49.0 ± 4.9 nM122 determined by radioligand competition assay with 

[123I]SIL23 and fluorescence competition assay with ThT respectively; and SU4312 with 

literature affinity Ki = 490 nM129 determined via a Thioflavin S  fluorescence competition 

assay. For the MST experiments, various concentrations of SIL26 (highest concentration 

100 M) and SU4312 (highest concentration 50 M) were incubated separately with α-

syn fibrils (500 nM) in standard treated capillaries for 30 minutes. The T-jump region 

for each compound was analysed and combined (n = 3) binding curves were plotted 
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(Figure 32). From these, the Kd values were calculated as 285.8 ± 191.4 nM for SIL26 

and 457.3 ± 147.6 nM SU4312.186  

ThT has been extensively studied in the literature for its affinity to protein fibrils. 

Reported affinities for α-syn range are in the range; Kd = 588 ± 2 nM119 to 948 ± 271 

nM122, determined by ThT saturation binding curve and Ki = 1040 (755 – 1440) nM125 

determined via radioligand competition assay with [123I]SIL23. During the MST 

experiments, various concentrations of ThT (highest concentration 20 M) were 

incubated with α-syn fibrils (500 nM) and analysis of the T-jump region allowed a 

combined (n = 6) binding curve to be plotted (Figure 32). From this, the Kd was 

calculated as 3.10 ± 1.05 M. It has been shown that in solution, ThT forms micelles at 

concentrations above approx. 20 M187. In micelle form, ThT is likely to display a 

different mode of binding to fibrils compared to monomeric ThT, therefore 

concentrations above the reported critical micelle concentration were not investigated 

during these experiments.186  

 

Figure 32 - Analysis of interaction between α-syn fibrils (500 nM) and SIL26, SU4312 and ThT 

(highest concentrations 100, 50 and 20 M respectively).  Kd of these interactions were determined 

as: 285.8  191.4 nM for SIL26 (n = 3); 457.3  147.6 nM for SU4312 (n = 3); and 3.01  1.05 M for 

ThT (n = 6). 
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The final two compounds under investigation were SIL5 and PiB, with reported 

affinities to α-syn fibrils of Ki = 66.2 (49.2-89.1) nM and 116 (88.0-152) respectively 

determined by [125I]SIL23 radioligand competition assay.125 For these MST experiments, 

various concentrations of SIL5 (highest concentration 12.5 M) and PiB (highest 

concentration 100 M) were incubated separately with α-syn fibrils (500 nM). For both 

of these compounds, apparent fluorescence quenching was observed at increasing 

compound concentrations in the initial capillary scans i.e. a ligand-dependent 

fluorescence change (Figure 33A and B). 

 

Figure 33 - Example capillary scans for SIL5 (A) and PiB (B) showing fluorescence quenching at high 

compound concentrations. 

Discussions with experts from NanoTemper suggested that the reason for this ligand-

dependent quenching could be one of the following: 1) a binding event between the 

protein and ligand causing a change in fluorescence intensity; 2) an interaction between 

the ligand and the fluorescent probe causes a change in the fluorescence intensity; or 3) 

non-specific adsorption to the capillaries. Here, as the capillary scans show no sticking 

to the capillary walls (in the absence of Tween 20), even after 30 minutes incubation 

period, non-specific adsorption can be ruled out as a cause for fluorescence quenching. 

To determine whether or not the observed fluorescence quenching was due to an 

interaction between the ligand and the protein, it was recommended to perform a 

sodium dodecyl sulphate (SDS)-denaturation test (SD test). During this test, the proteins 

in the sample are denatured to stop any binding between the ligand and the protein. For 
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the full protocol for the SD test please refer to Section 12.3.1.5. By using the three 

highest and three lowest compound concentrations, and performing capillary scans both 

before and after the SD-test the cause of the fluorescence quenching can be identified. 

The results from the SD-test for SIL5 and PiB (Figure 34) clearly show that the observed 

fluorescence quenching is due to a binding event as the high and low concentrations 

have equal fluorescence intensity after the SD-test. 

 

Figure 34 - Capillary scans for SIL5 (A) and PiB (B) and before (top) and after (bottom) SD test. 

(Capillaries 1-3 and 7-9 are the highest compound concentrations and 4-6 and 10-12 are the lowest 

compound concentrations. Dashed capillary indicates exclusion of the data point). 
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However, the conditions used for denaturing the protein in this test required addition of 

SDS and 1,4-dithiothreitol (DTT) and heating to 95 C. Addition of these compounds may 

disrupt any interaction between the ligand and the protein or fluorescent probe, even 

before heating. Therefore it was decided to attempt a second test in which the protein 

fibrils were destroyed using only heat by boiling the solutions for 10 min. Capillary 

scans from before and after this denaturing process can be found in Figure 35A and B. 

 

Figure 35 - Capillary scans for SIL5 (A) and PiB (B) before (top) and after (bottom) denaturing test. 

(Capillaries 1-3 and 7-9 are the highest compound concentrations and 4-6 and 10-12 are the lowest 

compound concentrations. Dashed capillary indicates exclusion of the data point). 

For PiB, the results from the boil-denaturing experiment are in agreement with those 

from the SD-test as the majority of the capillaries show fluorescence intensity within the 

expected standard error of 10%, supporting the conclusion that the fluorescence 

quench observed is due to a ligand-fibril interaction. Conversely, for SIL5, the majority 

of the points still lie outside of the desired error window of 10% after the boil-

denaturing test, conflicting the results seen in the SD-test. However, the boil-denaturing 

test requires further investigation to ensure that the fibrils are fully dissociated under 

these conditions. 
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As both compounds indicated in the SD-test that the fluorescence quenching was due to 

a binding event between the ligands and the α-syn fibrils, the initial fluorescence data 

can be used to analyse binding affinity. Combined binding curves (n = 3) were plotted 

and hence Kd values calculated as 7.65  1.47 M and 1.76  0.31 M for PiB and SIL26 

respectively (Figure 36). 

 

Figure 36 - Analysis of the change in initial fluorescence observed between α-syn fibrils (500 nM) 

and SIL5 and PiB (highest concentration 12.5 and 100 M respectively). Kd values were calculated as 

1.76  0.31 M for SIL5 (n = 3) and 7.65  1.47 M for PiB (n = 3). 

Below is a summary of the Kd values obtained for the small molecule interactions with α-

syn fibrils as determined via MST (Table 8). 

 

Table 8 - Kd values determined via MST experiments for binding between α-syn fibrils and small 

molecules compared with literature data.122,125,129 

When comparing MST data with values quoted in the literature, it can be concluded that 

there is good agreement for SU4312 and the differences for SIL26 and ThT are not 
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deemed significantly different, particularly given the differences in experimental 

techniques used to determine the results. However, there are large differences for both 

SIL5 and PiB, which is most likely due to the difficulties associated with determining 

these results via MST as discussed above.   

4.3 Fluorescence Competition Assay 

In order to further validate MST as an appropriate method for determining binding 

affinities between small molecules and α-syn fibrils, we wished to utilise a more 

established technique to also determine the affinities in order to compare the results. 

For this purpose, we applied a fluorescence competition assay using ThT as the 

fluorescent competitor molecule. ThT undergoes a large shift in its fluorescence signal 

when bound to protein fibrils and has become the ‘gold-standard’ for this type of 

assay.188  

4.3.1 ThT Saturation Binding 

We first determined the Kd of ThT binding with fibrillar α-syn via a saturation binding 

experiment. During this experiment, various concentrations of ThT (1 nM - 30 M) were 

incubated with a constant concentration of α-syn fibrils, and the fluorescence of each 

sample was measured.  

4.3.1.1 Fibrillar α-Syn Concentration 

Our initial experimental conditions (1.50 μM α-syn fibrils and 30 mM Tris, pH 7.4 buffer) 

were based on the protocol published by Yu et al.122 However, in order to reduce the 

amount of α-syn fibrils required for each experiment, preliminary investigations used a 

range of α-syn fibril concentrations to determine whether decreasing the concentration 

would have a significant effect on the results obtained. It was determined that the 

calculated ThT Kd does not change significantly with concentration of α-syn fibrils; Kd 

values ranging from 0.62 to 1.15 μM for various α-syn fibril concentration between 0.37 
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and 1.50 μM (Figure 37). All of the values obtained are in agreement with literature data 

(Kd ThT with α-syn fibrils 0.95 M122, 1.04 M125 and 0.59 M119). 

 

Figure 37 - ThT saturation binding curves, restricted to 10 M ThT, obtained using α-syn fibril 

concentrations between 1.5 and 0.375 M and the Kd value determined for each concentration. 

At concentrations above 10 M, a decrease in the fluorescence intensity is observed 

(Figure 38). This is due to surpassing the critical concentration for the formation of ThT 

micelles. This change in conformation will change the binding affinity for α-syn fibrils. 

Therefore, concentrations above 10 μM were excluded from ThT saturation binding 

analysis.   

 

Figure 38 - ThT saturation binding to 30 M ThT, obtained using α-syn fibril concentrations between 

1.50 and 0.375 M. 
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4.3.1.2 DMSO Concentration 

Next, we aimed to establish whether the presence of DMSO would affect the calculated 

ThT Kd as many of the compounds under investigation were not water soluble. To do 

this, experiments were performed by mixing various concentrations of ThT (1 nM - 10 

M), α-syn fibrils (0.6 M), and buffer spiked with DMSO to afford final solutions 

containing 0, 5 or 10% DMSO.  From the saturation binding curves (Figure 39) the Kd 

values calculated were 0.91 ± 0.13, 1.26 ± 0.13 and 2.14 ± 0.54 M for 0, 5 and 10% 

DMSO respectively.  

 

Figure 39 - ThT Saturation binding curves with 0, 5 and 10 % DMSO in the buffer. 

Despite there not being significant difference in the shape of the saturation binding 

curves, a slight increase in ThT Kd was observed as the concentration of DMSO 

increased. Therefore, it was deemed important to ensure that the concentration of 

DMSO was kept ≤10% as the changes to determined Kd within this concentration range 

were not highly significant (all within a low micromolar range). It was also critical to 

ensure that an equivalent concentration of DMSO was used when performing ThT 

saturation binding experiments as the ThT Kd determined from these experiments is 

used to calculate the compounds Ki (Equation 1, Section 4.1.3). 
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4.3.1.3 Fibril Batch Variation 

After the preliminary studies to determine experimental conditions, a new batch of α-

syn fibrils was prepared. Interestingly, as shown in Figure 40, the shape obtained for the 

ThT saturation binding curve was significantly different with the new batch of fibrils 

(batch 2), despite fibrils having been grown under the same conditions (PBS buffer pH 

7.4, see Section 12.3.2.1 for full details of fibril preparation). It was also noted that with 

batch 2, the curve did not drop down as expected above 10 M (Figure 40, insert). 

However, when restricted to 10 M due to micelle formation (Figure 40), the calculated 

ThT Kd for batch 2 was 0.84 ± 0.38 μM, which was comparable to values obtained for 

batch 1 (0.81 ± 0.22 μM).  

 

Figure 40 - ThT saturation binding curves for α-syn fibril batches 1 and 2 (using α-syn conc. 500 nM).  

Restricted to 10 μM Kd = 0.68 ± 0.07 and 0.84 ± 0.38 μM for batch 1 and 2 respectively. 

Insert: Restricted to 30 μM showing no drop in fluorescence for α-syn fibril batch 2. 

Two further α-syn fibril batches were prepared: batch 3 – grown in phosphate buffer, 

pH 6.5 (equivalent to conditions used to grow α-syn fibrils for MST experiments) and 

batch 4 – grown in PBS, pH 7.4 (equivalent to batches 1 and 2). These batches were 

prepared on a larger scale to allow for all compounds to be analysed with a single batch 

of α-syn fibrils to eliminate inter-batch variability. In order for the results obtained 

using batch 3 to be directly comparable to those obtained from MST experiments, the 
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same experimental buffer (5.5 mM Tris, pH 7.4) was used with this batch (c.f. usual 

buffer for competition assay 30 mM Tris pH 7.4). 

ThT saturation binding curves were performed using batch 3 and 4 with both 0% and 

10% DMSO. As expected from preliminary work, for both batches 3 and 4 an increase is 

observed in the Kd value determined with increased DMSO: batch 3 ThT Kd = 2.09 ± 0.36 

and 4.15 ± 1.72 μM for 0% and 10% DMSO respectively; batch 4 ThT Kd = 0.92 ± 0.17 

and 1.36 ± 0.25 μM for 0% and 10% DMSO respectively (Figure 41). This variability, 

although similar to the literature range of 0.59 to 1.04 μM119,122,125, highlights the 

importance of performing ThT saturation binding studies in the presence of an 

equivalent concentration of DMSO as used in competition studies in order to allow for 

accurate calculation of a compound’s Ki due to its dependence on the determined ThT Kd 

(Equation 1, Section 4.1.3). 

 

Figure 41 - ThT saturation binding curves for α-syn fibril batches 3 and 4 with 0% and 10% DMSO. 

Kd = 2.09 ± 0.36 and 4.15 ± 1.72 μM for batch 3 with 0 and 10% DMSO respectively. 

Kd = 0.92 ± 0.17 and 1.36 ± 0.25 for batch 4 with 0 and 10% DMSO respectively. 

To explore the effect of the buffer changes, saturation binding experiments without 

DMSO were repeated for batches 3 and 4 using 30 and 5.5 mM Tris, pH 7.4 respectively 

to allow a comparison to be made. It was found that the experimental buffer did impact 

the results obtained: batch 3 ThT Kd = 2.09 ± 0.63 and 3.04 ± 1.68 μM for 5.5 mM and 30 
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mM Tris, pH 7.4 respectively; batch 4 ThT Kd = 1.87 ± 0.60 and 0.92 ± 0.17 μM for 5.5 

mM and 30 mM Tris, pH 7.4 respectively (Figure 42).  

 

Figure 42 – ThT saturation binding curves for α-syn fibril batches 3 and 4 using both 5.5 and 30 mM 

Tris, pH7.4 buffer (0% DMSO). 

Kd = 2.09 ± 0.36 and 3.04 ± 1.68 μM for batch 3 with 5.5 and 30 mM Tris buffer respectively. 

Kd = 1.87 ± 0.60 and 0.92 ± 0.17 for batch 4 with 5.5 and 30 mM Tris buffer respectively. 

Higher ThT Kd values (i.e. reduced affinity) were determined for both batches 3 and 4 

using 5.5 mM Tris, pH 7.4, suggesting that the α-syn fibrils are not as stable under the 

reduced salt concentration. This is in agreement with results obtained from MST 

experiments where it was found that α-syn fibrils needed to be prepared immediately 

prior to each experiment. However, higher buffer salt concentrations were not 

investigated in MST experiments conducted here as this had already been performed by 

a collaborator who found that higher buffer salt concentrations promoted sticking of α-

syn fibrils to capillaries during analysis.189 
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4.3.2 Assessment of Compounds 

The compounds assessed using the fluorescence assay were SIL26, SIL5, 1, 2, 3, 4, 43 

(Figure 43) and SU4312 (Figure 31). 

 

Figure 43 - Compounds assessed with fluorescence assay. 

(*calculated using ChemDraw Professional 15.0) 

4.3.2.1 Preliminary Assessment 

Initially, SIL26 (1 nM – 100 μM) binding was assessed with α-syn fibril batches 1 (0.375-

1.5 μM) and 2 (0.5 μM). Fitting of binding curves allowed the IC50 to be determined, and 

this was used alongside ThT Kd (0.83 and 0.84 μM for α-syn batch 1 and 2 respectively, 

determined by combining all repeats with 0% DMSO) in Equation 1 to give the Ki = 98.5 

and 737.3 nM for batch 1 and 2 respectively (Figure 44). 
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Figure 44 - Binding curves for SIL26 (1 nM – 100 μM) and α-syn fibril batch 1 (0.375 – 1.5 μM) and 

batch 2 (0.5 μM), Ki = 98.5 (74.1 – 130.9) and 737.3 (525.4 – 1034.7) nM respectively.  

Preliminary investigations were also conducted with the derivatives: 3 (1 nM – 500 μM) 

with α-syn fibril batch 1 (0.375 – 1.5 μM); and SIL5 (0.1 nM – 12.5 μM), SU4312 (0.5 nM 

– 50 μM), 1 (0.5 nM – 50 μM) and 2 (1 nM – 100 μM) with α-syn fibril batch 2 (0.5 μM). 

The Ki’s were calculated as: 6.90 M for 3; 213.8 nM for SIL5; 82.8 nM for SU4312; 

236.7 nM for 1; and 285.8 nM for 2.  The results are summarised in Figure 45. 

 

Figure 45 - Binding curves for other compounds analysed in preliminary study. Calculated Ki = 236.7 

nM for 1, 285.8 nM for 2, 6.90 μM for 3, 213.8 nM for SIL5 and 82.8 nM for SU4312. 

The literature data for SIL26 indicates a binding affinity for α-syn fibrils of Ki = 49.0 ± 

4.0 nM,122 which is in agreement with the Ki obtained with batch 1 (98.5 nM), but 
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different to the Ki obtained with batch 2 (611.7 nM). The only other compound analysed 

during these preliminary tests with literature data is SU4312 which has a reported 

binding affinity for α-syn fibrils of Ki = 490 ± 120 nM.129 This is different to the Ki 

calculated from binding studies with α-syn fibril batch 2 (82.8 nM). These results 

highlight the inter-batch variability from α-syn fibrils, even when batches are prepared 

following the same protocol such as batches 1 and 2.  

It is also noteworthy that during these preliminary compound assessments, the 

concentration of DMSO was not kept constant throughout all samples and the initial 

concentration of 10% DMSO was serially diluted 10-fold per sample alongside the 

compound (i.e. DMSO concentrations were 10, 0.1, 0.01, 0.001% etc. from highest to 

lowest compound concentration). As all but the highest compound concentration 

contain a negligible concentration of DMSO, ThT Kd values determined in the absence of 

DMSO were used for calculation of compounds Ki values. However, this inconsistency 

throughout the dilution series still introduced an error and therefore all future 

experiments were performed by serially diluting the compounds using buffer spiked 

with DMSO to ensure a constant concentration of 10% throughout all samples. 
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4.3.2.2 Full Analysis 

For the final study, two sets of conditions were used: Conditions A – fibril batch 3 (500 

nM, grown in phosphate buffer, pH 6.5), 5.5 mM Tris, pH 7.4 buffer with 10% DMSO 

throughout all samples; Conditions B – fibril batch 4 (500 nM, grown in PBS, pH 7.4), 30 

mM Tris, pH 7.4 buffer with 10% DMSO throughout all samples. Conditions A are 

comparable to those used during MST experiments, hence allow for comparison with 

data obtained via MST. However, due to concerns of the stability of the α-syn fibrils in 

the low salt concentration used in conditions A, the experiments were also performed 

using conditions B, which are similar to the literature conditions.122  

As with the preliminary data, the IC50 for each compound was determined from the 

fitted binding curve and this was used to calculate the Ki values using Equation 1, 

Section 4.1.3 and ThT Kd = 4.15 ± 1.72 μM and 1.36 ± 0.25 μM calculated for fibril 

batches 3 and 4 respectively. 

For both conditions A and B, binding of the compounds were assessed over the 

following concentration ranges: SIL26 1 nM – 300 μM, SU4312 0.5 nM – 150 μM, SIL5 

0.25 nM – 25 μM, 1 1 nM – 100 μM, 2 1 nM – 100 μM, 3 0.3 nM – 300 μM, 4 0.5 nM – 50 

μM and 43 0.5 nM – 50 μM. 
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Figure 46 - Fitting of compounds analysed using fluorescence assay conditions A and calculated Ki 

values with 95% confidence intervals in parentheses. 

Using conditions A, the Ki values were calculated as: 4819 nM for SIL26; 279.6 nM for 

SU4312; 942.8 nM for SIL5; 1099 nM for 1; 907.0 nM for 2; 5016 nM for 3; 583.8 nM for 

4; and 1540 nM for 43; (Figure 46). 
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Figure 47 - Fitting of compounds analysed using fluorescence assay conditions B and calculated Ki 

values with 95% confidence intervals in parentheses. 

Using conditions B, the Ki values were calculated as: 77.8 nM for SIL26; 60.5 nM for 

SU4312; 285.8 nM for SIL5; 384.7 nM for 1; 231.1 nM for 2; 256.5 nM for 3; 151.0 nM 

for 4; and 124.1 nM for 43 (Figure 47).  
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* indicates compounds for which Kd binding affinities are reported. 

‡ indicates compounds for which Ki binding affinities are reported. 

a data used for determining value was combined from experiments using 0.375 – 1.5 μM α-syn fibrils 

b data used for determining value was from experiments using 0.6 μM α-syn fibrils 

Table 9 - Summary of ThT Kd values obtained from ThT saturation binding experiments, and 

compound Ki values calculated from ThT fluorescence competition assay experiments.122,125,129 

(All values in nM and calculated using data collected from experiments with 0.5 μM α-syn fibrils or 

as indicated in table footnotes) 

The binding affinities calculated from preliminary studies were within the same range, 

although did show some variation, when compared to binding affinities calculated using 

conditions B (Table 8). The slight variation that was seen may be due either to inter-

batch variability of the α-syn fibrils, or due to issues with experimental technique as 

previously discussed (inconsistent DMSO concentration throughout compound dilution 

series). Where significant differences did occur, such as for 3 (Ki = 6905 and 256.5 nM 

for batch 1 and conditions B respectively), this may be due to errors associated with 
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binding affinities being calculated from a single repeat, errors associated with fitting or 

due to differences in concentration range being used (Figure 48).  

 

Figure 48 - Binding curves for 3 with α-syn fibrils batch 1 (0.6 and 1.5 μM) and using Conditions B. 

For all compounds there is significance difference between results when comparing 

conditions A and B, this may be due to differences in available binding sites on the fibrils 

grown under different conditions, and hence may mean that the compounds are not 

competing as significantly with ThT giving underestimated affinity when using 

conditions A as discussed previously.  
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4.4 Comparison of MST and Fluorescence Competition 

Assay Results 

 

* indicates compounds for which Kd binding affinities are reported. 

‡ indicates compounds for which Ki binding affinities are reported. 

Table 10 - Comparison of binding affinities (nM) calculated from MST and fluorescence competition 

assay with data from the literature.122,125,129 

Table 10 shows a comparison between binding affinities determined via MST and 

fluorescence competition assay performed under equivalent conditions (conditions A) 

alongside literature data for each compound (NB: literature data were not obtained 

under equivalent conditions).   

For SIL26 there is significant discrepancy between binding affinities determined from 

MST (Kd = 285.8 nM) and competition assay (Ki = 4819 nM). However, when MST data is 

compared with literature data (Ki = 49.0 nM122), the differences are not so significant, 

and can be attributed to the differences in the techniques used to obtain the data. The 

discrepancy with fluorescence assay data indicates that ThT and SIL26 may be binding 

to different binding sites when using conditions A, causing a dramatic underestimation 

of the binding affinity with the fluorescence competition assay as ThT will not be 

displaced by SIL26 binding. This highlights a potential issue with competition assays to 

accurately determine binding affinities as discussed previously.  
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This theory is supported by the results obtained under fluorescence assay conditions B, 

similar to those reported in the literature,122 where the Ki for SIL26 (77.8 nM) was 

similar to both MST and literature data. Under these conditions, SIL26 effectively 

displaces ThT. 

For ThT and SU4312, there are no significant differences between the data obtained by 

either MST or fluorescence assay, particularly given the differences in experimental 

techniques (ThT Kd = 4147 and 3013 nM for fluorescence assay and MST respectively; 

SU4312 Ki = 279.6 for fluorescence assay and Kd = 457.3 nM for MST). The data for 

SU4312 also compares well with those reported previously (Ki = 490 nM129), whereas 

ThT (Kd = 948 nM122) differs more significantly; however, this may be due to the 

presence of DMSO in our experiments. 

The MST data obtained with SIL5 and PiB (Kd = 1764 and 7648 nM respectively) was 

complicated by fluorescence quenching (discussed previously), which may provide 

explanation as to why these results differ from the literature data (Ki = 32.1 and 116 nM 

for SIL5 and PiB respectively). However, fluorescence competition data (conditions A) 

with SIL5 (Ki = 942.8) is similar to that determined via MST, however due to the issues 

associated with obtaining this MST data, and the potential issues when using 

fluorescence competition assay conditions A and compounds with phenothiazine 

backbone (SIL26 and SIL5), no conclusions can be drawn from this observation. Due to 

reduced availability of α-syn fibrils we were unable to assess PiB using the fluorescence 

competition assay. 

It is important to note that differences in fibril preparations and experimental 

conditions can have significant impacts on binding affinities, making comparisons with 

literature data complex.  However we have found that overall, there is good agreement 

between the data obtained from MST and the fluorescence assay performed under 

equivalent conditions suggesting that MST may be suitable for use as a practical 

technique for screening compounds for affinity to fibrillar α-syn.  
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4.5 Conclusion 

The data presented here indicates that MST has the potential to be used as a powerful 

technique for quantifying binding affinities between α-syn fibrils and small molecules. 

Due to the very low consumption of α-syn fibrils, and the lack of use of a competitor 

ligand, it has significant advantages over the gold-standard technique of ThT 

fluorescence competition assay. However, in order to make accurate comparisons 

between different techniques it is vital that the α-syn fibrils are grown under identical 

conditions, and that experimental conditions are kept consistent across different 

techniques. Also, due to variability that arises between α-syn fibril batches, even when 

grown in the same conditions, it is advisable to prepare the fibrils in large batches to 

allow many compounds to be assessed with the same batch and therefore their binding 

be quantified under identical conditions. 

Due to the difficulties with accurately determining binging affinities to α-syn fibrils, as 

discussed above, it is premature to propose definitive conclusions from the data 

collected during these studies due to the high amounts of variability shown between 

different techniques and fibril batches. However, where the experiments were as 

consistent as possible (fluorescence competition assay, conditions A and B – performed 

on a single fibril batch) the binding affinities obtained indicate that of the compounds 

synthesised and analysed during this project, SIL26 and SIL5 appear to have the best 

affinity for α-syn fibrils.    
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5 Radiochemistry 

The requirements for efficient radiosynthesis are discussed at length in Section 1.1.3.  

In order to have an automated synthesis that could be applied for routine production of 

[18F]SIL26, we aimed to improve upon the radiosynthesis of published by Zhang et al.126 

5.1.1 Published Radiosynthesis of [18F]SIL26126 

After azeotropic drying of [18F]fluoride obtained from the cyclotron, 2-

[18F]fluoroethyltosylate ([18F]16) was synthesised by reaction between the dried 

[18F]fluoride and 1,2-ethylene ditosylate 52 (5.0-5.5 mg) in acetonitrile (200 L) in a 

sealed reaction vessel in an oil bath at 110C (Scheme 16). 

 

Scheme 16 - Synthesis of 2-[18F]fluoroethyltosylate ([18F]16). 

After 10 min, the reaction mix was diluted with HPLC mobile phase (3 mL, 50:50 

acetonitrile / 0.1 M ammonium formate, pH 6.5) and the resulting solution was passed 

through an alumina neutral Sep-Pak® Plus cartridge. The crude product was then 

purified by semi-preparative HPLC (product retention time 9.5-10 min). The radioactive 

peak was collected and diluted with sterile water (50 mL) and passed through a C18 

Sep-Pak® Plus cartridge, trapping the [18F]16. This was then eluted with diethylether 

(2.5 mL) to give a biphasic solution, which was separated and the aqueous layer 

extracted with a further aliquot of diethylether (1 mL). The organic layers were 

combined and passed through two sodium sulphate Sep-Pak® Plus dry cartridges into a 

fresh reaction vessel where the diethylether was evaporated with a stream of N2 at 25C. 

A solution of precursor 14 in DMSO (200 L), presaturated with Cs2CO3 was then added 

to the reaction vessel before heating to 90C. After 15 min, 1,8-diazabicyclo[5.4.0]undec-
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7-ene (DBU) (10 L in 50 L DMSO) was added and the reaction heated for a further 15 

min (Scheme 17).  

 

Scheme 17 – Two step synthesis of [18F]SIL26 from [18F]16 and precursor 14. 

The reaction mixture was then diluted with HPLC mobile phase (3 mL, 50:50 acetonitrile 

/ 0.1 M ammonium formate, pH 4.5) and purified by semi-preparative HPLC (retention 

time of the product was 19-21 min). The radioactive peak was diluted with sterile water 

(50 mL) before passing through a C18 Sep-Pak® Plus cartridge to trap the desired 

product [18F]SIL26. This was then eluted with ethanol and formulated with saline to a 

final concentration of 10% ethanol. Properties of the formulated product were 

determined by analytical HPLC and the identity of the product was confirmed by co-

injection with cold standard.  

Figure 49 shows the overall reaction process, and the timings associated with each step 

of the synthesis. Overall, the radiosynthesis would take approximately 1hr55 from end-

of-bombardment (EOB) and data collected at the end of synthesis showed radiochemical 

purity >98 %; labelling yield 55–65 % (n = 4, decay corrected), and molar radioactivity 

was >200 GBq/µmol (decay corrected to EOB, n = 4).  
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Figure 49 - Synthesis of [18F]SIL26 shown from EOB to formulated product with approximate timings 

for each step. 

This synthesis is practically complex as it contains three reaction steps; formation of 

[18F]16, reaction of this with precursor 14, and finally N-acetyl deprotection to give 

[18F]SIL26. The process also involves two semi-preparative HPLC purification steps, and 

a separation/extraction step. Combination of these factors makes the process lengthy, 

and difficult to automate, limiting the scale of radiochemical productions.  
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5.1.2 Development of Automated Synthesis for [18F]SIL26 

Initially, we synthesised an alternative radiolabelling precursor 53, which employs the 

use of a tosyl leaving group and hence should allow for direct labelling of precursor in a 

single step (i.e. negating the need to first synthesise [18F]16). It was proposed that a 

second N-acetyl deprotection step could be performed with 0.1 M KOH(aq). (Scheme 18) 

 

Scheme 18 - Proposed new radiosynthetic route to [18F]SIL26 from novel tosylated precursor 53. 

5.1.2.1 Manual Radiolabelling Reactions 

Before beginning the process of automating the reaction, it was important to establish 

whether the proposed starting material would be amenable to direct [18F]fluoride 

labelling, and also to establish appropriate conditions for radiolabelling, therefore 

several manual radiolabelling reactions were performed.  

We investigated the reaction progress at 5, 10, 15 and 20 min at three temperatures: 

105, 110 and 117C. Firstly, [18F]fluoride eluted from the cyclotron was dried via an 

automated drying procedure on a GE Healthcare TRACERlab FXFN module (for 

procedure see Section 12.2.1.2). The dried [18F]fluoride was then dissolved in DMSO and 

eluted from the module, and a portion of the DMSO solution (0.5-1 mL) was added to a 

reaction vessel containing the precursor 53 (1 mg). The reaction vessel was sealed and 

heated to the appropriate temperature. A sample of the reaction mix was taken every 5 

min and quenched either by diluting with cold acetonitrile (100-150 L) or 50:50 

acetonitrile/0.1 M ammonium formate, pH 7.4 (150 L). Analytical HPLC was used to 

determine radiochemical conversion of [18F]fluoride into radiolabelled products. 

Analysis of the results from the experiment at 105C indicated the presence of two 

radiolabelled products with radio-detector retention times of 6.1 and 7.8 min (Figure 

50). These correspond to the expected UV-detector retention times of the N-acetyl 
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intermediate [18F]17 and [18F]SIL26 respectively. This indicated that second step for N-

acetyl deprotection may not be required. 

 

Figure 50 – RadioHPLC trace from manual radiolabelling reaction of 53 at 105C, showing formation 

of N-acetyl intermediate [18F]17 and [18F]SIL26. 

Analysis of data from all temperatures showed that the relative amounts of [18F]17 and 

[18F]SIL26 formed did not change significantly between 105 and 110C (ca. 36% 

[18F]17 and 55% [18F]SIL26 after 20 min at both temperatures). However, when the 

temperature was increased to 117C, the proportion changed significantly, and the only 

radiolabelled material present after 20 min was [18F]SIL26. The data also showed that 

there was very little unreacted [18F]fluoride remaining in any of the samples with 

approximately 5-7% [18F]fluoride observed in HPLC tracers of all time points from all 

temperatures. 

It was therefore concluded that [18F]SIL26 could be formed in a single step from the 

tosylated precursor 53, combining incorporation of the radionuclide, and N-acetyl 

deprotection (Scheme 19). 

 

Scheme 19 - Single step radiosynthesis of [18F]SIL26 from tosylated precursor 53. 
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5.1.2.2 Automation 

Using the conditions established from the manual radiolabelling (Scheme 19), a method 

was developed to allow radiosynthesis of [18F]SIL26 using high levels of radioactivity. 

This automated synthesis was performed on a GE Healthcare TRACERlab FXFN 

automated module (Figure 51).  

 

Figure 51 - Schematic of GE Healthcare TRACERlab FXFN automated radiosynthesis module. 

During the synthesis, [18F]fluoride eluted from the cyclotron was added directly into the 

module where it was separated from the [18O]H2O using an anion exchange cartridge 

and dried by azeotropic distillation with three portions of MeCN. After drying, the 

precursor 53 in DMSO was added to the reactor and heated to 117C for 20 min. After 

cooling, the reaction mixture was quenched with 0.1 M ammonium formate, pH 4.5 

before purification by semi-preparative HPLC. A single radiolabelled product was 

observed (retention time 25.6 ± 1.3 min), with only trace amounts of unreacted 

[18F]fluoride being observed (Figure 52).  
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Figure 52 – Example of preparative HPLC trace obtained during synthesis of [18F]SIL26. 

The radiopeak was collected and diluted with water before passing through a Sep-Pak® 

C18 cartridge. The product was eluted from the cartridge with ethanol and formulated 

with saline before eluting from the module. The formulated product ([18F]SIL26) was 

then subjected to analytical HPLC analysis, and identity of radiolabelled material 

confirmed by co-injection of unlabelled SIL26.  

The total time for this automated radiosynthesis is 65.5 ± 1.9 min (n = 9) from EOB vs. 

the reported 1hr55 non-automated radiosynthetic procedure. Radiochemical purity 96.3 

± 2.6 % (n = 9), radiolabelling yield 21.7 ± 8.9 % decay corrected to EOB or 13.8 ± 6.2 % 

radioactivity yield (n = 9), chemical purity 89.6 ± 3.5 %area (n = 4),  and molar 

radioactivity 554.7 ± 17.8 GBq/mol (n = 4) at end of synthesis. 
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5.1.2.3 Application to Other Radiotracers 

This automated radiosynthetic procedure has also been applied to allow the successful 

synthesis of [18F]3, from its tosylated precursor 54 in 62.1 ± 2.5 min (n = 2) from EOB 

(Scheme 20). Radiochemical purity 98.5 ± 0.7 % (n = 2), radiolabelling yield 15.5 ± 12.0 

% decay corrected to EOB, 10.0 ± 8.5 % radioactivity yield (n = 2) and chemical purity 

56.8 ± 5.1%area (n = 2) at end of synthesis. 

 

Scheme 20 - Radiosynthesis of [18F]3 from tosylated precursor 54. 

5.1.3 Summary 

An automated single step radiosynthesis has been developed allowing for high-activity 

synthesis of [18F]SIL26 in good radiochemical yield, radiochemical and chemical purity 

and molar radioactivity. The synthesis has been shown to be versatile and has also been 

applied to the synthesis of [18F]3 with good radiochemical yield and radiochemical 

purity.  
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6 In Vitro and In Vivo 

6.1 In Vitro Autoradiography 

After analysing the compounds via biophysical techniques and having developed an 

automated radiosynthesis for the phenothiazine compounds, we moved on to assessing 

the binding of [18F]SIL26 to human tissue in vitro through autoradiography studies. For 

this work, human brain slices were provided by the London Neurodegenerative Diseases 

Brain Bank and were approximately 25 m thick slices taken from the frontal cortex 

(BA9) brain region of healthy control subjects and patients with DLB, a pathology with 

α-syn deposits.  

Preliminary studies were performed in a qualitative manner, with solutions of 

[18F]SIL26 in 30 mM Tris buffer pH 7.4, prepared in the following concentrations: 0.14, 

0.49, 1.64, 5.86 MBq/mL and one solution of concentration 6.4 MBq/mL spiked with 500 

μM non-radiolabelled SIL26 and were performed according to autoradiography method 

A (Section 12.4.4). The results from these studies (Figure 53) showed that at the lowest 

concentration no slice was visualised, which may be due to loss of slice during washing. 

As expected, a reduction in binding was observed on the DLB slice that was blocked with 

non-radiolabelled SIL26, indicating specific binding. However, when comparing control 

slices with DLB slices incubated with 5.86 MBq/mL there is very little difference in 

binding. 
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Figure 53 - Autoradiography slides from preliminary studies. 

With all of these slices there appears to be a large amount of non-specific binding to the 

surface of the slide, and as a further control, a blank slide was subjected to the same 

protocol and incubated with [18F]SIL26 at 5.86 MBq/mL. As can be seen in Figure 54, 

there is a significant amount of non-specific binding to the blank slide. This raised 

concerns regarding the lipophilicity of [18F]SIL26, (clogP SIL26 = 4.22) as this may be 

the reason why there is no apparent difference between control and DLB slices. 

 

Figure 54 - Blank autoradiography slide incubated with 5.86 MBq/mL [18F]SIL26. 

To ensure that the DLB slices contained sufficient levels of α-syn fibrils, Dr. David 

Williamson (WBIC, Department of Clinical Neuroscience, Cambridge University) 

performed immunohistochemistry using anti-alpha-synuclein (phosphor S129) 

monoclonal antibody ([EP1536Y], Abcam (ab51253)) on control and DLB slices. The 
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results from this study clearly show the presence of α-syn fibrils within the DLB slices, 

which are absent from control slices (Figure 55). 

 

Figure 55 - Immunohistochemistry of control (left) and DLB (right) slices showing background cell 

fluorescence (green) and fibrillar α-syn (red). 

In an effort to reduce non-specific binding of [18F]SIL26 to the slides, a further study 

was performed according to the protocol published by Marquié et al.190 

(autoradiography Method B, Section 12.4.4). This protocol uses PBS buffer and includes 

a more comprehensive washing protocol (pre-incubation wash in MeOH and post-

incubation washes in buffer and solutions of buffer/EtOH c.f. pre and post-incubation 

washes in buffer). The radioligand concentration used in this study was 1.8 MBq/mL 

(2.5 nM based upon molar activity calculation). Again, there was no observable 

difference between the control and DLB slices, or between the DLB slices pre-treated 

with cold compound vs. pre-treatment with buffer (Figure 56).  
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Figure 56 - Autoradiography slides treated with the Marquié protocol.190 

There was also still significant amounts of [18F]SIL26 sticking around the outside of the 

brain slices, and to the blank slide, although the slices are much more defined using this 

protocol than the one used previously (Figure 57). 

 

Figure 57 - Comparison of preliminary study (right) and Marquié protocol190 (left) autoradiography 

slides showing sticking of [18F]SIL26 to the slide around the brain slice. 
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In a final attempt to reduce non-specific binding to the slides, a study was performed 

following an equivalent protocol, but introducing a pre-incubation treatment with 

bovine-serum-albumin (BSA) (autoradiography Method C, Section 12.4.4). The results 

from this study showed more defined slices than those obtained in previous studies, but 

there was no difference between slides pre-treated with BSA and those which were 

given no pre-treatment, or between control and DLB slices (Figure 58). It must therefore 

be concluded that the enhanced definition of slices in this study is due to the lower 

concentration of [18F]SIL26 used in this study (0.65 MBq/mL, 1.7 nM according to molar 

radioactivity calculation), which led to a decrease in background radioactivity, rather 

than a reduction in non-specific binding through pre-treatment with BSA. 

 

Figure 58 - Autoradiography slides comparing whether pre-treatment with BSA reduces sticking of 

[18F]SIL26. 

In summary, no autoradiography protocol was established that allowed accurate 

visualisation of α-syn fibrils with [18F]SIL26. This may be due to issues caused by the 

lipophilicity of SIL26 (clogP = 4.22), which is relatively high and appears to be resulting 

in high levels of non-specific binding (normal range desirable for radiotracers required 

to cross the BBB is 3-4).  
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6.2 In Vivo microPET 

MicroPET scans, blood sampling and biodistribution sampling were performed by Dr. 

Nisha Kuzhuppilly Ramakrishnan and Dr. Dave Williamson whilst I prepared the 

radiotracer and then prepared and ran analysis of the biological samples. Dr. Nisha 

Kuzhuppilly Ramakrishnan reconstructed all PET data before I processed the data. 

In order to determine whether there would be significant issues with the lipophilicity of 

[18F]SIL26 in vivo, we undertook a single 120 min microPET scan in a healthy male 

Wistar rat after intra venous (i.v.) injection of [18F]SIL26 (18.0 MBq).  

 

Figure 59 - [18F]SIL26 whole brain TAC. 

Analysis of the scan data allowed a whole-brain time-activity-curve to be created (Figure 

59). The time-activity curve (TAC) shows that there is good uptake of the radiotracer 

into the brain, and the washout rate is relatively good, reaching a low-level plateau by 

60 min. This is confirmed by the summed SUV images from 0-30 min when compared 

with the summed SUV images from 30-120 min (Figure 60). The images from 0-30 min 

show significantly higher uptake in the brain than surrounding areas, whereas from 30-

120 min there is much less distinction between the brain and surrounding areas. 
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Figure 60 - Summed SUV images from 0-30 min (left) and 30-120 min (right) from microPET scan 

with [18F]SIL26. 

At the end of the scan biodistribution samples were collected (Figure 61) and showed, 

with exception of the lung, there was highest uptake in the organs associated with 

excretion such as liver, kidney and urine. There were very small amounts of activity 

found in the brain, again indicating good washout properties from this region. There 

was also low activity in the bone, indicating that no defluorination is occurring in vivo.  

 

Figure 61 - Biodistribution data for [18F]SIL26. 
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As this was a preliminary study, metabolite analysis and arterial blood sampling were 

not performed and therefore kinetic analysis could not be performed. 

6.3 Conclusions 

Initial concerns regarding lipophilicity were raised from autoradiography studies, 

however, the preliminary microPET scan indicates that [18F]SIL26 may meet the 

criterion for appropriate in vivo properties (see section 1.1.3) for imaging α-syn fibrils 

as it shows good brain uptake, appropriate washout rates and there is no obvious re-

entry of radiometabolites into the brain. However, a more in depth microPET study 

including both healthy and transgenic rats expressing α-syn fibrils would be required to 

determine the full in vivo ability of [18F]SIL26 to visualise α-syn fibrils. 
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7 Project 1 Summary 

In summary, we have successfully synthesised lead compounds SIL5 and SIL26 and 

their fluoropropyl 1, trifluoro 2, PEG-linkage 3, directly fluorinated 4 and trans-

substituted phenoxazine 43 analogues. We have developed conditions to allow for the 

study of in vitro interactions between small molecules and synthetic α-syn fibrils using 

MST. We have then utilised the fluorescence competition assay with ThT to validate our 

MST data, and to determine our compounds in vitro binding affinities with synthetic α-

syn fibrils (Table 11). 

 

Table 11 - Summary of compounds synthesised and affinities with α-syn fibrils determined via MST 

and fluorescence competition assay.122,125 

Tosylated precursors for radiolabelling (53 and 54) have also been synthesised, and an 

automated single step radiosynthesis for [18F]SIL26 and [18F]3 has been developed 

(Figure 62).  

 

Figure 62 - Radiosynthesis of [18F]SIL26 and [18F]3 from 53 and 54 respectively. 
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These radiosyntheses afford the desired radiolabelled product in ca. one hour from EOB 

with good radiochemical purity, radiochemical yield (decay corrected), chemical purity 

and molar radioactivity: 96%, 22%, 90%area and 555 GBq/mol respectively for 

[18F]SIL26, and 98%, 16%, 57%area respectively for [18F]3.  

The radioligand [18F]SIL26 has been utilised in a preliminary microPET scan with a 

healthy Wistar rat to characterise its in vivo behaviour, during which the radioligand 

was found to cross the BBB with appropriate uptake and washout properties. 

7.1 Future Work 

In order to progress [18F]SIL26 as a potential radiotracer for imaging α-syn fibrils in 

vivo, a study should be performed using both healthy control animals, and an 

appropriate animal model, in which the presence of fibrillar α-syn has been confirmed. 

In vitro binding to human pathology containing α-syn fibrils would also be beneficial to 

confirm there are no inter-species differences in binding. 
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8 Synthetic Chemistry 

8.1 TSPO Radioligand Development 

8.1.1 Background and Compound Selection 

As previously discussed in Section 1.3.4, development of fluorine-18 labelled radiotracer 

that could be used for imaging TSPO in vivo in order to visualise areas of activated 

microglia, and hence neuroinflammation, which occurs in many neurodegenerative 

diseases would be highly beneficial. Many currently available second-generation TSPO 

radiotracers show sensitivity to the human polymorphism (rs6971), resulting in 

differences within affinity between subjects known as HABs, MABs and LABs, this causes 

complications when planning PET studies with these compounds. Therefore there is a 

need to develop a novel fluorine-18 radiotracer that shows no or significantly reduced 

sensitivity to this polymorphism, as is seen for the gold standard TSPO radiotracer (R)-

[11C]-PK11195. 

Through collaboration with GE Healthcare, we were introduced to compound GE387 

(Figure 64). In a screening assay of the purified enantiomers of GE387 alongside the 

established TSPO radiotracer GE180, the binding affinities were determined to be Ki = 

1.04, 22 and 1.86 nM for GE387 enantiomer 1, GE387 enantiomer 2 and GE180 

respectively (Figure 63).191  
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Figure 63 - Comparison between structure and TSPO binding affinities for GE180 and GE387.191 

In order to establish the sensitivity of GE387 to the TSPO polymorphism, its racemate 

was subjected to a second assay, performed by Dr. Michael Kassiou (The University of 

Sydney). The assay was based upon an in vitro competition binding study using 

[3H]PK11195 with human embryonic kidney cells 293 (HEK-293), transfected with 

either human WT TSPO or human Ala147Thr TSPO (low binding affinity). The results of 

this study showed binding affinities for GE387 of Ki = 47.1  7.0 nM and 36.3  6.9 nM 

for Ala147Thr and WT TSPO respectively (n = 3) (Figure 64). This gives a ratio of 

binding WT:Ala147Thr of 1.3 (i.e. similar affinity to WT and Ala147Thr TSPO), which 

was comparable with the ratio obtained for [3H]PK11195 of 1.0. Due to the results from 

this study, GE387 was selected as a promising new target, and hence we wanted to 

characterise this compound to assess its potential as a TSPO PET radiotracer. 

 

Figure 64 – Summary of results from binding study performed by Dr. Michael Kassiou.191 

Although in-depth investigations of the suitability of [18F]GE387 will need to be 

performed using its purified enantiomers, initially we aimed to obtain preliminary 

results with the racemic mixture to ensure efforts to purify and synthesise 
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enantiomerically pure compounds, which are often time-consuming and costly, would 

be worthwhile. Therefore, work here is focussed upon synthesis and radiolabelling of 

racemic mixtures. 

8.1.2 Synthesis of Cold Reference and Radiolabelling Precursors 

Due to the similarity of the structures, an analogous synthetic route to that of GE180 

was taken to afford the reference compound GE387 and radiolabelling precursors of 

[18F]GE387.192 This synthesis was primarily carried out by my co-workers Dr. Lindsay 

McMurray and Luxi Qiao (WBIC, Department of Clinical Neuroscience, University of 

Cambridge), however, I contributed to setting up and optimisation of hydrogenation 

reactions and optimisation of synthesis of acid chloride 68.  

For the GE387 reference compound, 2-chloro-5-methoxyaniline hydrochloride 56 was 

reacted directly with fluoroethyltosylate 16 to give the substituted aniline 59 in 32% 

yield. For the [18F]GE387 precursor, the aniline hydrochloride 56 was first converted to 

the free aniline 57 via base wash with 1 M sodium carbonate before reacting with 

benzyloxyacetaldehyde 58, followed by reduction of the carbonyl with 

triacetoxyborohydride to give substituted aniline 60 in 74% yield. From here, both 

anilines 59 and 60 were coupled with bromo-carboxylate 61 to give the tertiary anilines 

62 and 63 respectively, which were used crude in a ZnCl2 mediated cyclisation reaction 

to give the tricyclic products 64 and 65 in yields of 32 and 85% respectively over the 

two steps (Scheme 21). 
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Scheme 21 - Synthesis of the tricyclic intermediates 64 and 65. 

From the tricyclic intermediate 64, the synthesis of GE387 continued via a 

dehalogenation using H2 and Pd/C to give ester 66 (76% yield), which was subsequently 

hydrolysed to give acid 67 before forming acid chloride 68 that was reacted in a final 

step with N-ethylbenzylamine to give GE387 (26% yield over 3 steps) (Scheme 22). 

 

Scheme 22 - Synthesis of GE387 from tricyclic intermediate 64. 
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For the radiolabelling precursors of GE387, the synthesis progressed from the cyclic 

intermediate 65 via ester hydrolysis to give acid 69 (93% yield), which was reacted 

directly with N-ethylbenzylamine to give amide 70 in 54% yield. This subsequently 

underwent two hydrogenation reactions to afford the dehalogenated, deprotected 

material 71, which was reacted with either TsCl or MsCl to give the tosylated and 

mesylated radiolabelling precursors 72 and 73 in 33 and 30% yield respectively over 

two steps (Scheme 23). 

 

Scheme 23 - Synthesis of tosylated and mesylated radiolabelling precursors 72 and 73 from tricyclic 

intermediate 65. 
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9 Radiochemistry 

The requirements for efficient radiosynthesis are discussed in Section 1.1.3. For this 

project, we wanted to develop a reliable automated synthesis of racemic [18F]GE387 in 

order to perform preliminary in vivo imaging studies on animals to characterise the 

radiotracer properties. As the structure of [18F]GE387 is very similar to that of 

[18F]GE180, our initial experiments were based upon the published, automated FASTlab 

radiosynthesis of this radiotracer (Scheme 24).193 

 

Scheme 24 - Published radiosynthesis of [18F]GE180.193 

9.1 Manual Radiolabelling Reactions 

Initially, manual radiosyntheses were performed in order to determine appropriate 

reaction conditions. During these reactions we assessed the suitability of two precursors 

– a tosylate (OTs) 72, and a mesylate (OMs) 73. The OMs precursor 73 would allow for 

an equivalent synthesis as that of [18F]GE180, however this compound is a viscous, 

sticky oil that is difficult to handle (i.e. difficult to weigh out in advance of 

radiolabelling). Conversely, the OTs precursor 72 is an amorphous solid and therefore 

easy to handle. Despite some concerns over solubility of the OTs precursor 72, it was 

found to be soluble in all solvents used during our manual radiolabelling reactions in 

concentrations of 1-1.5 mg/mL (i.e. sufficiently soluble for radiolabelling reactions). We 

also investigated the effect of temperature, solvent and time on the reaction progress by 

performing reactions using different solvents and temperatures and sampling at regular 

intervals (Table 12).  
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Table 12 - Summary of conditions used during synthesis optimisation of [18F]GE387. 

Firstly, [18F]fluoride eluted from the cyclotron was dried via an automated drying 

procedure on a GE Healthcare TRACERlab FXFN module (for procedure see Section 

12.2.1.2). The dried [18F]fluoride was then dissolved in MeCN and eluted from the 

module. This was either used directly as a solution in MeCN, or manually dried again 

before being re-dissolved in DMSO or DMF. The precursors 72 and 73 were accurately 

weighed out (1-1.5 mg) and dissolved in MeCN, DMSO or DMF (1 mL).  For each 

condition A-L, four reaction vials were prepared maintaining equivalent solvent 

throughout; precursor solution (150 L, ca. 1 mg/mL) was added to a HPLC vial before 

addition of [18F]fluoride solution (150 L). The vials were then sealed and heated to 80 

or 100C for MeCN, or 80 or 120C for DMSO and DMF. A single HPLC vial was removed 

from the heating block at 2, 5, 10 and 20 min and the reaction was quenched by addition 

of 50:50 water/MeCN (300 L). The sample of the quenched mixture from 20 min was 

taken and spiked with a solution of reference compound to confirm the identity of the 
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radiolabelled material. The reaction progress was monitored by analysing the analytical 

HPLC traces and calculating the conversion of [18F]fluoride into [18F]GE387. 

Interestingly, for all reactions using 72 (conditions A-F), a single radiolabelled product 

formed which was identified as [18F]GE387 via co-injection of reference compound 

(retention times radiodetector: 9.4 min and UV detector: 9.2 min). However, when using 

73 (conditions G-L), a second unidentified radiolabelled product was formed during the 

reaction (retention time on radiodetector 7.9 min) (Figure 65). The radiolabelled side 

product formed immediately, but did not continue forming during the reaction (i.e. the 

size of the peak observed by radio-HPLC did not differ significantly between 2 and 20 

min).  

 

Figure 65 - A: Radio-HPLC traces of products formed using OTs precursor 72 and OMs precursor 73 

B: UV-HPLC trace of cold reference GE387. 

In all solvents with both 72 and 73, there was low conversion of [18F]fluoride to 

[18F]GE387 at 80C (conditions A, C, E, G, I and K), determined by analysis of radio-HPLC 

traces of the crude reaction mixture. The highest conversion (18.2%) was observed 

using MeCN and 72 (Figure 66).  
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Figure 66 - Conversion of [18F]fluoride into [18F]GE387 using conditions A, C, E, G, I and K (all 80°C). 

When the temperature was increased (100C for MeCN and 120C for DMSO and DMF – 

conditions B, D, F, H, J and L), there was still very little conversion for either precursor in 

DMF (5.3 and 1.0% for 72 and 73 respectively after 20 min). After 20 min in DMSO, 

there was little conversion with 73 (3.4%), but there was reasonable conversion with 

72 (47.2%). However, the highest conversion for both precursors was observed after 20 

min in MeCN: 81.4 and 36.7% for 72 and 73 respectively. These results are summarised 

in Figure 67. 

 

Figure 67 - Conversion of [18F]fluoride into [18F]GE387 using conditions B, D, F, H, J and L. 
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It was therefore concluded that the optimised conditions to take forward to automation 

were: OTs precursor 72 in MeCN at 100C for 20 min (Scheme 25). 

 

Scheme 25 - Optimised synthesis of [18F]GE387 from tosylated precursor 72. 

9.2 Automation 

The automated radiosynthesis was performed on a GE Healthcare TRACERlab FXFN 

(Figure 51, Section 5.1.2.2). [18F]fluoride eluted from the cyclotron was added directly 

into the module where it was separated from the [18O]H2O using an anion exchange 

cartridge before eluting with K222/K2CO3 solution and azeo-drying with three portions of 

MeCN. Precursor 72 in MeCN was added to the reactor, which was heated to 100C for 

20 min. After cooling, an aliquot of MeCN was added to the reactor to replenish any 

solvent lost via evaporation. The crude reaction mixture was then quenched with water 

before purifying by semi-preparative HPLC. A single radiolabelled product was observed 

(retention time 23.7 ± 0.6 min). The radiopeak was collected and diluted with water 

before passing through a Sep-Pak® C18 cartridge. The product was then eluted with 

ethanol and formulated with saline before eluting from the module. The formulated 

[18F]GE387 was then subject to analytical radio-HPLC analysis and identity of the 

radiolabelled product confirmed by HPLC co-injection of the reference compound.  

The time of this automated radiosynthesis is 63.0 ± 0.7 min (n = 9) from EOB. 

Radiochemical purity 96.3 ± 1.6 % (n = 9), radiolabelling yield 20.8 ± 4.5 % decay 

corrected to EOB or 13.6 ± 2.8 % radioactivity yield (n = 9), 63.5 ± 27.4%area chemical 

purity and molar radioactivity 102.4 ± 45.5 GBq/mol (n = 8) at end of synthesis. 
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10  In Vitro and In Vivo 

After establishing an automated radiosynthesis of [18F]GE387, we progressed to 

preliminary in vitro and in vivo evaluation of the racemic form of this radiotracer 

candidate. 

MicroPET scans, blood sampling and biodistribution sampling were performed by Dr. 

Nisha Kuzhuppilly Ramakrishnan, Dr. Dave Williamson and Dr. Xiaoyun Zhou whilst I 

prepared the radiotracer and then prepared and ran analysis of the biological samples. 

Dr. Nisha Kuzhuppilly Ramakrishnan reconstructed all PET data before I processed the 

data. 

10.1 In Vivo microPET – Control Rats 

We performed 60 min scans on four naive control rats (Table 13) and rapid arterial 

blood samples were collected from the lighter weight rats. 

 

Table 13 – Control rat information. 

Analysis of the whole brain time-activity curves (TACs) showed an initial increase in 

brain activity, followed by a steady decrease in all rats. This indicated that  [18F]GE387 

was able to cross the BBB and enter the brain (Figure 68). 
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Figure 68 - Whole brain TACs for control rats. 

It is interesting to note there was higher uptake observed for the heavier rat (Rat 1, 

Figure 68). This difference in uptake is also evident from the summed PET images, 

where the higher uptake is indicated by the green to red colouration of the heavier rat 

(Figure 69A) vs. more homogenous blue colouration of the lighter rat (Figure 69B).  

 

Figure 69 - Summed SUV images from 0-60min for heavy (A) and light (B) control rats. 

One possible explanation for this observation is that the heavier rat may have inherently 

higher levels of TSPO throughout than the lighter rats.194 Alternative explanations could 

relate to possible variation in blood flow rates, radiotracer delivery rates and 

metabolism rates between the heavier and lighter rats. It may also be explained by the 

A: B:

0.0 60.0g/mL
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use of SUV, which normalises for bodyweight of the animal under study, which tends to 

show positive correlation with bodyweight.195,196 However, due to this initial 

observation with the heavier rat, it was excluded from further analysis. 

10.1.1 Metabolite Analysis 

Using extracts from plasma collected at 3, 5, 10, 15, 30 and 60 min post injection (p.i.) 

and from plasma, brain and urine collected at the end of scanning period, radio-TLCs 

were performed in order to quantify the presence of parent radiotracer candidate and 

radiometabolites in each sample.  

A saline solution of [18F]GE387 was shown to be stable for up to 12 hours (Figure 70B). 

However, during the radiometabolite analysis, the standard solution was dissolved in 

MeCN and was found to run as a double spot, both at a lower Rf values than expected. 

This indicates decomposition of the radiotracer either caused by solvent effects, or due 

to instability on the silica of the TLC plates (Figure 70A).  

 

Figure 70 – A: Radio TLC showing decomposition of [18F]GE387 on TLC plate both in MeCN and saline. 

B: Radio-HPLC showing >95% radiochemical purity 12 hours after end of synthesis. 

When analysing samples, decomposition was observed to a lesser extent than in the 

standard solution – further indicating that the decomposition may be due to a solvent 

effect as these samples had less time dissolved in MeCN. However, as it could not be 

confirmed whether there were any metabolites present in the sample that were co-
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running with the spots relating to degraded parent tracer on the TLC plate, it was 

decided that during this preliminary study, the middle spots would be excluded as an 

artefact of the technique (Figure 71). 

 

Figure 71 - Example radio-TLC plate indicating parent radiotracer, radiometabolites and spots 

excluded due to decomposition. 

Based on this method of excluding the middle spots, it was found that the metabolite 

profile for control rats were in good agreement with each other with ca. 50% parent 

radiotracer present in the plasma at the end of scan. Radioactivity in the urine was 

found to primarily be from the presence of radiometabolites (>85%), suggesting 

excretion of the compound via urine. It was also found that ca. 80% activity in the brain 

at the end of scan was due to parent radiotracer (Table 14).  
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Table 14 - Metabolite analysis by radio-TLC for control rats. Showing percentage of parent 

radiotracer in plasma at 3, 5, 10, 15, 30 and 60 min p.i., and in samples of urine, brain and plasma 

collected at the end of the scanning period.  

a – rat died 30-60 min therefore no 60 min plasma sample and terminal samples not taken 60 min. 

 b – sample too weak to analyse, or sample not collected. 
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10.1.2 Biodistribution 

Furthermore, we conducted a biodistribution study during which organs (indicated in 

Figure 72) were taken at the end of the scanning period. These results show highest 

levels of radioactivity in the lung, heart and adrenal gland, which are all known to 

contain high levels of TSPO.197 This indicates that [18F]GE387 may be binding 

specifically to TSPO. There were low levels of activity across all brain regions, which was 

expected for these control rats. 

 

Figure 72 - Biodistribution data for control (black), LPS-treated (dark-grey) and LPS-treated 

displacement (light-grey). 

The large variation observed during this biodistribution study is likely caused by the 

death of one animal between 30 and 60 mins, and due to the small number of animals in 

the study. 
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10.2 Neuroinflammation Animal Model 

In order to assess the ability of [18F]GE387 to highlight differences between healthy 

brains (low TSPO levels) and those with neuroinflammation (high TSPO levels), we 

required the use of an animal model exhibiting neuroinflammation. There are several 

options available for animal models of neuroinflammation such as: administration of 

neurotoxins; administration of infectious stimuli; onset of ischemic stroke; and 

neurodegenerative transgenic models that exhibit neuroinflammation.198 We selected to 

induce neuroinflammation via administration of lipopolysaccharide (LPS), also known 

as endotoxin, which is found in the outer membrane of gram-negative bacteria.  This 

model has been well studied in mice and rats where it has been shown, through 

observed activation of microglia, to reproducibly cause neuroinflammation both after i.v. 

or intra-peritoneal (i.p.) injection of LPS in doses ranging 0.002-10 mg/kg.199,200  

Therefore, due to the practical simplicity and reported efficiency, we chose to 

administer LPS via i.p. injection at a concentration of 0.5 mg/kg, 0.5 mg/mL and the rats 

were studied at 6 or 24 hours post-treatment.  

10.3 In Vitro Autoradiography 

Brain tissue slices were studied from control, 6 and 24 hours post LPS treatment. We 

investigated three different study conditions (A, B and C Figure 73), which used two 

different concentrations of [18F]GE387; 0.54 MBq/mL (11.2 nM), 0.05 MBq/mL (1 or 1.6 

nM), and two buffers;  10 mM PBS with 1% Triton, pH 7.4 (following the Marquié 

protocol190) and 170 mM Tris, pH 7.4 (following a personal communication from GE 

Healthcare).   

It was found that the higher concentration of radiotracer (11 nM) resulted in images 

that were outside of the phosphorimaging plate range – indicated by  the dark 

colouration observed for these slices showing high accumulation of activity (Figure 

73A). Using the low 1 nM concentration of radiotracer (Figure 73B and Figure 73C), 

there was homogeneous low uptake of activity observed in the control slices. The slices 
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post-LPS treatment show a very slight increase in uptake of activity, which may indicate 

the presence of increased levels of TSPO, however the observable differences are small.a 

 

Figure 73 - Autoradiography studies with [18F]GE387 using slices from 6 hours and 1 day post LPS 

treatment alongside control slices under three different experimental conditions. 

The results from this autoradiography indicate that this model for neuroinflammation 

may not be as robust as suggested in the literature, or that [18F]GE387 does not bind to 

TSPO.  

10.4 In Vivo microPET – LPS Rats 

In order to obtain a better understanding of LPS treatment model in our hands, and to 

provide more samples for in vitro assessment of this model, five rats were given LPS-

treatment and, according to our animal licence, were scanned 24 hrs after treatment 

with [18F]GE387 (Table 15).  One rat was scanned 6 hours post-treatment, recovered 

and scanned again at 24 hrs and a displacement study using (R)-PK11195 was also 

performed on a separate rat. As with control rats, rapid arterial blood samples were 

collected from lightweight rats, with exception of during the displacement study. 

                                                             

a The 1 day time-point slices of Figure 73B were damaged during the experiment and we were 
unable to repeat the experiment due to lack of access to available tissues at this time. 
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Table 15 –LPS-treated rat information. 

It was noted that three of the five LPS-treated rats lost 7-13% body weight over 24 

hours, whereas the remaining two stayed at a constant weight. This is in contrast to 

literature reports that indicate a loss of 5-10% body weight should be expected 24 hours 

after i.p. injection of LPS.200,201 This observation gives further indication that despite 

literature reports, i.p. administration of LPS may not be reproducible.  

As for control rats, [18F]GE387 was shown to cross the BBB by an initial increase in 

activity followed by a steady decrease in all rats (Figure 74). However, the bottom line 

(rat 8) of Figure 74 shows a low initial uptake followed by slow release of tracer from 

tissue, likely due to technical issues with administration of [18F]GE387, hence this rat 

was excluded from further analysis. 

 

Figure 74 - Whole brain TACs for LPS-treated rats. 
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Again, as with the control rats, there was higher uptake in the heavier rat (black lines, 

rat 5, Figure 74) when compared with the lightweight rats, and this was also clearly seen 

from the summed PET images (Figure 75): higher uptake is indicated by the green to red 

colouration of the heavier rats (Figure 75A) vs. more homogenous blue colouration of 

the lighter rats (Figure 75B).  

 

Figure 75 - Summed SUV images from 0-60 min for heavy (A) and lightweightb (B) LPS-treated rats. 

As for the heavy control rat, the heavy LPS-treated rat was excluded from further 

analysis. However, it is interesting to note that in this rat there was higher uptake after 6 

hours (dashed black line, Figure 74) than at 24 hours (solid black line, Figure 74), 

potentially indicating higher levels of TSPO at this time-point. However, due to technical 

logistics of experimental setup, this initial investigation was conducted with rats 24 

hours post LPS-treatment.  

When comparing the TACs of lightweight control and LPS-treated rats (Figure 76), it 

was found that the TAC for the LPS-treated rat that showed no weight loss (dashed line, 

Figure 76) was similar to control rats (solid line, Figure 76). Conversely, there was a 

significant difference between the TACs for control rats and the LPS-treated rat that 

                                                             

b Lightweight LPS-treated rat 7, which showed 13% weight-loss, died between 30 and 60 min. 

A: B:

0.0 60.0g/mL
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showed 13% weight loss (dotted line, Figure 76), where a much slower washout of 

activity was observed.  

 

Figure 76 - Comparison of whole brain TACs for: controls (n = 3, black line); LPS treated, no weight 

loss (dashed grey line); and LPS treated 13% weight loss (solid grey line). 

However, when compared alongside the plasma TACs it can be seen that this is likely to 

be an artefact as there is a higher amount of activity observed in the plasma of LPS-

treated rats (Figure 77). This may indicate higher levels of plasma-protein binding after 

treatment with LPS, potentially caused by an immune response to the treatment. Higher 

activity in the plasma will result in apparent higher activity in the brain due to the high 

blood flow through the brain. 

 

Figure 77 - Plasma TACs for LPS-treated and control rats. 
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10.4.1 Displacement Study 

In order to investigate whether the uptake of [18F]GE387 could be due to specific 

binding to TSPO, a displacement study was performed with (R)-PK11195, which is 

known to bind specifically to TSPO. One LPS-treated rat was administered with (R)-

PK11195 20 min after injection with [18F]GE387. Analysis of the whole brain TAC 

(Figure 78) shows an increase in activity in the brain after injection of the displacement 

compound. This is most likely due to specific displacement of [18F]GE387 from 

peripheral organs expressing high levels of TSPO, such as the lungs and blood vessels, 

hence resulting in higher unbound [18F]GE387 in the bloodstream, which has been 

previously noted in the literature.202 

 

Figure 78 - Whole brain TAC from displacement study. 

10.4.2 Metabolite Analysis 

Using the same method as for control rats, with exclusion of the middle spots, it was 

found that the rat that showed no weight loss post treatment had a very similar 

metabolite profile to the control rats with 46% and <1% parent radiotracer in plasma 

and urine respectively at 60 min (Table 16). Unfortunately, radioactivity extracted from 

the brain sample from this rat was too low to allow accurate analysis. Conversely, the rat 

that showed 13% weight loss showed very little metabolism of the parent tracer with 

83% and 95% parent tracer present in the plasma and brain respectively at the end of 
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scan (Table 16). However, as this rat may not have been functioning normally prior to 

its unexpected death conclusions cannot be drawn from this dataset.  

 

Table 16 - Metabolite analysis by radio-TLC for control and LPS-treated rats. Showing  percentage of 

parent radiotracer in plasma at 3, 5, 10, 15, 30 and 60 min p.i., and in samples of urine, brain and 

plasma collected at the end of the scanning period.  

a – rat died 30-60 min therefore no 60 min plasma sample and terminal samples not taken 60 min. 

 b – sample too weak to analyse, or sample not collected. 
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10.4.3 Biodistribution 

As expected from results obtained with control rats, organs known to contain high levels 

of TSPO (lung, heart and adrenal gland) were also found to contain the highest levels of 

radioactivity for the LPS-treated rats.197 When compared alongside data from control 

rats, it can be seen that overall, there are no significant differences in the activity seen in 

any regions between control and LPS-treated rats, particularly when taking into account 

the large variability observed (Figure 79).  

Data from the displacement study appears to show specific displacement of [18F]GE387 

from the all regions except urine, blood fractions and liver after injection with (R)-

PK11195. Increases in activity in these regions can be explained by the reduction of 

specific binding in other organs caused by displacement with (R)-PK11195, resulting in 

more unbound [18F]GE387 circulating throughout the bloodstream, and hence 

increased metabolism / excretion of the compound.  

 

Figure 79 - Biodistribution data for control (black), LPS-treated (dark-grey) and LPS-treated 

displacement (light-grey). 
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10.4.4 Kinetic analysis 

Finally, to derive further insight into our data, we performed kinetic analysis in order to 

calculate the whole brain volume of distribution (VT) for [18F]GE387. VT is the ratio of 

concentration of radiotracer in the tissue compared to the concentration of parent 

radiotracer in plasma, and gives an indication of the amount of radiotracer available to 

bind in the tissue. 

In order to perform kinetic analysis, there are several assumptions that must be made. 

These are:  

• Tracer Assumption – no physiological processes are affected by injection of the 

radiotracer. This is usually the case as the concentration of radiotracers injected 

is extremely low (picomolar range). 

• Steady State Assumption – the physiological processes and molecular 

interactions are assumed to be in a steady state during the PET scan.  

• Instantaneous Mixing Assumption – for compartmental models, this assumes 

that the concentration of radiotracer in any given compartment is homogeneous. 

During our analysis, individual rat plasma data was corrected for metabolites (using the 

average metabolite data from each rat group – control or LPS-treated), and was used as 

the input function. Logan graphical analysis was performed in order to calculate whole 

brain VT.  

Surprisingly, comparison of VT for each group showed lower values for LPS-treated rats 

(Figure 80). If peripheral LPS treatment was successfully able to activate microglia, and 

hence increase TSPO expression in the brain, a higher VT value would be expected for 

the LPS-treated rats. Given that expected weight loss was not observed in all of our LPS-

treated rats, it is possible that the microglial activation, and hence TSPO expression, was 

not sufficient to be detected in this small number of rats. However, a lack of microglial 

activation does not explain the lower VT values observed in this group. Since VT is the 

ratio of concentration of radiotracer in the tissue to the concentration of parent 
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radiotracer in the plasma, the observed reduction in VT observed in LPS-treated rats 

could potentially be explained by higher plasma concentration observed in these rats 

(Figure 77). However, if this increase in plasma activity were in the form of free parent 

tracer that were available to bind to the tissue, we would expect to observe similar or 

even higher VT values in LPS-rats than controls. Therefore, this supports the possibility 

that the higher plasma activity levels in LPS-treated rats are due to parent tracer that is 

not available to bind and potentially bound to plasma proteins. However, since plasma 

protein binding was not measured in this study, this could not be confirmed. 

 

Figure 80 – Whole brain VT for control and LPS treated rats (showing mean and standard deviation). 
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11  Project 2 Summary 

We have synthesised GE387 and its mesylate 73 and tosylate 72 radiolabelling 

precursors, and have determined that use of the tosylate precursor 72 results in higher 

radiolabelling yields. Hence, an automated radiochemical synthesis of [18F]GE387 has 

been developed on a GE TRACERlab FXFN automated module using the tosyl precursor 

72 to afford the radiolabelled product in 63 min with radiolabelling yield 20.8 ± 4.5 % (n 

= 9) decay corrected to EOB, 13.6 ± 2.8 % radioactivity yield (n = 9), 63.5 ± 27.4%area 

chemical purity, radiochemical purity 96.3 ± 1.6 % (n = 9) and molar radioactivity 102.4 

± 45.5 GBq/mol (n = 8) at end of synthesis. 

A preliminary microPET study has been performed on healthy Wistar rats (n = 4), and 

those pre-treated with LPS to induce neuroinflammation (n = 5) using racemic 

[18F]GE387. Preliminary data indicates that [18F]GE387 is able to cross the BBB and 

enter the brain. The biodistribution data collected indicates that [18F]GE387 is binding 

specifically to TSPO in peripheral organs as the uptake is displaced from these organs by 

injection of (R)-PK11195. Radiometabolite analysis appears to show that ca. 80% of the 

radioactivity in the brain after 60 min is from intact parent radiotracer. 

11.1 Future Work 

This study has highlighted several areas that will be important in the planning of future 

studies.  

Firstly, it will be important to ensure that all animals are of a similar age and weight at 

the start of the scan as our data showed a trend towards higher uptake in heavier rats 

when compared with lighter rats (Figure 69 and Figure 75). 

Secondly it will be crucial to include more animals, reducing the impact of variation 

within groups. In particular, the LPS model requires further validation, and the presence 

of neuroinflammation should be confirmed in individual animals. This can be done 
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through ex vivo immunohistochemistry using OX42 as a marker for microglia on brain 

slices from rats that have undergone treatment with LPS. Unfortunately, this could not 

be performed within the time restraints of this project.  

It may also be possible to validate observable weight loss as a surrogate marker of 

successful LPS treatment as other groups using the same model do.200,201 It will also be 

necessary to study the effect of LPS at varying time-points after injection, as indicated by 

our data – 24 hours post-injection may not be the optimal time for observing 

neuroinflammation (Figure 74). 

Validation of the LPS model could also be achieved through further autoradiography or a 

comparison microPET study with other, more established TSPO radiotracers such as 

(R)-[11C]-PK11195 or [18F]DPA714. 

As indicated by our work, there were higher levels of activity in the plasma of LPS-

treated rats and as indicated by the VT values this may not be available for binding. 

Therefore, another important parameter to quantify is the plasma-protein binding 

properties of [18F]GE387. This can be done through a plasma protein binding study 

where the radiotracer is incubated with plasma ex vivo followed by measurement of 

radioactivity in known volumes of whole plasma, and plasma that has been micro-

filtered to remove proteins, hence allowing bound and unbound fractions to be 

determined.  

The [18F]GE387 used in these studies is a racemic mixture. Before further work is done, 

the (R)- and (S)- stereoisomers must be individually prepared to allow evaluation both 

in control and rats with neuroinflammation in order to fully evaluate the in vivo 

properties of each stereoisomer. In particular, a more detailed metabolite study is 

required, preferably using radio-HPLC rather than radio-TLC for the analysis due to the 

degradation of [18F]GE387 during radio-TLC experiments that was observed in this 

study. 
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Another key step in the evaluation of [18F]GE387 will be to determine whether in vivo 

studies are in agreement with the in vitro studies that were performed indicating the 

lack of sensitivity to the human polymorphism that is so keenly required. Initially this 

should be performed using human tissue samples from HABs, MABs and LABs, but at a 

later stage will also need to be studied through in vivo studies with human subjects. 
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12  Experimental 

12.1 Synthetic Chemistry 

12.1.1 General 

Nuclear magnetic resonance (1H, 13C, 19F and 2D NMR) spectra were recorded at 300 K 

on a Bruker Avance III 300 MHz spectrometer. Where shown, some 13C NMR spectra 

were recorded by University of Cambridge, Chemistry Department NMR Service using a 

Bruker 500 MHz DCH Cryoprobe spectrometer. Data analysis was performed using 

TopSpin 3.5 software. Chemical shifts are reported relative to residual solvent in CDCl3 

(H 7.26 ppm, C 77.2 ppm) or d6-DMSO (H 2.50 ppm, C 39.5 ppm). Chemical shift is 

measured in ppm and quoted to the nearest 0.01 ppm for 1H NMR and 0.1 ppm for 13C 

and 19F NMR. Coupling constants (JH for H-H coupling, and JF for H-F coupling) are given 

to the nearest 0.1 Hz. Data are reported, where applicable, as follows: chemical shift 

(multiplicity, number of protons, coupling constants, assignment). Multiplicity is 

reported as: s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt = doublet of 

triplets, m = multiplet, br = broad. All 19F NMR are proton decoupled. 

High-resolution mass spectra were measured by the EPSRC mass spectrometry service 

(Swansea). Method indicated with each sample and are as follows: ESI – electrospray 

ionization, NSI – nanospray ionization or ASAP – atmospheric solids analysis probe. 

Liquid chromatography-mass spectrometry (LCMS) was performed using Waters Xevo 

TQD mass spectrometer using both positive and negative ESI ionisation, connected to 

Waters Acquity-H UPLC.  

Analytical thin layer chromatography (TLC) was performed using Machery-Nagel 

ALUGRAM® Xtra SIL G/UV254 plates (0.20 mm silica gel with fluorescent indicator). 

Compounds were visualised by ultraviolet fluorescence (λ = 254 nm). 
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Column chromatography was performed using high purity grade silica gel, pore size 60 

Å, 220-240 mesh particle size and 35-75 μm particle size. 

Preparative thin layer chromatography was performed using Analtech UniplateTM Silica 

Gel GF preparative layer (2 mm) with UV254 plates. Compounds were visualised by 

ultraviolet fluorescence (λ = 254 nm).  

Analytical high-performance liquid-chromatography (HPLC) was performed on 

ThermoScientific UltiMate 3000 system and data analysed using Chromeleon 7. HPLC 

methods are listed in section 12.2.1.1. 

All reagents and solvents (including anhydrous solvents) were purchased and used as 

supplied without further purification or drying. Aqueous solutions of brine and sodium 

bicarbonate were prepared as saturated solutions at room temperature. Where water is 

used during a reaction or work-up this refers to water, purified by a Merc Milipore Elix 

and Synergy UV. Where petrol is used this refers to petroleum ether 40-60C. 

Unless otherwise stated, all reactions were carried out under anhydrous conditions 

under an atmosphere of nitrogen using anhydrous solvents.  

12.1.2 Project 1: Targeting α-Synuclein Fibrils 

An arbitrary numbering system has been applied to all compounds containing multiple 

aromatic rings to allow for consistent numbering throughout NMR assignment (Figure 

81). For compounds to which this numbering system has not been applied, the 

individual compounds are labelled. 

 

Figure 81 - Numbering scheme for compounds where X = S/O/N, R' = H/Ac/Boc, R = variable side 

chain, and the bond between NR' and 6' may not be present.  
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2-((2,4-dinitrophenyl)thio)-4-methoxyaniline 9 

 

The 2-amino-6-methoxybenzothiazole 7 (3.00 g, 16.6 mmol) was refluxed for 16 hrs in 

50% w/w KOH(aq) (60 mL). The resulting dark brown reaction mixture was cooled to 

room temperature and added dropwise to a solution of 1-chloro-2,4-dinitrobenzene 8 

(3.37g, 16.6 mmol) in 5:3 acetic acid/ethanol (480 mL) at 0C. The resulting solution 

was stirred for three hours maintaining cooling. The orange suspension was centrifuged 

portion-wise at 2000 rpm for 5 min. At the end of each cycle, the supernatant was 

decanted off and replaced with reaction mixture before repeating centrifuge process. 

The crude solid was washed with 50:50 EtOH/H2O (2 x 30 mL) centrifuging and 

removing supernatant between washes. The thio-ether 9 was isolated as an amorphous 

orange solid, which did not require further purification (2.72 g, 8.46 mmol, 51%).   

1H NMR (300 MHz, d6-DMSO) H 3.68 (s, 3H, OCH3), 5.23 (s, 2H, NH2), 6.83 (dd, 1H, JH = 

8.1, 1.2, H5), 6.97-7.03 (m, 3H, H2, H6, H6’), 8.38 (dd, 1H JH = 2.4, 9.0, H5’), 8.90 (d, 1H, JH 

= 2.4, H3’); 13C NMR (75 MHz, CDCl3) C 56.0, 111.2, 117.6, 120.6, 120.8, 121.8, 127.3, 

128.8, 143.5, 144.6, 144.8, 146.0, 153.1; m/z: HRMS (NSI) found [M+H]+ 322.0493 

C13H12O5N3S requires 322.0492. 

 

N-(2-((2,4-dinitrophenyl)thio)-4-methoxyphenyl)acetamide 10 

 

The aniline 9 (2.72 g, 8.47 mmol) dissolved in a solution of acetic anhydride (51 mL) and 

pyridine (10 mL) and stirred at room temperature for 3 hours. The reaction mixture was 

quenched by pouring into ice water (100 mL) and was stirred for 30 min. The resulting 
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suspension was vacuum filtered to give the N-acetylated aniline 10 as a yellow-green 

amorphous solid, which did not require further purification (2.53 g, 6.95 mmol, 82%). 

1H NMR (300 MHz, CDCl3) H 2.05 (s, 3H, Me), 3.82 (s, 3H, OCH3), 6.94 (d, 1H, J = 9.0 Hz, 

H5), 7.09 (d, 1H, J = 3.0 Hz, H2), 7.16 (dd, 1H, J = 3.0, 9.0 Hz, H6), 7.65 (s, 1H, NH), 8.19 

(dd, 1H, J = 2.6, 9.3 Hz, H5’), 8.33 (d, 1H, J = 9.3 Hz, H6’), 9.14 (d, 1H, J = 2.6, H3’); 13C 

NMR (75 MHz, CDCl3) C 24.6, 55.9, 118.6, 118.9, 121.3, 121.8, 124.7, 127.7, 128.8, 134.2, 

144.6, 145.1, 145.2, 157.2, 168.5; m/z: HRMS (NSI) found [M+Na]+ 386.0419 

C15H13N3O6SNa requires 386.0417. 

 

1-(3-methoxy-7-nitro-10H-phenothiazin-10-yl)ethan-1-one 11 

 

The N-acetylaniline 10 (2.50 g, 6.88 mmol) was dissolved in acetone (160 mL) and the 

resulting yellow solution was heated to reflux. KOH (780 mg, 13.9 mmol) was charged 

portion-wise to the reaction mixture, maintaining reflux. The resulting purple solution 

was refluxed until complete by TLC (50:50 EtOAc/hexane) ca. 45 min. After cooling to 

0°C the reaction was quenched into ice water (200 mL). The resulting slurry was stirred 

for 20 min before vacuum filtering to afford the phenothiazine 11 as a peach coloured 

amorphous solid, which did not require further purification (1.94 g, 6.12 mmol, 89%). 

1H NMR (300 MHz, CDCl3) H 2.22 (s, 3H, Me), 3.83 (s, 3H, OCH3), 6.89 (dd, 1H, JH = 2.8, 

8.8, H6), 6.97 (d, 1H, JH = 2.8, H2), 7.32 (d, 1H, JH = 8.8, H5), 7.72 (d, 1H, JH = 8.8, H5’), 

8.18 (dd, 1H, JH = 2.5, 8.7, H4’), 8.28 (d, 1H, JH = 2.5, H2’); 13C NMR (75 MHz, d6-DMSO) C 

22.6, 55.7, 122.5, 114.0, 122.3, 122.9, 128.0, 128.2, 130.4, 132.2, 133.7, 144.5, 145.2, 

157.9, 168.6; m/z: HRMS (NSI) found [M+H]+ 317.0593 C15H13N2O4S requires 317.0591. 
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3-methoxy-7-nitro-10H-phenothiazine SIL5 

 

The N-acetylphenthiazine 11 (85.0 mg, 0.27 mmol) was refluxed in 3 M HCl in 50:50 

MeOH/H2O (10.75 mL) until complete by LCMS (ca. 5 hours). The reaction was then 

cooled to room temperature, quenched with H2O (25 mL) then extracted with EtOAc (3 x 

25 mL). The combined organic layers were washed with sodium bicarbonate solution (2 

x 20 mL) and brine (1 x 20 mL). The organic layer was dried (Na2SO4), filtered and the 

solvent was removed in vacuo. The crude material was recrystallised from EtOAc to 

afford a black solid (15.7 mg, 0.057 mmol, 21%). Material recovered from 

recrystallisation liquors was purified by column chromatography and eluted with 40:60 

EtOAc/petrol to afford a black solid (42.3 mg, 0.15 mmol, 57%). This was combined with 

the recrystallised material to give SIL5 as an amorphous black solid (58.0 mg, 0.21 

mmol, 78%). 

1H NMR (300 MHz, d6-DMSO) H 3.66 (s, 3H, OCH3), 6.57-6.64 (m, 3H, H2, H5 and H6), 

6.62 (d, 1H, JH = 8.9, H5’), 7.72 (d, 1H, JH = 2.6, H2’), 7.83 (dd, 1H, JH = 2.6, 8.9, H4’), 9.40 

(s. 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 55.5, 111.7, 112.9, 113.4, 115.9, 116.2, 

116.5, 121.7, 124.8, 131.8, 140.4, 148.0, 155.9; m/z: HRMS (ASAP) found [M+H]+ 

275.0496, C13H11N2O3S requires 275.0490; HPLC Method A: r.t. = 8.7 min, 98.8%area.  

 

1-(3-hydroxy-7-nitro-10H-phenothiazin-10-yl)ethan-1-one 14 

 

The phenothiazine 11 (1.87 g, 5.91 mmol) was dissolved in DCM (184 mL) to give a red 

solution, which was cooled to –78°C. BBr3 (1 M in DCM, 24.4 mL, 24.4 mmol) was added 

dropwise to the reaction mixture. The resulting dark blue mixture was stirred at –78°C 
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for 45 min before warming to room temperature and stirring for 16 hrs. The reaction 

was quenched by dropwise addition of water (200 mL) over 30 min. The layers were 

separated and the organic layer was washed with water (100 mL). The combined 

aqueous layers were extracted with DCM (4 x 100 mL, 1 x 400 mL). The combined 

organic layers were dried (MgSO4) before vacuum filtering and removal of the solvent in 

vacuo to give the phenol 14 as an amorphous purple solid, which did not require further 

purification (1.78 g, 5.89 mmol, quantitative yield).  

1H NMR (300 MHz, d6-DMSO) H 2.15 (s, 3H, Me), 6.81 (dd, 1H JH = 2.6, 8.7, H6), 6.93 (d, 

1H, JH = 2.6, H2), 7.47 (d, 1H, JH = 8.7, H5), 7.81 (d, 1H, JH = 8.9, H5’), 8.21 (dd, 1H, JH = 2.6, 

8.9, H4’), 8.39 (d, 1H, JH = 2.6, H2’); 13C NMR (75 MHz, d6-DMSO) C 22.7, 113.9, 114.9, 

122.2, 122.8, 128.1, 128.2, 129.0, 131.9, 133.8, 144.7, 145.2, 156.4, 168.7); m/z: HRMS 

(ASAP) found [M+H]+ 303.0443 C14H11N2O4S requires 303.0440. 

 

2-fluoroethyl 4-methylbenzenesulfonate 16 

 

The 2-fluoroethanol 15 (1 mL, 15.9 mmol) was dissolved in DCM (24 mL) and cooled to 

0C before addition of triethylamine (4.4 mL, 31.8 mmol) and 4-

(dimethylamino)pyridine (97 mg, 0.798 mmol). The resulting colourless solution was 

stirred at 0C for 10 minutes before p-toluenesulfonyl chloride (6.66 g, 35 mmol) was 

added portion-wise. After warming to room temperature, the colourless solution 

became cloudy and was stirred for 16 hrs until complete by TLC (20:80 EtOAc/petrol). 

The reaction was quenched into H2O (50 mL), the layers separated, and the aqueous 

layer was extracted with DCM (3 x 50 mL). The combined organics were washed with 

H2O (2 x 50 mL), dried (Na2SO4), filtered and the solvent was removed in vacuo. The 
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crude material was purified by column chromatography and fluoroethyltosylate 16 was 

eluted with 15:85 EtOAc/petrol to give as a colourless oil (3.58 g, 16 mmol, quantitative) 

1H NMR (300 MHz, CDCl3) H 2.45 (s, 3H, Me), 4.25 (dm, 2H, JF = 27.2, OCH2CH2F), 4.56 

(dm, 2H, JF = 47.1, OCH2CH2F), 7.35 (d, 2H, JH = 8.4, H2), 7.80 (d, 2H, JH = 8.4, H1); 13C 

NMR (75 MHz, CDCl3) C 21.7, 68.6 (d, JF = 120.9), 80.7 (d, JF = 173.5), 128.1, 130.1, 

132.8, 145.3; 19F NMR (proton decoupled) (282 MHz, CDCl3) F -224.7; m/z: HRMS 

(ASAP) found [M+H]+ 219.0492 C9H12O3SF requires 219.0491. 

 

1-(3-(2-fluoroethoxy)-7-nitro-10H-phenothiazin-10-yl)ethan-1-one 17 

 

The phenol 14 (100 mg, 0.33 mmol) and K2CO3 (256 mg, 1.85 mmol) were slurried in 

MeCN (3.3 mL) to give a purple suspension that was stirred at room temperature for 15 

min. 2-fluoroethyl tosylate 16 (108 mg, 1.5 mmol) was added and the reaction was 

heated to reflux and stirred for 16-18 hrs. Once complete by TLC (50:50 EtOAc/hexane) 

the reaction mixture was cooled to room temperature, vacuum filtered and solvent 

removed in vacuo. The crude material was purified by column chromatography and the 

fluoroethylphenothiazine 17 was eluted with 30:70 EtOAc/hexane. The 

fluoroethylphenothiazine 17 was isolated as an amorphous red solid (65.5 mg, 0.188 

mmol, 56.8%). 

1H NMR (300 MHz, CDCl3) H 1.23 (s, 3H, Me), 4.23 (dm, 2H, JF = 27.3, OCH2CH2F), 4.75 

(dm, 2H, JF = 47.0, OCH2CH2F), 6.95 (dd, 1H, JH = 2.8, 8.7, H6), 7.01 (d, 1H, JH = 2.8, H2), 

7.33 (d, 1H, JH = 8.7, H5), 7.72 (d, 1H, JH = 8.7, H5’), 8.19 (dd, 1H, JH = 2.5, 8.7, H4’), 8.29 

(d, 1H, JH = 2.5, H2’); 13C NMR (75 MHz, CDCl3) C 23.1, 67.8 (d, JF = 20.9), 81.8 (d, JF = 

171.6), 113.7, 114.7, 122.3, 123.1, 127.7, 128.1, 131.4, 133.5, 134.4, 144.8, 145.8, 157.5, 
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169.4; 19F NMR (proton decoupled)  (282 MHz, CDCl3) F -223.8; m/z: HRMS (NSI) 

found [M+H]+ 349.0656 C16H14FN2O4S requires 349.0653. 

 

3-(2-fluoroethoxy)-7-nitro-10H-phenothiazine SIL26 

 

The fluoroethylphenothiazine 17 (69 mg, 0.20 mmol) was refluxed in 3 M HCl in 50:50 

MeOH/H2O (8 mL) until complete by TLC (50:50 EtOAc/Hexane) (ca. 5 hours). The 

reaction mix was quenched into H2O (20 mL) and was extracted with EtOAc (3 x 20 mL). 

The combined organics were washed with H2O (20 mL). The purple organic extracts 

were dried (MgSO4), filtered and the solvent removed in vacuo. The crude material was 

purified by column chromatography and the pure aniline SIL26 was eluted with 30:70 

EtOAc/hexane to give an amorphous purple solid (51 mg, 0.17 mmol, 84%). 

1H NMR (300 MHz, d6-DMSO) H 4.14 (dm, 2H, JF = 29.5, OCH2CH2F), 4.68 (dm, 2H, JF = 

47.98, OCH2CH2F), 6.61-6.65 (m, 4H, H2, H5, H6, H5’), 7.71 (d, 1H, JH = 2.6, H2’), 7.83 (dd, 

1H, JH = 2.6, 8.7, H4’), 9.42 (s, 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 67.5 (d, JF = 19.8), 

82.1 (d, JF = 167.9), 112.4, 113.0, 114.2, 116.0, 116.2, 116.5, 121.7, 124.8, 132.2, 140.5, 

148.0, 154.7; 19F NMR (proton decoupled)  (282 MHz, d6-DMSO) F -222.1; m/z: HRMS 

(NSI) found [M+H]+ 307.0550 C14H12FN2O4S requires 307.0547; HPLC Method A: r.t. = 

7.7 min, 95.5%area.  
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3-fluoropropyl 4-methylbenzenesulfonate 19 

 

The 3-fluoropropan-1-ol 18 (1 mL, 13.3 mmol) was dissolved in pyridine (13.5 mL) and 

cooled to 0C before portion-wise addition of p-toluenesulfonyl chloride (7.6 g, 40 

mmol). The reaction was left to stir at room temperature for 16 hrs. The reaction was 

quenched into ice-cold H2O (25 mL) and extracted with EtOAc (3 x 25 mL). The 

combined organics were washed with 1 M HCl until the aqueous layer remained acidic, 

then with 1 M sodium carbonate (2 x 25 mL). The organic layer was dried (Na2SO4), 

filtered and the solvent removed in vacuo. The crude material was purified by column 

chromatography using a solvent gradient of 10:90 – 30:70 EtOAc/petrol to yield the 

fluoropropyltosylate 19 as colourless oil (1.47 g, 6.35 mmol, 48%). 

1H NMR (300 MHz, CDCl3) H 1.96-2.12 (m, 2H, OCH2CH2CH2F), 2.46 (s, 3H, Me), 4.16 (t, 

2H, JH = 6.2, OCH2CH2CH2F), 4.48 (dt, 2H, JH = 5.8, JF = 47.0, OCH2CH2CH2F), 7.36 (d, 2H, JH 

= 8.4, H2), 7.80 (d, 2H, JH = 8.4, H1); 13C NMR (75 MHz, CDCl3) C 21.8, 30.2 (d, JF = 20.5), 

66.3 (d, JF = 4.5), 79.7 (d, JF = 166.0), 128.1, 130.1, 132.9, 145.1; 19F NMR (proton 

decoupled)  (282 MHz, CDCl3) F -228.2; m/z: HRMS (ASAP) found [M+H]+ 233.0648 

C10H14FO3S requires 233.0648. 

 

3-(3-fluoropropoxy)-7-nitro-10H-phenothiazine 1 

  

The phenol 14 (64.0 mg, 0.21 mmol) and K2CO3 (163 mg, 1.18 mmol) were stirred in 

MeCN (1.9 mL). The resulting red slurry was stirred at room temperature for 20 min. 3-

fluoropropyl tosylate 19 (98.0 mg, 0.42 mmol) was then added and the reaction was 

heated to reflux. The reaction was monitored by TLC (30:70 EtOAc/hexane). After four 
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hours 3-fluoropropyl tosylate 19 (98 mg, 0.42 mmol) was added and the reaction left for 

a further two hours after which the reaction mixture was cooled to room temperature, 

vacuum filtered and the solvent removed in vacuo. The crude material was purified by 

column chromatography and the N-acetyl-fluoropropyl-phenothiazine intermediate was 

eluted with 40:60 EtOAc/petrol and isolated as an amorphous red solid (47.4 mg, 0.13 

mmol, 62%). 

The N-acetyl-fluoropropyl-phenothiazine intermediate (43.5 mg, 0.12 mmol) was 

refluxed in 3 M HCl in 50:50 MeOH/H2O (4.75 mL) until complete by TLC (30:70 

EtOAc/petrol) (ca. 5 hours). The reaction mix was quenched into H2O (20 mL) and was 

extracted with EtOAc (3 x 20 mL). The combined organics were washed with H2O (1 x 20 

mL) and sodium bicarbonate solution (1 x 20 mL). The purple organic layer was dried 

(Na2SO4), filtered and the solvent removed in vacuo. Crude material was purified by 

column chromatography and the de-protected fluoropropyl-phenothiazine 1 was eluted 

with 40:60 EtOAc/petrol and was isolated as an amorphous purple solid (18.9 mg, 0.059 

mmol, 49%). 

Intermediate: 1H NMR (300 MHz, d6-DMSO) H 2.01-2.18 (m, 2H, OCH2CH2CH2F), 2.16 

(s, 3H, Me), 4.11 (t, 2H, JH = 6.3, OCH2CH2CH2F), 4.60 (dt, 2H, JH = 5.9, JF = 47.2, OCH2CH2-

CH2F), 7.01 (dd, 1H, JH = 2.8, 8.9, H6), 7.21 (d, 1H, JH = 2.8, H2), 7.59 (d, 1H, JH = 8.9, H5), 

7.83 (d, 1H, JH = 8.8, H5’), 8.23 (dd, 1H, JH = 2.6, 8.8, H4’), 8.42 (d, 1H, JH = 2.6, H2’); 13C 

NMR (75 MHz, d6-DMSO) C 22.7, 29.6 (d, JF = 19.7), 64.2 (d, JF = 5.9), 80.7 (d, JF = 161.9), 

113.1, 114.5, 122.3, 122.9, 128.1, 128.2, 130.5, 132.3, 133.7, 144.5, 145.3, 157.1, 168.6; 

19F NMR (proton decoupled) (282 MHz, d6-DMSO) F -220.4; m/z: HRMS (NSI) found 

[M+H]+ 363.0812, C17H16FN2O4S calculated as 363.0809 

1: 1H NMR (300 MHz, d6-DMSO) H 1.95-2.14 (m, 2H, OCH2CH2CH2F), 3.97 (t, 2H, JH = 6.3, 

OCH2CH2CH2F), 4.57 (dt, 2H, JH = 5.9, JF = 47.3, OCH2CH2CH2F), 6.58-6.65 (m, 4H, H5’, H2, 

H5 and H6), 7.71 (d, 1H, JH = 2.5, H2’), 7.83 (dd, 1H, JH = 2.6, 8.9, H4’), 9.39 (s, 1H, NH); 

13C NMR (75 MHz, d6-DMSO) C 59.4 (d, JF = 19.5), 63.9 (d, JF = 5.8), 80.8 (d, JF = 161.7), 
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112.4, 112.9, 114.1, 115. 9, 116.2), 116.5, 121.7, 124.8, 132.0, 140.4, 148.0, 155.0; 19F 

NMR (proton decoupled) (282 MHz, d6-DMSO) F -220.3; m/z HRMS (ASAP) found 

[M+H]+ 321.0710 C15H14FN2O4S requires 321.0709; HPLC Method A: r.t. = 11.1 min, 

99.3%area.  

3,3,3-trifluoropropyl 4-methylbenzenesulfonate 21 

 

The 3,3,3-trifluoropropan-1-ol 20 (300 L, 3.40 mmol) was dissolved in pyridine (3.6 

mL) and cooled to 0C before portion-wise addition of p-toluenesulfonyl chloride (1.95 

g, 10.2 mmol). The reaction was left to stir at room temperature for 16 hrs. The reaction 

was quenched into ice-cold H2O (20 mL) and extracted with EtOAc (3 x 20 mL). The 

combined organics were washed with 1 M HCl until the aqueous layer remained acidic, 

then with 1 M sodium carbonate (1 x 25 mL). The organic layer was dried (Na2SO4), 

filtered and the solvent removed in vacuo. The crude material was purified by column 

chromatography (5:95 EtOAc/petrol) to yield the trifluoropropyltosylate 21 as pale 

yellow oil (755 mg, 2.81 mmol, 83%). 

1H NMR (300 MHz, CDCl3) H 2.44-2.58 (m, 2H, OCH2CH2CF3), 2.46 (s, 3H, Me), 4.22 (t, 

2H, JH = 6.5, OCH2CH2CF3), 7.37 (d, 2H, JH = 8.3, H2), 7.80 (d, 2H, JH = 8.3, H1); 13C NMR 

(75 MHz, CDCl3) C 21.8, 33.9 (q, JF = 29.6), 62.5 (q, JF = 3.9), 125.2 (q, JF = 277.6), 128.1, 

130.1, 132.5, 145.5; 19F NMR (proton decoupled) (282 MHz, CDCl3) F -64.98; m/z: 

HRMS (ASAP) found [M+H]+ 269.0461 C10H12F3O3S requires 269.0459. 
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3-nitro-7-(3,3,3-trifluoropropoxy)-10H-phenothiazine 2 

  

The phenol 14 (50 mg, 0.17 mmol) and K2CO3 (127.7 mg, 0.92 mmol) were slurried in 

MeCN (1.5 mL) and stirred at room temperature for 15 min before addition of 

trifluoropropyltosylate 21 (88.7 mg, 0.33 mmol). The reaction was heated to 40C and 

was monitored by LCMS. After four hours the temperature was increased to 60C. After 

two hours trifluoropropyltosylate 21 (88.7 mg, 0.33 mmol) was added, the temperature 

reduced to 50C and the reaction was stirred for 16 hrs. After cooling to room 

temperature, the reaction was vacuum filtered and solvent removed in vacuo. The crude 

material was purified by preparative-TLC (3 x 30% EtOAc in hexane). The N-

acetyltrifluoropropyl phenothiazine intermediate was isolated as an amorphous red 

solid (10.6 mg, 0.0.027 mmol, 16%). 

The N-acetyltrifluoropropyl phenothiazine intermediate (10 mg, 0.025 mmol) was 

refluxed in 3 M HCl in 50:50 MeOH:H2O (1 mL) until complete by  LCMS (ca. 3.5 hours). 

The reaction mix was quenched into H2O (10 mL) and extracted with EtOAc (3 x 10 mL). 

The combined organics were washed with H2O (10 mL). The purple organic layer was 

dried (Na2SO4), filtered and the solvent was removed in vacuo. The crude material was 

purified by preparative-TLC (2 x 30:70 EtOAc/hexane). The pure de-protected 

trifluoropropyl phenothiazine 2 was isolated as an amorphous purple solid (8.9 mg, 

0.025 mmol, quantitative). 

Intermediate: 1H NMR (300 MHz, d6-DMSO) H 2.16 (s, 3H, Me), 2.27-2.87 (m, 2H, 

OCH2CH2CF3), 4.26 (t, 2H, JH = 5.9, OCH2CH2CF3), 7.02 (dd, 1H, JH = 2.8, 8.9, H6), 7.24 (d, 

1H, JH = 2.8, H2), 7.60 (d, 1H, JH = 8.9, H5), 7.84 (d, 1H, JH = 8.9, H5’), 8.23 (dd, 1H, JH = 2.6, 

8.9, H4’), 8.42 (d, 1H, JH = 2.6, H2’) ; 13C NMR (125 MHz, d6-DMSO) C 22.7, 32.69 (q, JF = 

27.9), 61.6 (m), 113.2, 114.7, 122.4, 122.9, 126.7 (q, JF = 277.4), 128.1, 128.2, 130.9, 
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132.4, 133.7, 144.5, 145.3, 156.5, 168.6; 19F NMR (proton decoupled) (282 MHz, d6-

DMSO) F -63.02; m/z: HRMS (ASAP) found [M+H]+ 399.0625 C17H14F3N2O4S requires 

399.0626. 

2: 1H NMR (300 MHz, d6-DMSO) H 2.64-2.80 (m, 2H, OCH2CH2CF3), 4.11 (t, 2H, JH = 6.0, 

OCH2CH2CF3), 6.62-6.65 (m, 4H, H2, H5, H6, H5’), 7.71 (d, 1H, JH = 2.6, H2’), 7.82 (dd, 1H, 

JH = 2.6, 8.9, H4’), 9.39 (s, 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 32.7 (q, JF = 27.2), 

61.3 (q, JF = 3.7), 112.4, 113.0, 114.2, 115.9, 116.2, 116.7, 121.6, 124.7, 126.6 (q, JF = 

277.0), 132.4, 140.5, 147.9, 154.4; 19F NMR (proton decoupled) (282 MHz, d6-DMSO) 

F -62.9; m/z: HRMS (ASAP) found [M+H]+ 357.0524 C15H12F3N2O3S requires 357.0521; 

HPLC Method A: r.t. = 14.5 min, 97.8%area.  

 

2-(2-fluoroethoxy)ethyl 4-methylbenzenesulfonate 23 

 

The diethylene glycol di(p-toluenesulfonate) 22 (250 mg, 0.603 mmol), KF (35 mg, 

0.603 mmol) and K222 (227 mg, 0.603 mmol) were dissolved in MeCN (2.4 mL) and 

stirred for 16 hrs at 45C before refluxing for four hours until complete by TLC (30:70 

EtOAc/petrol). The reaction was quenched into H2O (10 mL) and extracted with DCM (3 

x 10 mL). The combined organic layers were then washed with H2O (1 x 10 mL) before 

drying (Na2SO4), filtering and removal of the solvent in vacuo. The crude material was 

purified by column chromatography (30:70 EtOAc/petrol) to give the pure fluoro-

tosylate 23 as a colourless oil (70.3 mg, 0.268 mmol, 44%). 

1H NMR (300 MHz, CDCl3) H 2.43 (s, 3H, Me), 3.59-3.71 (m, 4H, OCH2CH2OCH2CH2F), 

4.15-4.18 (m, 2H, OCH2CH2OCH2CH2F), 4.46 (dm, 2H, JF = 47.8, OCH2CH2OCH2CH2F), 7.33 

(d, 2H, JH = 8.4, H2), 7.78 (d, 2H, JH = 8.4, H1); 13C NMR (75 MHz, CDCl3) C 21.7, 68.9, 

69.2, 70.5 (d, JF = 19.5), 83.0 (d, JF = 170.2), 128.0, 129.9, 133.0, 145.0; 19F NMR (proton 



Experimental 

 154 

decoupled) (282 MHz, CDCl3) F  -233.0; m/z: HRMS (ASAP) found [M+NH4]+ 280.1014 

C11H19FNO4S requires 280.1019. 

 

3-(2-(2-fluoroethoxy)ethoxy)-7-nitro-10H-phenothiazine 3 

 

The phenol 14 (97.5 mg, 0.32 mmol) and K2CO3 (241.9 mg, 1.75 mmol) were slurried in 

MeCN (2 mL) and stirred at room temperature for 20 min before addition of fluoro-

tosylate 23 (55.9 mg, 0.213 mmol) dissolved in MeCN (1.5 mL). A further 2 mL MeCN 

was used for rinsing. The reaction was heated to reflux and stirred for 16 hrs before 

cooling to room temperature, vacuum filtering and removing the solvent in vacuo. The 

crude material was purified by column chromatography (20:80 – 70:30 EtOAc/hexane) 

to give to the N-acetyl-PEG-y-lated phenothiazine intermediate a viscous red oil (29.4 

mg, 0.0749 mmol, 35%). 

N-acetyl-PEG-y-lated phenothiazine intermediate (29.4 mg, 0.0749 mmol) was refluxed 

in 3 M HCl in 50:50 MeOH:H2O (2 mL) until complete by TLC (50:50 EtOAc/hexane)(ca. 5 

hours). The reaction mix was quenched into H2O (10 mL) and extracted with EtOAc (3 x 

10 mL). The combined organics were washed with H2O (1 x 10 mL), dried with (MgSO4), 

filtered and the solvent was removed in vacuo. The crude material was purified by 

column chromatography (20:80 – 50:50 EtOAc/hexane) to give the de-protected PEG-y-

lated phenothiazine 3 as an amorphous purple solid (19.4 mg, 0.055 mmol, 73.9%). 

Intermediate: 1H NMR (300 MHz, CDCl3) H 2.22 (s, 3H, Me), 3.75-3.91 (m, 4H, 

OCH2CH2OCH2CH2F), 4.14-4.17 (m, 2H, OCH2CH2OCH2CH2F), 4.59 (dm, 2H, JF = 47.5, 

OCH2CH2OCH2CH2F, 6.93 (dd, 1H, JH = 2.7, 8.8, H6), 7.00 (d, 1H, JH = 2.7, H2), 7.31 (d, 1H, 

JH = 8.8, H5), 7.72 (d, 1H, JH = 8.8, H5’), 8.18 (dd, 1H, JH =  2.5, 8.8, H4’), 8.28 (d, 1H, JH = 

2.5, H2’); 13C NMR (75 MHz, CDCl3) C 23.1, 68.3, 69.9, 70.8 (d, JF = 18.7), 83.3 (d, JF = 
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168.3), 113.8, 114.7, 122.2, 123.0, 127.6, 128.1, 131.1, 133.4, 134.5, 144.8, 145.8, 157.9, 

169.4; 19F NMR (proton decoupled) (282 MHz, CDCl3) F -222.9; m/z: HRMS (NSI) 

found [M+H]+ 393.0915 C18H18FN2O4S requires 393.0915. 

3: 1H NMR (300 MHz, d6-DMSO) H 3.62-3.76 (m, 4H, OCH2CH2OCH2CH2F), 3.99-4.02 (m, 

2H, OCH2CH2OCH2CH2F), 4.53 (dm, 2H, JF = 47.9, OCH2CH2OCH2CH2F, 6.59-6.63 (m, 4H, 

H2, H5, H6, H5’), 7.70 (d, 1H, JH = 2.5, H2’), 7.82 (dd, 1H, JH = 2.5, 9.2, H4’), 9.38 (s, 1H, 

NH); 13C NMR (75 MHz, d6-DMSO) C 67.5, 68.9, 69.7 (d, JF = 18.7), 93.0 (d, JF = 165.9), 

112.3, 112.9, 114.1, 115.9, 116.2, 116.4, 121.6, 124.8, 131.9, 140.4, 148.0, 155.0; 19F 

NMR (proton decoupled) (282 MHz, d6-DMSO) F -221.3; m/z: HRMS (NSI) found 

[M+H]+ 351.0811 C16H16FN2O4S requires 351.0809; HPLC Method A: r.t. = 7.2 min, 

93.9%area.  

 

2-((2,4-dinitrophenyl)thio)-4-fluoroaniline 25 

 

The 2-amino-6-fluorobenzothiazole 24 (2g, 11.8 mmol) was refluxed for 16 hrs in 50% 

w/w KOH(aq) (45 mL). The dark brown reaction mixture was cooled to room 

temperature before adding drop-wise to a solution of 1-chloro-2,4-dinitrobenzene 8 (2.4 

g, 11.8 mmol) in 5:2 acetic acid/ethanol (350 mL) at 0C. The resulting solution stirred 

for three hours maintaining cooling before the solvent was removed in vacuo. The 

residue was taken up in EtOAc and washed with aqueous bicarbonate solution (5 x 150 

mL) and with brine (1 x 150 mL). The crude material was recrystallised from EtOAc to 

give the thioester 25 (0.99 g, 3.2 mmol, 27%). Material was also recovered by 

evaporation of recrystallization liquors (0.93 g, 3 mmol, 25%). Total recovery of 25 1.92 

g, 6.2 mmol, 52%. 
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1H NMR (300 MHz, d6-DMSO) H 5.59 (s, 2H, NH2), 6.85 (dd, 1H, JH = 9.02, JF = 5.04, H5), 

7.02 (d, 1H, JH = 8.9, H6’), 7.17-7.31 (m, 2H, H2, H6), 8.38 (dd, 1H, JH = 2.56, 8.94, H5’), 

8.91 (d, 1H, JH = 2.56, H3’); 13C NMR (75 MHz, d6-DMSO) C 108.0 (d, JF = 7.2), 116.3 (d, JF 

= 7.2), 120.1 (d, JF = 22.5), 121.3, 122.1 (d, JF = 22.5), 127.6, 128.2, 144.2, 144.7, 144.9, 

147.8 (d, JF = 1.4), 153.4 (d, 233.7); 19F NMR (proton decoupled) (282 MHz, d6-DMSO) 

F -128.4; m/z: HRMS (ASAP) found [M+H]+ 310.0304 C12H9FN3O4S requires 310.0298. 

 

N-(2-((2,4-dinitrophenyl)thio)-4-fluorophenyl)acetamide 26 

 

The thioester 25 (1.19 g, 3.86 mmol) was dissolved in pyridine (10.7 mL, 133 mmol) 

before addition of acetic anhydride (23.7 mL, 251 mmol). The resulting solution was 

stirred at room temperature until complete by LCMS (ca. 5 hours). The reaction mixture 

was quenched into H2O (100 mL), extracted with EtOAc (3 x 100 mL) and the combined 

organics were washed with bicarbonate solution until the aqueous removed became 

basic. After washing with brine (1 x 100 mL), the organics were dried (Na2SO4), filtered 

and the solvent removed in vacuo. The crude material was purified by recrystallisation 

from EtOAc to give the N-acetylaniline 26 (319.2 mg, 0.909 mmol, 24%). Material was 

also recovered from evaporation of the recrystallisation liquors (968.6 mg, 2.75 mmol, 

71%). Total recovery of 26 (1.29 g, 3.67 mmol, 95%). 

1H NMR (300 MHz, d6-DMSO) H 1.89 (s, 3H, Me), 6.99 (d, 1H, JH = 9.0, H6’), 7.49, (ddd, 

1H, JH = 3.0, 9.0, JF = 8.6, H6), 7.63 (dd, 1H, JH = 3.0, JF = 8.4, H2), 7.81 (dd, 1H, JH = 9.0, JF = 

5.5, H5), 8.33 (dd, 1H, JH = 2.6, 9.0, H5’), 8.90 (d, 1H, JH = 2.6, H3’) 

9.60 (s, 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 23.0, 118.9 (d, JF = 21.9), 121.2, 122.8 

(d, JF = 23.07), 124.5 (d, JF = 8.28), 127.8, 128.3 (d, JF = 8.3), 129.4, 137.4 (d, JF = 2.91), 

144.4, 144.5, 144.8, 159.1 (d, JF = 246.1), 169.0; 19F NMR (proton decoupled) (282 
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MHz, d6-DMSO) F -115.3; m/z: HRMS (ASAP) found [M+H]+ 352.0403 C14H11FN3O5S 

requires 352.0403. 

 

3-fluoro-7-nitro-10H-phenothiazine 4 

 

The N-acetylaniline 26 (1.76 g, 5.00 mmol) was dissolved in acetone (115 mL), the 

resulting solution was heated to reflux and KOH (601 mg, 10.7 mmol) was charged 

portion-wise. The resulting mixture stirred under reflux until complete by TLC (40:60 

EtOAc/Hexane) and LCMS (ca. 2 hours). The reaction mixture was cooled before 

quenching into water (200 mL) and extracting with EtOAc (3 x 100 mL). Brine (100 mL) 

was added to afford good separations. The combined organic layers were washed with 

saturated brine (1 x 100 mL) before drying (Na2SO4), filtering and removal of solvent in 

vacuo. The crude material was purified by recrystallisation from hot EtOAc to afford the 

N-acetylphenothiazine intermediate as an orange solid (647.6 mg, 2.13 mmol, 43%). 

The N-acetylphenothiazine intermediate (100 mg, 0.329 mmol) was refluxed in 3 M HCl 

in 1:1 MeOH/H2O (13 mL) for 16 hrs. After cooling to room temperature, the reaction 

mixture was quenched into ice-cold H2O (20 mL) and extracted with EtOAc (3 x 20 mL). 

The combined organics were washed with H2O (1 x 20 mL) and sodium bicarbonate 

solution (1 x 20 mL). The organic layer was dried (Na2SO4), filtered and the solvent 

removed in vacuo. Crude material (78.2 mg, 0.298 mmol, 90%), was combined with 

crude material from a second reaction (562.8 mg) and purified by column 

chromatography and phenothiazine 4 was eluted with a solvent gradient of 30:70 – 

50:50 EtOAc/petrol. The pure phenothiazine 4 was isolated as an amorphous purple 

solid (337.2 mg, 1.29 mmol, 53% purification yield). 
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Intermediate: 1H NMR (300 MHz, d6-DMSO) H 2.18 (s, 3H, Me), 7.31 (ddd, 1H, JH = 2.9, 

8.6, JF = 9.0, H6), 7.58 (dd, 1H, JH = 2.9, JF = 8.6, H2), 7.71 (dd, 1H, JH = 8.6, JF = 5.1, H5), 

7.86 (d, 1H, JH = 8.8, H5’), 8.25 (dd, 1H, JH = 2.6, 8.8, H4’), 8.44 (d, 1H, JH = 2.5, H2’); 13C 

NMR (75 MHz, d6-DMSO) C 22.7, 114.9 (d, JF = 26.3), 115.0 (d, JF = 22.5), 122.6, 123.1, 

128.3, 128.9 (d, JF = 9.26), 133.2 (d, JF = 9.51), 133.4, 134.0 (d, JF = 2.7), 144.0, 145.5, 

160.1 (d, JF = 247.2), 168.4; 19F NMR (proton decoupled) (282 MHz, d6-DMSO) F -

114.1; m/z: HRMS (ASAP) found [M+H]+ 305.0397 C14H10FN2O3S requires 305.0396. 

4: 1H NMR (300 MHz, d6-DMSO) H 6.67 (d, 1H, JH = 8.8, H5’), 6.68 (dd, 1H, JH = 8.8, JF = 

5.1, H5), 6.88 (ddd, 1H, JH = 2.9, 8.6, JF = 9.0, H6), 6.94 (dd, 1H, JH = 2.9, JF = 8.7, H2), 7.75 

(d, 1H, JH = 2.6, H2’), 7.86 (dd, 1H, JH = 2.6, 8.8, H4’), 9.52 (s, 1H, NH); 13C NMR (75 MHz, 

d6-DMSO) C 113.3 (d, JF = 26.0), 113.4, 114.5 (d, JF = 22.5), 115.8, 116.2 (d, JF = 8.2), 

117.3 (d, JF = 8.7), 121.8, 124.9, 135.4 (d, JF = 2.7), 141.1, 147.7, 158.5 (d, JF = 239.7); 19F 

NMR (proton decoupled) (282 MHz, d6-DMSO) F -120.3; m/z: HRMS (ASAP) found 

[M+H]+ 263.0291 C12H8FN2O2S requires 263.0291; HPLC Method A: r.t. = 10.2 min, 

98.3%area.  

 

2-amino-4-methoxyphenol hydrochloride 31 

 

The 4-methoxy-2-nitrophenol 30 (1g, 5.91 mmol), ferric chloride (18.5 mg, 0.116 mmol) 

and activated charcoal (539 mg, 44.9 mmol) were dissolved in methanol (13 mL) before 

hydrazine hydrate (80%) (1.4 mL, 29.6 mmol) was added drop-wise at room 

temperature. The solution was then heated to reflux and stirred for 16 hrs before 

performing a hot filtered and removing the solvent in vacuo. The residue was taken up in 

DCM (50 mL) and washed with H2O (2 x 50 mL). The aqueous layer was then extracted 

with DCM (1 x 40 mL) and EtOAc (2 x 40 mL). The combined organics were then 
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combined, dried (Na2SO4), filtered and the solvent was removed in vacuo. The white 

solid was dissolved in the minimum amount of EtOH to give an orange solution to which 

methanolic HCl was added until a colour change to a red solution was observed. The 

solvent was then removed in vacuo to afford the hydrochloride salt 31 an amorphous 

lilac solid (894.1 mg, 5.09 mmol, 86%). 

1H NMR (300 MHz, d6-DMSO) H 3.67 (s, 3H, OCH3), 6.81 (dd, 1H, JH = 3.0, 9.0, H2), 6.98 

(d, 1H, JH = 9.0, H3), 6.98 (d, 1H, JH = 3.0, H6), 9.90 (s, 2H, NH2), 10.20 (s, 1H, HCl); 13C 

NMR (75 MHz, d6-DMSO) C 55.6, 109.8, 113.8, 116.8, 119.7, 144.4, 151.9; m/z: HRMS 

(NSI) found [M-Cl]+ 140.0702 C7H10NO2 requires 140.0706. 

 

2-((2,4-dinitrophenyl)amino)-4-methoxyphenol 32 

 

The hydrochloride salt 31 (861.3 mg, 4.90 mmol), 1-chloro-2,4-dinitrobenzene 8 (1.04 

g, 5.14 mmol) and sodium acetate (1.4 g, 17.2 mmol) were dissolved in 1:5 H2O/EtOH 

(51.6 mL) and heated to reflux until complete by LCMS (ca. 5 hours). The reaction was 

quenched into H2O (100 mL) and extracted with EtOAc (3 x 100 mL). The combined 

organic layers were washed with brine (1 x 100 mL), dried (Na2SO4), filtered and the 

solvent was removed in vacuo. The crude material was purified by column 

chromatography using a solvent gradient of 20:80 – 30:70 EtOAc/petrol. This afforded 

pure methoxyphenol 32 as an amorphous black solid (750.4 mg, 2.46 mmol, 50%). 

1H NMR (300 MHz, d6-DMSO) H 3.70 (s, 1H, OCH3), 6.83 (dd, 1H, JH = 3.0, 8.8, H2), 6.91 

(d, 1H, JH = 3.0, H6), 6.94 (two overlapping d, 2H, JH = 9.3, H3, H2’), 8.24 (dd, 1H, JH = 2.7, 

9.6, H3’), 8.90 (d, 1H, JH = 2.7, H5’), 9.50 (s, 1H, NH/OH), 9.91 (s, 1H, NH/OH); 13C NMR 

(75 MHz, d6-DMSO) C 55.5, 112.1, 114.0, 117.2, 117.4, 123.2, 124.5, 129.7, 130.8, 136.1, 
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145.7, 146.6, 152.4; m/z: HRMS (NSI) found  [M+H]+ 306.0720 C13H12N3O6 requires 

306.0721. 

 

2-methoxy-7-nitro-10H-phenoxazine 33 

 

The methoxyphenol 32 (711 mg, 2.3 mmol) and K2CO3 (635.7 mg, 4.6 mmol) were 

stirred in DMF (46.5 mL) at 125C until the reaction was complete by TLC (50:50 

EtOAc/petrol, ca. 5 hours). The reaction was removed cooled to room temperature 

before quenching with H2O (100 mL). The resulting mixture was extracted with EtOAc 

(3 x 50 mL) and the organic layers were combined and washed with H2O (5 x 50 mL) 

and brine (1 x 50 mL), before drying (Na2SO4), filtering and the solvent was removed in 

vacuo. Crude material was purified by column chromatography using a solvent gradient 

of 30:70 – 50:50 EtOAc/petrol. This afforded phenoxazine 33 as an amorphous black 

solid (385.9 mg, 1.49 mmol, 65%). 

1H NMR (300 MHz, d6-DMSO) H 3.65 (s, 3H, OCH3), 6.11 (d, 1H, JH = 2.6, H6), 6.25 (dd, 

1H, JH = 2.8, 8.7, H2), 6.52 (d, 1H, JH = 8.7, H6’), 6.63 (d, 1H, JH = 8.7, H3), 7.32 (d, 1H, JH = 

2.5, H3’), 7.69 (dd, 1H, JH = 2.5, 8.7, H5’), 9.37 (s, 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 

55.25, 100.83, 105.92, 109.92, 112.10, 115.71, 121.61, 130.14, 136.02, 139.14, 139.71, 

142.49, 156.03; m/z: HRMS (ESI) found [M+H]+ 259.0725 C13H11N2O4 requires 

259.0719. 
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tert-butyl 2-methoxy-7-nitro-10H-phenoxazine-10-carboxylate 38 

 

The phenoxazine 33 (376 mg, 1.45 mmol), triethylamine (465 L, 3.33 mmol) and 4-

(dimethylamino)pyridine (53 mg, 0.435 mmol) were dissolved in DMF (4.1 mL). The 

solution was stirred at room temperature for 15 min before addition of di-tert-butyl 

dicarbonate (384 L, 1.67 mmol). The reaction was stirred at room temperature until 

complete by TLC (20:80 EtOAc/petrol ca. 2 hours). The reaction was then quenched into 

H2O (10 mL) before extracting with EtOAc (3 x 15 mL). Combined organics were washed 

with H2O (6 x 10 mL) and brine (2 x 10 mL), dried (Na2SO4), filtered and the solvent was 

removed in vacuo to give the boc-protected phenoxazine 33 as an amorphous yellow 

solid which was used without further purification (507 mg, 1.41 mmol, 98%). 

1H NMR (300 MHz, CDCl3) H 1.57 (s, 9H, t-Bu), 3.80 (s, 3H, OCH3), 6.70 (dd, 1H, JH = 2.9, 

9.0, H2), 6.98 (d, 1H JH = 9.0, H3), 7.11 (d, 1H, JH = 2.9, H6), 7.67 (d, 1H, JH = 8.9, H6’), 7.87 

(d, 1H, JH = 2.6, H3’), 7.95, (dd, 1H, JH = 2.6, 8.9, H5’); 13C NMR (75 MHz, CDCl3) C 28.3, 

56.0, 84.1, 110.7, 112.3, 112.3, 117.0, 118.4, 125.3, 128.6, 135.1, 143.4, 145.3, 150.9, 

151.4, 156.02; m/z: HRMS (ASAP) found [M+H]+ 359.1234 C18H19N2O6 requires 

359.1243.     

 

7-nitro-10H-phenoxazin-2-ol 40 

 

The boc-protected phenoxazine 38 (414 mg, 1.51 mmol) was dissolved in DCM (37 mL) 

and chilled to -78 C before BBr3 1 M in DCM (4.62 mL) was added via a syringe pump 

over the course of 1 hour. At the end of addition the reaction was stirred at -78 C for 1 



Experimental 

 162 

hour before warming to room temperature, where it was stirred until complete by TLC 

(30:70 EtOAc/petrol, ca. 2 hours). The reaction mixture was cooled to -78 C and 

quenched by dropwise addition of sodium bicarbonate solution (50 mL). The layers 

were separated and the aqueous was extracted with EtOAc (3 x 150 mL). The combined 

organic layers were washed with brine (100 mL), dried (Na2SO4), filtered and the 

solvent was removed in vacuo. The crude material was purified by column 

chromatography using a solvent gradient 40:60 – 50:50 EtOAc/petrol to afford the N-

boc-deprotected phenol 40 as amorphous black solid (147.8 mg, 0.605 mmol, 40%). 

1H NMR (300 MHz, d6-DMSO) H 6.03-6.09 (m, 2H, H2 and H6), 6.48-6.51 (m, 2H, H6’ 

and H3), 7.29 (d, 1H, JH = 2.6, H3’), 7.67 (dd, 1H, JH = 2.6, 8.8, H5’), 9.19 (s, 1H, OH), 9.28 

(s, 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 101.6, 107.9, 109.8, 111.9, 115.8, 121.5, 

129.8, 134.7, 139.4, 139.5, 142.6, 154.1; m/z: HRMS (NSI) found [M+Na]+ 267.0380 

C12H8N2O4Na requires 267.0376.   

 

2-(2-fluoroethoxy)-7-nitro-10H-phenoxazine 43 

 

The N-boc-deprotected phenol 40 (20 mg, 0.0819 mmol), was stirred with K2CO3 (22.6 

mg, 0.164 mmol) in MeCN (0.8 mL) at room temperature for 15 min before addition of 

2-fluoroethyl tosylate 16 (19.7 mg, 0.090 mmol) and heating to 75 C until complete by 

LCMS (ca. 16 hours). The reaction was cooled, filtered and washed with MeCN before 

concentrating in vacuo. The crude material was purified by column chromatography 

(30:70 EtOAc/petrol) to give the fluoroethyl phenoxazine 43 as amorphous dark brown 

solid (9.3 mg, 0.0320 mmol, 39%). 

1H NMR (300 MHz, d6-DMSO) H 4.11 (dm, 2H, JF = 30.2, OCH2CH2F), 4.69 (dm, 2H, JF = 

48.1, OCH2CH2F), 6.13 (d, 1H, JH = 2.8, H6), 6.28 (dd, 1H, JH = 2.8, 8.8, H2), 6.53 (d, 1H, JH = 
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8.8, H6’), 6.62 (d, 1H, JH = 8.8, H3), 7.31 (d, 1H, JH = 2.4, H3’), 7.68 (dd, 1H, JH = 2.6, 8.8, 

H5’), 9.35 (s, 1H, NH); 13C NMR (75 MHz, d6-DMSO) C 67.3 (d, JF = 17.1), 82.1 (d, JF = 

165.7), 101.5, 106.6, 109.9, 112.1, 115.7, 121.6, 130.2, 136.3, 139.0, 139.7, 142.4, 154.9; 

19F NMR (proton decoupled) (282 MHz, d6-DMSO) F -222.1; m/z: HRMS (ASAP) found 

[M+H]+ 291.0780 C14H12FN2O4 requires 291.0780; HPLC Method A: r.t. = 7.08 min, 

97.6%area.  

 

N1-(2,4-dinitrophenyl)-5-methoxybenzene-1,2-diamine 47 

 

The 4-methoxy-o-phenylenediamine 46 (100 mg, 0.729 mmol), 1-chloro-2,4-

dinitrobenzene 8 (147.7 mg, 0.729 mmol) and K2CO3 (302.25 mg, 2.187 mmol) were 

dissolved in DMF (0.75 mL) and the resulting slurry stirred at 100C for until complete 

by TLC (50:50 EtOAc/hexane, ca. 5 hours). The reaction was cooled to room 

temperature before diluting with EtOAc (10 mL). This solution was washed with sodium 

bicarbonate solution (1 x 10 mL), H2O (1 x 10 mL) and brine (1 x 10 mL). The combined 

aqueous layers were extracted with EtOAc (1 x 20 mL). Combined organics were dried 

(Na2SO4), filtered and solvent removed in vacuo to afford 241.9 mg of crude material. 

189.9 mg was purified by column chromatography (30:70 EtOAc/hexane) to afford the 

dianiline 47 as an amorphous red solid (99.9 mg, 0.328 mmol, 45%). Remaining crude 

material was progressed without further purification. 

1H NMR (300 MHz, d6-DMSO) H 3.71 (s, 3H, OCH3), 5.30 (s, 2H, NH2), 6.22 (dd, 1H, JH = 

2.9, 8.5, H6), 6.37 (d, 1H, JH = 2.9, H2), 6.62 (d, 1H, JH = 9.7, H6’), 6.96 (d, 1H, JH = 8.5, H5), 

8.20 (dd, 1H, JH = 2.6, 9.7, H5’), 8.89 (d, 1H, JH = 2.6, H3’), 9.62 (s, 1H, NH); 13C NMR (75 

MHz, d6-DMSO) C 54.9, 99.9, 102.3, 114.3, 116.7, 123.1, 129.3, 129.6, 130.8, 135.5, 
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146.0, 148.5, 159.7; m/z: HRMS (ASAP) found [M+H]+ 305.0878 C13H13N4O5 requires 

305.0886.  

 

N-(2-((2,4-dinitrophenyl)amino)-4-methoxyphenyl)acetamide 45 

 

The dianiline 47 (100 mg, 0.460 mmol) was dissolved in acetic anhydride (9.5 mL, 100.7 

mmol) and pyridine (1.98 mL, 24.6 mmol) and stirred at room temperature until 

complete by TLC (50:50 EtOAc/hexane, ca. 5 hours). The reaction mixture was 

quenched with ice water (20 mL) and the resulting slurry was stirred for 30 min before 

extracting with DCM (2 x 20 mL). The combined organics were washed with H2O (20 

mL), dried (Na2SO4), filtered and solvent was removed in vacuo. This yielded the 

acetamide 45 as an amorphous yellow solid, which did not require further purification 

(158.1 g, 0.457 mmol, quantitative). 

1H NMR (300 MHz, d6-DMSO) H 1.97 (s, 3H, O=CCH3), 3.79 (s, 3H, OCH3), 6.72 (d, 1H, JH 

= 9.6, H5), 6.89 (dd, 1H, JH = 2.8, 8.8, H6), 7.30-7.34 (m, 2H, H2 and H6’), 8.18 (dd, 1H, 

2.8, 9.6, H5’), 8.89 (d, 1H, JH = 2.8, H3’), 9.69 (s, 1H, NH), 9.85 (s, 1H, NH); 13C NMR (75 

MHz, d6-DMSO) C 23.4, 55.5, 109.5, 111.1, 116.6, 122.5, 123.3, 128.8, 129.7, 131.1, 

135.4, 136.0, 147.6, 158.5, 169.1. 
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N-(2-((2,4-dinitrophenyl)amino)-5-methoxyphenyl)acetamide 48 

 

The acetamide 45 (100 mg, 0.29 mmol) was dissolved in DMF (2.7 mL) and K2CO3 (180 

mg, 1.30 mmol) was added and resulting mixture was heated at 125°C for four days 

after which the reaction was cooled and quenched into H2O. After extraction with DCM 

(3 x 5 mL), the combined organics were washed with H2O (1 x 5 mL), dried (Na2SO4), 

filtered and the solvent removed in vacuo. The residue was taken up in EtOAc (5 mL) 

and washed with H2O (3 x 5 mL) before drying (Na2SO4), filtering and the solvent was 

removed in vacuo. The crude material was purified by column chromatography (30:70 

EtOAc/cHexane) to give recovered acetamide 45 (82.3 mg, 0.24 mmol, 82.8%) and its 

acetamide isomer 48 (7.2 mg, 0.021 mmol, 7.2%). 

1H NMR (300 MHz, d6-DMSO) H 1.95 (s, 3H, O=CCH3), 3.76 (s, 3H, OCH3), 6.95-7.03 (m, 

3H, H2, H6 and H2’), 7.43 (d, 1H, JH = 8.8, H5), 8.21 (dd, 1H, JH = 2.8, 9.6, H3’), 8.89 (d, 1H, 

JH = 2.8, H5’), 9.73 (s, 1H, NH), 9.96 (s, 1H, AcNH); 13C NMR (75 MHz, d6-DMSO) C 22.9, 

55.5, 111.9, 113.6, 117.1, 123.2, 126.5, 126.6, 129.7, 131.4, 132.1, 136.4, 146.5, 157.2, 

169.0. 

 

2-((10-acetyl-7-nitro-10H-phenothiazin-3-yl)oxy)ethyl 4-methylbenzenesulfonate 53 

 

The phenol 14 (348 mg, 1.15 mmol) and K2CO3 (891 mg, 6.45 mmol) were 

dissolved/slurried in MeCN (80 mL) to give a red mixture that was stirred at room 

temperature for 20 min before addition of ethylene di(p-toluenesulfonate) 52 (865.7 
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mg, 2.33 mmol) dissolved in MeCN (20 mL). The reaction was heated to reflux and 

stirred for 16 hrs before cooling to room temperature, filtering and removal of solvent in 

vacuo. The crude material was purified by column chromatography and the 

ethyltosylated phenothiazine 53 was eluted with a solvent gradient of 30:70 – 100:0 

EtOAc/hexane and was isolated as an amorphous red solid (221.4 mg, 0.442 mmol, 

38%). 

1H NMR (300 MHz, d6-DMSO) H 2.15 (s, 3H, Me (OAc)), 2.39 (s, 3H, Me (OTs)), 4.20-4.23 

(m, 2H, OCH2CH2OTs), 4.33-4.36 (m, 2H, OCH2CH2OTs), 6.90 (dd, 1H, JH = 2.8, 8.8, H6), 

7.07 (d, 1H, JH = 2.8, H2), 7.45 (d, 2H, JH = 8.3, H8), 7.55 (d, 1H, JH = 8.8, H5), 7.79 (d, 2H, JH 

= 8.3, H7), 7.83 (d, 1H, JH = 8.8, H5’),  8.23 (dd, 1H, JH = 2.6, 8.8, H4’), 8.41 (d, 1H, JH = 2.6, 

H2’); 13C NMR (75 MHz, d6-DMSO) C 21.0, 22.6, 65.9, 68.9, 113.2, 114.5, 122.3, 122.9, 

127.6, 128.0, 128.2, 130.1, 130.8, 132.2, 132.2, 133.6, 144.4, 145.0, 145.3, 156.3, 168.5; 

m/z: HRMS (NSI) found [M+NH4]+ C23H24N3O7S2 518.1038 requires 518.1050; HPLC 

Method A: r.t. = 10.9 min, 92.1%area.  

 

2-(2-((10-acetyl-7-nitro-10H-phenothiazin-3-yl)oxy)ethoxy)ethyl 4-methyl-

benzenesulfonate 54 

 

The phenol 14 (170 mg, 0.56 mmol) and K2CO3 (431 mg, 3.11 mmol) were slurried in 

MeCN (40 mL) at room temperature for 25 min before addition of diethylene glycol di(p-

toluenesulfonate) (515 mg, 1.23 mmol) dissolved in MeCN (5 mL). A further 9 mL MeCN 

was used for rinsing. The reaction was heated to reflux and stirred for 16 hrs before 

cooling to room temperature, filtering and removal of solvent in vacuo. The crude 

material was purified by column chromatography and the PEG-tosylated phenothiazine 
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54 was eluted with a solvent gradient of 30:70 – 100:0 EtOAc/hexane and was isolated 

as a viscous red oil (170.3  mg, 0.312 mmol, 56%). 

1H NMR (300 MHz, CDCl3) H 2.22 (s, 3H, Me (OAc)), 2.42 (s, 3H, Me (OTs)), 3.74-3.82 

(m, 4H, OCH2CH2OCH2CH2OTs), 4.06-4.09 (m, 2H, OCH2CH2OCH2CH2OTs), 4.17-4.20 (m, 

2H, OCH2CH2OCH2CH2OTs), 6.90 (dd, 1H, JH = 2.8, 8.8, H6), 6.97 (d, 1H, JH = 2.8, H2), 7.30-

7.33 (m, 3H, H4’ and H8), 7.71 (d, 1H, JH = 8.8, H5), 7.79 (d, 2H, JH = 8.2, H7), 8.17 (dd, 1H, 

JH = 2.5, 8.8, H5’), 8.27 (d, 1H, JH = 2.5, H2’); 13C NMR (75 MHz, CDCl3) C 21.8, 23.1, 68.1, 

69.1, 68.3, 69.8, 113.7, 114.6, 122.2, 123.0, 127.6, 128.0, 128.1, 130.0, 131.1, 133.1, 

133.3, 134.5, 144.8, 145.0, 145.8, 157.8, 169.4; m/z: HRMS (ASAP) found [M+H]+ 

545.1053 C25H25N2O8S2 requires 545.1052; HPLC Method A: r.t. = 11.1 min, 93.2%area.  

 

12.1.3  Project 2: Targeting TSPO 

9-(2-(benzyloxy)ethyl)-8-chloro-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxylic 

acid 69 

 

The ester 65 (100 mg, 0.226 mmol) and NaOH (60 mg, 1.49 mmol) were dissolved in 

10:1 EtOH/H2O (3 mL), heated to 80C and stirred for 16 hrs. Upon reaction completion, 

as shown by LCMS, the reaction mix was cooled to room temperature and the EtOH 

removed in vacuo. The residue was taken up in 50:50 Et2O/H2O (10 mL) and the layers 

separated. The organic layer was dried (MgSO4), and solvent removed in vacuo. The 

aqueous layer was acidified to pH 1 (2M HCl) and extracted with DCM (2 x 10 mL). The 

combined organics were dried (MgSO4) and the solvent removed in vacuo to give the 

acid 69 as a viscous brown oil (62.7 mg, 0.152 mmol, 67%). 
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1H NMR (300 MHz, CDCl3) H 1.83-2.20 (m, 4H, H9 and H10), 2.65-2.85 (m, 2H, H8), 

3.78-3.87 (m, 5H, H13 and H15), 4.09-4.17 (m, 1H, H11), 4.40 (s, 2H, H17), 4.44-4.72 (m, 

2H, H14), 6.40 (d, 1H, JH = 8.4, H1), 6.93 (d, 1H, JH = 8.4, H2), 7.13-7.33 (m, 5H, H19, H20, 

H21, H22 and H23)  

 

Ethyl 9-(2-fluoroethyl)-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxylate 66 

 

The halogenated tricycle 64 (309 mg, 0.873 mmol) was dissolved in MeOH (12 mL) and 

Et3N (146 L, 1.05 mmol). The resulting solution was added to an evacuated flask 

containing 10% Pd/C (117 mg). H2 was then bubbled through the vented reaction 

mixture for 10 min before leaving the reaction to stir under a H2 atmosphere until 

complete by LCMS (ca. 2.5 hours). After purging with N2 the reaction mix was filtered 

through celite and the solvent removed in vacuo. The residue was taken up in EtOAc (60 

mL) and washed with 10% bicarbonate solution (50 mL). The layers were separated and 

the organic layer was dried (MgSO4), filtered and the solvent removed in vacuo to give 

the dehalogenated tricycle 66 as a beige solid (165 mg, 0.518 mmol, 59%). 

1H NMR (300 MHz, d6-DMSO) H 1.25 (t, 3H, H18), 1.82-2.16 (m, 4H, H9 and H10), 2.61-

2.82 (m, 2H, H8), 3.82 (s, 3H, H13), 4.07-4.22 (m, 3H, H11 and H17), 4.30 (dt, 2H, JH = 5.4, 

JF = 24.0, H14), 4.65 (dt, 2H, JH = 5.4, JF = 47.0, H15), 6.46 (d, 1H, JH = 7.9, H3), 6.84 (d, 1H, 

JH = 7.9, H1), 7.04 (t, 1H, JH = 7.9, H2).  
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8-chloro-9-(2-fluoroethyl)-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxylic acid 

67 

 

The ester 66 was dissolved in EtOH (1.7 mL) before addition of 2.4 M NaOH (2.6 mL). 

The resulting solution was heated to reflux and stirred for 16 hrs until complete by 

LCMS. After cooling, the solvent was removed in vacuo and the residue taken up in H2O 

(5 mL) before acidifying with 2 M HCl(aq) (4 mL). The acidic solution was then extracted 

with DCM (3 x 5 mL) and the combined organics were dried (MgSO4), filtered and 

solvent removed in vacuo to give the acid 67 as an amorphous white solid (140 mg, 

0.480 mmol, 93%). 

1H NMR (300 MHz, d6-DMSO) H 1.20-2.44 (m, 4H, H9 and H10), 2.57-2.83 (m, 2H, H8), 

3.99 (s, 3H, H13), 4.12-4.18 (m, 1H, H11), 4.31 (dt, JH = 5.4, JF = 24.4, H14), 4.66 (dt, 2H, JH 

= 5.4, JF = 46.8, H15), 6.59 (d, 1H, JH = 7.9, H3), 6.94 (d, 1H, JH = 7.9, H1), 7.11 (t, 1H, JH = 

7.9, H2).  
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N-benzyl-8-chloro-N-ethyl-9-(2-fluoroethyl)-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-

4-carboxamide GE387  

Via 

9-(2-fluoroethyl)-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carbonyl chloride 68 

 

The acid 67 (20 mg, 0.067 mmol,) was dissolved in DCM (0.9 mL) before addition of 

oxalyl chloride (17 L, 0.201 mmol) and DMF (5 L). After three hours, the solvent was 

removed in vacuo and the crude acid chloride intermediate 68 was used immediately in 

the next stage (assuming quantitative yield).  

The acid chloride intermediate 68 (21 mg, 0.067 mmol) was dissolved in DCM (1.68 mL) 

and cooled to 0C before dropwise addition of N-ethylbenzylamine (30 L, 0.200 mmol).  

The reaction mix was left to warm to room temperature for 16 hrs before quenching the 

reaction with 10% potassium carbonate (0.9 mL). The layers were separated and the 

organic layer was dried (MgSO4), filtered and solvent removed in vacuo to give the crude 

GE387 as an orange solid (109.5 mg).  

GE387: 1H NMR (300 MHz, CDCl3) δH 1.32 (3H, t, J = 7 Hz, H18), 2.20-1.80 (4H, m, H9 

and H10), 2.88-2.61 (2H, m, H8), 3.83-3.41 (2H, m, H17), 3.62 (3H, s, H14), 4.31 (2H, dt, J 

= 5 and 24Hz, H14), 4.60-4.40 (3H, m, H15 and H11), 4.80-4.65 (2H, m, H19), 6.43 (1H, d, 

J = 8 Hz, H3), 6.84 (1H, d, J = 8 Hz, H1), 7.02 (1H, t, J = 8 Hz, H2), 7.42-7.21 (5H, m, H21, 

H22, H23), 
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12.2 Radiochemistry 

12.2.1 General Experimental 

[18F]Fluoride was produced via the nuclear reaction 18O(p,n)18F in a target containing 

enriched [18O]H2O supplied from Sercon or Rotex or via in house recycling through 

distillation of  recovered [18O]H2O. The target was bombarded with a beam (40 A) of 

protons accelerated to 16 MeV from a GE PETtrace cyclotron. At the end of irradiation, 

radioactivity was transferred from the target to an appropriate vessel using a flow of 

He2 (99.999% purity).  

Radioactivity was measured using a Capintec CRC®-15R radionuclide dose calibrator.  

Decay corrected radiochemical yields (DCRCY) were calculated from amount of 

formulated [18F]radioligand and initial amount of [18F]fluoride,  decay corrected to the 

same time. Radiochemical yield was calculated from amount of formulated 

[18F]radioligand and initial amount of [18F]fluoride. Below are the formulae used for 

calculating radiochemical yields, both decay corrected (Equation 2) and non-decay 

corrected (Equation 3). 

𝐷𝐶𝑅𝐶𝑌 =  (
(𝑌 × 𝑒𝑘𝑡)

𝑋
) × 100 

Equation 2 - Calculation of decay corrected radiochemical yield where X = starting activity, Y = 

product activity, t = minutes between measurements of starting and product activity. k is defined by 

Equation 4. 

𝑅𝐶𝑌 = (
𝑌

𝑋
) × 100 

Equation 3 - Calculation of radiochemical yield X = starting activity and Y = product activity, 

𝑘 =
ln(2)

𝑡1/2
 

Equation 4 - Calculation of k where t1/2 is the radionuclide half-life (min). 

Manual and automated radiolabelling reactions were carried out in lead-shielded 

hotcells. Automated radiochemical reactions were performed on a TRACERlab FXFN (GE 
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Healthcare) automated module, operated by the accompanying software (TRACERlab 

FXFN).  

Fluoride was trapped on Sep-Pak® Light (46 mg) Accell Plus QMA cartridge (Waters). 

Solid phase extraction (SPE) was performed using Sep-Pak® C18 Plus Light (Waters) 

Semi-preparative HPLC was performed on the HPLC system associated with the GE 

TRACERlab FXFN using conditions described in section 12.2.1.1. 

Analytical high-performance liquid-chromatography (HPLC) was performed on 

ThermoScientific UltiMate 3000 system coupled to an associated radiodetector and data 

analysed using Chromeleon 7.   

12.2.1.1 HPLC Methods 

Analytical HPLC 

Method A 

Isocratic method – eluent: 60:40 MeCN/0.1 M Ammonium Formate, pH 4.5. Flow Rate: 

1.5 mL/min. Run time: 12 min. Column: Phenomenex Luna, 5 μm, C18(2), 100Å, 250 x 

4.6 mm. Serial No. 675295-11. 

Method B 

Gradient method: (pre-injection) 1 min equilibration at 10:90 MeCN/H2O. (post-

injection) 1 min isocratic at 10:90 MeCN/H2O, 2 min gradient to 70:30 MeCN/H2O, 3 min 

isocratic at 70:30 MeCN/H2O. Flow rate: 1.5 mL/min. Run time: 6 min (7 min including 

equilibration time). Column: ACE® UltraCore, Super C18, 2.5 μm, 50 x 4.6 mm. Serial No. 

A133239. 

Method C 

Gradient method: (pre-injection) 2 min equilibration at 10:90 MeCN/H2O. (post-

injection) 3 min isocratic at 10:90 MeCN/H2O, 2 min gradient to 80:20 MeCN/H2O, 6 min 

isocratic at 80:20 MeCN/H2O. Flow rate: 1.5 mL/min. Run time: 11.5 min (13.5 min 

including equilibration time). Column: Phenomenex Luna, 5 μm, C18(2), 100Å, 250 x 4.6 

mm. Serial No. 675295-11. 
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Semi-Preparative-HPLC 

Method D 

Isocratic method - eluent: 40:60 MeCN/0.1 M ammonium formate, pH 4.5. Flow rate: 3 

min at 2 mL/min, 2 min at 3 mL/min then 5 mL/min. Column: ACE® 5μm, C18, 100Å, 

100 x 10 mm. Serial No. ACE 160433. 

Method E 

Isocratic method – eluent: 48:52 MeCN/H2O. Flow rate: 5mL/min. Column: ACE® 5μm, 

C18, 100Å, 100 x 10 mm. Serial No. ACE 160433. 

12.2.1.2 Fluoride Drying Procedure 

Preparation of K222 Stock Solution 

Kryptofix K222 (49 mg) and K2CO3 (5.6 mg) were dissolved in 5:2 MeCN/H2O (7 mL) 

Module Set up 

Vial 1 – K222 solution (1 mL) 

Vial 2 – MeCN (2 mL)  

[18F]Fluoride Separation cartridge - Sep-Pak® Light (46 mg) Accell Plus QMA cartridge. 

Procedure 

[18F]fluoride was eluted from the cyclotron as an aqueous solution and was transferred 

to a GE TRACERlab FXFN automated module with a flow of N2. This solution was passed 

through a Sep-Pak® Light (46 mg) Accell Plus QMA anion exchange cartridge (Waters). 

The [18F]fluoride was eluted into the reactor with a solution of K222 and K2CO3 

(preparation described above) before azeodrying at 100°C  under vacuum with three 

portions of anhydrous acetonitrile (3 x 666 μL). 

12.2.2 Project 1: Targeting α-Synuclein Fibrils 

12.2.2.1 Manual Radiosynthesis 

Fluoride was dried on the TRACERlab FXFN as described in section 12.2.1.2 before 

dissolving in anhydrous DMSO (1 mL) and eluting from the module. The [18F]Fluoride 
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solution (0.5 mL) was added to a vial containing radiolabelling precursor 53 (1 mg). The 

reaction mixture was heated to the reaction temperature (105, 110 or 117°C) and 

samples (~100 μL) were taken every 5 min up to 20 min. The samples were quenched 

into either cold MeCN (100 or 150 μL for reactions at 105 and 110°C respectively) or 1:1 

MeCN/0.1 M ammonium formate pH 4.5 (150 μL for reactions at 117°C) and analysed by 

analytical HPLC Method A. 

12.2.2.2 Automated Radiosynthesis of [18F]SIL26 and [18F]3 

Module Set Up 

Vial 1 – K222 solution (1 mL) 

Vial 2 – MeCN (2 mL)  

Vial 3 – Precursor 53 or 54 (~1 mg) dissolved in DMSO (1 mL) 

Vial 4 – Empty 

Vial 5 – Empty 

Vial 6 – Empty 

Vial 7 – 0.9% w/v saline (1-5 mL, varied depending on final volume required)  

Vial 8 – EtOH (1 mL) 

Vial 9 – H2O (15 mL) 

[18F]Fluoride Separation cartridge - Sep-Pak® Light (46 mg) Accell Plus QMA cartridge 

Cartridge position 1 – Empty 

Cartridge position 2 – Sep-Pak® C18 cartridge (Waters) (preconditioned with EtOH 

(1mL) then H2O (10 mL)) 

HPLC Preparation Vial – 0.1 M Ammonium formate pH 4.5 (1 mL) 

HPLC Elution Vial – H2O (15 mL) 

Formulation Vial – 0.9% w/v saline (1-5 mL, varied depending on final volume required) 

Procedure 

After drying [18F]fluoride (as described in section 12.2.1.2), the precursor 53 or 54 (1 

mg) in anhydrous DMSO (1 mL) was added to the reactor and heated to 117C for 20 
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min. After rapid cooling to 40°C with compressed air, the reaction mixture was eluted 

from the reactor and mixed with 0.1 M ammonium formate pH 4.5  (1 mL) in the HPLC 

preparation vial before purifying by semi-preparative HPLC (Method D). A single 

radiolabelled product was observed, which was collected and diluted with water (15 

mL) before passing through a Sep-Pak® C18 Plus Light cartridge. The product was eluted 

with EtOH (1 mL) and formulated with 0.9% w/v saline (2-9 mL) before eluting from 

the module. Synthesis of the radiolabelled product was confirmed by co-injection to 

analytical HPLC with cold reference standard.  

Automated Radiosynthesis Results Summary 

For [18F]SIL26: Starting activity 6.6 ± 3.6 GBq (n = 9), product activity 0.9 ± 0.6 GBq (n = 

9), radiochemical purity 96.3 ± 2.6% (n = 9), radiolabelling yield 21.7 ± 8.8% decay 

corrected to EOB or 13.1 ± 6.3% radioactivity yield (n = 9), and molar radioactivity 

553.7 ± 17.8 GBq/mol (n = 4) at end of synthesis. Total synthesis time was 65.5 ± 1.9 

min (n = 9) from EOB. Semi-prep HPLC retention time was 25.7 ± 1.3 min. 

For [18F]3: Starting activity 8.6 ± 0.3 GBq (n = 2), product activity 0.9 ± 0.7 GBq (n = 2), 

radiochemical purity 98.5 ± 0.7% (n = 2), radiolabelling yield 15.5 ± 12.0% decay 

corrected to EOB or 10.0 ± 8.5% radioactivity yield (n = 2) at end of synthesis. Total 

synthesis time was 62.1 ± 2.5 min (n = 2) from EOB. Semi-prep HPLC retention time was 

22.5 ± 1.6 min. 

12.2.3 Project 2: Targeting TSPO 

12.2.3.1 Manual Radiosynthesis 

Fluoride was dried as described in section 12.2.1.2 and dissolved in MeCN (4mL) before 

eluting from TRACERlab FXFN. The resulting solution was divided into three portions, 

two of which the MeCN was removed at 100°C under a flow of N2 before dissolving in 

DMF or DMSO. Precursors 72 and 73 were dissolved to a concentration of 1mg/mL in 

MeCN, DMSO and DMF to afford three solutions of each precursor. For each reaction, 
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four HPLC vials were prepared containing precursor solution (125 μL) and fluoride 

solution (125 μL) of equivalent solvent. The vials were heated in a heating block to the 

desired temperature (80, 100 or 120°C) and a single vial was removed at each time 

point (2, 5, 10, 20 min) and quenched with 1:1 MeCN/H2O (300 μL) before analysing 

directly by HPLC using analytical HPLC Method B. A portion of the sample from 20 min 

was taken and used for co-injection with cold GE387 reference standard to confirm 

synthesis of desired product.  

12.2.3.2 Automated Radiosynthesis 

Module Set Up 

Vial 1 – K222 solution (1 mL) 

Vial 2 – MeCN (2 mL)  

Vial 3 – Precursor (~1 mg) dissolved in MeCN (1 mL) 

Vial 4 – MeCN (1 mL) 

Vial 5 – Empty 

Vial 6 – Empty 

Vial 7 – 0.9% w/v saline (2 mL)  

Vial 8 – EtOH (0.5 mL) 

Vial 9 – H2O (15 mL) 

[18F]Fluoride Separation cartridge - Sep-Pak® Light (46 mg) Accell Plus QMA cartridge 

Cartridge position 1 – Empty 

Cartridge position 2 – Sep-Pak® C18 cartridge (Waters) (preconditioned with EtOH 

(1mL) then H2O (10 mL)) 

HPLC Preparation Vial – H2O (1 mL) 

HPLC Elution Vial – H2O (15 mL) 

Formulation Vial – 0.9% w/v saline (2.5 mL) 
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Procedure 

After drying [18F]fluoride, the precursor 72 (1-1.5 mg) in anhydrous MeCN (1 mL) was 

added to the reactor and heated to 100C for 20 min. After rapid cooling with 

compressed air, an aliquot of MeCN (1mL) was added to the reactor and the crude 

reaction mixture was eluted into the HPLC preparation vial where it was quenched with 

water (1 mL) before purifying by semi-preparative HPLC (Method E). A single 

radiolabelled product was observed and the radiopeak was collected and diluted with 

water (15 mL) before passing through Sep-Pak® C18 cartridge to trap the product. The 

product was then eluted with ethanol (0.5 mL) and formulated with saline (4.5 mL) 

before eluting from the module. The formulated product was then subject to analytical 

HPLC analysis, including co-injection with cold reference using analytical HPLC Method 

C.  

Automated Radiosynthesis Results Summary 

Starting activity 8.9 ± 3.1 GBq (n = 9), product activity 1.2 ± 0.5 GBq (n = 9), 

radiochemical purity 96.3 ± 1.6% (n = 9), radiolabelling yield 20.8 ± 4.5% decay 

corrected to EOB or 13.6 ± 2.8% radioactivity yield (n = 9), and molar radioactivity 93.2 

± 50.6 GBq/mol (n = 9) at end of synthesis. Total synthesis time is 63.0 ± 0.7 min (n = 

9) from EOB. Semi-prep HPLC retention time was 23.7 ± 0.6 min (n = 7). 

12.3 Biophysical 

12.3.1 Microscale Thermophoresis 

MST experiments were carried out on Monolith NT.115 instrument and the data 

analysed using NTAffinity Analysis v1.5.41 or v.2.0.1334. 

12.3.1.1 α-Syn Fibril Preparation 

α-syn fibrils for these experiments were prepared by collaborator Dr. Alexander Büell. 

The wild type and fluorescently labeled α-syn protein was produced as reported 
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previously by Pinotsi et al.203 The fibrils were then prepared in the following manner 

according to the protocol reported by Wolff et al.204  

5% by mass of (unlabeled) wild-type α-syn seed fibrils were incubated with a total of 50 

μM of monomeric protein; 2% Alexa-647 labeled N122C cysteine variant α-syn 

monomers and 98% unlabeled wild-type α-syn monomers in 20 mM phosphate buffer, 

pH 6.5. The samples were incubated at 37 °C overnight, then they were diluted 1:2 into 

H2O, sonicated for 3 s, and incubated at room temperature overnight. Then the samples 

were flash frozen in liquid nitrogen and stored at −80 °C until used. 

12.3.1.2 Optimised Conditions 

After optimisation, all experiments were performed: using standard grade capillaries 

(NanoTemper Technologies, Munich, Germany); using 5.5 mM tris buffer (pH 7.4), which 

was spiked with 10% DMSO for preparation of compound dilution series; immediately 

prior to each experiment, α-syn fibrils (2% labeling density) were diluted from a 50 μM 

stock solution to 1 μM and sonicated (Branson 1510 sonicator) for 1 minute 

(concentration of α-syn fibrils once in capillaries was 500 nM); the compounds were 

mixed with α-syn fibrils (1:1) and loaded into the capillaries (via capillary action) before 

loading into the MST instrument and incubating at 25°C for 30mins before running the 

MST experiment; all experiments were run using 70% IR-laser power and 40% MST 

power (except for experiments with ThT which used 80% MST power). 

12.3.1.3 Compound Stock Solutions 

Stock solutions of each compound under investigation were made by dissolving a known 

amount of the solid in DMSO to give a final concentration of 10 mM. PiB solid was used 

in the form of PiB.HCl. 

12.3.1.4 Compound Analysis 

Prior to each experiment, the compounds were diluted from their 10 mM DMSO stock 

solutions to the following concentrations ensuring a final concentration of 10% DMSO: 

200 M SIL26 and PiB; 100 M SU4312; 40 M ThT; and 25 M SIL5. To prepare the 



Experimental 

 179 

compound dilution series, each of these solutions were then serially diluted 1:1 with 

buffer containing 10% DMSO until 15 concentrations were achieved for each compound. 

After 1:1 dilution with α-syn fibrils the highest concentration within the capillaries was: 

100 M SIL26 and PiB; 50 M SU4312; 20 M ThT; and 12.5 M SIL5.  

12.3.1.5 SD-Test 

The dilution series for SIL5 and PiB were prepared as described above. The three 

highest and three lowest concentrations of each compound were mixed 1:1 with α-syn 

fibrils (1 M before 1:1 dilution) and ~10 L of the resulting solutions was loaded into 

standard grade capillaries, incubated for 30 min at 25°C, and a capillary scan performed. 

Meanwhile, the remaining (~25 μL) of each solution was centrifuged (20 min, 10,000 

RPM, Eppendorf 5415D Centrifuge) and 10 L of the supernatant was mixed well with 

10 L SD-mix (40 mM 1,4-dithiothreitol (DTT), 4% sodium dodecyl sulphate (SDS) in 

water) and incubated at 95°C for 5 min. After cooling to room temperature, the solutions 

were centrifuged for 30 s (as previous) and a standard grade capillary was filled with 

each supernatant and a cap scan performed immediately. 

12.3.1.6 Denaturing Test 

The dilution series for SIL5 and PiB were prepared as described above. The three 

highest and three lowest concentrations of each compound were mixed 1:1 with α-syn 

fibrils (1 M before 1:1 dilution) and the resulting solutions loaded into standard grade 

capillaries, incubated for 30 min at 25°C, and a capillary scan performed. Meanwhile, a 

portion of diluted and sonicated α-syn fibrils were incubated at 100°C for 10 min. After 

cooling to room temperature, these denatured fibrils were mixed 1:1 with the three 

highest and three lowest concentrations of SIL5 and PiB and the resulting solutions 

loaded into standard grade capillaries, incubated for 30 min at 25°C, and a capillary scan 

performed. 
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12.3.1.7 Data Analysis186 

The binding equilibrium between protein fibrils and small molecules is expressed by 

Equation 5 and Kd is defined by Equation 6. 

P + L ⇔ PL  

Equation 5 - Binding equilibrium between protein fibrils (P) and small molecules (L), where PL is 

the bound complex of the protein and small molecule. 

𝐾d =
[P][L]

[PL]
   

Equation 6 - Definition of Kd, where [P] is the concentration of unbound protein, [L] is the 

concentration of unbound small molecule and [PL] is the concentration of bound protein-small 

molecule complex. 

The total concentration of protein (CP) and total concentration of small molecule (CL) are 

defined by Equation 7 and Equation 8. 

CP = [P] + [PL]  

Equation 7 - Concentration of protein. 

CL = [L] + [PL]  

Equation 8 - Concentration of small molecule. 

Combination of Equation 6, Equation 7 and Equation 8 gives us Equation 9. 

𝑥 =
[PL]

CP
=

CP + CL + 𝐾d − √(CP + CL + 𝐾d)2 − 2CPCL

2CP
  

Equation 9 – where 𝒙 is the fraction of bound complex to total protein. 

In each capillary, the CP and CL are known. Therefore the unknown parameter in 

Equation 9 is Kd. 

In an MST experiment, a non-fluorescent small molecule binds to labelled protein 

(fluorescent species) and forms a fluorescent complex. Fnorm, which is the relative 

normalised florescence, is determined during the experiment and the thermophoretic 

signals of the bound species and unbound species are linearly superposed and described 

by Equation 10. 
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𝐹𝑛𝑜𝑟𝑚 = (1 − 𝑥)𝐹𝑛𝑜𝑟𝑚,𝑢𝑛𝑏𝑜𝑢𝑛𝑑 + 𝑥𝐹𝑛𝑜𝑟𝑚,𝑏𝑜𝑢𝑛𝑑   

Equation 10 - Fnorm is given by normalised fluorescence of the bound and unbound species. 

Combination of Equation 9 and Equation 10 gives us Equation 11. 

Fnorm = (1 −
CP + CL + 𝐾d − √(CP + CL + 𝐾d)2 − 2CPCL

2CP
)Fnorm,unbound

+
CP + CL + 𝐾d − √(CP + CL + 𝐾d)2 − 2CPCL

2CP
Fnorm,bound   

Equation 11 

Analysing the change of Fnorm allows the value of Kd , Fnorm,unbound and Fnorm,bound  to be 

quantified by fitting Equation 11 to at least 15 groups of  CL and Fnorm. 

12.3.2 Thioflavin-T Fluorescence Competition Assay 

Fluorescence assay measurements were made using Corning® 96 well plates, black 

polystyrene, NBSTM, non-sterile, and shaken for one hour on a Stuart Scientific Mini 

Orbital Shaker SO5. The plates were read using ‘Fluorescence Top Reading’ mode of 

FLUORstarOmega, BMG Labtech instrument fitted with excitation filter of 450 nm and 

an emission filter 485 nm. The data was exported from the associated Omega data 

analysis tool to Microsoft Excel before being analysed using Graphpad Prism 5.0 using 

non-linear ‘one site total’ fitting for ThT saturation binding experiments, and non-linear 

‘log(inhibitor) vs. response’ fitting for determination of compounds Ki.  

12.3.2.1 α-Syn Fibril Preparation 

α-Syn fibrils were prepared by collaborators Dr. Alexander Büell and Patrick Flagmier 

(Department of Chemistry, University of Cambridge). The fibrils were prepared as 

described above (section 12.3.1.1) using a variety of buffer conditions as follows; batch 

1 – PBS (10 mM phosphate, 137 mM NaCl, 2.7 mM KCl) pH 7.4; batch 2 – PBS pH 7.4; 

batch 3 – phosphate buffer (20 mM) pH 6.5; batch 4 – PBS (10 mM phosphate, 137 mM 

NaCl, 2.7 mM KCl) pH 7.4. 
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12.3.2.2 Experimental Buffer 

The buffers used in these experiments were either 30 mM tris pH 7.4 or 5.5 mM tris pH 

7.4. 

12.3.2.3 ThT Saturation Binding 

For all determinations of ThT saturation binding the materials were added to the plate 

in the following order: 40 L desired buffer (spiked with double the final desired 

concentration of DMSO), 20 L ThT dilution series in desired buffer (various 

concentrations dependent upon range required, these solutions were four times the 

final desired concentration), 20 L α-syn fibril solution in desired buffer (this solution 

was four times the final desired concentration). The plates were then covered to omit 

light and shaken for one hour prior to reading.  

12.3.2.4 Compound Analysis 

For analysis of each compounds Ki value the materials were added to the plate in the 

following order: 20 L fixed concentration of ThT in desired buffer, 40 L compound 

dilution series, prepared in desired buffer spiked with DMSO to maintain a constant 

DMSO concentration throughout the series (various concentrations dependent upon 

solubility of the compound and the range required, these solutions were two times the 

final desired concentration), 20 L α-syn fibril solution in desired buffer (this solution 

was four times the final desired concentration). The plates were then covered to omit 

light and shaken for one hour prior to reading.  

For the full analysis, the final concentrations in the well were; α-syn fibril solution 500 

nM; ThT 10 M; SIL26 1 nM – 300 μM; SU4312 0.5 nM – 150 μM; SIL5 0.25 nM – 25 μM; 

1 1 nM – 100 μM; 2 1 nM – 100 μM; 3 0.3 nM – 300 μM; 4 0.5 nM – 50 μM; and 43 0.5 nM 

– 50 μM. 
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12.4 In vitro and In vivo 

12.4.1 Radiotracers 

The radiotracers used in these experiments were produced as described above in 

sections 12.2.2.2 and 12.2.3.2. 

12.4.2 Human Tissue (Project 1 only) 

The human tissue slices used in these studies were acquired from the London 

Neurodegenerative Diseases Brain Bank and were approximately 25 m thick slices 

taken from the frontal cortex (BA9) brain region of healthy control subjects and patients 

with DLB.  

12.4.3 Animals 

This research has been regulated under the Animals (Scientific Procedures) Act 1986 

Amendment Regulations 2012 following ethical review by the University of Cambridge 

Animal Welfare and Ethical Review Body (AWERB). All studies were conducted using 

male Wistar rats. Animals were housed and handled in accordance with protocols 

required for animal experiments.  

12.4.3.1 LPS Treatment (Project 2 only) 

In order to induce neuroinflammation five rats were treated with intra peritoneal (i.p.) 

injection of lipopolysaccharide (LPS, from E. coli O111:B4, supplied by Sigma-Aldrich). 

The rats were injected with 0.5 mg/kg, 1 mL/kg LPS 24 hours prior to microPET 

scanning, A single rat was scanned at 6 hours post-injection, recovered and rescanned at 

24 hours.  

12.4.3.2 Displacement with (R)-PK11195 (Project 2 only) 

A single rat was given an intra venous injection of (R)-PK11195 (1 mg/kg, 1mL/kg) 20 

min after the start of the microPET scan.  
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12.4.4 Autoradiography 

For all experiments, autoradiography slides were exposed using a GE Healthcare 

phosphorimaging plate, and read using Dürr Medical CR35 Bio Phosphorimager. Data 

was analysed using Aida Image Analyser version 4.27. 

12.4.4.1 Project 1: Targeting α-Synuclein Fibrils 

Method A 

Solutions of [18F]SIL26 in 30 mM Tris buffer pH 7.4 were prepared in the following 

concentrations: 0.14, 0.49, 1.64, 5.86 MBq/mL and one solution of concentration 6.4 

MBq/mL spiked with 500 μM non-radiolabelled SIL26. The slices were prepared by 

thawing followed by washing with buffer (2 x 5 min, 30 mM Tris buffer pH 7.4), 

incubating with 450 μL radiotracer solution (45 min), washing with buffer (2 x 5 min) 

and water (single dip) before drying. The slices were then exposed on the 

phosphorimaging plate. 

Method B – Marquié protocol190 

A solution of [18F]SIL26 in 10mM PBS buffer was prepared in the following 

concentrations: 1.8 MBq/mL (2.5 nM based upon specific activity). A solution of 500 μM 

non-radiolabelled SIL26 in 10 mM PBS was also prepared. The slices were prepared by 

defrosting, washing in MeOH (20 min), pre-incubating in 0.6mL buffer, or SIL26 solution 

(15 min). The slides were then incubated with 0.6 mL of [18F]SIL26 for 60 min before 

washing in 10 mM PBS (2 min), 70:30 EtOH/PBS (2 min), 30:70 EtOH/PBS (2 min) and 

10 mM PBS (2 min). Finally the slices were dipped in water, dried and exposed on the 

phosphorimaging plate for 16 hrs. 

Method C 

A solution of [18F]SIL26 in 10mM PBS buffer was prepared in the following 

concentrations: 0.65 MBq/mL (1.7 nM based upon specific activity). The slices were 

prepared by defrosting, washing in bovine serum albumin solution (20 min), pre-

incubating in 0.6mL buffer, or SIL26 solution (15 min). The slides were then incubated 
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with 0.6 mL of [18F]SIL26 for 60 min before washing in 10 mM PBS (2 min), 70:30 

EtOH/PBS (2 min), 30:70 EtOH/PBS (2 min) and 10 mM PBS (2 min). Finally the slices 

were dipped in water, dried and exposed on the phosphorimaging plate. 

12.4.4.2 Project 2: Targeting TSPO 

Method D 

Two solutions of [18F]GE387 were prepared in 10 mM PBS buffer (pH 7.4): solution 1 

(high-activity) → 0.54 MBq/mL (11.2 nM based upon specific activity); solution 2 (low 

activity) → 0.05 MBq/mL (1 nM based upon specific activity). The slides (2 x control, 2 x 

6 hrs post LPS treatment and 2 x 24 hours post LPS treatment) were removed from the 

freezer and allowed to thaw before washing in 10 mM PBS buffer (pH 7.4) (2 x 5 min) 

and incubated in either solution 1 or solution 2 (1 mL per slide for 1 hour). The slides 

were then washed with buffer (2 x 5 min), dipped in water and dried before incubating 

on phosphorimaging plate for 16 hrs. 

Method E 

A solution of [18F]GE387 was prepared in 170 mM Tris buffer (pH 7.4) at a 

concentration of 0.05 MBq/mL (1.6 nM based upon specific activity). The slides (1 x 

control, 1 x 6 hrs post LPS treatment and 1 x 24 hours post LPS treatment) were 

removed from the freezer and allowed to defrost before washing in 170 mM Tris buffer 

(pH 7.4) (2 x 5 min) and incubating in [18F]GE387 solution (1 mL per slide for 1 hour). 

The slides were then washed with buffer (2 x 5 min), dipped in water and dried before 

incubating on phosphorimaging plate for 16 hrs. 

12.4.5 Micro-PET Studies 

The microPET scanner used for preclinical PET studies was a Siemens/Concorde 

microPET camera (Focus 120), modified in house according to the publication from 

Lucas et al.205 
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All biodistribution, blood and plasma samples were counted using a Triatheler Nal 

System, Hidex gamma counter and its accompanying software CommFiler CSV. Blood 

and plasma samples were spun down using a Sanyo MSE Micro Centaur centrifuge. Ice-

cold MeCN was used for precipitation of proteins from the plasma samples, and for 

extraction of brain and urine samples. 

12.4.5.1 Pre-clinical Evaluation of [18F]SIL26 (Project 1) 

The rat, weighing 506 g, was injected with 18.7 MBq [18F]SIL26 and scanned for 120 

min, after which the animal was sacrificed and organs removed for biodistribution 

analysis. 

12.4.5.2 Pre-clinical Evaluation of [18F]GE387 (Project 2) 

The rats were injected with 55.8 ± 11.8 MBq [18F]GE387 and scanned for 60 min, after 

which the animals were sacrificed and organs removed for biodistribution and terminal 

radiometabolite analysis. During the scans of animals weighing 283 ± 37 g, rapid arterial 

blood sampling was performed to analyse for radiometabolites, whereas no arterial 

blood samples were collected from the animals weighing 596 ± 32 g. 

12.4.5.3 MicroPET Scanning Protocol  

Prior to scanning, the animals were anaesthetised using isofluorane at a concentration 

of 5% in O2. During the scans, body temperature was maintained at 37°C using an 

electronic heating blanket and anesthesia was maintained at 1.5-2.5% isofluorane in O2. 

Tail vein and, where required, femoral artery were cannulated for tracer injection and 

blood sampling respectively. One rat was scanned in each scan session. They were 

positioned on the heating mat in transaxial position with their heads and necks in the 

field of view. A transmission scan of 515 s with a Ge-68 point source was made for 

attenuation and scatter correction of 511 keV photons. The radiotracer, formulated in 

saline, was injected to the rats (quantity/weights as per sections 12.4.5.1 and 12.4.5.2) 

and the emission scan was started with tracer injection. A list-mode protocol was used 

with an acquisition time of 120 and 60 min for [18F]SIL26 and [18F]GE387 respectively. 
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12.4.5.4 Arterial Blood Sampling 

During scans during which arterial blood sampling was performed, 17 samples (volume 

50 to 100 μL) were collected from each rat at 5, 10, 15, 30, 45, 60, 75, 90 105 sec and 2, 

3, 5, 7.5, 10, 15, 30, and 60 min after tracer injection and the start of the microPET scan. 

These samples were stored on ice throughout processing. Of the whole blood, 25 μL was 

reserved, and plasma (25 μL) was obtained from the remaining blood by centrifugation 

(10 min at 13,000 x g). Radioactivity in the whole blood and plasma samples was 

determined using a gamma counter.  

12.4.5.5 Radio-TLC 

Radio-TLCs were performed using Machery-Nagel ALUGRAM® Xtra SIL G/UV254 plates 

(0.20 mm silica gel with fluorescent indicator).  

Plasma from the blood collected at 3, 5, 10, 15, 30, and 60 min were deproteinated using 

an equivalent volume of ice cold MeCN. The mixture was centrifuged for 10 min at 

13,000 x g and the supernatant was spotted onto the TLC plates alongside the cold 

reference compound and the radiotracer standard, both dissolved in MeCN. Brain, urine 

and plasma from terminal blood were deproteinated with 0.5-1 mL of ice-cold MeCN 

and also spotted onto TLC plates. 

The plates were run in 80:20 EtOAc/petrol. The cold reference compound was 

visualised by ultraviolet fluorescence (λ = 254 nm), and the radio-spots were exposed 

using a GE Healthcare phosphorimaging plate, and read using Dürr Medical CR35 Bio 

Phosphorimager. Data was analysed using Aida Image Analyser version 4.27 by 

subtracting the background from drawn regions of interest and determination of ratios 

of parent-to-metabolite. 

12.4.5.6 MicroPET Data Analysis 

This was performed by Dr. Nisha Kuzhuppilly Ramakrishnan. 

Image reconstructions were performed using microPET Manager 2.4.1.1, ASIPro 6.7.1.2 

(Siemens). Acquisition data were then Fourier rebinned in 22 time frames (6 x 10 s, 4 x 
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30 s, 4 x 60 s, 1 x 180 s, 4 x 300 s, 3 x 600 s) and the data were reconstructed per 

timeframe employing an iterative reconstruction algorithm (ordered subsets 

expectation maximisation, OSEM 2D with Fourier refining, four iterations, and 16 

subsets). The final datasets consisted of 95 slices with a slice thickness of 0.8 mm, and 

an in-plane image matrix of 128x128 pixels. Voxel size was 0.8x0.8x0.8 mm. Data sets 

were corrected for decay, random coincidences, scatter and attenuation. 

Three-dimensional regions of interest (ROIs) were drawn over the whole brain on an 

MRI template using PMOD software (version 3.2; PMOD technologies, Zurich, 

Switzerland). PET images were then co-registered with this MRI template and the 

regions of interest transferred from MRI to PET. TACs were then obtained for each of 

these regions. The results were expressed as dimensionless standardized uptake values 

(SUVs, Equation 12).  

𝑆𝑈𝑉 =  
𝑇𝑖𝑠𝑠𝑢𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ×  𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝐷𝑜𝑠𝑒
 

Equation 12 - Calculation of SUV where tissue activity is measured in MBq/g, body weight is 

measured in g and injected dose is measured in MBq 

SUVs were calculated, assuming a specific gravity of 1 g/mL for brain tissue and blood 

plasma. 

12.4.5.7 Biodistribution 

After the scanning period, the animals were sacrificed by overdose of anaesthesia and 

the heart removed. Blood was collected from the thorax, and plasma and cell fraction 

were obtained from the blood sample by centrifugation (10 min at 13,000 x g). Several 

tissues (see Sections 6.2, 10.1.2 and 10.4.3) were excised and all tissue samples were 

weighed, and the contained radioactivity was measured using a gamma counter.  

12.4.5.8 Kinetic Modelling 

Results of kinetic modelling with the racemic tracer indicated that 2-tissue 

compartmental modelling gave the best fit, however the fit was not stable in many of the 
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animals. Therefore, Logan graphical analysis was used to obtain cerebral VT. The Logan 

fit was started at 20 min, and the parameter for cerebral blood volume (Vb) was fixed at 

5%. Metabolite-corrected plasma radioactivity from arterial blood samples was used as 

input function, while metabolite-uncorrected whole blood data was used to estimate the 

contribution of radioactivity in blood to the measured brain radioactivity. The plasma 

TAC of each animal was corrected for metabolites using an exponential function 

obtained from the average metabolite curve of the rats injected with the same tracer. 

Where plasma and whole blood TACs were not available, the group average, corrected 

for injected dose and weight of the individual animal, was employed.  

(See Section 15 for Logan Plots) 
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14   Final Compound NMRs 

3-methoxy-7-nitro-10H-phenothiazine SIL5 
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3-(2-fluoroethoxy)-7-nitro-10H-phenothiazine SIL26 
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3-(3-fluoropropoxy)-7-nitro-10H-phenothiazine 1 
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3-nitro-7-(3,3,3-trifluoropropoxy)-10H-phenothiazine 2 
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3-(2-(2-fluoroethoxy)ethoxy)-7-nitro-10H-phenothiazine 3 
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3-fluoro-7-nitro-10H-phenothiazine 4 
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2-(2-fluoroethoxy)-7-nitro-10H-phenoxazine 43 
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2-((10-acetyl-7-nitro-10H-phenothiazin-3-yl)oxy)ethyl 4-methylbenzenesulfonate 53 
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2-(2-((10-acetyl-7-nitro-10H-phenothiazin-3-yl)oxy)ethoxy)ethyl 4-methyl-

benzenesulfonate 54 
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Rat 2, Control 

 

 

Rat 3, Control 
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Rat 4, Control 

 

Rat 6, LPS-treated 

 

 

Rat 7, LPS-treated 

 


