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Abstract 

Interest in stimulated Raman scattering (SRS) cellular imaging as a tool to aid 

preclinical drug testing has grown in recent years. Chapter 1 discusses the 

fundamental principles of SRS, examples of its utility in intracellular drug imaging and 

challenges within the field. One major challenge is that the complex nature of 

intracellular biological environments complicates drug tracking by SRS, frequently 

necessitating attachment of small chemical tags to aid visualisation. Unfortunately, 

poor signal intensity and solubility have hampered the widespread use of these tags. 

The poor solubility and high lipophilicity of Raman tags was addressed in Chapter 2. 

New molecules were synthesised using an optimised cross-coupling method. These 

tags were designed with greater consideration of medicinal chemistry parameters 

such as solvent partition coefficients (logP and logD) and fraction of sp3-hybridised 

carbons (Fsp3). The relative propensity of the tags to engage in intermolecular 

stacking, which is known to confer poorer solubility, was analysed by mass-

spectrometry (MS) and X-ray crystallography. Whilst MS analysis found that tags with 

higher logP formed stronger associative interactions, determination of X-ray crystal 

structures revealed changes in tag crystal packing when Fsp3 was increased. These 

results suggest a combined analysis of logP and Fsp3 should guide future tag design. 

SRS imaging revealed that the tags were cell permeable, Raman activity was 

unaffected by structural modification and changes in physicochemical parameters did 

not significantly affect tag biodistribution. 

In Chapter 3, the new tags were attached to the PARP inhibitor olaparib to allow 

intracellular drug tracking. Rigorous in vitro testing of the new drug analogues was 

carried out to investigate their physicochemical properties, target protein inhibition 

and binding kinetics, and biological stability. It was determined that olaparib activity 

was retained after tagging, providing the necessary prerequisites for the transition to 

in cellulo testing. SRS imaging allowed determination of drug biodistribution and 

discrimination of the compounds based on their relative Raman activity and 

physicochemical properties. An unexpected cellular distribution was observed with no 

drug detected within the nucleus by SRS, inconsistent with the known nuclear 

localisation of PARP and previous fluorescence imaging of olaparib. This warranted 

further study to confirm the biological effects of Raman tagging. 
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The effects of tagged drug analogues on cancer cells were studied in Chapter 4. The 

drug analogues were found to reduce cell viability in a range of cancer cell lines and 

a 3D cell model. Using a live-cell phenotypic readout, this loss of viability was shown 

to correlate with increased DNA damage when compared to olaparib, thus suggesting 

enhanced PARP inhibition. The origin of the increased potency was explored by 

identifying new biological pathways activated in response to exposure of the drug 

analogues. It was determined by protein expression analysis, gene profiling and 

proteomics that Raman tagging of olaparib induced degradation of PARP and 

activation of the unfolded protein response, which could be linked to cell death.       

These studies have allowed the intracellular tracking of a PARP inhibitor by Raman 

microscopy for the first time and provide foundations for the future development of 2-

in-1 theranostic Raman probes. 
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Lay summary 

Millions of medications are prescribed each year. Before these can be given to 

patients, each new drug molecule undergoes, on average, 10–15 years of laboratory 

and clinical testing. This is essential to ensure the safety and effectiveness of the 

treatment. The complex nature of biology means that there are many considerations 

during this process. Even before testing in the human body, we must understand what 

happens in a single cell, the most basic unit of life.  

However, drug molecules are around 100,000 times smaller than a human cell, which 

poses challenges for studying them in such a crowded biological environment. 

Complicating things further, drugs move around quickly and interact with many 

different parts of the cell. To track them effectively and study their behaviour, new 

methods are needed. A key technique used in this project for tracking molecules is 

Raman spectroscopy, which relies on the fact that, when we shine laser light on 

molecules, they vibrate in unique ways that allow us to determine their chemical 

makeup. We can improve the visibility of these molecules by chemically attaching 

small ‘tags’ which give very intense signals in a Raman spectrum. Unfortunately, 

these tags have not been well-optimised for biological applications, which limits their 

applicability for studying drugs in cells. This project aimed to improve tags by making 

changes to their chemical properties, e.g., to improve solubility. This was investigated 

by chemical analysis techniques that probe the interactions between molecules. 

The new tags were then attached to an anti-cancer drug called olaparib which works 

by selectively blocking a protein involved in the repair of damaged cells, allowing it to 

kill cancerous tumours. Uncertainties in olaparib’s mode of action make it an 

interesting target for Raman tagging. Important properties of the new drug-tag 

compounds were then determined, including how they interact in environments 

mimicking those found in the cell, their effectiveness as anti-cancer drugs and how 

easy it is to see them in cancer cells using Raman tagging. In general, the new 

compounds behaved similarly to olaparib thus were suitable for further testing. A 

range of new, unexpected effects were uncovered when these tagged drugs were 

studied biologically. For example, the drug-tag compounds were more effective in 

killing ovarian cancer cells, prompting a detailed exploration of these effects and their 

implications in cancer biology. It was revealed that the attachment of Raman tags 

enhanced the effects of olaparib by changing its mechanism of action and initiating a 

series of stress responses which cause the cell to shut down.  
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Chapter 1 Introduction 

1.1 Biomedical imaging 

Imaging forms an essential component of scientific research and medicine. 

Biomedical imaging integrates principles from a range of disciplines – including 

biology, engineering, physics and medicine – to provide insight on the complexity of 

biological systems. With such a wide variety of modalities optimised for every stage 

of biomedical research, from the single cell to whole body level, imaging techniques 

are essential in modern life. Within the context of drug development, imaging has 

played a key role in all aspects from discovery to clinical testing.1, 2 These studies 

have provided information on drug biodistribution, metabolism, and pharmacokinetics; 

information which may aid in reducing high drug attrition rates.3 In recent years, 

interest in molecular imaging as a tool within the drug discovery industry has grown 

greatly and the development of new and varied methods for drug imaging is a strong 

driving force for increasing its uptake within the pharmaceutical industry.4 

An opportunity exists within biomedical imaging for the development and application 

of new imaging modalities for intracellular drug analysis. Drug imaging techniques 

require high chemical specificity, detection sensitivity and spatiotemporal resolution 

to allow accurate and informative analysis. Raman imaging can fulfil these 

requirements and will be discussed within the context of biological imaging and the 

drug discovery industry. 

1.1.1 Overview of techniques in drug imaging 

Commonly used molecular imaging modalities include positron emission tomography 

(PET), whole-body autoradiography (WBA), mass spectrometry imaging (MSI), and 

magnetic resonance imaging (MRI) (Figure 1.1). Whilst such techniques are 

generally well-suited to the imaging of biological samples, inadequate spatiotemporal 

resolution can preclude their use in cellular imaging.5 Comparing the above 

techniques, PET boasts excellent sensitivity and penetration depth; but with spatial 

resolution limited to 2–5 mm, single cell-scale imaging is unattainable.6 WBA has 

been used extensively in preclinical tissue distribution studies and exhibits better 

spatial resolution than PET but is impractical due to long acquisition times (days to 

weeks).7 Importantly, common to WBA and PET imaging techniques is the necessity 

to involve radioactive labels. As such, the information obtained reflects the 

concentration of radioactivity, as opposed to drug concentration directly, which limits 
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quantitative analysis.8 MRI does not require radioactive labels and overcomes some 

of the issues with PET yet still cannot achieve sufficiently high spatial resolution, and 

has a broad requirement of 1-100 mM drug concentration in a tissue volume of greater 

than 1 mm3.9 MSI also does not require a radioactive label, offers unrivalled molecular 

specificity, and can operate on a 50 nm resolution scale with secondary ion MSI, 

however, is a destructive technique and is limited by the necessity for extensive 

sample preparation.5, 10 Together, these imaging tools have provided a deep 

understanding of drugs in biological samples, however, it is clear that the intricacies 

of drug interactions at the cellular level alter their therapeutic effect.11 Microscopic 

imaging is capable of detecting subtle nuances in drug delivery that would otherwise 

be overlooked. 

 

Figure 1.1. Overview of commonly used techniques in biomedical (drug) imaging, detailing 

their respective advantages and disadvantages. Reproduced with permission from Elsevier.12 

1.1.2 Optical imaging 

Optical imaging methods involve the use of light to visualise compounds of interest 

non-destructively in cells. Fluorescence microscopy has been employed extensively 

in cellular imaging. With a spatial resolution of up to 150 nm, confocal fluorescence 

imaging is capable of delineating individual cell organelles.13 Fluorescence 

microscopy also often underpins the development and application of new chemical 

probes which facilitate chemical biology research.14 The use of fluorescence 

technologies in drug imaging is regularly reported, revealing details of drug 

distribution, uptake and pharmacokinetics.15-18 In vivo fluorescence imaging in 
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preclinical models has provided detail of drug processes, e.g., elucidation of drug 

pharmacokinetics to overcome taxane-resistant cancers.19 Such diverse applications 

of fluorescence microscopy highlight its utility within the field of cellular imaging. 

However, with some exceptions for intrinsically fluorescent molecules, a notable 

shortcoming in using fluorescence for small molecule imaging is the requirement to 

attach a large fluorogenic tag. This is not generally problematic for targeting large 

biomolecules such as antibodies and proteins, however, small molecule drug imaging 

requires smaller tags for less perturbation. Common fluorophores often contain 

multiple fused ring moieties which aid in creating a delocalised electron system for 

fluorescence, but significantly increase molecular size. As a result, physicochemical 

properties can be affected, e.g., drug-target interactions and intracellular transport of 

the compound, rendering the system non-biocompatible. Label-free optical imaging 

modalities, specifically those relying on vibrational contrast, have been developed 

which avoid such issues. Label-free vibrational techniques circumvent photobleaching 

and phototoxicity issues associated with fluorescent labels and can theoretically offer 

better depth penetration due to longer laser excitation wavelengths.20, 21   

The most common vibrational imaging techniques are near infrared (NIR) and Raman 

microscopy. NIR imaging exploits the dipole moment in chemical bonds to give 

characteristic vibrational bands for specific molecular features without the need for 

external labels. However, NIR imaging is not best suited to aqueous samples (e.g., 

cells), since the IR absorption cross-section of water is large. Raman imaging 

techniques such as stimulated Raman scattering (SRS) microscopy offer a range of 

unique benefits to facilitate drug imaging.12 

1.2 Stimulated Raman scattering (SRS) microscopy 

In recent years, interest in SRS microscopy as a tool to study biological systems, 

including those related to drug imaging, has grown considerably (Figure 1.2). The 

combined effects of advancements in microscope technology and the interest in using 

chemical biology techniques to gain insight on living systems has seen a shift in 

Raman scattering from a purely spectroscopic phenomenon to a practical life science 

technique. However, the fundamental principles remain unchanged.  
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Figure 1.2. Publications on 'SRS imaging' over time, as determined by a Web of Science 

keyword search. 

1.2.1 Background 

The Raman effect refers to the inelastic scattering of light upon interaction with a 

molecular system. Depending on the system in question, this light may scatter at a 

higher energy (Anti-Stokes scattering) or lower energy (Stokes scattering), allowing 

information on the vibrational bands in the molecule to be determined (Figure 1.3). 

Specifically, Raman vibrational bands are generated when an associated change in 

the polarizability of a chemical bond is present. As such, highly electron-rich bonds 

(i.e., double and triple bonds) induce a high degree of polarizability and give intense 

Raman signals, relative to electron-deficient bonds.22 This separates Raman 

spectroscopy from the frequently compared technique infrared (IR) spectroscopy, 

which is reliant on a change in dipole moment of a single bond. These fundamental 

principles form the basis of spontaneous Raman scattering (spRS) spectroscopy.  
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Figure 1.3. Schematic representations of Raman scattering. ωP = pump beam, ωS = Stokes 

beam, Ω = molecular vibration, SRG = stimulated Raman gain, SRL = stimulated Raman loss. 

Raman scattering is an inherently weak effect, with only 1 in 107 photons absorbed 

scattered inelastically. Thus, spRS requires long acquisition times and generates 

spectra at relatively low signal-to-noise ratios (SNR). Several approaches, including 

the use of coherent Raman scattering techniques, overcome these sensitivity issues 

by the use of two laser light sources known as pump and Stokes beams (Figure 1.3).23 

By tuning the frequency difference between these two beams to the energy of a 

molecular vibration, stimulated excitation occurs. The result is a gain in the intensity 

of the Stokes beam or ‘stimulated Raman gain’ (SRG) and a loss in intensity of the 

pump beam or ‘stimulated Raman loss’ (SRL). The change in beam intensity (typically 

from the pump beam) is measured in SRS microscopy which allows generation of 

contrast.24, 25  

SRS allows signal amplification by several orders of magnitude and reduces 

acquisition times when compared to spRS. Both SRS and coherent anti-Stokes 

Raman scattering (CARS) are examples of coherent Raman scattering techniques 

which have been applied in microscopy. Although CARS has been employed in 

biomedical imaging,26 SRS imaging boasts some distinct advantages.27, 28 For 

example, SRS does not suffer from the non-resonant background associated with 

CARS. In addition, quantitation and analysis is less complicated using SRS, with 

linear concentration dependence and ability to directly compare spectra with spRS 

spectra. SRS microscopy is a relatively new technique, with the first SRS microscope 

reported in 2007.29 Since then, a number of technical developments and increased 

interest in the field has rendered SRS imaging an important tool in biomedical 
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research with a number of applications including label-free cell and tissue imaging, 

small-molecule imaging and even in vivo and in situ medical imaging.30-32   

1.2.2 Generating contrast in SRS imaging 

Several key features of Raman microscopy render it a particularly useful tool in 

cellular imaging. The selection rules for Raman spectroscopy allow a high degree of 

chemical specificity, with small changes in the chemical makeup of a sample giving 

distinguishable Raman vibrational bands. This factor allows contrast to be generated 

between cells and the analyte in biological Raman imaging. Containing millions of 

endogenous chemical compounds, cells are naturally Raman-active (Figure 1.4).  

 

Figure 1.4. Raman spectrum of a cell. Adapted with permission from Elsevier.33 CSR = cell 

silent region. 

Accordingly, distinctive features of the fingerprint region and C–H stretch regions of 

the cellular spectrum can be used to obtain label-free cell images with SRS. For 

example, protein and lipid-rich regions of the cells can be identified by tuning to C–H 

bonds in CH3 and CH2 moieties, respectively, to visualise cellular structures; 

alongside identification of the amide-I stretch ubiquitous in proteins (Figure 1.5). The 

aforementioned high SNR and fast acquisition times of SRS also facilitate live cell 

imaging, which is essential to probe the dynamics of the cell.34 Since SRS is a non-

destructive and highly spatiotemporally resolved technique, time lapsed in vitro and 

in vivo imaging can be carried out.35, 36 In addition, the linear relationship between 

SRS intensity and the concentration of the probed species allows real-time 

quantitative data to be obtained.37 Ratiometric imaging has also complemented 

advances in quantitative SRS imaging.38-40 Whilst SRS imaging is often performed to 
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view the distribution of a drug in a cellular sample laterally, depth profiling has also 

been achieved, allowing acquisition of 3D information.41, 42  

 

Figure 1.5. Examples of label-free SRS imaging of cell structures by tuning to protein, lipid or 

amide frequencies. Reproduced under Creative Commons public use license from Royal 

Society of Chemistry.43 Scale bars 10 µm. 

In some cases, such as for the biological components mentioned above, the Raman 

signal originates from an inherent feature of the probed molecule. Avoiding the 

attachment of tags is ideal when applicable. Advances in hyperspectral ‘hsSRS’ 

imaging have been fruitful in achieving label-free molecular imaging. hsSRS refers to 

the acquisition of Raman spectrum at a single pixel by rapidly tuning to multiple 

frequencies, as opposed to detecting a single Raman-active frequency. This has 

allowed delineation of individual spectral features ca. 10 cm-1 apart, with > 600 cm-1 

spectral coverage.44 hsSRS has enabled label-free imaging of a variety of analytes, 

including plant tissue, insulin fibrils and drugs within cells (see Section 1.2.5.1).44-47 

However, the need for rapid tuning between spectrally resolved Raman shifts in 

hsSRS requires advanced laser technology or complicated spectral unmixing, which 

is often not readily accessible.48 Moreover, label-free SRS imaging is often more 

suited to the visualisation of biomolecules and cellular components, whose Raman-

active bonds are in plentiful supply. For drugs and other exogenous small molecules, 

label-free technologies are not without limitations. Firstly, the molecule of interest may 

not contain distinguishable Raman bands. Molecular vibrations occurring within the 

fingerprint region (600–1800 cm-1, Figure 1.4) can be lost in the noise of endogenous 

cellular signals. Moreover, since drugs are likely to accumulate at significantly lower 

concentrations than biomolecules, even if a distinct characteristic band is available, 

its Raman intensity may be insufficient in comparison to ubiquitous cellular protein 

and lipid signals.22 Albeit more invasive, the attachment of highly Raman-active tags 

which resonate at frequencies distinct from the cellular background, i.e., within the 

cell silent region (CSR) (1800–2800 cm-1, Figure 1.4), can be advantageous.49 
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1.2.3 Raman tags 

The choice of tag is pertinent to not only the observable SRS signal but also the 

intracellular behaviour of the molecule-tag compound. In other words, the tag must be 

designed to exhibit Raman activity at high intensity and at a distinct wavenumber 

whilst remaining bioorthogonal to the cell. Tags for Raman imaging used to date can 

broadly be grouped into two categories: isotopologous and triple bonded.  

Isotopologues (chiefly replacement of C–H bonds with C–D bonds) have been used 

to facilitate visualisation of small molecules in cells using SRS. Since isotopic 

substitution inevitably results in less, or no, disruption to the biochemistry of the 

system being studied, heavy atom tags may be advantageous over triple bonded tags. 

Several deuterated drugs have been investigated since they generally retain full 

potency and selectivity and have even been shown to confer benefits in drug action.50 

As probes, deuterated compounds have provided detail on drug pharmacokinetics 

both in vitro and in vivo.51 According to the classical mechanics relationship 𝑣̅ ∝ √𝑘 𝜇⁄ , 

the change in reduced mass (µ) when a C–H bond is replaced with a C–D bond results 

in a red-shifted Raman signal (Δ𝑣̅ ~ 800 cm-1). This, combined with the very low 

natural abundance of deuterium, makes for easily identifiable vibrational signatures 

for intracellular imaging. However, the Raman signal produced from the incorporation 

of deuterium labels tends to be more convoluted (from multiple vibrational modes) 

than the sharp band of alkyne moieties and also less intense, which may limit its 

applicability in some cases.52 Nevertheless, the C–D bond has been used to visualise 

phospholipids, sterol, fatty acids, and amino acids.5 Whilst small molecule drugs are 

not often directly deuterated for SRS cellular imaging, related examples do exist, e.g., 

deuterated nanomedicines for investigation of squalenoylation,53 CARS imaging of 

deuterium-tagged docosanol,54 and visualisation of deuterated nanoparticles for drug 

delivery.55  

Nitrile (-C≡N), isonitrile (-N≡C), and metal carbonyl (-C≡O) tags on small molecule 

drugs have been used in spRS and SRS cellular imaging.56-60 However, alkyne (C≡C) 

tags are most prevalent and have been used in both spRS and SRS for the study of 

cellular membrane biophysics, lipid metabolism and behaviour of various small 

(bio)molecules including drugs.5 Alkynes exhibit intense, distinct (full width at half 

maximum (FWHM) = 10–15 cm-1) Raman scattering peaks within the CSR (~2100–

2300 cm-1, depending on substitution).61 Alkynes offer the additional benefit over other 

Raman-active bonds (e.g., nitriles) of being capable of substitution at either side of 
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the bond to allow generation of extended delocalised systems. Alkyne-tagged Raman 

imaging (ATRI) was first carried out by Yamakoshi et al. in 2011 using the alkyne-

modified thymidine analogue EdU (Figure 1.6) to visualise cell proliferation,62 and 

later for the localisation of coenzymeQ (coQ) analogues.52 ATRI creates an interesting 

parallel with other alkyne chemistry in bioorthogonal imaging, for example attachment 

of fluorogenic moieties via Click chemistry.63 However, direct ATRI is an undoubtedly 

less complicated tagging technique. Yamakoshi’s seminal studies provided evidence 

of the expected increased Raman intensity of diynes over simple alkynes thus 

sparking interest in their use in ATRI. A diyne tag was used to probe the localisation 

and mechanism of action of ferrostatins using SRS.64 Conjugation with 1 or 2 aromatic 

rings saw an expected stepwise intensity increase in Raman signals; capping alkynes 

with (aromatic) bulky groups also benefits the shelf life of the compounds.65, 66  

 

Figure 1.6. Examples of Raman tags for SRS imaging, highlighting Raman reporters in blue. 

Following their initial development, these so-called BADY (bisaryl butadiyne) and 

PhDY (phenyl butadiyne) tags (Figure 1.6) were utilised for the visualisation of 

anisomycin in cells (see Section 1.2.5.2).43 Aside from direct drug attachment, diyne 

tags have been readily used in the development of new chemical probes, including 

organelle markers and photocaged versions for dynamic cell studies (Figure 1.6).67, 68 

Likewise, organelle dynamics have been probed by photoswitchable alkyne-based 

tags (Figure 1.6).69, 70 The design of conjugated alkyne tags (Figure 1.6) was taken 

further by Min et al., who constructed chains containing up to 6 alkynyl groups for 

supermultiplexed cellular imaging (Figure 1.7),71 which has since seen new 

applications including Raman-based cytometry.72 Multiplex imaging offers the 
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possibility of imaging different molecules simultaneously which may be practical in 

investigating combination therapies, or alternatively, for imaging both a drug and a 

target organelle or protein. The sharp peaks obtained in the Raman spectra of alkyne 

moieties compared to the overlapping spectra for fluorescent dyes provides clear 

advantages for SRS supermultiplexed imaging (Figure 1.7).  

 

Figure 1.7. Comparison of spectral overlap between A) common fluorescent dyes and B) 

supermultiplexed polyyne Raman tags. Adapted with permission under the Creative Commons 

public use license (A)73 and arranged license agreement (B)71 from Springer Nature.  

Although efforts are often made to separate Raman imaging from fluorescence due 

to its many benefits, the techniques are undoubtedly complementary. The intertwined 

nature of the two techniques has recently become more evident with the development 

of so-called electronic pre-resonance (EPR) SRS.74-76 This technique relies on excited 

electronic states (c.f. fluorescence microscopy) as well as excited vibrational states. 

When incident light is close in energy to the excitation energy of an analyte, the partial 

excitation of the molecule confers a concurrent enhancement of Raman activity. This 

means that high wavelength fluorophores with excitation energies close to pump 

beam frequencies, such as NIR dyes, can act as highly Raman-active probes. This 

has led to the development of new, primarily xanthene-based, Raman reporters which 

can be partially multiplexed through isotopic substitution of C or N atoms in a nitrile 

moiety (Figure 1.6). These advances have pushed the limit of detection (LOD) of SRS 

microscopy closer to that of fluorescence microscopy, however, the larger size of 

these tags and their lability in aqueous solution emphasises the need for further 

optimisation for application in drug imaging.77 A more detailed understanding of the 

origins of EPR will also aid in the computational design of new tags.78 
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In order to harness the potential of SRS as a widespread technique for drug imaging, 

new Raman probes must be developed which comprehensively address the 

requirements of an effective tag. Computational chemistry studies, namely density 

functional theory (DFT) calculations, have been used to assess the suitability of tags 

in a rational, efficient manner. DFT calculations have accurately predicted the Raman 

intensity of compounds of interest e.g., tags for anisomycin imaging.43 Whether 

experimentally or computationally predicted, Raman tag intensity values are often 

represented as their relative intensity to EdU (RIE), since its activity in SRS imaging 

is well reported.52 More recent studies have also reported a computationally predicted 

Raman shift value, greatly reducing the time required to assess banks of potential tag 

compounds. Sepp et al. found that DFT calculations could predict the Raman 

frequency of the alkyne moiety in ponatinib as 2217 cm-1 vs a corresponding 

experimental value of 2221 cm-1.79 In addition, Aljakouch et al. found strong correlation 

between the DFT calculated Raman frequencies of drug metabolites and those 

observed experimentally.58 A priori assessment of the Raman vibrational profile of a 

tag allows confirmation of its activity in the CSR.  

Computational chemistry also allows for the prediction of physicochemical properties 

that are relevant to cellular imaging. For example, considering most existing Raman 

tags (Figure 1.6) are generally rigid, carbon-rich structures with poor solubility, it is 

prudent to consider cLogP/cLogD in tag design. As more complex tags are developed, 

it will be important to confirm that biocompatibility with the cellular system being 

imaged is retained, e.g., in terms of molecular biodistribution. A thorough analysis of 

cLogP was carried out in the development of new BADY tags by Punaha-Ravindra et 

al.80 Nitrogen and sulfur-containing heteroaromatic diynes were synthesised which, 

for the first time, addressed improvement of BADY tag solubility. In making changes 

to the aromatic endcaps, changes in the diyne Raman shift were achieved, allowing 

generation of tags which may be later used for multiplexing. These studies are 

particularly important because changes in lipophilicity can negatively affect drug 

distribution. Calculation of the change in partition coefficient logP with variation in coQ 

alkyne tags was carried out in the study by Yamakoshi et al., allowing insight into 

cellular uptake.52 Assessment of the tagged drug’s target engagement must also be 

confirmed by assaying the compound, and could be probed by prior computational 

modelling.  
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1.2.4 Multimodal imaging    

The unique mode of analyte visualisation in SRS imaging allows its combination with 

other modalities.81 An imaging platform can thus be created which merges the benefits 

of other techniques and alleviates their shortcomings. This presents the exciting 

opportunity of being able to concurrently follow the transport of drugs through cells 

and monitor cell functions.82 As most SRS imaging platforms are also designed for 

fluorescence imaging, fluorescent stains have been used to carry out multimodal 

cellular imaging of drugs. This allows small molecule drugs to be tagged with 

appropriately sized labels, whilst diffuse macromolecular lipids and proteins can be 

attached to bulky fluorophores. For example, anisomycin was imaged in fluorescently 

stained endoplasmic reticulum (ER)43 and fluorescent lysosomes allowed the 

localisation of Raman-tagged ferrostatins64 and, later, ponatinib (see Sections 1.2.5.1 

–1.2.5.2).79 Similarly, 2-in-1 bimodal probes have been developed which allow 

simultaneous SRS and fluorescence in situ detection.83-85  

SRS-correlated multimodal imaging systems need not be limited to optical imaging 

techniques. A study involving the combination of matrix-assisted laser 

desorption/ionization (MALDI)-MSI and SRS investigated the pharmacokinetics and 

pharmacodynamics of erlotinib in brain tissue (Figure 1.8).86 Although this was the 

first example of erlotinib imaging by SRS microscopy, it has been previously targeted 

for spRS imaging by Mashtoly et al.87 The spRS study illustrated label-free detection 

and monitoring of drug metabolism in colon cancer cells. Erlotinib is a tyrosine kinase 

inhibitor and known epidermal growth factor receptor (EGFR) inhibitor; 

therapeutically, it has been licenced for the treatment of non-small cell lung and 

pancreatic cancers and has been investigated for treatment of a number of other 

tumour types including glioblastoma.88 In this SRS study, a patient-derived xenograft 

model of glioblastoma, the high spatial and molecular resolution of MALDI-MSI 

allowed the distribution of erlotinib across the entire brain sample to be visualised 

(Figure 1.8a), whilst SRS provided a multicolour readout of the chemical composition 

of the tissue (lipids, proteins, and haem) (Figure 1.8b). This permitted analysis of 

drug accumulation in the differing tissue micro-architectures (Figure 1.8d). Interest in 

MALDI-SRS has continued to grow, with new examples describing simultaneous 

multimodal detection using the same tissue sample, at least partially overcoming the 

destructive nature of MSI.89, 90 
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Figure 1.8. Multimodal imaging of drug distribution and brain tissue morphology. Reproduced 

under the Creative Commons public use license from Springer Nature.86 a) MALDI-MS 

imaging shows erlotinib distribution across whole brain section. b) SRS imaging, green = lipid, 

protein = blue, heme = red. c) Haematoxylin and eosin (H&E) staining of a separate brain slice 

from same sample. d) Magnification of large rectangle area shown in b showing erlotinib 

detection in pink. e) H&E staining of area in d. Scale bars for a–c 1 mm and d & e 0.5 mm. 

The nature of SRS allows imaging to pinpoint drugs by their unique chemical makeup, 

which, upon combination with well-established imaging modalities, allows for a 

comprehensive insight into their behaviour in cells. New and innovative multimodal 

imaging techniques will inevitably increase the applicability of SRS imaging. In 

practice, advancements will allow facile, holistic analysis of drugs at the cellular level 

and will underpin the translation of findings into pharmacological applications e.g., 

combination therapies.91  

1.2.5 Examples of SRS-based drug imaging 

As discussed, SRS imaging can be carried out in a label-free manner, permitted the 

structure of the drug allows this and/or hsSRS is used. In cases when this is not 

possible, Raman tags have been useful in facilitating drug visualisation. A range of 

drug types have been targeted for SRS imaging, primarily with a focus on anti-cancer 

therapies, dermatological drugs, nanoparticle-encapsulated drugs and formulation 

studies. Although this section will focus on only the study of drugs in biological 

environments, this does not diminish the significance of materials science-based 

study of drug formulations.12 With the continuous exemplification of SRS microscopy 

as a quantitative, chemically specific and highly spatiotemporally resolved technique, 

its further integration into the drug discovery pipeline may be possible (Figure 1.9).92 
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The amenability to intracellular imaging means that application of SRS microscopy 

may be best placed in early stages of drug discovery (generally before clinical trials). 

Conversely, approved drugs may be re-examined by SRS imaging to uncover new 

drug functions or resistance mechanisms, examples of which will be discussed. 

 

Figure 1.9. Examples of the utility of SRS imaging within the context of the drug discovery 

pipeline with explanation of steps involved in the process. Reproduced with permission from 

Elsevier.12 
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1.2.5.1 Label-free  

 

Figure 1.10. Examples of drugs targeted for label-free SRS imaging. Erlotinib and ponatinib 

were detected by tuning to the alkyne frequency, ruxolitinib using its nitrile group and all others 

were imaged by hyperspectral scanning in the CSR. 

As discussed, label-free drug imaging sets SRS imaging aside from other modalities 

and has allowed a range of compounds to be visualised in cells (Figure 1.10). 

Although some examples do exist where drugs contain highly Raman-active reporters 

(C≡C, C≡N), many of these studies rely on hsSRS imaging. Tyrosine kinase inhibitors 

(TKIs) have been studied most frequently by SRS imaging. The lysosomotropic 

properties of imatinib and nilotinib were probed in a study by Fu et al. using hsSRS.46 

Indeed, the fact that such drugs accumulate in punctate organelles such as the 

lysosomes greatly facilitates SRS detection since a very high local concentration of 

drug signal is achieved. Both imatinib and nilotinib contain a pyridinyl pyrimidine ring 

moiety which allowed visualisation of the molecules via the C–C stretching frequency 

of the ring linker bond. The drugs were detected as puncta in chronic myeloid 

leukaemia (CML) cells.46 Correlation with fluorescence imaging allowed drug 

localisation to be pinpointed within the lysosomes of the cells; a distribution pattern 
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that is not unanticipated, considering weakly basic drugs tend to be protonated in 

acidic environments such as the lysosomes. Moreover, the linear intensity-

concentration relationship of SRS allowed quantification of the lysosomal 

accumulation, revealing more than 1,000-fold enrichment of the drugs in the 

lysosomes. The cells were then incubated with chloroquine, a known lysosomotropic 

agent, which saw a ca. 900-fold and 2,500-fold increase in cytosolic concentration of 

imatinib and nilotinib, respectively. This may provide evidence for the sensitising 

effect of chloroquine observed in CML patients treated with some TKIs, including 

imatinib.93 Although autophagy inhibition has been proposed as the mechanism 

behind the synergistic effect of chloroquine and its analogue hydroxychloroquine in 

TKI drug therapy, Fu et al. found this was not the case for the drugs used. The cells 

were incubated with a known autophagy inhibitor, which saw no significant change in 

drug accumulation.46 Interestingly, a recent study found that clinically achievably 

doses of hydroxychloroquine failed to give the plasma concentrations required to 

inhibit autophagy, emphasising the need for further investigations.94 hsSRS imaging 

of other TKIs (lapatinib and afatinib) was carried out more recently by Wong et al.47 

This study revealed important new information on drug uptake through cell membrane 

transporters and sought to link dysregulation of drug influx and efflux to TKI-resistance 

mechanisms. 

Sepp et al. also studied a TKI in KCL22 CML cells using SRS microscopy (Figure 

1.11).79 Ponatinib naturally contains two aromatic moieties bridged by an alkyne bond, 

giving rise to a strong, distinct Raman signal. Importantly, ponatinib was visualised at 

a physiologically active concentration of 500 nM, an impressive feat considering the 

detection sensitivity of SRS had hitherto precluded the imaging of such low drug 

concentrations. Lysosomal trapping was again explored by use of a multimodal SRS-

fluorescence imaging platform. Colocalisation of the SRS and two-photon 

fluorescence signal of a fluorescent dye for acidic organelles was observed, 

reaffirming the sequestration of basic TKIs in the lysosomes. Since lysosomal 

trapping of TKIs is thought to reduce interaction with their target receptors, the 

distribution of ponatinib in ponatinib-resistant CML cells was investigated. The 

resistant cells had a higher concentration of ponatinib in the cytoplasm and a 1.9-fold 

and 2.5-fold increased mean and maximum Raman signals over the sensitive CML 

cells, respectively. 79 As in the study by Fu et al., the addition of chloroquine reduced 

the concentration of ponatinib within lysosomes in both the sensitive and resistant 

CML cells. Greater inhibition of BCR-ABL, the cytosolic tyrosine kinase targeted by 
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ponatinib in CML, was observed in the chloroquine-treated cells.79 In other words, the 

prevention of lysosomal trapping by chloroquine allowed a higher cytosolic 

concentration of ponatinib for interaction with BCR-ABL. Notably, this did not vary in 

ponatinib-resistant CML cells, consistent with a reported BCR-ABL-independent 

mechanism of resistance to ponatinib.95 This contrasts with studies of imatinib by Fu 

et al., which suggested that target engagement (i.e., BCR-ABL-dependent resistance) 

could be improved with combined TKI and chloroquine treatment. These studies 

highlight the ability of SRS imaging to provide important information on drug-target 

engagement.46, 93  

 

Figure 1.11. Label-free SRS imaging of ponatinib in live KCL22 and KCL22 ponatinib-resistant 

(Pon-Res) cells for investigation of resistance mechanisms. Reproduced under Creative 

Commons public use license from the American Chemical Society.79 Contrast achieved by 

tuning to the alkyne frequency in ponatinib or two-photon fluorescence (TPF) from Lysotracker 

Green. CQ = chloroquine. Scale bars 10 µm. 

Feizpour et al. studied the delivery of ruxolitinib to murine skin by SRS imaging 

(Figure 1.12).41 The linear relationship between signal intensity and drug 

concentration again facilitated quantitative measurements such that pharmacokinetic 

data could be obtained. Time-lapsed depth-profile imaging, tuning into the nitrile 

vibration in ruxolitinib, revealed a build-up of the drug at the stratum corneum. This is 

expected; the lipophilicity of ruxolitinib is likely to have resulted in oversaturation of 

the transcutol formulation as the solvent permeated the skin, which was previously 

reported using SRS microscopy.96 Deeper in the skin, the drug was detected initially 

at high concentrations which tapered off rapidly, suggesting a shunt mechanism of 

drug delivery.97 Lipid- and water-rich areas in the stratum corneum, sebaceous 

glands, adipocytes and subcutaneous fat were probed by SRS, indicating higher 
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concentrations of ruxolitinib in the lipidic regions in all cases.41 The study continued 

with an investigation into the effect of the formulation solvent on drug delivery. A low-

pH gel formulation containing various solvents, excipients, and penetration enhancers 

was used to solubilise ruxolitinib and increase skin penetration.41 Compared to 

ruxolitinib in transcutol, which initially accumulated at the skin surface over time, the 

gel formulation exhibited the opposite trend with drug concentration decreasing at the 

surface over time. The work by Feizpour et al. suggested that the gel had disrupted 

the skin structure, allowing for increased transdermal flux of drug. Despite the superior 

penetration of ruxolitinib in the gel, no translation to increased drug uptake could be 

found within the timeframe of the experiment. Interestingly, deuterated 

betamethasone dipropionate was studied to investigate how its higher lipophilicity 

(logP of 3.6 vs 2.1 for ruxolitinib) affects partition factors in lipidic cell regions. Despite 

their differing lipophilicities, SRS imaging revealed statistically similar partition factors 

for both drugs in the adipocyte and SCF layers. This highlights the capability of SRS 

to quantitatively probe and allow deduction of the physicochemical parameters of 

drugs, which is essential for further implementation in the drug discovery industry.92 

 

Figure 1.12. Label-free imaging of ruxolitinib in mouse skin. Reproduced with permission from 

Elsevier.41 a) Examples of SRS images showing the distinct tissue morphology of different skin 

regions, acquired by tuning to the lipid CH2 frequency. SC = stratum corneum, SG = 

sebaceous gland, AD = adipocyte, SCF = subcutaneous fat. b) Drug deposition in the SC layer 

(green) after treatment with ruxolitinib (red). Scale bars 20 µm. 
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1.2.5.2 Raman-tagged 

 

Figure 1.13. Examples of drugs and drug-related structures targeted for Raman-tagged SRS 

imaging. Tags used are highlighted in blue. 

Albeit less frequently published, which reflects the associated challenges and greater 

interest in label-free imaging, examples of drugs/drug delivery systems targeted for 

Raman tagging do exist (Figure 1.13). Alkyne-tagged anisomycin was visualised in 

human breast cancer cells using SRS by Tipping et al. (Figure 1.14).43 Anisomycin is 

known to inhibit protein synthesis by activation of stress-activated protein kinase 

(SAPK) pathways and its derivatives have been shown to have good activity against 

MDA16 triple negative breast cancer cells.98, 99 A detailed knowledge of its structure-

activity relationship allowed selection of the pyrrolidine nitrogen as a site for 

attachment to the alkyne tags; biocompatibility was further confirmed by carrying out 

a biological assay on the tagged compounds. Whilst no cytotoxicity was observed, 

the tags did exhibit some effect on drug activity, highlighting the need for further 

optimisation of tag design. BADY and PhDY tags were used in the study, since their 

structure allows for strong, distinct alkyne signals.65, 66 BADY-tagged anisomycin 

provided a clearer SRS image at lower drug concentration compared to the PhDY-

tagged compound. DFT calculations carried out prior to the experimental findings 

successfully predicted the higher signal intensity of BADY. Tipping et al. found that 

anisomycin accumulated in the cytoplasm of the cell, specifically in the perinuclear 

space. This distribution pattern is consistent with findings from a fluorescence 
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microscopy study of anisomycin.100 Multimodal SRS-fluorescence imaging further 

pinpointed the localisation of anisomycin; the drug was colocalised with a fluorescent 

ER stain, consistent with anisomycin’s known ribosomal binding site.98  

 

Figure 1.14. SRS imaging of BADY- and PhDY-labelled anisomycin in fixed SKBR3 cells. 

Reproduced under Creative Commons public use license from Royal Society of Chemistry.43 

Multimodal imaging allowed determination of colocalisation with ER tracker green. Scale bars 

10 µm. 

Diyne tags were also used to tag depsipeptide anti-cancer agents for intracellular SRS 

imaging.101 The large molecular size and hydrophobicity of natural products such as 

these depsipeptides mean that tagging with BADY and PhDY is less likely to alter 

drug properties. PhDY tagged-antimycin and neoantimycin were visualised by SRS 

and their relative distribution was determined in cells. SRS imaging was again 

correlated with the subcellular localisation of known target proteins and further 

confirmed using multimodal imaging of the ER. The tagging methodology allowed 

information on structure-activity relationship to be obtained, revealing optimal sites for 

structural modification on the antimycin structures. The study revealed differences in 

the subcellular localisation of antimycin and neoantimycin, which was proposed to be 

driven by both their different protein targets and lipophilicity profiles.  

Raman imaging has been used to study nanoparticles (NPs) for drug delivery in cells 

and presents advantages over other common imaging methods, e.g., incorporation of 

fluorescent dyes.102, 103 Macromolecules such NPs are more amenable to Raman 

tagging than small molecules since modification is more likely to be bioorthogonal. In 
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addition, NPs are often formed of polymeric structures, thus many Raman reporters 

can be incorporated in a sequence to generate high local Raman activity. Vanden-

Hehir et al. synthesised Raman-tagged polymeric NPs and visualised their uptake in 

ex vivo murine brain.55 Alkyne- and deutero-analogues of the FDA-approved polymer, 

poly(lactic acid-co-glycolic acid) (PLGA), were synthesised and fabricated into NPs, 

giving rise to distinct Raman signals in the CSR. The NPs were first visualised in 

primary rat microglia and were found to distribute throughout the cytoplasm. Whilst 

drugs were not loaded into the NPs, rhodamine was encapsulated and its 

fluorescence signal was found to colocalise with the NP signal in microglia, 

demonstrating that PLGA NPs could successfully deliver material to the cells. NPs 

can cross the blood-brain barrier and thus offer the possibility of facilitating drug 

delivery to the brain.104 The alkyne-tagged PLGA NPs were visualised in mouse brain 

slices to determine whether the in vitro findings could be translated to ex vivo imaging. 

The NPs were indeed distributed throughout the brain tissue; depth-profile images 

revealed internalisation by the microglia. Since the Raman-active PLGA directly 

reports its intracellular location via bond vibrations in its molecular structure, this study 

by Vanden-Hehir et al. may be inherently advantageous over fluorescence methods. 

For fluorescently tagged NPs to report accurately, they must not undergo 

photobleaching or leaching of the dye from its carrier, which would contaminate the 

signal. Notwithstanding the many benefits of labelled NPs, SRS has also recently 

been used to carry out label-free imaging of NPs for drug delivery.105 

1.2.6 State of the art 

The latest research in the SRS microscopy field has primarily focused on the 

development of new technologies for label-free and ultrasensitive imaging. For 

example, considerable efforts have been made in the advancement of hyperspectral 

imaging which coincides with the development of new laser sources and technology 

upgrades.48 Hyperspectral imaging is complemented by the development of new data 

processing and denoising methods, and has been facilitated by new sparse spectral 

sampling approaches.106, 107 Improvements in sensitivity through electronic pre-

resonance or plasmon enhancement continue to lower the LOD of SRS.108, 109 

Moreover, recent examples of super-resolution SRS microscopy have broken the 

barriers of spatial resolution and will allow Raman detection to compete with 

fluorescence methods.110-112 These technological advances set the precedent for a 

bright future within the SRS microscopy field and will expand its range of applications. 
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However, new practical developments also continue to emerge which may allow SRS 

microscopy to reach a broader audience. For example, high-throughput multi-well 

plate and flow cytometry offer new opportunities for SRS in biochemical testing and 

provide the necessary efficient, parallelised analysis for integration into biomedical 

research.113, 114 Likewise, the tangible advantages of SRS imaging have been 

showcased in recent examples of intraoperative SRS imaging, providing real-time 

analysis of diseased tissue.115 

It is important to note that the relative ‘novelty’ of SRS microscopy over other better 

characterised or more commonplace techniques greatly complicate its use. This is 

especially relevant for custom built SRS microscope setups (which represented the 

only option for researchers until recent commercial systems became available). For 

example, fluctuations in laser alignment through all portions of the microscope set up 

can occur and are not always possible to detect, leading to variation in signal intensity 

between samples. Variations between samples are also highly likely when detector 

misalignment occurs. Finally, electronic components such as the lock-in amplifier, 

which is involved in signal detection, are sensitive to thermal drift and decomposition 

over time. These factors are particularly challenging when attempting to obtain 

quantitative data, which is essential for bolstering the utility of SRS microscopy for 

drug imaging.116 However, as interest in SRS microscopy continues to grow and 

further advances are made, these problems may become obsolete. 

1.3 Conclusions 

SRS microscopy continues to undergo advancements which move it to the forefront 

of biomedical imaging. The unique advantages of SRS imaging as a highly spatially 

and temporally resolved technique, with exquisite chemical specificity, have allowed 

important information on the intracellular behaviour of drugs to be determined. 

Facilitated by new label-free imaging modalities and improvement in microscope 

technology, the range of compounds targeted by SRS imaging is expanding. 

However, whilst larger super-Raman-active tags may continue to find utility in the 

labelling of macromolecules, there is an unmet need for the development of small, 

bioorthogonal tags. Generation of new, highly Raman-active tags which have been 

optimised for biological imaging will allow new drugs to be targeted, without relying 

on inherent Raman activity in the CSR which is so rarely available. Raman tags also 

offer a practical circumvention of the inherently high LOD of SRS microscopy, without 

the need for advanced microscope/laser setups. The ability to visualise drugs in this 



Introduction 

23 

manner may open up new avenues for the integration of SRS imaging into the drug 

discovery industry, where unique information on uptake, distribution and metabolism 

can be acquired. 

1.4 Project summary 

This project aimed to develop new Raman tagging methodology for the visualisation 

of drugs in living cells. A key focus was made on the improvement of existing Raman 

tags, which have been hampered by poor solubility, to broaden the application of 

Raman tagging in drug imaging. Guided by medicinal chemistry principles, in 

Chapter 2, new diyne tags were developed which aimed to improve tag solubility and 

retain high Raman activity. These new tags were analysed by mass spectrometry, 

X-ray crystallography and SRS microscopy to quantitate the effects of structural 

modification. Chapter 3 focused on attachment of newly developed Raman tags to 

an anti-cancer drug of interest. It was envisaged that this would allow intracellular 

drug tracking and new information to be acquired on drug uptake, distribution and 

associated phenotypic responses. The new drug-tag analogues were characterised 

using physicochemical and biophysical analyses to determine tag bioorthogonality 

and imaged in a cancer cell line by SRS. In Chapter 4, the biological effects of drug 

tagging were explored in detail.
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Chapter 2 Design, Synthesis and Analytical 

Evaluation of Raman Tags  

2.1 Introduction  

BADY was chosen as a starting point for the development of new Raman tags. The 

primary goal was to generate new molecules with increased aqueous solubility, thus 

expanding the applications of Raman-tagged drug imaging to include more complex 

targets. A design-synthesis-test approach was taken, guided by computational 

predictions of both physicochemical and Raman properties of the tags (Figure 2.1). 

Importantly, the DFT calculations provided information on both Raman intensity – 

which should be high enough to be able detect the molecule of interest at 

physiologically relevant concentrations – and Raman shift – which must exist in the 

CSR and provides information on tag multiplexability. BADY and related molecules 

are known to engage in intermolecular π-π stacking,117-119 which was proposed to 

contribute to their poor solubility and intracellular distribution. An approach was taken 

to reduce the planarity of BADY by increasing the fraction of sp3-hybridised carbons 

(Fsp3). The concept of Fsp3 has seen increased interest in recent years as a 

parameter for predicting the likely success of drugs and other biomolecules.120,121 

Moreover, disruption of planarity with the increase of Fsp3 has been shown to result 

in improved molecular solubility.122, 123 Considering these factors, BADY analogues 

with increased Fsp3 character were designed, synthesised, and analysed. This 

element of tag design was carried out in parallel to ongoing studies in the group 

targeting specifically heteroaromatic tags with low logP, which will be discussed in 

Section 2.6. 

 

Figure 2.1. Workflow for the design, synthesis and evaluation of new Raman tags for cellular 

imaging.   
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2.2 A priori computational analysis 

Whilst Fsp3 was the main focus of this tag design campaign, logP was also taken into 

account considering its importance in medicinal chemistry. The parameter logP 

represents the logarithm of the partition coefficient of a species between n-octanol 

and water. Whilst logP considers the hydrophobicity a neutral species, logD also 

considers ionised forms of a molecule and is calculated at a specific pH. 

Unfortunately, increasing Fsp3 generally also increases logP so the two parameters 

must be considered collectively. A range of diyne-containing molecules (Figure 2.2) 

were designed and analysed to determine their relative Raman activity (Figure 2.3). 

Calculations were based upon tags featuring the BADY or PhDY motif, containing a 

hydrolysable ester handle which provides a site for attachment to a compound of 

interest. In general, tags were designed that included a greater number of sp3 

carbons, whilst attempting to retain, or improve, Raman activity of the tag. A number 

of interesting observations can be drawn from the data. Theoretically, complete 

removal of an aromatic ring from the BADY motif to generate PhDY would disrupt π-

π stacking, however, this significantly reduces diyne signal intensity. Accordingly, 

bicyclic aromatic motifs (A, B, O, U) were examined which retained Raman activity 

whilst still addressing Fsp3. Similar compounds can be grouped together on the plot, 

e.g., cyclic alkenes D, Q, and N gave similar shifts and intensities to the BADY tag. 

This indicates that a bis-aryl capped diyne may not be absolutely necessary to 

achieve high Raman activity. However, tags which showed increased Raman intensity 

over BADY all contained aromatic rings on both sides of the diyne. Furthermore, tags 

containing aromatic rings with additional groups allowing extended delocalisation (R, 

S, U) expectedly showed very high RIE values. RIE refers to the Raman intensity of 

a given bond relative to 5-ethynyl-2'-deoxyuridine (EdU), the chemical structure of 

which is shown in Figure 2.2. Each of the PhDY analogues were calculated to have 

greater Raman intensity over unsubstituted PhDY. The ability to accurately predict 

Raman shifts is also useful in the design of tags for multiplexing, whereby 

modifications in chemical structure allows series of molecules to be developed with 

stepwise changes in Raman shift. For example, C has a lower cLogP, higher Fsp3 

and is significantly blue-shifted compared to A, so was later taken forward for 

multiplexing studies (Section 2.5). Figure 2.3 also indicates the cLogP value for each 

tag compound. Expectedly, positive correlation between the presence of heteroatoms 

and cLogP is evident, with piperidine (E) and piperazine (F) tags calculated as least 

lipophilic. Unfortunately, tag F is an unsuitable candidate since such ynamines are 
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highly susceptible to hydrolysis.124 Compounds E, F and S exhibited very low cLogP 

as they feature multiple polar functional groups. Amine and sulfonic acid groups 

present in these molecules would also be charged at physiological pH, presumably 

resulting in a lower logD7.4 value. Although this may improve aqueous solubility, these 

tags were not prioritised due to concern over unwanted sequestration into cell 

organelles.125, 126 This does, however, highlight the opportunities for new Raman 

probes deliberately designed for organelle targeting. The compounds tested in this 

study constitute a very small portion of the tags available for synthesis. DFT 

calculations were carried out regularly throughout the tag design and optimisation 

process and will continue to guide future tag development.  

 

Figure 2.2. Chemical structures of new Raman tags A–T taken forward for computational 

analysis. Structures of 5-ethynyl-2'-deoxyuridine (EdU), PhDY and BADY are shown for 

comparison. 
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Figure 2.3. Results of computational analysis of methyl ester tags A–T. Full structures are 

provided in in Figure 2.2. Raman intensities are expressed relative to the calculated intensity 

of the alkyne in EdU (relative intensity vs EdU, RIE). 

With computational data in hand, a series of synthetically accessible BADY analogues 

were taken forward to probe the physicochemical effects of changes in Fsp3-character 

(Figure 2.4). Tetralinyl, (p-Me)-substituted, and (p-tBu)-substituted BADY analogues 

(1b and 1d–1e, respectively) provide an increased Fsp3 value, potentially disrupting 

π-π stacking.122 Completely removing aromaticity in the alkyne end cap gives 

cyclohexyl PhDY analogue 1c; a tag with an Fsp3 value which falls within the typical 

range for a fragment library (>0.36).120 A naphthalene-containing tag 1f was included 

in the design process as a positive control; this has a very similar Fsp3 value to 1a, 

but with an added planarity which might be expected to increase stacking 

interactions.127, 128  
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Figure 2.4. General chemical structure of BADY analogues and energy-minimised molecular 

structures of 1a–1f. In each structure the methyl 4-ethynylbenzoate moiety remains unaltered 

and is therefore omitted for clarity. 

2.3 Synthesis of mono- and bis-alkynes 

In general, diyne-containing molecules such as BADY are synthesised via coupling of 

two alkynes. Synthesis of these mono-alkyne groups can be achieved through a 

number of synthetic routes, primarily via the Sonogashira reaction of aromatic halides 

with silyl-protected terminal alkynes, or via homologation such as in the Corey-Fuchs 

or Seyferth-Gilbert reactions. In this particular study, all but one of the alkyne starting 

materials for 1a–1f were commercially available. For 1b, where an aromatic halide 

starting material was not available for direct Sonogashira coupling, the alkyne was 

formed via Seyferth-Gilbert reaction with Ohira-Bestmann modification (Scheme 2.1). 

The carboxylic acid in 2 was reduced cleanly with LiAlH4 to afford 3 in excellent yield. 

This was followed by the conversion to aldehyde 4, which reacted with the Ohira 

Bestmann Reagent 5 to form 6. This homologation reaction was later proven to be 

successful for the synthesis of more exotic, previously untargeted, heteroaromatic 

alkynes.80   
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Scheme 2.1. Synthesis of tetralinyl starting material 6 required for the synthesis of 1b. 

Reagents and conditions: a) LiAlH4 (4 equiv.), THF, 0 °C→RT, 3 h. b) Dess-Martin periodinane 

(1.1 equiv.), DCM, 0 °C→RT, 16 h. c) Ohira-Bestmann reagent 5 (1.2 equiv.), MeOH, K2CO3 

(1.1 equiv),  0 °C→RT, 4 h. 

The synthesis of non-symmetrical bisaryl butadiynes is non-trivial, primarily due to 

competitive homocoupling of the starting materials. Limited synthetic routes are 

available, with the majority of published methods focusing on Cu-based Glaser-type 

coupling. A major limitation of this route is the need for a superstoichiometric amount 

of one of the coupling partners. A Cadiot-Chodkiewicz (CC)-type coupling was 

employed in attempts to synthesise BADY analogues in an efficient, cost-effective 

and green manner. In the early stages of the project, cross coupling yields were 

consistently hampered by the generation of by-products such as 9 and 10 (Scheme 

2.2).  

 

Scheme 2.2. Synthesis of 1a using unoptimised CC-coupling, forming by-products 9 and 10. 

Reagents and conditions: a) Pd2(dba)3 (0.04 equiv.), CuI (0.02 equiv.), Et3N (2 equiv.), PPh3 

(0.04 equiv.), THF, RT, 4 h. 

The appearance of impurities 9 and 10 can be rationalised considering the 

mechanism of Pd-catalysed CC coupling (Scheme 2.3). 
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Scheme 2.3. Catalytic cycle of the Pd/Cu-catalysed CC coupling reaction with possible routes 

(paths B and C) to homocoupled side products. L = phosphine ligand and R = modified group 

in diyne tag structure. 

After the transmetallation step, the alkyne-bound Pd intermediate may engage in a 

second transmetallation with a Cu-bound acetylide, forming homocoupled diynes 

(paths B and C in Scheme 2.3). Both phenylacetylene homodimer 9 and para-methyl 

ester phenylacetylene homodimer 10 were formed. Such side products, where 

extended delocalisation is available throughout the molecule, are likely formed in 

higher amounts than in reactions involving just one terminal alkyne or aliphatic R 

groups. A yield of 12% of compound 10 (vs 60% 1a) was previously obtained in a Pd-

catalysed cross coupling reaction.129 With this information, attention was drawn to 

possible modifications to supress side product formation. 

The phosphine ligand used in the reaction was identified as a component which may 

be modified to supress homocoupling.130 For example, increased steric bulk is known 

to facilitate the transmetallation step, and electron rich phosphines increase the rate 

of reductive elimination.131 As such, combining both these effects, the tri(o-

tolyl)phosphine ligand was used. In addition, tri-tert-butylphosphine was trialled, which 

is substantially more electron rich than the aryl phosphines. Unfortunately, neither 

ligand appeared to have a significant impact on the yield of the reaction with 

homocoupled products still being formed. To determine whether by-product formation 
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would be a consistent issue in the reaction, alkyne 6 was subjected to the same 

reaction conditions in attempts to form the desired diyne 1b (Scheme 2.4). 

Homocoupled products were again observed, with full starting material conversion but 

only a modest 39% yield of the desired heterocoupled product.  

 

Scheme 2.4. Synthesis of 1b using unoptimised CC-coupling, forming by-products 10 and 11. 

Reagents and conditions: a) Pd2(dba)3 (0.04 equiv.), CuI (0.02 equiv.), Et3N (2 equiv.), PPh3 

(0.04 equiv.), THF, RT, 4 h. 

Shi et al. reported the use of phosphine ligand 12 (Scheme 2.5) in the synthesis of 

unsymmetrical diynes.132 Therein, mechanistic studies provided evidence for 

reductive elimination as the rate limiting step, with phosphine 12 facilitating the 

formation of the reactive cis Pd complex. Both the bidentate nature and the π-

acceptor ability of 12 were thought to accelerate the reductive elimination step.  

 

Scheme 2.5. Postulated mechanism of action of phosphine ligand 12 in supressing side 

product formation.132  

Gratifyingly, replacement of the phosphine ligand with 12 improved reaction yield to 

73%, providing more than 2-fold increase in formation of the heterocoupled product. 

(Table 2.1).  
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Table 2.1. Optimisation of the Pd-catalysed CC-type coupling reaction. 

 

aSimilar yields were obtained with alkynyl iodides, however, challenging workups prompted the use of 

alkynyl bromides which gave cleaner crude products. 

Using the optimised conditions reported in Table 2.1, compounds 1b–1f were also 

obtained in very good to excellent yields, reinforcing the utility of 12 (Table 2.2). 

However, it should be noted that for more complex molecules (including those with 

additional heteroatoms) 12 did not always afford heterocoupled products in high 

yields.  

 

Table 2.2. Synthesis of compounds 1a–1f via Pd-catalysed cross-coupling. 

 
Compound R Yield 

1a phenyl 73% 

1b tetralinyl 71% 

1c cyclohexyl 69% 

1d (p-Me)-phenyl 76% 

1e (p-tBu)-phenyl 67% 

1f naphthyl 66% 

 

Entry L Yield 

1 PPh3 41% a 

2 P(o-tol)3 47% 

3 P(tBu)3 34% 

4 12 73% 
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2.4 Analytical evaluation of Fsp3-inspired tags  

The physicochemical properties of the newly synthesised tags were then probed; 

particularly their relative propensities to engage in intermolecular stacking, as this is 

known to affect solubility.122, 123 Mass spectrometry (MS) has previously been used to 

provide information on both inter- and intra-molecular π-π stacking.133, 134 ESI-MS 

analysis of 1a revealed both its monomeric and dimeric sodiated molecular ion 

(Figure 2.5). The relationship between dimeric and monomeric species was 

confirmed by isolation of the dimer, which fragmented to the monomeric form under 

normal ESI conditions. It was postulated that, if the proportion of monomer and dimer 

could be regulated, a readout of molecular aggregation could be obtained. By 

increasing the collision voltage, which controls the fragmentation of ions in the 

collision cell, concomitant reduction in the intensity of dimer peak and augmentation 

of the monomer peak was observed (Figure 2.6).  

 

Figure 2.5. Mass spectrum of 1a acquired at collision voltage = 0 V, m/z = 283.07 [M+Na]+, 

543.15 [2M+Na]+. 
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Figure 2.6. Change in peak intensity (normalised to the total ion count) for monomer (m/z = 

283.07) and dimer (m/z = 543.15) species with increasing collision energy as identified in the 

mass spectrum of 1a. 

Performing the same experiment on tags 1b–1f revealed similar reductions in the 

relative proportion of dimer at higher collision voltages (Figure 2.7). However, by 

determining the half-wave collision voltage (HWCV, collision voltage at which the 

dimer fraction represents half its original value), the tags could be distinguished. This 

indicated that the strength of the interaction holding together each molecule was 

different. Attempts to correlate HWCV with Fsp3 were unsuccessful (Figure 2.8), 

suggesting that either the tags used or the MS protocol conducted, were not useful in 

comparing compounds based on Fsp3. As previously noted, introducing a higher Fsp3 

to the BADY molecule gives a consequential increase in cLogP. Interestingly, a 

significant correlation between cLogP and HWCV was observed (Figure 2.9). This 

finding suggests that cLogP is a more useful parameter in predicting the strength of 

non-covalent interactions by MS.  
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Figure 2.7. Change in fraction of 1a–1f dimer with increasing collision energy, as determined 

by ESI MS. Dose-response curves were fitted to extracted ion chromatogram data normalised 

to the total ion count. 

 

 

Figure 2.8. HWCV data obtained from ESI MS experiments plotted against Fsp3 for 1a–1f. 

r = 0.40, p > 0.4. 
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Figure 2.9. HWCV data obtained from ESI MS experiments plotted against cLogP for 1a–1f. 

r = 0.91, p = 0.01. 

Soft ionisation techniques such as ESI have been shown to preserve non-covalent 

interactions in small molecules, peptides, and proteins.135, 136 However, since this MS 

data is obtained from a high energy gas-phase state, it was important to gauge the 

propensity of each tag to engage in non-covalent interactions which might affect 

crystal stability and dissolution. Unfortunately, attempts to study these molecules in 

solution, e.g., by DOSY NMR were unsuccessful. Nevertheless, the tags were 

investigated in the solid state. The crystal structure of 1,4-diphenyl-1,3-butadiyne has 

been solved,137 however, 1a–1f have hitherto never been investigated by X-ray 

crystallography. Crystals of 1a and 1b were obtained by slow evaporation from 

methanol and a 1:1 mixture of ethyl acetate and hexane, respectively, allowing their 

molecular structures to be determined (Figure 2.10 and Figure 2.11). 

 

Figure 2.10. X-ray crystallography structure of 1a. Displacement ellipsoids are at the 50% 

probability level. 
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Figure 2.11. X-ray crystallography structure of 1b. Displacement ellipsoids are at the 50% 

probability level. Hydrogen atoms omitted for clarity.  

X-ray crystallography revealed differences in the crystal structure of tags with varying 

Fsp3 (Figure 2.12). Whilst 1a exhibits a regular end to end stacked structure, with the 

distance between aromatic rings (3.4–3.8 Å) within the typical range for π-π aromatic 

interactions (3.3–3.8 Å),138 the same observations could not be made for 1b. This 

suggests the asymmetry of the molecule and/or replacement of the phenyl diyne cap 

with the tetralinyl functionality impacted its ability to stack under the conditions used 

in X-ray analysis. Attempts to crystallise cyclohexyl derivative 1c from a range of 

solvents including hexane, dichloromethane, ethyl acetate, ethanol, methanol, and 

combinations thereof were unsuccessful. Although this has not allowed any 

conclusions to be drawn about the stacking of this molecule, it does indicate that 1c 

has improved solubility over 1a. 

 

Figure 2.12. X-ray crystallography structures of 1a (top) and 1b (bottom). Green dashed 

line/arrow denotes the distance measured between aromatic rings (3.4–3.8 Å).  
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2.5 Raman activity of Fsp3-inspired tags 

The relative Raman activity of tags 1a–1f in solution was then determined by spRS. 

Direct equimolar comparison with the signal intensity of EdU was unsuccessful due 

to the poor solubility of tag compounds in DMSO at higher concentrations which are 

required to observe EdU (Figure 2.13). 

 

Figure 2.13. Microscope images of 1f–1c (L–R) crystallising out of DMSO solution (100 mM 

tag + 100 mM EdU) after 20–30 s laser exposure. 

However, on mixing at a 1:10 ratio, the BADY analogues (10 mM) exhibited a 

significantly greater Raman intensity than EdU (100 mM), as predicted by DFT 

calculations (Figure 2.14). Importantly, Fsp3-based structural modifications to the 

BADY motif had no negative effect on the signal intensity of the diyne peak, excluding 

1c which, as a PhDY analogue, is known to exhibit lower Raman activity.43  

 

Figure 2.14. Spontaneous Raman spectra acquired from solutions of 1a–1f. Tag samples 

were prepared in DMSO (10 mM) and mixed (1:1 v/v) with solutions of EdU in DMSO (100 

mM). Intensities normalised to EdU at ca. 2112 cm-1. The diyne peak in the spectrum of 1b is 

anomalously low due to partial insolubility in DMSO.  

Table 2.3 reports the experimentally obtained Raman parameters to those predicted 

in Section 2.2. Comparing predicted and experimental values (Figure 2.15), Raman 
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shifts generally matched well. However, RIE values were much lower than predicted 

and did not correlate well. Variable and poor solubility of the tags leading to lower 

effective concentrations in solution may be partly responsible for these discrepancies.  

Table 2.3. Calculated and experimental (Figure 2.14) Raman properties of tags 1a–1f. RIE = 

relative intensity vs EdU. Predicted values were obtained via density functional theory (DFT) 

calculations (B3LYP/6-31G (d)). 

Compound 

Predicted Experimental 

Raman shift / cm-1 RIE Raman shift /cm-1 RIE 

1a 2225 63 2220 26 

1b 2222 82 2220 14 

1c 2248 23 2238 10 

1d 2223 74 2219 26 

1e 2223 79 2219 21 

1f 2221 102 2220 27 

 

 

Figure 2.15. Correlation analysis of predicted and experimental Raman properties listed in 

Table 2.3. Left:  Raman shift; r = 0.98, p < 0.001. Right: RIE (relative intensity vs EdU); r = 

0.64, p = 0.08. 

Having confirmed Raman activity in the CSR with spRS, 1a–1f were taken forward for 

intracellular SRS imaging. When imaging a new compound, it was considered 

important to confirm the exact wavelength at which the maximum Raman intensity is 

observed via a hyperspectral scan. This accounts for any small differences in the 
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wavenumber obtained by spRS vs SRS and any changes when the compound is 

detected in cells vs pure solid/solution. ES-2 human ovarian cancer cells were used 

in this study as they are a robust, relatively easy to culture cell line. By tuning to 

wavelengths around 2220 cm-1, and plotting the average intensity values in a region 

of interest within the cells, 1a was shown to localise inside cells and exhibit maximum 

intensity at ca. 2213 cm-1 (Figure 2.16). As discussed, SRS is unique in the field of 

live cell microscopy in providing label-free delineation of cellular structures. Protein 

and lipid-rich regions of the cell were identified by their unique vibrational profile 

(Figure 2.17 A and B, respectively). This is achieved by tuning to the C–H bond in 

CH3-rich moieties for proteins and CH2-rich moieties in lipids. The alkyne image 

acquired is generally processed by subtracting an image taken at an off-resonance 

frequency to account for non-specific background signal. The on-resonance, off-

resonance, and subtracted images are shown in Figure 2.17 C–E. 1a was found to 

localise within the cytoplasm of the cell, notably absent from the nucleus. By 

overlaying the alkyne and lipid images, it became apparent that 1a was concentrated 

in lipid-rich regions of the cell, which is consistent with theoretical and experimental 

analyses of the lipophilic BADY structure. The biodistribution of tag (specifically its 

absence from the nucleus) prompted further investigation into whether the 

physicochemical properties of BADY prevented nuclear penetration. If true, this may 

hamper future drug-tag imaging through disruption of the drug’s natural cellular 

distribution. 

 

Figure 2.16. Hyperspectral scan of the alkyne vibrational window obtained from live SRS 

imaging of ES-2 cells after incubation with 1a (10 µM, 1.5 h). Gaussian curve fitted using Origin 

9.6.0.172. Region of interest within the cell used for intensity measurement is highlighted with 

a white box. Scale bar 25 µm. 
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Figure 2.17. SRS imaging of 1a in live ES-2 cells (10 µM, 1.5 h). Contrast achieved by tuning 

to the indicated wavenumbers for: A) CH3 (proteins), B) CH2 (lipids), C) C≡C (alkyne off-

resonance), D) C≡C (alkyne on-resonance) E) subtraction of D-C, F) overlay of B & E. False 

colouring applied to C–F for clarity. Scale bars 25 µm. 

Given that the exact relationship between physicochemical properties (cLogP, Fsp3) 

and tag aggregation remained uncertain, differences in the biodistribution of 1a–1f 

were assessed. Comparing images acquired upon incubation of ES-2 cells with 

tags 1a–1f (Figure 2.18), showed a general similarity in the distribution of each tag. 

The tags appeared to be accumulating in lipid droplets and were not diffuse 

throughout the cell. At the incubation concentration, no compound signal was 

apparent in the cell media, suggesting no major issues with tag solubility. The images 

show no significant change in the cellular distribution of the tags was achieved upon 

structural modification, despite changes in physicochemical properties.  
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Figure 2.18. SRS imaging of 1a–1f in ES-2 cells (10 µM, 1.5 h). Contrast achieved by tuning 

the indicated wavenumbers for the alkyne frequency. False colouring applied for clarity. Off-

resonance frequency image subtracted from each alkyne image to account for background 

signal. Scale bars 25 µm. 

With the knowledge that each of the tags were visible in cells at relatively high SNR, 

the possibility of simultaneous detection, i.e., multiplexing was explored. The blue-

shifted signal of cyclohexyl tag 1c highlighted it as an obvious candidate for 

multiplexing. In addition, its relatively low cLogP and high Fsp3 made it an interesting 

target as a compound theoretically less prone to lipophilic accumulation. Direct 

comparison of tag distribution within the same cell environment allows for a richer 

investigation than independent analysis of the tags. Thus, HeLa cells were incubated 

with a mixture of tetralinyl tag 1b and cyclohexyl tag 1c and subjected to SRS 

imaging. By spanning a range of Raman shifts that encompassed the predetermined 

alkyne frequencies of both 1b (2213 cm−1) and 1c (2238 cm−1), two maxima could be 

clearly distinguished (Figure 2.19). Initial incubation of HeLa cells with 1b and 1c in 

a 1:1 ratio at 10 μM concentration, gave only low signal intensity for 

compound 1c (Figure 2.19 purple) reflecting its lower relative Raman vibrational 

intensity (Table 2.3 and Figure 2.18) at the same intracellular concentration. 

However, increasing the concentration of 1c 10-fold augmented its observed intensity 

(Figure 2.19 blue), allowing both compounds to be imaged concurrently within the 

cells.  
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Figure 2.19. Simultaneous detection of 1b and 1c at the indicated concentrations in HeLa 

cells (2.5 h) via hyperspectral scanning of the CSR by SRS microscopy. Gaussian curves fitted 

using Origin 9.6.0.172 (OriginLab Corporation). 

Incubation of HeLa cells with a mixture of 1b and 1c allowed their simultaneous 

detection within the cytoplasm (Figure 2.20). No significant differences in the 

distribution of the tags could be observed; although partial overlap of the signal 

resulted in some bleed through of signal between frequencies, as demonstrated in 

Figure 2.19. Moreover, when 1b and 1c were imaged independently, their 

subcellular localisation appeared to be similar (Figure 2.18). In future work, it may be 

interesting to install different organelle-targeting moieties to 1b and 1c in order to 

maximise the opportunity for multiplexing. 
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Figure 2.20. Multiplexed SRS imaging of 1b and 1c in HeLa cells. Cells were incubated with 

a mixture of 1b (10 µM) and 1c (100 µM) for 2.5 h. Contrast achieved by tuning to the indicated 

frequencies. Off-resonance frequency image subtracted from each alkyne image to account 

for background signal. Scale bars 50 µm. 

Together, the study of compounds 1a–1f highlight several important points. Firstly, it 

appeared that, whilst some effect of modulating Fsp3 were observed in the solubility 

and intermolecular interactions of the tags, this did not translate to differences in their 

propensity to form dimers. Moreover, all tags were cell permeable and differences in 

the Fsp3 did not change their apparent intracellular distribution. With MS data 

suggesting cLogP may be an important factor in tag association and these high cLogP 

compounds demonstrating punctate signal in lipid-rich regions of the cell and absent 

from the nucleus, attention was drawn to further reducing the cLogP of BADY tags.  

2.6 Further addressing cLogP in tag design 

Additional tags were designed with the hope of improving intracellular characteristics 

by further increasing tag solubility. Having assessed the signal intensity of the tags in 

cells, it was decided that further modification of the BADY (rather than PhDY) motif 

would be carried out.  

2.6.1 Bicyclic low cLogP compounds  

Tags 1g and 1h (Figure 2.21) were designed with iterative changes to the structure 

of tag 1b. Benzolactam tag 1g was included in the initial tag design phase (Section 

2.2) and was shown to exhibit high calculated RIE, moderate Fsp3 and low cLogP vs 

1a or 1b. Fully substituting the lactam ring to generate quinazoline-2,4(1H,3H)-dione 

1h further reduces cLogP. Both of these bicyclic ring motifs have featured in medicinal 

chemistry development.139, 140 
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Figure 2.21. Structures of new Raman tags 1g and 1h and associcated calculated 

physiochemical properties. 

Synthesis of the terminal alkyne precursors to 1g and 1h was carried out via 

microwave-assisted Sonogashira coupling of 13 or 14 to give 15 or 16 and 

subsequent silyl deprotection to terminal alkynes 17 and 18 (Scheme 2.6). This 

method avoided the long reaction times and high temperatures often associated with 

benchtop Sonogashira reactions. Diynes 1g and 1h were then synthesised using the 

Pd-catalysed cross coupling reaction conditions optimised in Section 2.3. 

Paradoxically, it was noted that 1g and 1h were very insoluble in common laboratory 

solvents (compared to other synthesised diynes) which may have been an early 

indication of their unsuitability. This may be due to intermolecular hydrogen bonding, 

which has previously been linked to the insolubility of quinazoline-2,4(1H,3H)-

diones.141, 142 

 

Scheme 2.6. Synthesis of 1g and 1h. Reagents and conditions: a) PdCl2(PPh3)2 (0.02 equiv.) 

CuI (0.01 equiv.), Et3N (2 equiv.), ethynyltri(methyl)silane (2 equiv.), pyridine:DMF (1:1 v/v), 

90 °C, MW, 4 h, 15 (55%), 16 (73%). b) K2CO3 (0.1 equiv.), MeOH, RT, 24 h, 17 (96%), 18 

(quant). c) 8 (0.83 equiv.), Pd2(dba)3 (0.04 equiv.), CuI (0.02 equiv.), Et3N (2 equiv.), 12 (0.04 

equiv.), DMF, RT, 4 h, 1g (38%), 1h (64%). 

Interestingly, in addition to the expected Raman activity, 1h exhibited fluorescent 

properties in solution (Figure 2.22). The quinazoline-2,4(1H,3H)-dione core has been 

used previously in fluorescent probes for biological applications.143, 144 As discussed 

in Chapter 1, dual modality tags exhibiting both fluorescence and Raman activity are 

advantageous for a number of reasons and have previously been reported in the 
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field.84 In this study, it was considered useful to utilise fluorescence detection mode 

to confirm the lack of signal (e.g., in the cell nucleus) was due to lack of compound 

rather than the high LOD of SRS vs fluorescence microscopy. Tags 1g and 1h were 

taken forward for attachment to a molecule of interest, alongside the Fsp3 compounds. 

 

Figure 2.22. Raman and fluorescence properties of 1h. Left: spontaneous Raman spectrum 

of a solid sample of 1h, indicating the alkyne vibrational peak at 2215 cm-1. Right: fluorescence 

excitation and emission profiles of 1h (0.1 mg/mL in DMSO), λex = 386 nm λem = 480 nm. 

2.6.2 Heteroaromatic tags 

The work presented thus far represents a small portion of the tag development carried 

out by the Hulme group. In parallel to the Fsp3-focused work, new heteroaromatic tags 

were designed and synthesised, in collaboration with Dr Manasa Punaha-Ravindra.80 

These molecules offered a range of possible new opportunities in ATRI (Figure 2.23).  

 

Figure 2.23. Opportunities for heteroaromatic BADY analogues. Reproduced under Creative 

Commons public use license from Wiley-VCH.80  

An obvious advantage and the main focus of this study was the predicted 

improvement in solubility upon introduction of heteroatoms. Stepwise increase in the 
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Three heteroaromatic probes (1i–1k, Figure 2.24) were selected for further testing. 

With up to 9× lower cLogP values than 1a (cLogP = 4.10), these tags offered potential 

of improving tag solubility considerably. 

 

Figure 2.24. Heteroaromatic tags 1i–1k synthesised by Dr Manasa Punaha-Ravindra and 

carried forward for further analysis in this project. 

2.7 Conclusions 

This chapter discussed the design, synthesis and evaluation of new Raman tags for 

cellular imaging. By considering physicochemical properties such as cLogP and Fsp3, 

tags were designed and their predicted Raman activity was calculated. Taking forward 

several tags designed to disrupt the planarity of BADY and thus improve solubility, 

intermolecular interactions were probed by MS and X-ray crystallography. Despite 

modifications to Fsp3, these experiments determined that the propensity of tags to 

form dimers was largely unaffected. However, the MS results highlighted a significant 

correlation between cLogP and the strength of non-covalent interactions, suggesting 

the importance of cLogP in predicting tag association. The modifications made to 

BADY were shown not to negatively impact Raman activity, with each tag imaged 

inside cells at high SNR. Interestingly, it was possible to multiplex BADY analogue 1b 

and PhDY analogue 1c, allowing simultaneous intracellular detection. cLogP was 

further addressed in tag design and new bicyclic and heteroaromatic analogues were 

synthesised primarily to improve solubility but also offering numerous additional 

benefits e.g., multimodal imaging and easier multiplexing. These tags were next taken 

forward for use in the assessment of intracellular drug biodistribution by SRS imaging. 
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Chapter 3 Biochemical and Biophysical Evaluation 

of Raman-Active Drug Analogues 

3.1 Introduction  

Having generated a series of new Raman tags with modified physicochemical 

properties, attention was focused on their attachment to a drug of interest. The choice 

of drug was based on a) synthetic feasibility of tag attachment, b) amenability of drug 

to structural modification and c) interests of collaborators at AstraZeneca. Olaparib 

was investigated as a possible target for Raman-tagged drug imaging. 

3.1.1 Olaparib 

Olaparib is a small molecule poly(ADP-ribose) (PARP) inhibitor (PARPi) prescribed 

as maintenance therapy in the treatment of ovarian cancer (Figure 3.1).146 The 

structural core of olaparib forms several key interactions within the amino acid 

residues in the PARP-1 active site, whereas its terminal cyclopropyl group does not 

participate in binding and confers only oral bioavailability.  

 

Figure 3.1. Structure of olaparib showing key hydrogen bond interactions with amino acids in 

the PARP-1 active site.147 

Olaparib has been modified to generate a range of theranostic analogues, including 

radiotracers for positron emission tomography (PET) and single photon emission 

computed tomography (SPECT) imaging.148 As discussed in Chapter 1, radiolabelled 

drugs are useful the assessment of drug distribution within larger scale biological 

environments and have even reached clinical trial phase.149 However, PET and 

SPECT probes are generally not suitable for cellular imaging, which relies more 

commonly on the spatial resolution provided by fluorescence microscopy. Several 
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fluorescent imaging probes have previously been synthesised by replacement of the 

cyclopropyl group in olaparib (Figure 3.2). Probes 19–21 were used to visualise 

olaparib distribution directly,150, 151 whereas 22 allowed fluorescent drug detection via 

an in vitro Click reaction.152 There is a notable increase in both molecular weight (895 

vs 640 g·mol-1) and cLogP (6.0 vs 4.0) from 19 to 20. This translated to slower uptake 

of drug to – and clearance from – the nucleus and mouse plasma, highlighting the 

importance of considering physicochemical properties in tag design. Retention of drug 

in the nucleus is important for a PARPi considering these drugs must be available to 

bind to PARP interacting with DNA. Although the cLogP of the Raman probes are 

lower than 20, this factor could be expected to cause similar issues. Nevertheless, 20 

was still shown to be a useful compound, and the precedent of tag attachment at the 

cyclopropyl site in these studies and others provided a sound rationale for Raman 

tagging in a similar way. 

 

Figure 3.2. Previously reported olaparib analogues for optical imaging: BODIPY-labelled 

drugs 19 and 20,150 Si-rhodamine-labelled drug 21,151 and trans-cyclooctene (TCO) Click 

reagent 22.152 Calculated logP (cLogP) and fluorescence excitation/emission maxima are 

indicated.  

3.1.2 Poly(ADP-ribose) polymerase (PARP) 

The structure of olaparib was designed to mimic nicotinamide adenine dinucleotide 

(NAD+), the natural substrate of PARP-1. PARP-1 is a member of the PARP family of 

proteins whose primary function is in the response to DNA damage (Figure 3.3).  
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Figure 3.3. Overview of the structure, function and role in the DNA damage response of 

PARP-1. Abbreviations: ZnF = zinc finger, NLS = nuclear localisation sequence, BRCT = 

breast cancer type 1 susceptibility protein (BRCA1) C-terminus domain, WGR = tryptophan-

glycine-arginine-rich domain, HD = helical domain, ART = ADP-ribosyl transferase fold, NAD = 

nicotinamide adenine dinucleotide, BER = base excision repair, HR = homologous 

recombination, NHEJ = nonhomologous end joining, alt-EJ = alternative end joining. Produced 

using Biorender. 

DNA damage can occur through endogenous sources (reactive oxygen species, DNA 

replication errors, DNA base alkylation, etc.) or exogenous sources (radiation, 

chemicals, etc.).153 This can result in both single- and double-stranded breaks 

(SSB/DSB) in DNA which must be repaired for the healthy function of the cell (Figure 

3.3A). These breaks can be rectified through a number of pathways, e.g., base 

excision repair (BER), homologous recombination (HR), nonhomologous end joining 

(NHEJ) and alternative end joining (alt-EJ). PARP-1 plays a role in many of these 

DNA repair pathways, primarily to bind to damaged regions of DNA and act as a 

signalling protein (Figure 3.3B), forming chains of adenosine diphosphate (ADP) 

polymers in a process known as parylation (Figure 3.3C).154 Parylation is then 

recognised by a series of DNA damage repair proteins which restore the DNA to its 

original form and retain viability of the cell. The structure of PARP-1 consists of 3 main 

domains: DNA binding, auto-modification and catalytic, which are each split into 

further subdomains (Figure 3.3D, Figure 3.4).155 The DNA binding domain comprises 

three zinc finger motifs (ZnF1–ZnF3) and a nuclear localisation sequence (NLS). A 
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breast cancer type 1 susceptibility protein (BRCA1) C-terminus (BRCT) domain 

constitutes the main bulk of the auto-modification domain which is linked to the 

catalytic domain via a tryptophan-glycine-arginine-rich (WGR) domain. The catalytic 

domain comprises a helical domain (HD) and ADP-ribosyl transferase fold (ART). 

PARP-1 shares a high degree of sequence homology with other PARP proteins, 

including PARP-2, which retains much of the catalytic domain and a truncated DNA 

binding domain.156 As such, olaparib binds strongly to both PARP-1 and PARP-2.157  

 

Figure 3.4. Structure of PARP-1 protein bound to double stranded DNA, highlighting various 

domains. PDB: 4DQY. ZnF = zinc finger, WGR = tryptophan-glycine-arginine-rich domain, 

HD = helical domain, ART = ADP-ribosyl transferase fold. 

A range of PARPi have been developed, primarily for breast and ovarian cancers 

(Figure 3.5). PARPi are thought to induce cytotoxicity not only through the inhibition 

of DNA repair but by preventing the cleavage of PARP from DNA in a process known 

as PARP trapping. This leads to the accumulation of DNA lesions which cannot be 

repaired. PARPi have been particularly successful in certain cancers due to a 

phenomenon known as synthetic lethality.158 Synthetic lethality refers to the situation 

where loss of two genes (or proteins) independently does not have a remarkable 

effect but their simultaneous loss is lethal to the cell. An important example of 

synthetic lethality involves the breast cancer susceptibility gene (BRCA). BRCA1 and 

BRCA2 genes are involved in the DNA damage repair pathway. Upon mutation 

(BRCAm), cells become deficient in HR, an aforementioned mechanism of repairing 

damaged DNA. This renders cells reliant on other repair pathways, which, when 
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inhibited, leads to synthetic lethality. PARPi like olaparib generally exhibit greater 

potency in reducing BRCAm cell viability than BRCA wild type (WT) due to this 

synthetic lethality. 

 

Figure 3.5. PARP inhibitors (PARPi) discussed in this chapter and nicotinamide adenine 

dinucleotide (NAD+), the natural substrate of PARP-1. 

The current relevance of PARPi in the latest cancer research make olaparib an 

attractive target for Raman tagging. The ability to track olaparib in cells was thought 

to offer new benefits in correlating biodistribution with other biological parameters and 

the phenotypic response to PARP inhibition. It was also considered that investigation 

of resistance mechanisms could be correlated with intracellular drug tracking, as has 

been previously carried out using SRS microscopy (Section 1.2.5.1). However, it is 

important to note that olaparib is a particularly challenging drug target for SRS 

imaging, due to the nuclear location of its protein target. Transport of molecules 

across the nuclear membrane is more tightly regulated than the cell membrane and 

drugs must avoid lysosomal/endosomal degradation to reach the nucleus.159 Whilst 

designed to be bioorthogonal, changes in physicochemical properties and molecular 

size through Raman tagging has the potential to interrupt successful drug delivery to 

the nucleus. To date, no drugs for nuclear targets have been visualised by SRS 

microscopy.  
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3.2 Molecular docking 

To confirm the Raman tags in the proposed olaparib analogues were indeed likely to 

protrude from the active site of PARP-1 as reported previously, molecular docking 

was carried out (Figure 3.6). BADY-tagged olaparib was shown to adopt the same 

lowest energy conformation within the active site, retaining key hydrogen bond 

interactions. The tag extended outwards into the solvent-exposed region as expected.  

 

Figure 3.6. Ligand docking of olaparib (top) and 26a (bottom) in the active site of PARP-1 

(PDB: 7KK4) carried out using Flare v7 (Cresset). Key hydrogen bond interactions are 

indicated with green dashed lines/arrows.147 

Although the docking study did not reveal any major concerns, these predictions do 

not consider the ability of the compound to navigate into the enzyme active site. 

Addressing the rigidity of the BADY tag, an additional linker was included in drug-tag 

design to generate ‘BADY-linker-olaparib’ compounds, envisaged to introduce more 

flexibility to facilitate entry into the active site (Figure 3.7). 

 

Figure 3.7. General structures of the proposed Raman-tagged olaparib analogues. 
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3.4 Physicochemical analysis  

The aim of this section of the project was to generate bioorthogonal drug-tag 

conjugates, i.e., to mimic as closely as possible the characteristics of olaparib. Whilst 

attachment of a tag such as BADY will undoubtedly change some drug properties, 

keeping these effects to a minimum was the main focus. 

Physicochemical properties of olaparib and Raman-active analogues were predicted 

and are reported in Table 3.1. These show the expected trend of relatively high 

cLogD7.4 and Fsp3 for the all-carbon tag compounds and lower cLogD7.4 values for 

heteroaromatic tag compounds. Although such predictions are often used in medicinal 

chemistry, it was clearly important to assess experimentally the physiochemical 

properties of the tags. LogD7.4 and ePSA (experimental polar surface area) values 

were determined at AstraZeneca. A liquid chromatography method was utilised for 

logD7.4 measurements, using a C18 stationary phase to distinguish compounds based 

on their hydrophobicity and hence lipophilicity. For ePSA measurements, a 

supercritical fluid chromatography system was employed. The use of a non-aqueous 

mobile phase enables the evaluation of compound affinity for the stationary phase 

without interfering with intramolecular hydrogen bonding, offering new information on 

drug properties.160, 161  

Interestingly, whilst overall both cLogD7.4 and cLogP correlated well with logD7.4, 

logD7.4 correlated better with cLogP (r = 0.98) than cLogD7.4 (r = 0.95) (Figure 3.9). 

Replacement of all-carbon aromatic rings with nitrogen-containing heterocycles saw 

a stepwise reduction in logD7.4 (4.8, 2.8 and 2.1 for 26a, 26i, and 26j, respectively). 

The lowest logD7.4 (1.8), notably similar to that of olaparib (1.1), was achieved by 

replacing the phenyl ring with an imidazole functionality in 26k. Modification of 26b to 

generate benzolactam 26g resulted in a large reduction in logD7.4 (6.9 vs 2.4). 

Inclusion of additional linker motifs (29a–29c, 29i) reduced logD7.4 relative to their 

directly linked analogues (26a–26c, 26i), suggesting the additional amide moiety 

negates additional hydrophobicity introduced by the 4-carbon chain linker. All 

compounds were found to exhibit ePSA values below the accepted upper limit for 

passive membrane permeability (<140 Å2).162 
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serum-containing cell culture media to account for chemical and biological instability, 

respectively. The m/z signal for each compound was identified and measured relative 

to an internal standard, clozapine, which is known to remain stable within the 

timescale of the assay.  

 

Figure 3.10. Stability of 26a, 29a and 29c in DMSO and cell culture media over time. A) 

Compound signal intensity from LC-MS analysis measured over time relative to clozapine 

internal standard. B) Data from graph A expressed as a percentage of the signal at tmax = 18 h. 

Figure 3.10A shows the change in compound signal from t = 0. An initial incubation 

period was evident, during which the LC-MS signal intensity increased over the first 

18 h, presumably due to the increase in temperature from the laboratory bench to the 

LC-MS system which featured a temperature-controlled sampler. As such, Figure 

3.10B shows the change in compound relative to the tmax = 18 h timepoint. Each 

compound remained stable over the 7-day period in DMSO, indicating no inherent 

structural lability. Some loss of compound signal in media was observed during the 

course of the assay, most markedly for 29a. No trends could be drawn from such a 

small sample set; however, it was determined that the loss of signal was likely due to 

the observed precipitation of the compounds (Appendix A), which reflects their 

relatively high logD7.4 values. No new compound peaks were observed in the 

chromatograms, suggesting the compounds were not decomposing within the 

timescale of this experiment. In future studies of this kind, it would be useful to 

incubate the compounds at 37 °C to mimic biological conditions (and retain solubility). 

It would also be sensible to include olaparib as a control in the stability assay to 

compare tagged vs untagged drug, which may allow change in drug concentration 

over time to be further correlated with logD7.4 and solubility. 
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3.5 PARP protein studies 

Having confirmed their general suitability, the olaparib analogues were taken forward 

for the next stage of testing. Using parent compounds 26a and 29a, studies were 

carried out with PARP-1 protein.  

3.5.1 Surface plasmon resonance (SPR) 

Surface plasmon resonance (SPR) is a useful tool in medicinal and biophysical 

chemistry for the investigation of protein-ligand interactions (Figure 3.11).163 In SPR, 

light is shone onto a thin metal film upon which a protein immobilisation matrix is 

affixed. A flow cell allows solutions of protein, ligands etc. to pass across the matrix. 

The incident light is reflected and its magnitude can be used to determine the strength 

and dynamics of protein-ligand interactions on the surface of the matrix. 

 

Figure 3.11. Schematic representation of the SPR experiment to determine ligand-protein 

binding. Produced using Biorender.  

Olaparib, 26a and 29a were all found to bind to PARP-1 with low nanomolar affinity 

(Figure 3.12). The obtained equilibrium constant (KD = 0.733 nM) for olaparib 

compared well to previously reported data (KD = 0.24 and 1.1 nM).157, 164 26a and 29a 

exhibited considerably slower on rates/association constants (ka = 4.87×104 and 

2.06×104 M-1s-1, respectively) than olaparib (1.80×105 M-1s-1), which may reflect their 

increased rigidity or molecular size. However, their slower off rates/dissociation 

constants (kd = 5.03×10-5 and 2.86×10-5 s-1 for 26a and 29a, respectively) led to KD 

values in line with olaparib (KD = 3.88 and 2.47 nM for 26a and 29a, respectively). 

Whilst slightly higher than that of olaparib, these KD values are close to the PARP-1 

inhibitor veliparib (4.4 nM)165 and are lower than other related probes such as an 

olaparib-based Click reagent (22 nM)166 and a radiolabelled analogue for imaging 
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(15 nM),167 all of which were shown to be functional and potent. A recent study 

showed that PARPi dissociation values for olaparib, talazoparib and veliparib (Figure 

3.5) obtained in isolated protein assays hold true in cells and that there is a direct link 

between kd and PARP trapping.168 As a result, with up to 5× slower dissociation from 

PARP-1 than olaparib, it is possible that the Raman-tagged compounds may increase 

PARP trapping in cells. Overall, the acquired KD values suggested that the 

modifications made to olaparib did not significantly affect their affinity to bind to 

PARP-1. 

 

Figure 3.12. SPR sensorgrams and summary kinetic data for binding of olaparib, 26a and 29a 

to PARP-1. KD values are reported ± standard deviation of the mean across 3 independent 

experiments. Data acquired in collaboration with Dr Christopher Stubbs at AstraZeneca. 

3.5.2 Hydrogen-deuterium exchange mass spectrometry (HDX-MS) 

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is a technique which 

uses MS analysis to quantify the degree of HDX of a protein upon exposure to a 

deuterated solvent (Figure 3.13).169 This allows information about the structure and 

dynamics of the protein to be determined, based on the fact that buried protein regions 

will exchange less readily with the deuterium in the solvent and exposed regions will 

exchange rapidly. Coupling this to MS allows quantitation of this exchange by first 

digesting the protein into unique peptide sequences which represent the different 

regions of the protein and determining their mass at fixed time points. HDX-MS has 
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previously been used to examine PARP-1 structure and dynamics, both with and 

without ligand binding.170, 171  

 

Figure 3.13. Schematic representation of the HDX-MS experiment. Produced using 

Biorender. 

HDX-MS analysis revealed a range of information about the binding of olaparib, 26a 

and 29a (Figure 3.14). Importantly, the binding site of olaparib was identified within 

the ART domain, confirmed by its decreased exchange with the solvent (A in Figure 

3.14). The region identified is consistent with previous reports of HDX-MS analysis of 

olaparib-bound PARP-1.170 This region was also observed in 26a and 29a-treated 

protein, suggesting drug binding is retained after Raman tagging. An additional 

protected region within the catalytic domain was identified for all three compounds 

(significantly for 26a and 29a, B in Figure 3.14), as previously identified for various 

PARP-1 inhibitors, most markedly for talazoparib (Figure 3.5).170 The decreased 

deuterium exchange of this region with 26a and 29a vs olaparib may be a result of 

the increased surface area of these larger tags. Interestingly, two new regions were 

found to experience increased exchange with deuterium only after treatment with 29a. 

The first region (C in Figure 3.14) forms part of the HD region of PARP-1, whereas 

the second exposed region (D in Figure 3.14) is part of the WGR domain and is 

adjacent to the HD. Although not identified by the molecular docking, steric clash of 

the tag in 29a may be responsible for these changes in protein structure upon binding.  
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Figure 3.14. HDX-MS analysis of the indicated ligands bound to PARP-1. Left = graphs 

plotting relative changes in atom uptake. Right = PARP-1 protein structure (PDB: 4DQY) 

highlighting regions with significantly (p < 0.01 vs DMSO-treated, n=3) decreased exchange 

with deuterium (blue, labels A and B) and increased exchange with deuterium (red, labels C 

and D). Olaparib is shown bound to PARP-1 in each case. Individual peptide data provided in 

Appendix B. Data acquired in collaboration with Dr Christopher Stubbs at AstraZeneca. 

This idea is further explained by examining the ligand-protein interactions in greater 

detail (Figure 3.15). Molecular modelling suggested that the Raman tag in 29a could 

extend up to 15.8 Å from the piperazine ring of olaparib, introducing the possibility of 

a steric clash with the neighbouring HD in PARP-1. The proximity of the HD to the 

WGR domain may have also induced a resultant allosteric effect on this region, 

reflecting the changes observed in Figure 3.14 D. Although the magnitude and any 

possible consequences of this effect are difficult to quantify, these results may be 
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compared to previously reported studies. For example, the preclinical PARP inhibitor 

EB-47 (Figure 3.5), which is also larger in size than olaparib, has been shown by 

HDX-MS to disrupt the HD.172 Local unfolding of HD in PARP-1 plays an important 

role in the regulation of DNA binding catalytic activity.173 EB-47 is an example of a 

type-I PARPi, whose ability to disrupt the HD induces stronger DNA binding of PARP 

(i.e., PARP trapping) which has been linked to increased cellular toxicity.174 On the 

other hand, olaparib is an example of a type-II PARPi, which are not known to 

significantly affect the HD domain.175 It was considered important to later assess 

whether these new effects of 29a upon binding to PARP-1, combined with its lower kd 

from SPR, altered the function of PARP and the behaviour of 29a in cells. 

 

Figure 3.15. Magnified imaging showing the effects of 29a binding to the structure of PARP-1 

(PDB: 4DQY), as determined by HDX-MS analysis. Blue and red regions are those with 

significantly decreased or increased exchange with deuterium, respectively. The distance 

between the terminal piperazine ring in the olaparib core and a residue in the helical domain 

is shown. A measurement of the estimated diameter of 29a is shown in the top right. 

3.5.3 Inhibition assay  

With the confidence that the tested compounds bind in the active site of PARP-1, the 

next step was to confirm that this translated to inhibition of PARP-1 activity (Figure 

3.16). As discussed, PARPi bind competitively in the NAD+ binding site of PARP-1, 

which is required for parylation. Measuring the amount of ‘free’ NAD+ is thus a readout 

of PARP activity. Accordingly, a commercially available NAD+/NADH assay was 

coupled to a reaction mixture of PARP-1 and olaparib and the synthesised drug 

analogues (Figure 3.16A). The PARPi veliparib (Figure 3.5) was used as a control 

compound in this assay and was incubated with PARP-1 at concentrations of 100 to 

0.005 nM, giving an IC50 value of 2.18 nM (Figure 3.16B). The obtained IC50 value is 
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in good agreement with a previously reported value of 3.3 nM.176 Unfortunately, 

olaparib and the analogues were incorrectly assumed to exhibit much lower PARP-1 

inhibitory activity than veliparib and were incubated at 1000× higher concentrations of 

100 to 0.005 µM. This resulted in complete inhibition of PARP-1 at even the lowest 

concentration, preventing determination of IC50 values. However, it could still be 

determined that each of the compounds tested had an IC50 value < 0.005 µM (5 nM), 

suggesting potent inhibitory activity of PARP-1. IC50 values for BODIPY-olaparib 

compounds 19 and 20 were previously reported as 14 ± 1.2 nM and 92 ± 25 nM, 

respectively, vs 4.4 ± 1.0 nM for olaparib),150 suggesting improved activity of the 

Raman-tagged compounds vs these imaging probes. This may highlight the benefit 

of smaller Raman tags over larger fluorescence tags for drug imaging. 

 

Figure 3.16. PARP enzyme activity assay. A) Schematic representation of PARP-1 activity 

using NAD+ as a substrate. The NAD+ cycle is coupled to a luciferase bioluminescence assay 

as a readout of PARP-1 enzyme inhibition. Produced using Biorender. B) Dose-response 

curve for PARP-1 inhibition in presence of veliparib. C) Dose-response curve for PARP-1 

inhibition in presence of the compounds listed in Table 3.1. Data acquired in collaboration with 

Dr Derek Barratt at AstraZeneca. 

3.6 Initial testing in cellulo 

With the knowledge that the compounds tested were a) predicted to be cell 

permeable, b) stable over several days in media and c) shown to be biologically active 

against PARP-1, they were determined to be suitable for testing in cellulo. The primary 

aim of this study was to develop probes for SRS imaging of olaparib, thus it was 

important to determine how the variety of tags developed, with differing 

physicochemical properties, affected drug biodistribution. 
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3.6.1 SRS imaging 

First, 26a was incubated in ES-2 cells and subjected to SRS imaging (Figure 3.17). 

Consistent with its acceptable ePSA value, 26a was found to be cell permeable and 

was detected in cells at good signal-to-noise ratio. Similar to the imaging results 

discussed in Chapter 2, no alkyne signal was detected in the nucleus. For a 

compound with strong binding affinity for PARP-1, which is located primarily in the 

nucleus, this result was unexpected. 26a appeared to be distributed diffusely within 

the cytoplasm of the cell. Some areas of clustered signal were observed, however, 

the signal generally appeared less punctate than imaging of the unconjugated BADY 

tag 1a, discussed in Chapter 2. The alkyne signal was overlayed with the lipid image 

(Figure 3.17 C & F), revealing some colocalisation but no accumulation of the drug 

into lipid droplets. Fixing the cells did not significantly impact compound signal 

intensity, indicating some degree of retention of the drug within the cells. Further 

confirmation of cell permeability of the compound was provided by carrying out depth 

profiling (i.e., analysing drug distribution throughout the cell in the z direction). (Figure 

3.17 D). Compound signal was detected throughout the cytoplasm and was not found 

to accumulate on the cell surface, which would have indicated poor cell permeability. 

 

Figure 3.17. SRS imaging of 26a (10 µM, 2 h) in live (A–D and F) and fixed (E, 4% 

formaldehyde in PBS, 15 min) ES-2 cells. Contrast achieved by tuning to the indicated 

wavenumbers for: A) CH2 (lipids), B, D–F) C≡C (alkyne). C) Overlay of A & B. D) Z-stack 

orthogonal projection. F) Magnification of FOV indicated in C. Off-resonance frequency image 

subtracted from the alkyne images to account for background signal. False colouring applied 

to B, D & E. for clarity. Scale bars 50 µm. 
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Olaparib is known to accumulate in the nucleus (where PARP is concentrated) which 

is inconsistent with the subcellular localisation of 26a. As such, there were concerns 

that the drug detected in the cytoplasm may be indicative of simple passive diffusion 

of the compound from the incubation rather than active drug uptake which would be 

expected to proceed to the nucleus. The lack of nuclear signal for the drug conjugate 

was envisaged to be caused by a number of possible factors: a) the compound was 

present in the nucleus at low concentrations possibly below the limit of detection 

(LOD) of SRS imaging b) there was shuttling of drug between the nucleus and 

cytoplasm or c) the tagging had affected the ability of olaparib to permeate the nuclear 

membrane.  

Addressing first the possibility of a LOD issue, the drug incubation protocol was 

examined. The incubation concentration of 26a was increased 10-fold to examine the 

effects on its signal intensity in cells (Figure 3.18, left). The diffuse signal within the 

cytoplasm appeared consistent with the lower concentration experiments and only 

some additional punctate signal around the cell membranes was observed. This likely 

indicates that drug flux had reached equilibrium and further increasing drug incubation 

concentrations would be futile. Although short incubation times were shown to be 

suitable for previously reported BODIPY-olaparib imaging,150 a longer incubation time 

of 24 h was trialled to circumvent any slower association kinetics (as per the SPR 

results) of the Raman compounds compared to olaparib (Figure 3.18, right). For 

example, it is possible that the tagged drug compounds enter the cell rapidly (as 

determined by the high intracellular signal after a short incubation time) but take 

longer to cross the nuclear membrane. The nucleus is more difficult to permeate than 

the cell membrane and BODIPY-tagged olaparib conjugate 20 was shown to exhibit 

slower nuclear penetration than lower cLogP compounds in a fluorescence study.159 

Notwithstanding the longer incubation times, no significant differences in signal 

intensity were observed. Moreover, increased compound precipitation was evident, 

consistent with the LC-MS analysis of 26a in solution (Figure 3.10) which showed a 

small decrease in compound concentration in solution over time. These results 

illustrated that a brief, low micromolar incubation allowed visualisation of 26a in the 

cytoplasm and that drug could not be detected in the nucleus by increasing incubation 

concentration or time. 
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Figure 3.18. SRS imaging of 26a in live ES-2 cells. Left: 100 µM, 3 h. Right: 100 µM, 24 h. 

Contrast achieved by tuning the indicated wavenumber for the alkyne frequency. Off-

resonance frequency image subtracted to account for background signal. False colouring 

applied for clarity. Scale bars 25 µm. 

The published BODIPY- and rhodamine-olaparib studies also reported the presence 

of a strong cytosolic fluorescence signal, rendering fluorescence signal in the nucleus 

difficult to identify. This issue was alleviated by a brief drug wash out period (ca. 5 

min) for BODIPY-olaparib 19 which cleared cytosolic drug, leaving only nuclear-

localised drug signal. However, higher logP BODIPY-olaparib compound 20 

required > 1 h washout time. Repeating this washout experiment for 26a did not allow 

visualisation of the drug in the nucleus but rather indicated a slow disappearance of 

signal from the cells (Figure 3.19), as expected for a non-covalent inhibitor during 

washout studies. Considering the similarity in distribution/signal of 26a between 0 and 

5 min washout, it is possible that the higher logP of 26a matches more closely the 

behaviour of 20 than 19. However, it would not be practical to further increase the 

washout time of 26a considering the substantial loss of compound signal after just 45 

min of washout. Although the fluorescent analogues are the only comparable olaparib 

imaging probes used to date, it is important to reiterate that the LOD of fluorescence 

microscopy is several magnitudes lower than SRS microscopy. As such, it is possible 

that 26a was present in the nucleus after the washout period but was undetectable by 

SRS. 
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Figure 3.19. SRS imaging of 26a in live ES-2 cells (10 µM, 2 h) after replacement of drug 

media with fresh culture media. Images acquired at 5-minute intervals from start of washout 

period. Contrast achieved by tuning to the indicated wavenumber for the alkyne frequency. 

Off-resonance frequency image subtracted to account for background signal. False colouring 

applied for clarity. Scale bars 25 µm. Imaging carried out by Dr Martin Lee. 

To explore the idea that the Raman tag itself was preventing nuclear penetration of 

olaparib, the synthesised compounds with modified physicochemical characteristics 

were imaged in cells. For ease of comparison, 26b, 26c, 26g and 29a–29c, which do 

not feature heteroaromatic tags were first compared (Figure 3.20). 29a, a variant of 

26a with an additional linker between the Raman tag and drug was shown to exhibit 

similar intracellular distribution. Likewise, tetralinyl BADY variants 26b and 29b were 

found to be distributed within the cytoplasm at similar signal intensity to the unmodified 

BADY drug-tag conjugates despite changes to Fsp3 and logD. Images of PhDY 

tagged compounds 26c and 29c in cells also revealed diffuse cytoplasmic drug 

distribution (Figure 3.20). Interestingly, a significant difference in signal intensity 

between the two PhDY-tagged drug images was visible (Figure 3.21). This incubation 

should be repeated for further quantification to determine whether this is biologically 

significant. Considering both 26c and 29c contain the same PhDY Raman reporter, 

this suggests the apparent increased signal intensity may have been due to a 

difference in cell uptake between the two compounds, which is discussed in more 

detail in Section 3.6.2. The cellular signal intensity of 26c was found to be similar to 

the BADY analogues, despite having a PhDY tag which was shown to exhibit ca. 2.6× 

lower spRS intensity than BADY (Section 2.5), further suggesting increased uptake. 
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Considering its similar structure to 26g, the 26h conjugate was next examined in cells 

(Figure 3.22). Although not included in the physicochemical testing, 26h might be 

expected to further decrease the lipophilicity of BADY. Moreover, 26h offered the 

opportunity to re-address the possibility of LOD issues with SRS imaging due to its 

fluorescence properties discussed in Chapter 2. Whilst colocalisation of the 

fluorescence and Raman signals of 26h was observed, no additional fluorescence 

signal in the nucleus could be identified (Figure 3.22C). 26h was observed to adopt 

a similar cellular distribution to 26g punctate around cell membranes and was not 

diffuse throughout the cell, confirmed by examining distribution in the z direction 

(Figure 3.22D and E). As such, the fact that 26h was not as cell permeable/soluble 

as the other compounds resulted in a fruitless attempt of signal detection the nucleus. 

If future studies require multimodal fluorescence-SRS tags, compounds must be 

designed that do not negatively affect intracellular distribution.    

 

 

Figure 3.22. Multimodal imaging of 26h in live ES-2 cells (100 μM, 2 h). A) Two-photon 

fluorescence (TPF) image acquired at 791.2 nm and B) SRS image acquired at 2216 cm-1. C) 

overlay of A & B, D) and E) Z-stack orthogonal projections (overlay of CH3 and alkyne signals). 

Off-resonance frequency image subtracted to account for background signal. False colouring 

applied to alkyne images for clarity. Scale bars 50 μm. 
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Figure 3.25. SRS imaging of 26j in ES-2 cells (10 µM, 2 h) Overlay of alkyne image of 26j 

shown in Figure 3.23 with protein stretch to delineate cells. Contrast achieved by tuning the 

indicated wavenumbers. Off-resonance frequency image subtracted to account for 

background signal. False colouring applied to the alkyne image for clarity. Scale bars 25 µm. 

Together, the lower signal intensity, lack of improvement in biodistribution and 

possibility of unwanted covalent reactivity, drove focus away from the heteroaromatic 

tag compounds. Focusing once again on the carbon-based tags, experiments were 

undertaken to clarify the unexpected cytoplasmic drug distribution. 

3.6.2 Mass spectrometry  

To determine whether drug was present in the nucleus at concentrations below the 

LOD of SRS, cells incubated (2 µM, 48 h) with tagged olaparib were analysed by MS 

at AstraZeneca. MS offers increased sensitivity over SRS and has previously been 

used for determination of intracellular drug concentrations within whole cells,177, 178 

and in specific organelles.179 By separating cell compartments through fractionation, 

a readout of relative drug concentration in the nucleus could be determined. Validation 

of the nuclear fractionation protocol is provided in Appendix A, which shows clean 

separation of the cytoplasm and nucleus via Western blot analysis of organelle marker 

proteins. 

Remarkably, 29c was detected at considerably higher concentrations than olaparib 

across all cellular compartments (Figure 3.26, left). The question of whether 

attachment of the Raman tag prevented nuclear penetration of olaparib was also 

answered, with similar concentrations of olaparib and 29c detected in the nucleus. 

However, at a concentration of 13.0 pmol/mg, 29c would be undetectable by SRS 

imaging. Aside from the absolute concentrations of drug in the different organelles, 

the relative distribution between the cytoplasmic, perinuclear and nuclear 
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compartments was different for olaparib and 29c (Figure 3.26, right). Consistent with 

the SRS imaging results, the majority of 29c was shown to be in the cytoplasm. It is 

thus possible that the origin of increased 29c nuclear concentrations is at least partly 

due to translocation of the high drug concentration from the cytoplasm, rather than 

having actively targeted the nucleus. It is also unclear why such a high percentage of 

olaparib was detected in the perinuclear region. The BODIPY-olaparib study by 

Thurber et al. also reported perinuclear staining of olaparib, however this was cleared 

with washing.150 Drug may also have diffused out of the nucleus (or indeed other 

organelles) during the course of this long fractionation protocol. In general, it may 

have been prudent to allow a longer washout period after drug incubation and before 

starting the fractionation protocol. This would account for clearance of unbound drug 

localised in the cytoplasm and may have alleviated any issues with the increased 

lipophilicity of 29c hindering its diffusion from the cell. Modification of the protocol to 

include these additional washout steps may explain the origins of increased 

intracellular concentrations of 29c. 

 

Figure 3.26. Quantitation of relative subcellular concentrations of olaparib and 29c after 

treatment of ES-2 cells with the indicated compound (2 µM, 48 h). Error bars report the 

standard deviation of the mean from three independent experiments. (n=3, two-way ANOVA, 

* p < 0.05, **** p < 0.0001, only significant differences are reported). Mass spectrometry carried 

out at AstraZeneca by Paul Davey and Erin Braybrooke. 

A second MS experiment was conducted in efforts to understand the relative cell 

permeability of the different compounds. Olaparib, 26a, 26c, 26k and 29c were 

incubated in cells and the whole cell lysate was subjected to MS quantitation (Figure 

3.27, left). These compounds were chosen as they represent the diversity of 

physicochemical properties determined in Table 3.1. Each of the olaparib analogues 

tested were again detected at much higher concentrations than olaparib, with the 

highest concentration of 7222 pmol/mg for 26c ca. 61× higher than olaparib. The 
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relative intracellular concentrations 26c >> 26a > 26k > 29c could be correlated with 

their increasing ePSA values quantitation (Figure 3.27, right). In addition, with 26c 

detected at ca. 3× higher concentration than 29c, this may explain the unusually high 

signal intensity of 26c detected by SRS imaging (Figure 3.20). It is, however, 

important to note that the increased concentration of each of the compounds relative 

to olaparib does not necessarily indicate increased uptake by the cell. Instead, the 

compounds may have exhibited similar permeability profiles but differ in their ability 

to be cleared from the cell. For example, whilst 26c has the lowest ePSA value of the 

tag compounds tested by MS, it was also reported to have the highest logD. As such, 

26c may have become trapped in lipophilic regions of the cell and not washed out 

efficiently due to poor aqueous solubility. Again, modifying the protocol to include a 

longer washout period may alleviate these issues. Aside from a purely 

physicochemical rationale for increased drug concentration, it may be interesting to 

further investigate these findings within the context of drug efflux. Olaparib is a known 

substrate of P-glycoprotein 1 (P-gp), a cell membrane protein which functions as a 

drug efflux pump.180 Decreases in intracellular olaparib concentration through P-gp-

mediated drug export hampers effective drug treatment and is a major cause of drug 

resistance in cancer.181 It is unclear whether Raman tagging of olaparib affected drug 

efflux but it may be important to examine this in the future, especially considering 

structural modifications have previously been made to olaparib which decreased 

affinity for P-gp and improved efficacy in olaparib-resistant tumours.182  

 

Figure 3.27. Left: Quantitation of relative intracellular concentrations of olaparib, 26a, 26c, 

29c and 26k in whole cell lysates from a single experiment after treatment of ES-2 cells with 

the indicated compound (2 µM, 48 h). Right: Correlation analysis of ePSA and intracellular 

drug concentration for Raman-tag olaparib analogues. R2 = 0.86, r = 0.92. Mass spectrometry 

carried out at AstraZeneca by Paul Davey and Erin Braybrooke. 
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Considering no significant difference in drug concentration between olaparib and 29c 

was detected in the nucleus, it was expected that the function of olaparib was 

retained. However, it was important to determine whether the much higher 

cytoplasmic concentration of 29c conferred any differences in other cell-based 

assays. In order to clarify whether the differences in apparent intracellular 

concentrations and relative organelle distributions correlated with a change in drug 

activity in cellulo, further testing needed to be carried out. It is also important to note 

that the nuclear fractionation protocol involved multiple consecutive washing and 

centrifugation steps spanning more than 1 hour, yet drug was still detected in the 

nucleus. Referring to Figure 3.19, this suggests that, whilst SRS imaging did not allow 

detection of drug in the nucleus, the compound was likely present below the LOD. 

3.7 Conclusions 

In this chapter, the PARP inhibitor olaparib was imaged in cancer cells using SRS 

microscopy. Attachment of the Raman tags discussed in Chapter 2 allowed the 

generation of a series of drug analogues with varying physicochemical properties. To 

assess their suitability for biological applications, logD7.4 and ePSA values were 

determined and these predicted that all compounds were likely to be cell permeable, 

despite being considerably more lipophilic than olaparib. SPR, HDX-MS, and enzyme 

activity assays revealed that tagging olaparib did not significantly affect binding to 

PARP-1, providing the necessary prerequisites for the transition to in cellulo testing. 

SRS imaging allowed the biodistribution of the olaparib analogues to be determined, 

revealing drug signal in the cytoplasm, generally consistent between all compounds 

tested. Heteroaromatic tags were generally not suitable for this application due to poor 

signal intensity and a risk of non-specific reactivity. To determine whether the 

compounds were present in the nucleus at low concentrations, approaches to address 

the LOD of SRS imaging were taken. Although attempts to optimise incubation 

conditions and application of multimodal imaging still did not allow nuclear drug 

detection, analysis by mass spectrometry revealed tagged olaparib in the nucleus at 

similar concentrations to unmodified olaparib. This highlights both the limitations of 

SRS microscopy and the challenges of targeting a nuclear drug. MS analysis also 

revealed much higher intracellular concentrations of the Raman-tagged drugs 

compared to unmodified olaparib, warranting further study to determine whether this 

translated into new biological activity. The intracellular activity of these compounds 

will be explored in Chapter 4. 
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Chapter 4 Effects of Raman Tagging on Drug Action 

in Cancer Cells 

4.1 Introduction  

For the development of a bioorthogonal tagging methodology, it is essential that the 

molecule of interest is not fundamentally changed by attachment of the tag. For 

example, the molecule should exhibit the same toxicity profile, retain activity and 

potency with its target and maintain the original mechanism of action. Having 

determined that all of the synthesised olaparib analogues retained PARP activity and 

most appeared to be cell permeable, the majority of compounds were deemed 

suitable for further analysis in cells. For ease of comparison, 26a–26c and 29a–29c 

were selected due to their similarity in chemical structure but slight differences in 

physiochemical properties. The unexpected biodistribution of these compounds 

revealed by SRS imaging in Section 3.6.1 provoked further study to assess their drug 

activity in cells. To determine the bioorthogonality of the tags, the initial goal was to 

confirm that the analogues had a similar IC50 to olaparib and ensure retention of PARP 

inhibitor activity in cellulo.  

4.2 Cell viability 

Using the Alamar Blue cell viability reagent as a readout, the viability of ES-2 cells 

was measured after an incubation of 72 h with olaparib, 26a–26c, 29a–29c and BADY 

ester 1a (Figure 4.1, left). The IC50 value of 11.52 µM obtained for olaparib compares 

well with published data for ES-2 cells (13.12 µM).183 Strikingly, all of the olaparib tag 

conjugates exhibited much lower IC50 values than olaparib. Two groups of compounds 

were identified: those with ca. 250-fold lower IC50 values than olaparib (29a–29c) and 

those with ca. 15-fold lower IC50 values than olaparib (26a–26c). Interestingly, the 

compounds are also distinct in molecular structure. 26a–26c contain tags attached 

directly to the piperazine ring in olaparib, whereas 29a–29c are bonded via a 4-carbon 

chain linker. Later studies also found differences between these 2 groups of 

compounds and will be discussed in Section 4.3. A qualitative assessment of cell 

viability after incubation with 29c vs olaparib was further illustrated by carrying out a 

crystal violet assay (Figure 4.1, right). Crystal violet non-specifically stains proteins 

thus allowing a quick assessment of cell density, a reduction of which was more 

evident with 29c treatment. BADY tag ester 1a was shown not to affect cell viability at 

any concentration, ruling out any possible toxicity of the Raman tag itself. These 



Effects of Raman Tagging on Drug Action in Cancer Cells 

80 

results are in contrast to other olaparib-tag compounds, e.g., a PROTAC and 

BODIPY-labelled compound tested were not found to exhibit considerably lower IC50 

values when compared to olaparib.184, 185 

 

Figure 4.1. Left: Dose-response curves for olaparib (Ola), 26a–26c, 29a–29c and 1a in ES-2 

cells treated for 72 h. Viability was measured using the Alamar Blue reagent and expressed 

as percentage of DMSO-treated wells. Error bars report the standard deviation of the mean 

from three independent experiments. Right: Crystal violet assay to qualitatively assay cell 

density of ES-2 cells treated with Ola and 29c at the indicated concentrations for 48 h. 

Considering that the cause of the increased sensitivity to 26a–26c and 29a–29c over 

olaparib was unclear, it was important to determine whether it could be related to a 

drug-dependent mechanism. In order to confirm whether sensitivity was linked to the 

direct action of olaparib engagement with PARP, a viability assay was designed 

(Figure 4.2A) using ES-2 cells with a PARP1 gene knockdown (KD). Cells were 

transfected with siRNA targeting PARP1 for 24 h, reducing PARP-1 expression to ca. 

40% vs control, as confirmed by Western blot (Figure 4.2B, C). The PARP-1 antibody 

used is known not to cross-react with other PARP family members. The cells were 

then replated and treated with compounds for 48 h. PARP-1 expression continued to 

decrease over the course of this incubation and was shown to reach ca. 4% vs the 

control.  
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Figure 4.2. A) Schematic representation of siRNA-mediated knockdown of PARP1 and 

subsequent viability assay. B) Validation of siRNA-mediated PARP1 knockdown by Western 

blot analysis. Representative blot shown. C) Quantification of Western blot analysis (n=3). 

PARP-1 levels are expressed as a percentage of the siCTRL-treated cells. Error bars report 

the standard deviation of the mean from three independent experiments. 

The extent of PARP1 KD was further confirmed visually by carrying out 

immunofluorescence imaging (Figure 4.3). When compared to WT cells, PARP1 KD 

cells (24 h after siRNA treatment) showed a significant decrease in the fluorescence 

signal from fluorophore antibody-conjugated PARP-1. 

 

Figure 4.3. Left: immunofluorescence imaging of ES-2 cells after siRNA-mediated knockdown 

of PARP-1 (24 h after siRNA treatment). Hoechst-33342 was used to stain nuclei (blue) and 

PARP-1 primary antibody was coupled to Alexa Fluor 594 secondary antibody (red). Right: 

quantification of fluorescence signal across the FOV shown on the right. Fluorescence 

intensity quantified using ImageJ. (n=1, unpaired t-test **** p < 0.0001). Scale bars 100 µm.  
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Olaparib analogue 29c was selected as representative compound for the olaparib-tag 

conjugates and was tested in the PARP1-KD viability assay with BADY ester 1a as a 

negative control. Staurosporine and doxorubicin were selected as positive controls, 

which might be expected to kill cells irrespective of PARP status. As expected, 

sensitivity to olaparib was lost in PARP1 KD cells (Figure 4.4A). The same 

observation was made for 29c (Figure 4.4B, 10× lower concentrations than olaparib). 

BADY ester 1a had no effect on cell viability, reiterating its inertness (Figure 4.4C). 

Both staurosporine and doxorubicin had a marked effect on cell viability in both WT 

and KD cells, confirming their ability to reduce cell viability is not strictly linked to 

PARP. However, a significant difference in the viability of WT vs KD cells was 

observed for doxorubicin, which is known to affect PARP-dependent processes.186 

The final objective of this assay was to determine the effect of co-incubation of 

olaparib and 29c. It was hypothesised that, based on the lower ka and kd values of the 

tagged compounds (Section 3.5.1), olaparib may preferentially bind to PARP in the 

cells, partially blocking the effects of 29c. A significant increase in viability was 

observed in cells treated with both olaparib and 29c vs those treated with only 29c, 

suggesting a competitive effect of the two compounds (Figure 4.4D). Together, these 

results indicated that the loss of viability is likely due to the interaction of the drug-tag 

analogue 29c with PARP, however, further studies needed to be conducted to explain 

its increased activity vs olaparib. Considering the tagged compounds are similar in 

chemical structure and each exhibited increased potency in the viability assays, it may 

be assumed that the other olaparib analogues would have a similar PARP-dependent 

sensitivity profile. However, the PARP1-KD viability assay should be repeated with all 

compounds to confirm this. 
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Figure 4.4. Viability data from wild type (WT) and PARP1 knockdown (KD) ES-2 cells after 

48 h drug treatment with A) olaparib (Ola), B) 29c, C) doxorubicin (Dox.), staurosporine 

(Staur.) or 1a, and D) combinations of OIa/29c. Viability was measured using the Alamar Blue 

reagent and expressed as percentage of DMSO-treated wells. Error bars report the standard 

deviation of the mean from three independent experiments. (n=3, two-way ANOVA, ns not 

significant p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 

In efforts to further rule out general cytotoxicity of 26a–26c and 29a–29c, their effect 

on viability was studied in two non-cancerous cell lines: human embryonic kidney 

(HEK-293) cells and red fluorescent protein telomerase reverse transcriptase (TERT)-

immortalised fibroblasts (RTIF)187 generated from skin punch biopsies (Figure 4.5). 

When compared to ES-2, both cell lines showed decreased sensitivity to both olaparib 

and 29c. 
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Figure 4.5. Dose-response curves for olaparib and 29c in the indicated cell lines treated for 

72 h. Viability was measured using the Alamar Blue reagent and expressed as percentage of 

DMSO-treated wells. Error bars report the standard deviation of the mean from three 

independent experiments. Corresponding IC50 data is tabulated. 

In HEK-293, both olaparib and 29c gave IC50 values ca. 10× higher than in ES-2 cells. 

In RTIF, both compounds were shown to have even less effect on cell viability. These 

data may suggest that the compounds are more selective for cancer cells over non-

cancer cells, however, without assessing this in vivo or screening a wide range of cell 

lines, no definite conclusions can be made. Since the ES-2 cell line is homologous 

recombination (HR)-proficient, it was expected to be less sensitive to PARP inhibition 

than a HR-deficient cell line. Uterine leiomyosarcoma model cell lines SK-LMS-1 and 

SK-UT-1 bearing BRCA1 and BRCA2 mutations, respectively, were also tested for 

sensitivity to olaparib and 29c (Figure 4.5). BRCA-mutated (BRCAm) cell lines did 

not show increased sensitivity to either olaparib or 29c when compared to ES-2 BRCA 

WT cells. It may be sensible to repeat this assay using longer incubation periods for 

a more reliable viability readout, since longer incubation times are usually required for 

the build-up of SSB/DSB in DNA before cell death occurs. However, it is difficult to 

compare between each of these cell lines as they each have unique genetic profiles 

aside from BRCA status. Ideally, isogenic cell lines would be used, modified only by 

a DNA damage response gene of interest. 
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Figure 4.6. Dose-response curves for olaparib and 29c in ES-2 and ES-2 olaparib-resistant 

(Ola Res) cell lines treated for 72 h. Viability was measured using the Alamar Blue reagent 

and expressed as percentage of DMSO-treated wells. Error bars report the standard deviation 

of the mean from three independent experiments. Corresponding IC50 data is tabulated. 

Whilst absolute IC50 results varied, for each cell line tested throughout this study 29c 

was shown to be much more potent than olaparib which clearly separates the two 

compounds. This was not expected and considering the apparent connection to 

PARP, rather than nonspecific toxicity (Figure 4.4), further testing was carried out to 

explain the origin of this effect. 

4.3 Discovery of PARP protein degradation  

It has been reported that replacement of the cyclopropyl ring of olaparib with a 

fluorenyl moiety to generate HyTX induced new effects on cancer cells.189 This 

structural modification is an example of a technique known as hydrophobic tagging 

(HyT), whereby a small hydrophobic moiety, most commonly adamantane, is attached 

to a drug (Figure 4.7). This in turn destabilises the drug target either by mimicking or 

inducing a partially unfolded protein state, triggering the cell’s natural protein folding 

machinery. 
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Figure 4.7. Left: Hydrophobic tagging (HyT) technology applied to a protein of interest (POI). 

A ligand containing a hydrophobic moiety binds to the POI causing destabilisation and 

activation of chaperone-assisted refolding. If the misfolding cannot be overcome, the protein 

is degraded. Right: HyT of olaparib to generate compound HyTX. 

If the cell becomes overwhelmed with unfolded proteins, the unfolded protein 

response (UPR) is activated to avoid endoplasmic reticulum (ER) stress which 

activates a plethora of pathways and can result in cell death (Figure 4.8). If protein 

destabilisation cannot be rectified, the protein degradation process is activated, 

removing the damaged protein from the cell. The recognition and processing of ER-

localised proteins for degradation is often referred to as endoplasmic reticulum-

associated protein degradation (ERAD). As such, hydrophobic tagging can be classed 

as a form of targeted protein degradation (TPD), which is a burgeoning field in 

medicinal chemistry. Compound HyTX was reported to initiate the UPR, induce 

apoptosis and have an IC50 value ca. 16× lower than olaparib in MDA-MB-231 cells.189 

Considering the hydrophobicity of BADY and its analogues, and the increased 

potency of 26a–26c and 29a–29c in viability assays, it was hypothesised that a HyT-

induced pathway may have been inadvertently activated. 
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Figure 4.8. Diagram of proteins and pathways involved in the unfolded protein response 

(UPR) and endoplasmic reticulum (ER)-stress. ATF4 = activating transcription factor 4, ATF6 = 

activating transcription factor 6, BiP (HSPA5, GRP78) = binding immunoglobulin protein, 

CALR = calreticulin, CHOP = C/EBP homologous protein, CNX = calnexin , DnaJ = J-domain 

molecular chaperones, eIF2α = eukaryotic translation initiation factor 2α, ERAD = endoplasmic 

reticulum (ER)-associated protein degradation, GRP94 (HSP90B1) = glucose-regulated 

protein 94, Hsp = heat shock protein, PERK = protein kinase R (PKR)-like endoplasmic 

reticulum kinase, PFDN-1 = prefoldin subunit 1, S1P = site-1 protease , S2P = site-2 protease, 

TCP-1 = T-complex 1, XBP1 = X-box binding protein 1. Produced using Biorender. 

Accordingly, 26a–26c and 29a–29c were incubated in ES-2 cells to assess any effect 

on the expression of PARP (Figure 4.9). Interestingly, every compound tested was 

shown to reduce the expression of PARP when compared to olaparib. Moreover, the 

compounds were again separated into two potency groups: 29a–29c were active at 

2.5 µM, whereas 26a–26c generally required higher concentrations to reduce PARP 

expression. This is consistent with the two potency groups identified in Figure 4.1, 

where 29a–29c exhibited lower IC50 values than 26a–26c. For most compounds, ca. 

50% PARP remained after 48 h at the effective concentration, with the most potent 

compound 29c inducing 58% degradation at 5 µM (p < 0.001). The potency of 26a–

26c at 10 µM was very similar to the published PARP HyT compound HyTX, possibly 

reflecting their similar structures (no linker between tag and drug). Importantly, esters 

of tags 1a–1c and 27a (not conjugated to olaparib) did not show any degradation 

effect on PARP (Appendix A). In order to facilitate further investigation, 29c was 

taken forward as a representative compound.  
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Figure 4.9. Representative Western blots (top) and corresponding quantification (bottom) 

after treatment of ES-2 cells with the indicated compound for 48 h. PARP expression is 

expressed as a percentage of olaparib control. Error bars report the standard deviation of the 

mean from three independent experiments (n = 3, one-way ANOVA vs olaparib, * p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001). 

Before further studies were conducted, it was confirmed that the 29c was acting at 

the PARP protein level and not affecting PARP gene expression (Figure 4.10). No 

significant changes in PARP1 gene expression were observed. 

 

Figure 4.10. qPCR data for the expression of the PARP1 gene after treatment with DMSO, 

olaparib (ola) or 29c at 2.5 µM for 48 h. Fold change in expression vs GAPDH control is shown. 

Error bars report the standard deviation of the mean of the mean from three independent 

experiments. (n=3, one-way ANOVA, ns not significant p > 0.05) 

Protein degrader compounds are often compared by degradation efficiency 

parameters such as Dmax (maximum percentage degradation) and DC50 

(concentration at which 50% degradation is achieved). These parameters were 
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obtained for 29c (Figure 4.11), which gave a DC50 of 0.618 µM and Dmax of 55%. This 

compares well to, or is an improvement on, many of the published examples of HyT 

degradation. DC50 values for HyTX-mediated degradation of PARP were not 

published, although Figure 4.9 shows that HyTX exhibited similar potency to 26a and 

26c in degrading PARP in this study. As discussed, the mechanisms of PROTAC-

based degradation of PARP are not the same as HyT-based degradation, and 

published PARP-1 PROTACs have lower DC50 values (0.51, 36 & 82 nM).185, 190 

 

Figure 4.11. Representative Western blots (left) and corresponding quantification (right) after 

treatment of ES-2 cells with 29c for 48 h at the indicated concentrations to quantify degradation 

parameters. PARP expression is expressed as a percentage of olaparib control. Error bars 

report the standard deviation of the mean from three independent experiments. 

Next, the dynamics of protein degradation were explored through a series of 

experiments (Figure 4.12). An incubation time of up to 48 h was chosen based on 

previous reports; however, it was not clear how quickly these compounds elicited an 

effect on PARP expression. Accordingly, PARP expression was monitored over the 

48 h period. Significant loss of protein expression was only observed after 12 h, after 

which the expression level appeared to plateau at around 24 – 48 h (Figure 4.12A). 

The relatively slow apparent onset of action of protein degradation is not unexpected 

for PARP, which has a half-life of over 60 h.191 Similarly, performing a washout 

experiment did not recover the PARP protein level (Figure 4.12B), which was shown 

to restore expression of (shorter-lived) HyT-degraded Src1 and SMD1 proteins.192, 193 

Finally, with the knowledge that co-incubation of olaparib and 29c partially recovered 

cell viability compared to 29c-only treated cells (Figure 4.4D), a competition 

experiment was conducted. Although co-incubation of HyTX and olaparib was shown 

to prevent the degradation of PARP,189 the same result was not obtained in this study 

(Figure 4.12C). Instead, no significant difference in PARP expression was observed 

after olaparib co-incubation. This may indicate a difference in the mode of action of 
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29c vs HyTX, however, the protocol may also be modified to further investigate 

competition, e.g., by pre-incubation with olaparib for a longer period to ensure 

saturation of PARP binding.  

 

Figure 4.12. Representative Western blots (top) and corresponding quantification (bottom) 

after treatment of ES-2 cells under the indicted conditions: A) Effect of incubation time on 29c-

induced PARP degradation, B) Effect of washout (removal of drug-containing media and 

replacement with fresh media) on PARP degradation, and C) Competition experiment using 

either Ola, 29c or both drugs. PARP expression is expressed as a percentage of olaparib 

control. (n = 3, unpaired t test, ns not significant p > 0.05, * p < 0.05, ** p < 0.01). 

Attention was next drawn to the mechanism of degradation. Although no single 

conclusive mechanism has been determined to explain the effects of HyT, studies 

often demonstrate involvement of proteins related to the UPR (Figure 4.8) and 

ubiquitin-proteasome system (UPS).194 Despite often found intertwined, activation of 

the UPR by HyT does not always end with degradation through the UPS, which 

separates it from TPD using PROTACs. Nevertheless, for many proteins the 

degradation caused by HyT has been shown to be blocked using the proteasome 

inhibitor MG-132. Extensive attempts were made to demonstrate the prevention of 

PARP degradation by MG-132, however, no consistent blocking of PARP degradation 

could be observed. (Figure 4.13A). Instead, an inconsistent effect on PARP 

expression was observed after MG-132 treatment (Figure 4.13B). Various incubation 

times and concentrations were trialled, however, the high toxicity of MG-132 

combined with the slow onset of action of 29c complicated these experiments. Also, 

MG-132 has been shown to be ineffective for blocking HyT degradation of other 

proteins in some cell lines.195 Moreover, these proteasome inhibitor effects are often 

shown to only partially block HyT-induced protein degradation and/or are assessed 
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qualitatively.192, 193, 196 Thus, while involvement of the UPS was not ruled out 

completely, other degradation routes were also considered.  

Activation of autophagy has also been shown for a number of proteins targeted by 

HyT and its role in the UPR and ER stress has been studied.197, 198 Autophagy has 

been indicated as the preferred route of degradation of long-lived proteins (such as 

PARP-1) and protein aggregates.199 Indeed, increased expression of autophagy-

related genes was confirmed after treatment with HyTX in the published PARP 

study,189 however, autophagy was not linked directly to PARP degradation. To this 

end, the autophagy inhibitor bafilomycin-A1 (BafA) was co-incubated with 29c (Figure 

4.13C). LC3 expression was used as a marker for autophagy inhibition, which 

increased considerably after BafA treatment. Interestingly, expression of LC3 was 

also shown to increase upon treatment of 29c in cells, even without BafA treatment 

(Figure 4.13F). This represented the first suggestion that 29c may be inducing 

autophagy. When comparing 29c-treated cells ± BafA, a significant increase in PARP 

expression was observed when autophagy was inhibited (Figure 4.13D). Together, 

these results implicate autophagy in the mechanism of 29c-induced PARP 

degradation. It is also noteworthy that, considering the compensatory effect of 

increased UPS activation to combat decreases in autophagy (and vice versa),200 

proteasome inhibitors including MG-132 have been shown to upregulate 

autophagy.199, 201 This indicates that, if autophagy is a major driver of HyT-induced 

PARP degradation, proteasomal inhibition may paradoxically exacerbate 

degradation. 
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Figure 4.13. Representative Western blots (A, C, G) and corresponding quantification (B, D–

F, H) after treatment of ES-2 cells with DMSO, olaparib (Ola) or 29c. Cells were pre-treated 

with A) MG-132 (100 nM, 18 h), C) BafA (1 µM, 18 h) or G) 17-AAG (100 nM, 18 h). PARP 

expression is expressed as a percentage of olaparib control. CHOP/LC3 expression is 

expressed as a percentage of DMSO control. (n = 3, unpaired t test, ns not significant p > 

0.05, * p < 0.05, ** p < 0.01). 

To increase the robustness of these mechanistic findings, other proteins involved in 

the UPR and ER stress were probed (Figure 4.8). CHOP is a key component of the 

ER stress pathway with a multifaceted role. An increase in CHOP expression was 

observed after treatment with 29c (Figure 4.13E). Interestingly, BafA decreased 

CHOP expression, especially in 29c-treated cells. Before destabilised proteins reach 

the point of degradation and removal from the cell, chaperone proteins attempt to re-

fold proteins or transport them to the ER for repair. A major class of chaperones are 

the heat-shock proteins (Hsp), e.g., Hsp40, Hsp70 and Hsp90. Interactions of the Hsp 

proteins are complex and intertwined, however, it is understood that inhibition of 

Hsp90 activates Hsp70.202 The Hsp70 inhibitor 17-AAG has previously been used to 

augment HyT-mediated degradation of Src-1.192 At shorter incubation times at low 

drug concentrations (1 µM, 18 h), PARP was not shown to be significantly degraded 

(Figure 4.13G). However, addition of 17-AAG significantly decreased PARP levels, 

promoting degradation at this lower incubation concentration/timepoint (Figure 

4.13H). This indicates that that Hsp70 promotes PARP degradation. 
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4.4 Changes in gene expression  

Although involvement of the UPR appeared likely and blocking autophagy prevented 

PARP degradation, since many intermediate pathways (Figure 4.8) may have been 

activated, it was important to further investigate the process. Using RT-qPCR, the 

effects of 29c were studied at the genetic level (Figure 4.14). First, genes involved in 

autophagy were studied. Mirroring the increase of LC3 at the protein level, 29c was 

shown to increase expression of LC3A and LC3B. A large increase in the expression 

of SQSTM1 (which encodes for the p62 protein) was also observed. p62 has a 

multifaced role in the cell but is known to be a key component of the autophagy 

pathway which recognises toxic cellular waste (such as a misfolded protein) for 

removal.203 A number of UPR/ER stress-related genes were probed for and most 

(ATF4, DDIT3, DNAJB9, HSP90B1, XBP1s) were shown to have increased with 29c 

treatment. The large increase in DDIT3 gene expression (which encodes for CHOP) 

correlates well with its increased expression on Western blot (Figure 4.13E). EDEM1 

and HSPA5 (BiP/GRP78) did not show significant increases with 29c treatment. 

EDEM1 has been linked to proteasome-specific ER-associated protein degradation 

(ERAD) mechanisms so may not be as important in autophagy-based degradation.204 

HSPA5 is involved primarily in the early stages of the UPR (Figure 4.8), thus its 

unaffected expression may suggest the progression to later stages in the pathway. 

These analyses suggested 29c exhibited a marked effect on whole cell processes. 

 

Figure 4.14. qPCR data of the indicated genes after treatment with DMSO, olaparib (ola) or 

29c at 2.5 µM for 48 h. Fold change in expression vs GAPDH control is shown. Error bars 

report the standard deviation of the mean from three independent experiments. (n=3, one-way 

ANOVA, ns not significant p > 0.05, * p < 0.05 ** p < 0.01 *** p < 0.001) 
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4.5 Monitoring DNA damage 

Considering the evidence gathered hitherto that HyT activates a number of new 

pathways in cells, it was unclear how this affected the usual mechanism of action of 

olaparib. It was hypothesised that the new effects of tagging olaparib may a) prevent 

the normal PARP inhibitor action of olaparib due to sequestration into other cellular 

compartments, or b) augment the inhibitor effects due to additional degradation (and 

thus removal) of PARP from the cell. ES-2 cells were engineered to express a 

fluorescent reporter for DNA damage (Figure 4.15A), enabling an indirect phenotypic 

readout of PARP inhibition. Stable expression of the mApple fluorescent protein fused 

to 53BP1, a crucial component of DSB repair,205, 206 was achieved in ES-2 cells by Dr 

Amy Davies. Use of this reporter obviated the need for fluorescent staining, thus 

allowing live cell imaging. The 53BP1-mApple reporter localises to sites of DSB on 

DNA and was initially validated against H2AX, an essential protein in DNA repair 

(Figure 4.15B). Using a confocal microscope at high magnification, delineation of 

individual 53BP1-mApple foci was possible, which colocalised well with the 

immunofluorescence signal from the γ-H2AX antibody. Counting the number of 

53BP1-mApple foci thus enabled quantitative assessment of the extent of DNA 

damage. To increase the efficiency of these measurements, a high content imaging 

system was used, which allowed rapid screening and analysis using live cells. As 

shown in Figure 4.15C, the nuclear signal from DAPI was used to segment nuclei. A 

machine learning-based method was then used to identify foci within each nucleus, 

which could be quantified to give a readout of DNA damage. 

 

Figure 4.15. DNA damage imaging. A) 53BP1-mApple construct was expressed in the ES-2 

cells (Dr Amy Davies). B) Representative image showing staining of the nucleus with DAPI 

(cyan), 53BP1 DNA damage foci (red) and colocalisation with γ-H2AX immunofluorescence 

signal (blue), scale bars 10 µm. C) Representative images showing segmentation and 

detection of DNA damage foci using ImageXpress imaging platform, scale bars 25 µm. 
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The DNA damage assay was designed to mimic the incubation conditions shown to 

cause PARP degradation, to determine whether these pathways may be linked. First, 

olaparib was incubated in cells at concentrations up to 1 µM (Figure 4.16). Since only 

a small increase in DNA damage foci was observed, higher concentrations up to 

10 µM were used. The possible negative effect on viability were counteracted using 

higher cell densities in these assays to give a more reliable DNA damage readout. A 

dose-response relationship was thus obtained and the higher drug concentrations 

reduced the total cell number, presumably through DNA damage-induced cell death. 

 

Figure 4.16. DNA damage analysis of olaparib-treated ES-2 cells at the indicated cell 

densities. Bar charts report the quantification of DNA damage foci and line graphs measure 

the corresponding number of cells at each drug concentration, expressed as a percentage of 

DMSO-treated cells. Error bars report the standard deviation of the mean from three 

independent experiments. (n=3, one-way ANOVA vs DMSO, *** p < 0.001). 

Due to the relative ease of high throughput imaging, all of the olaparib-tag analogues 

could be analysed without relying on the use of only 29c as a representative 

compound (Figure 4.17). It was clear that each compound (excluding 1a, used as a 

negative control) increased the number of foci to some degree. Interestingly 29a–29c 

once again emerged as more potent than 26a–26c, both in terms of increased foci 
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number and decreased cell number. Treatment with 29c resulted in the greatest 

number of foci, with significant increases vs DMSO from 30 nM. These results are 

strikingly different from olaparib (Figure 4.16), which only induced a significant 

increase in foci at 10 µM. 

 

Figure 4.17. DNA damage analysis of drug-treated ES-2 cells (5,000 cells/well). Bar charts 

report the quantification of DNA damage foci and line graphs measure the corresponding 

number of cells at each drug concentration, expressed as a percentage of DMSO-treated cells. 

Error bars report the standard deviation of the mean from three independent experiments. 

(n=3, one-way ANOVA vs DMSO, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 

At higher compound concentrations, 29a–29c still stood out as being more effective 

at increasing foci number (Figure 4.18). However, increased cell death occurred at 

the higher concentrations of all compounds, indicated by the reduction in cell number. 
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The DNA damage readout at these high concentrations, where the number of live 

cells is greatly reduced, is likely unreliable and may explain the drop-off in foci 

number. This additional loss of cell viability is likely due to additional cytotoxic effects 

of the compounds, rather than DNA damage-associated cell death. This is especially 

clear considering for some compounds e.g., 26a–26c, no significant upward trend in 

foci was observed with increasing concentration. 

 

Figure 4.18. DNA damage analysis of drug-treated ES-2 cells (8,000 cells/well). Bar charts 

report the quantification of DNA damage foci and line graphs measure the corresponding 

number of cells at each drug concentration, expressed as a percentage of DMSO-treated cells. 

Error bars report the standard deviation of the mean from three independent experiments. 

(n=3, one-way ANOVA vs DMSO, * p < 0.05, ** p < 0.01) 

In order to compare easily between the different compounds, the foci readout (as fold-

change vs DMSO) for each compound at a fixed concentration of 100 nM is shown 
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(Figure 4.19). The lower cell density experiment shows clearly 29a–29c as prominent 

compounds, each increasing the foci number by more than double vs DMSO. These 

three compounds were also the most potent in the higher cell density experiment, 

albeit with 29b not showing a statistically significant increase in foci number at this 

concentration. 29c consistently gave the most significant increase in foci number.  

 

Figure 4.19. Summary of DNA damage foci quantification at 100 nM at the indicated cell 

densities. Error bars report the standard deviation of the mean from three independent 

experiments. (n=3, one-way ANOVA vs olaparib, * p < 0.05, ** p < 0.01, **** p < 0.0001). 

Together, these data suggest the olaparib-tag compounds 29a–29c, allow the 

accumulation of more DNA damage than olaparib. It may be important to repeat the 

DNA damage experiment over long incubation periods to determine whether this 

increased potency still holds true or whether the olaparib-tag compounds simply have 

a faster onset of action than olaparib. The latter argument may be rationalised by 

hypothesising the ability of the analogues to destabilise and remove PARP from the 

cell has a greater and faster effect on the build-up of DNA damage than PARP 

inhibition alone. Although previously reported changes in DNA damage associated 

with reduction in PARP expression have been shown to be variable (i.e., both 

increases and decreases in DNA damage foci have been observed dependent on the 

study), both PROTAC-mediated degradation and knockout of PARP-1 induced 

increases in H2AX foci.185, 207 

4.6 Proteomics  

In cases such as this study when new, unexpected pathways are activated upon drug 

incubation, it is useful to take a broad approach for deeper understanding. Proteomics 

allows a wealth of information to obtained from drug-treated cells using mass 
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spectrometry (MS) analysis. Furthermore, combining immunoprecipitation (IP, 

selective protein isolation from a cell lysate) with proteomics analysis can allow 

detection of protein binding partners. IP-MS was conducted in this study to clarify any 

additional binding partners of PARP which may help to explain the mechanisms of 

29c mediated PARP degradation. This study was also considered particularly useful 

for the detection of chaperone proteins which may be involved in the UPR process 

(Figure 4.8). Proteomics has seen limited use within the HyT field and has never been 

utilised for detection of binding partners until now.193, 196 

4.6.1 Immunoprecipitation of PARP 

Before carrying out immunoprecipitation-mass spectrometry (IP-MS) experiments, 

validation of the IP of PARP was first carried out by Western blot analysis (Figure 

4.20). 

 

Figure 4.20. Representative Western blot after drug treatment (2.5 µM, 48 h) probing for 

PARP-1. Input lanes represent whole cell lysates, IgG lanes represent samples 

immunoprecipitated with an IgG control antibody and IP lanes represent samples 

immunoprecipitated with a PARP-1 antibody. 

PARP-1 was successfully and cleanly immunoprecipitated from the cell lysate, 

showing 1 clear band from PARP-1 and detection of the IgG heavy chain (Figure 

4.20). Importantly, no PARP-1 band was detected in the IgG lane, confirming no non-

specific binding of PARP-1 to the IgG antibody.  
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Before assessing new binding partners related to the UPR following treatment with 

29c, the proteins identified from the PARP-1 IP were compared to the IgG control for 

DMSO-treated cells (Figure 4.21A). Significance and fold change (FC) cut-off values 

were determined as p = 0.05 and 1.5, respectively, based on the sample size and 

distribution of proteins.208 Among the 544 significantly enriched proteins, PARP-1 was 

detected (log2(FC) = 4.36, log10(p) = 4.42), confirming successful pulldown of the 

protein. As further validation, several key members of the PARP-1 interactome were 

identified,209, 210 including those participating in each step of DSB repair (Figure 4.21B 

and C), as discussed in Section 3.1.2. All members of the MRN complex, which plays 

an essential role in HR and Alt-EJ, were identified (MRE11, RAD50, NBN). DNA repair 

proteins XRCC5 and PRKDC were detected which are needed for NHEJ with PARP. 

Finally, XRCC1, LIG3 and POLB, which constitute the main components of the 

complex responsible for Alt-EJ-mediated DNA repair were all identified. H2AX was 

also identified, which is required for the assembly of these DNA repair proteins at sites 

of damaged DNA, and was used in Section 4.5 as marker for DNA damage.  

 

Figure 4.21. A) Volcano plot of differentially expressed proteins between ES-2 cells 

immunoprecipitated with PARP-1 antibody vs IgG isotype control antibody (red = increased in 

PARP-1 IP, blue = increased in IgG). Horizontal and vertical dashed lines indicate significance 

(p = 0.05) and fold change (1.5) cut-off values, respectively. B) Magnification of A with 

detected proteins in the PARP-1 interactome labelled. C) Network of significantly enriched 

PARP-1 interactome proteins, using PARP-1 as the seed protein.209, 210 Visualised using 

STRING with 90% interaction confidence setting.211   
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Turning to the effects of 29c treatment on the PARP-1 interactome, several new 

proteins were identified. Considerably more significantly differentially expressed 

proteins (100) were identified after 29c treatment, compared to olaparib-treated cells 

(52), with only a small overlap (11), indicating possible new interactions (Figure 4.22).  

 

Figure 4.22. Venn diagram of the number of differentially expressed proteins (p < 0.05) from 

IP-MS data of olaparib or 29c-treated cells. Protein count is indicated in red. 

Data acquired from 29c-treated cells was compared to olaparib-treated cells to 

examine only new hits related to HyT, rather than effects of PARP inhibition (Figure 

4.23). STRING analysis was performed to identify clusters of related proteins which 

may indicate new mechanisms or pathways activated by 29c treatment (Figure 4.24). 

 

Figure 4.23. Plot of differentially expressed proteins between 29c and olaparib-treated cells 

as identified by IP-MS analysis (red = increased in 29c treated cells, blue = decreased in 29c 

treated cells). Horizontal and vertical dashed lines indicate significance (p = 0.05) and fold 

change (1.5) cut-off values, respectively. Significantly enriched proteins of interest are 

labelled.  
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Figure 4.24. Networks of significantly enriched proteins from analysis shown in Figure 4.23 

(after 29c vs olaparib treatment) visualised using STRING with 90% interaction confidence 

setting.211   

Interestingly, several groups of proteins were identified as having significantly higher 

enrichment in 29c-treated cells (Figure 4.25A). The first comprised NUP98, NUP107, 

NUP35, NUP93, NUP133, AHCTF1, RANGAP1, RANBP2, KPNB1 and NUTF2, 

which are all components of the nuclear pore complex. The presence of these proteins 

was not expected but it may be postulated that this is indictive of the nuclear-

cytoplasmic transport of PARP-1. A recent study revealed important new information 

on the fate of misfolded nuclear proteins, identifying a spatial relationship between 

the cytosolic juxtanuclear quality control (JUNQ) and intranuclear quality control (INQ) 

compartments.212 Upon protein misfolding, the INQ and JUNQ flank either side of the 

nuclear membrane, connected by nuclear pores, to remove the INQ from the nucleus. 

Thus, if the UPR is activated by PARP-1 HyT, PARP-1 may be exported from the 

nucleus through the nuclear pore complex via this mechanism. Unfortunately, 

attempts to validate this idea with immunofluorescence imaging were unsuccessful 
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and only nuclear PARP was detected. However, considering the PARP-1 antibody 

used in Section 4.3 detected intact PARP only (since a loss of signal was observed 

indicating degradation) this may not be the optimal method for tracking the dynamics 

of PARP destabilisation/misfolding. It may be useful to generate a fluorophore-fused 

PARP-1 variant to allow live cell tracking in the future. The idea of cytosolic PARP 

localisation does, however, correlate with the observed cytosolic drug distribution 

discussed in Section 3.6.1. 

 

Figure 4.25. Isolated protein networks from Figure 4.24 identified from STRING analysis. A) 

Nuclear pore-associated proteins, B) proteins involved in the UPR and chaperoning and C) 

tRNA ligases. 

Gratifyingly, the second group of proteins identified (Figure 4.25B) were all directly 

related to the UPR and ER stress (HSPA4L, HSP90AB1, HSPE1, CALR, TCP1, 

PFDN1, FKBP4, CHORDC1). The Hsp proteins have previously been discussed as 

an important class of chaperone proteins indicated in HyT and the UPR. Moreover, 

HSPA4L is a Hsp70 protein which was shown to affect PARP degradation in Section 

4.3 and HSP90AB1 is a Hsp90 protein, closely related to HSP90B1 which was shown 

in Section 4.4 to be genetically upregulated. TCP1 and PFDN1 are both chaperone 

proteins known to work together in response to misfolding events in the UPR.213 

Finally, an increase in calreticulin (CALR) was observed. Calreticulin is an ER-

resident protein known to prevent and rectify misfolding of proteins.214 Interestingly, a 

recent study linked calreticulin, ER-stress and autophagy, determining that calreticulin 

overexpression stimulated the formation of autophagosomes to relieve drug-induced 

ER stress.215 More specifically, calreticulin was shown to supress ER stress through 

complexation (and thus upregulation) of LC3, which was previously identified as an 
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upregulated gene after 29c treatment (Section 4.4). It is also interesting that these 

chaperone proteins are generally associated with activity in the cytoplasm, which may 

complement the suggestion that PARP is undergoing translocation between 

organelles. The third and final group of proteins identified (Figure 4.25C, YARS1, 

KARS1, AARS1, GARS1, TARS1) consisted of tRNA ligase proteins. There is no clear 

link of these proteins to HyT-mediated PARP degradation, and further studies would 

be needed to investigate this further. 

Regarding proteins that were found to have decreased in 29c-treated cells vs 

olaparib-treated cells, a cluster of transcription-related proteins, including RNA 

polymerase complex members, were identified (Figure 4.26). Whilst this needs 

further investigation, negative regulation of transcription is a consequence of the UPR 

(Figure 4.8) and may have been induced by 29c treatment.  

 

Figure 4.26. Networks of significantly underexpressed proteins from analysis shown in Figure 

4.23 (after 29c vs olaparib treatment) visualised using STRING with 90% interaction 

confidence setting.211   

The IP-MS experiments detailed were useful in understanding the proteins involved 

in 29c-mediated PARP degradation by providing further evidence of UPR involvement 

and new information on possible nuclear export. However, in order to further clarify 

the broader cellular effects of 29c treatment, whole cell proteomics experiments were 

carried out.  
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4.6.2 Whole cell proteomics 

Cell lysates that were submitted for whole cell proteomics analysis by MS were first 

validated to confirm degradation of PARP. Figure 4.27 A and B shows the significant 

decrease in PARP expression with 29c across the 3 biological repeats. After 

processing the raw MS data and identifying significantly under- and overexpressed 

proteins, PARP-1 was not identified. However, a significant reduction in the levels of 

PARP-1 protein detected in cells treated with 29c (5 µM) was observed from the raw 

MS data (Figure 4.27 C), thus these samples were used for the proteomics analyses. 

 

Figure 4.27. Validation of PARP degradation for whole cell proteomics analysis. A) Western 

blot and B) corresponding quantification of ES-2 cells treated with the indicated compound for 

48 h, PARP expression is expressed as a percentage of olaparib control, (n = 3, unpaired t 

test vs DMSO, *** p < 0.001) C) Quantification of PARP protein counts from raw MS data, (n 

= 3, one-way ANOVA, * p < 0.05). For both B and C, error bars report the standard deviation 

of the mean from three independent experiments. 

A much greater number of significantly differentially expressed proteins was identified 

for 29c-treated cells than olaparib-treated cells, even more so than in the IP-MS 

experiment (Figure 4.28).  
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Figure 4.28. Venn diagram of the number of differentially expressed proteins (p < 0.05) from 

whole cell proteomics data of olaparib or 29c-treated cells. Protein count is indicated in red. 

Figure 4.29 illustrates the differentially expressed proteins after 29c treatment vs 

olaparib from whole proteome analysis. A large increase in the expression of DDIT3, 

DNAJC25, SQSTM1 and XBP1 was evident from the volcano plot. ER stress protein 

DDIT3, also known as CHOP, has been discussed and was identified in Western blot 

and PCR experiments (Section 4.3–4.4). Likewise, both SQSTM1 (p62), which is an 

autophagy protein, and XBP1, a major regulator of the UPR, were identified as highly 

upregulated by PCR. Finally, although not specifically probed for until now, DNAJC25 

is a Hsp40 protein and known ER chaperone.216 Together, these results further 

validate the evidence for HyT-mediated activation of the UPR and autophagy. Next, 

a collection of proteins involved in DNA damage (BRCA2, EXO1, MUTYH, SPIDR, 

TRIP12, ZRANB3) were identified as underexpressed in 29c-treated cells. This may 

suggest that HyT of PARP by 29c has a significant impact on DNA repair pathways, 

which is consistent with increased DNA damage foci measured in Section 4.5. 

Interestingly, a loss of TRIP12 was recently shown to sensitise cancer cells to PARPi 

by increasing PARP-1 trapping.217 



Effects of Raman Tagging on Drug Action in Cancer Cells 

108 

 

Figure 4.29. Plot of differentially expressed proteins between 29c and olaparib-treated (5 µM, 

48 h) cells as identified by whole cell proteomics analysis (red = increased expression in 29c 

treated cells, blue = decreased expression in 29c treated cells). Horizontal and vertical dashed 

lines indicate significance (p = 0.01) and fold change (2) cut-off values, respectively. 

Significantly enriched/depleted proteins of interest are labelled. 

 

4.6.3 Gene set enrichment analysis (GSEA) 

In order to associate the under- and over-expressed proteins identified by whole cell 

proteomics analysis with changes in phenotype, GSEA was performed. As per 

Section 4.6.2, 29c-treated cells were compared to olaparib-treated cells and 

Hallmark and Gene Ontology gene sets were used. First, gene sets that were 

significantly upregulated in 29c-treated cells were identified (Figure 4.30). False 

discovery rate (FDR) and normalised enrichment scores (NES) were used to rank the 

results. 
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Figure 4.30. GSEA performed on proteomics data from 29c-treated cells vs olaparib-treated 

cells (5 µM, 48 h), highlighting gene sets significantly upregulated (-log10(FDR) > 1 and 

NES > 1). Left: upregulated gene sets (top = Gene Ontology: Biological Processes set, 

bottom = Hallmark set) and Right: corresponding GSEA enrichment plots for gene sets 

indicated with dark blue arrows.  

Examining upregulated genes from the Gene Ontology: Biological Processes gene 

set, two gene sets related to ER stress were identified and their enrichment plots were 

generated (Figure 4.30, top). Interestingly, apoptotic signalling genes were detected 

which may link HyT-induced ER stress to the increased cell death caused by 29c 

(Section 4.2). Several gene sets related to lipids and lipoproteins were identified. 

Whilst Raman tagging increases the lipophilicity of olaparib, it is not clear if this is 
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significant enough to induce large changes in overall lipid homeostasis. However, lipid 

synthesis and metabolism has recently been linked to ER stress,218 including through 

the synthesis of lipid droplets to sequester misfolded proteins.219 For upregulated 

Hallmark gene sets (Figure 4.30, bottom), the UPR was again indicated.  

 

Figure 4.31. GSEA performed on proteomics data from 29c-treated cells vs olaparib-treated 

cells (5 µM, 48 h), highlighting gene sets significantly downregulated (-log10(FDR) > 1 and NES 

< 1). Left: downregulated Gene Ontology: Biological Processes and Hallmark gene sets and 

Right: corresponding GSEA enrichment plots for Hallmark gene sets. 

Regarding downregulated gene sets, several Hallmark and Gene Ontology: Biological 

Processes sets were identified (Figure 4.31). Hallmark gene sets E2F targets and 

G2/M checkpoints were shown to be most significantly downregulated after 29c 

treatment. PARP-1 is closely linked to E2F and regulates its activity through 

transcriptional co-activation.220, 221 Since E2F transcription factors are master 

regulators of cell cycle progression, this may indicate that 29c has had a significant 

effect on the cell cycle.222 Both inhibition of PARP-1 activity and knockout of PARP-1 

have been shown to significantly reduce E2F(1) transcriptional activity and thus cell 

proliferation.223 This is further corroborated by the downregulation of a number of other 

cell cycle-related gene sets including spindle organisation, mitosis and G2/M 

checkpoints. The G2/M checkpoint is essential to ensure all DNA damage is repaired 

before cells undergo mitosis and PARPi are known to cause a G2 phase delay before 
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mitosis occurs.224 Connections between PARP-1, E2F and the G2/M cell cycle 

transition have also previously been studied,225 where PARP-1 inhibition was shown 

to retard E2F-induced cell cycle progression and activate E2F-induced apoptosis. 

Together, these data suggest that 29c-mediated degradation of PARP has a greater 

effect on E2F-dependent transcription than is seen when only its catalytic activity is 

inhibited following olaparib treatment. This may be responsible for the loss of cell 

viability observed through disruption of cell cycle progression, in addition to the 

increased DNA damage illustrated in Section 4.5. The apparent additional effects on 

the cell cycle should be studied in more detail in future work to further link these 

mechanisms.  

4.7 Assessment of drug potency in spheroids 

The data presented until now has been acquired using 2D cell culture. Although this 

is commonplace in cell biology, the use of 3D cell culture is more physiologically 

relevant. It was thus considered important to assess the activity of 29c in 3D cell 

culture. ES-2 spheroids were grown and incubated with olaparib and 29c at a range 

of concentrations (Figure 4.32). Using the live cell stain calcein-AM (C-AM) and dead 

cell stain propidium iodide (PI), a quantitative readout of spheroid viability was 

obtained. 29c significantly increased the proportion of dead cells upon increasing 

concentration (Figure 4.32A and C). At the highest concentration tested, 100 µM, 29c 

exhibited ca. 4× greater potency than olaparib and was shown to cause dissociation 

of cells from the spheroid (Figure 4.32B). The change in size of the spheroid was 

also monitored with increasing concentration (Figure 4.32D). 29c caused a reduction 

in spheroid area at lower concentrations than olaparib which was sustained until 100 

µM. Interestingly, although viability was much lower in 29c-treated spheroids, olaparib 

was still capable of reducing spheroid area, with 18% reduction vs 24% for 29c at 100 

µM. This indicates 29c may be more potent in causing cell death and thus spheroid 

dissociation, while olaparib may be affecting the proliferation of new cells to inhibit 

spheroid growth.       
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Figure 4.32. Analysis of olaparib and 29c in ES-2 spheroids. A) Representative transmitted 

light (TL), calcein-AM (C-AM, green) and propidium iodide (PI, red) imaging of spheroids (3D 

projections) after treatment with olaparib or 29c at the indicated concentrations. B) 

Representative high magnification images of olaparib-treated (top) or 29c-treated spheroids 

(bottom) at 100 µM. C) Quantification of ratio of PI/C-AM signal intensity as a readout of the 

non-viable cell count. D) Quantification of change in spheroid size (determined from TL 

images) with increasing drug concentration vs DMSO control. Error bars report the standard 

deviation of the mean from three independent experiments.   

4.8 Linking cell studies to SRS imaging 

With the knowledge of the new activity of olaparib upon tagging, and demonstration 

of intracellular tracking in Chapter 3, the Raman tags presented can be considered 

2-in-1 chemical probes. This work is the first example of a Raman-active protein 

degrader molecule and one of only a few examples of a protein degrader capable of 

intracellular imaging. Ideally, SRS microscopy could open up a range of opportunities 

in this respect, e.g., live cell tracking of compound uptake, monitoring protein 

degradation in real time, quantification of drug metabolism. However, limitations in the 

current microscope setup make these ideas extremely challenging. Nevertheless, 

attempts were made to incorporate SRS imaging in a useful way to showcase these 

multifunctional molecules. As discussed in Section 3.6.1, 26a–26c and 29a–29c 

were observed in the cytosol and absent from the nucleus. With the new information 

that these maintain or even enhance the activity of olaparib, it appeared that this 

biodistribution was worth reconsidering. As discussed extensively, the UPR is 

activated upon accumulation of unfolded/misfolded protein in the ER. Thus, it was 
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important to assess whether the cytosolic drug signal that was detected in early SRS 

imaging was indicative of ER localisation. As determined in Section 2.5, the signal 

intensity of the PhDY tag in 29c was calculated as ca. 3× lower than the BADY tags. 

Therefore, for the purposes of imaging, 29a was used since it contains the BADY 

motif and was still shown to cause PARP degradation. It was difficult to synchronise 

the conditions used for SRS imaging to those effective for PARP degradation and 

other cell studies for a number of reasons. For example, the limit of detection of SRS 

imaging is relatively high and the low micromolar/nanomolar concentrations effective 

in initiating PARP degradation would now allow detection of drug Raman signal. 

Furthermore, longer term imaging at high concentrations (24 h, 100 µM) was shown 

not to significantly change drug distribution but did start to cause precipitation of the 

compound into the cell media (Section 3.6.1). As such, relatively short incubation 

times (1–2 h) were used for drug/ER colocalisation studies. ER tracker green was 

shown to colocalise with the alkyne signal from 29a (Figure 4.33E & F). Although 

there is some overlap with the lipid signal (Figure 4.33C), compound signal was not 

detected within lipid droplets. Moreover, lipid biosynthesis and processing occur 

within the ER,226 thus detection of alkyne signal within this region may be indicative of 

ER localisation rather than lipidic accumulation of the compound. These imaging 

results suggest drug-bound PARP may reside in the ER. 

 
 

Figure 4.33. SRS imaging of 29a in ES-2 cells (10 µM, 2 h). Cells were treated with ER tracker 

green (1 µM, 30 min) and fixed (4% v/v formaldehyde in PBS, 15 min). Contrast achieved by 

tuning to the indicated wavenumbers for A) CH3 (2940 cm-1, proteins), B) CH2 (2857 cm-1, 

lipids), D) C≡C (2213 cm-1, alkyne). Two-photon fluorescence signal from ER tracker green is 

shown in image E. Images C and F show overlays of B & D and D & E, respectively. False 

colouring applied to D for clarity. Off-resonance frequency image subtracted from the alkyne 

image to generate D to account for background signal. Scale bars 25 µm. 
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A final imaging experiment was conducted to further link the HyT/degradation studies 

to SRS imaging. Using the conditions validated to block autophagy and PARP 

degradation, cells were pre-treated with BafA before imaging with 29a (Figure 4.34). 

Interestingly, a clear increase in the alkyne signal was observed in cells with BafA 

treatment. This is consistent with the data presented in Section 4.3, indicating the 

involvement of autophagy in PARP degradation (e.g., BafA-mediated blocking of 

degradation in Figure 4.13C). Although not conclusive, it is possible that by blocking 

autophagy, 29a bound to PARP is retained in the cell rather than being degraded by 

UPR/ER stress machinery. If true, this may also have been hampering SRS imaging 

throughout the project, i.e., increasing drug incubation times/concentrations may have 

been futile if the target protein was concurrently being removed from the cell. Although 

shorter incubation times (such as those used for this imaging study) did not induce 

PARP-1 degradation, it is possible that there is an initial period during which the cell 

is able to overcome HyT-induced PARP destabilisation and clear damaged PARP by 

autophagy, retaining homeostasis. This would not necessarily be observed by 

Western blot but may explain the differences in drug signal ± BafA even at short drug 

incubation times. To allow direct comparison to the imaging results, short drug 

incubations ± BafA should be conducted and analysed by Western blot. 

 

Figure 4.34. SRS imaging of 29a in live ES-2 cells (10 µM, 2 h) with bafilomycin A pre-

treatment (BafA, 5 µM, 18 h, right image) or no pre-treatment (left image). Off-resonance 

frequency images subtracted to account for background signal. Scale bars 25 µm. 
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4.9 Conclusions 

In this chapter, the biological effects of Raman-tagged drug treatment on cancer cells 

were explored and are summarised in Figure 4.35. The initial aims of this study were 

to assess the bioorthogonality of Raman tagging on the PARP inhibitor olaparib by 

confirming similar cellular activity profiles, namely through viability and DNA damage 

assays. Interestingly, 2D and 3D cell culture viability assays found that Raman-tagged 

compounds were much more potent in reducing cell viability compared to olaparib. 

This effect was more marked in cancer cells than non-cancer cells and was shown to 

be dependent on PARP, ruling out nonspecific toxicity. Olaparib-tag analogue 29c, 

one of the most potent compounds, was found to be much more effective than 

olaparib in killing an olaparib-resistant cell line and was more effective in BRCA -/- 

cell lines than BRCA WT. Furthermore, using a live cell fluorescent reporter, it was 

discovered that olaparib-tag analogues induce more DNA damage than olaparib. 

These findings confirmed attachment of Raman tags was not bioorthogonal and 

warranted further study to confirm the origins of new biological effects. It was revealed 

that the olaparib-tag analogues caused hydrophobic tag-induced PARP degradation 

and upregulation of the unfolded protein response (UPR)/ER-stress, confirmed by 

Western blot, RT-qPCR and proteomics. These analyses suggested an autophagy 

mechanism of degradation. Proteomics analysis furthermore indicated that 29c 

treatment had affected cell cycle progression, which may contribute to the observed 

reduction in viability. Co-immunoprecipitation of nuclear pore complex proteins with 

PARP was also observed through the proteomics analysis, which suggested 

translocation of PARP, consistent with destabilisation and degradation of a protein 

through the UPR pathway. Multimodal SRS-fluorescence imaging was found to be 

consistent with translocation of PARP by determining colocalisation of Raman-tagged 

drug signal with an ER dye. Finally, the autophagic degradation of PARP was again 

indicated by observing changes in the drug uptake in cells treated with an autophagy 

inhibitor. Together, this study has investigated extensively the effects of Raman 

tagging of olaparib and reveals the activation of new pathways which are more 

effective in killing cancer cells than unmodified olaparib. These results highlight the 

complexity of using Raman tags for drug imaging and emphasise the need for 

thorough biological analysis to confirm bioorthogonality. However, if the new reported 

biological activity can be further tailored and is applicable to new drugs/proteins, it 

may represent an attractive opportunity for Raman tagging as a theranostic approach. 
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Figure 4.35. Summary of findings detailed in this chapter, highlighting the biological effects of 

Raman tagging of olaparib. Experimental techniques are shown which allowed these effects 

to be uncovered and enabled connection of different biological pathways. KD = knockdown.
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Chapter 5 Conclusions and Future Work 

This thesis has described the development of new Raman-active molecules and their 

application in intracellular drug imaging. Chapter 1 contextualises this work within the 

field of biomedical imaging and highlights the utility of SRS microscopy in gaining a 

deeper understanding of drug behaviour.  

In Chapter 2, new Raman-active motifs were developed which were designed to 

overcome issues with existing tags, primarily poor solubility. Based on parameters 

relied upon in medicinal chemistry, e.g., partition coefficients (logD, logP) and fraction 

of sp3-hybridised carbons (Fsp3), structural modifications were made to bisaryl 

butadiyne (BADY) Raman tags. The relative propensity of the tags to engage in 

associative intermolecular interactions, which are known to confer poor solubility, was 

correlated with logP by mass spectrometry analysis. X-ray crystallography showed 

that an increase in Fsp3 directly affected crystal packing and blocked π-π stacking. 

Whilst these analyses suggest a combined assessment of both logP and Fsp3 should 

be carried out in future tag design, ultimately no significant changes in cellular 

distribution between the tags were observed by SRS imaging.  

In Chapter 3, the attachment of the newly developed tags to the PARP inhibitor 

olaparib for intracellular drug tracking was carried out. Extensive in vitro studies of 

these new Raman-active drug analogues were carried out to confirm their suitability 

for further testing in cellulo. Analysis of the physicochemical properties, target protein 

inhibition and binding, and biological stability of the drug-tag compounds confirmed 

general suitability for further testing. Drug analogues were generated with logD7.4 

values close to olaparib (1.8 vs 1.1), which bound to PARP with similar nanomolar 

affinity (KD = 2.5 vs 0.7 nM) and inhibited PARP in an enzymatic activity assay (IC50 

< 5 nM). Study of the drug analogues within the binding site of PARP through SPR 

and HDX-MS did highlight some differences when compared to olaparib, e.g., slower 

dissociation of the compounds from the protein, which has previously been linked to 

increased PARP trapping. Using SRS microscopy, the biodistribution of each 

compound was determined and correlated with the physicochemical analyses. This 

revealed that, although within the range of passive permeability, some drug 

analogues exhibited poor biodistribution. Whilst none of the olaparib analogues could 

be observed in the nucleus of the cell, i.e., the expected subcellular localisation of a 

PARP inhibitor, MS allowed detection of the compounds within nuclear fractions at 

concentrations of pmol/mg. The concentrations of the tagged drug in the nucleus were 
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comparable to the detected amounts of untagged olaparib. However, absolute 

concentrations of tagged and untagged olaparib in the whole cell were markedly 

different, with up to 700-fold lower concentrations of untagged olaparib detected in 

the cytoplasm of the cell. Together, these MS and imaging results warranted further 

testing in cells to determine whether apparent differences in uptake and distribution 

induced changes in drug action. 

In Chapter 4, the result of Raman tagging olaparib in cancer cell lines was 

investigated, ultimately confirming bioorthogonality had not been retained. The drug-

tag analogues were shown to be up to 250-fold more potent in killing cancer cells and 

induced degradation of PARP through a proposed hydrophobic tagging (HyT) 

pathway. Using Western blots, RT-qPCR and proteomics, the compounds were 

shown to activate the unfolded protein response (UPR), ER stress, and affect cell 

cycle progression. In addition to these new effects, the drug analogues exhibited 

enhanced PARP inhibitor activity in cells, determined via a live-cell fluorescent 

readout of DNA damage. The unexpected cytoplasmic drug distribution identified in 

Chapter 3 was proposed to be a result of translocation of PARP to the ER, which is 

expected of a protein undergoing UPR degradation and was aligned with SRS 

imaging through colocalisation of tagged olaparib and a fluorescent ER dye. It is 

unclear whether the increased intracellular concentrations of the olaparib analogues 

(compared to olaparib) affected their activity in cells. However, irrespective of any 

possible increased intracellular drug concentrations, the new UPR/ER-stress 

pathways uncovered do not represent the normal effects of a PARP inhibitor. 

Likewise, these new pathways and processes do not necessarily indicate increased 

PARP trapping (as suggested in Chapter 3), although this should be investigated 

further. In summary, assessment of the biological activity of the olaparib analogues 

indicates that Raman tagging enhanced the activity of olaparib, converting the drug 

into a dual PARP inhibitor and PARP degrader. 

Reflecting on the limitations of this work, the tags developed in Chapter 2 were shown 

to be cell permeable but accumulated in lipidic cell regions and were not 

homogenously distributed throughout the cell (e.g., absent from the nucleus). This 

highlights an outstanding shortcoming of these Raman tags and future study should 

focus on further improvement to their physicochemical properties if they are to be 

used for cellular imaging. Further development of heteroaromatic-based BADY tags 

offers the best opportunity in this regard, in order to bring tag logP further in line with 



Conclusions and Future Work 

119 

drug targets and improve solubility. However, careful analysis of tag stability in 

biological media must be carried out to avoid undesired reactivity of the diyne motif, 

as has been observed for some of the heteroaromatic tags.80 Ultimately, it would be 

practical to develop a universal tag suitable for all drug types. However, this thesis 

demonstrates the complexity of tagging a single drug target, thus universal drug 

tagging may require extensive further work. Whilst the choice of drug in Chapter 3 

was made logically based on a number of factors, it may have been prudent to select 

a drug with a less challenging subcellular localisation, e.g., in the cytoplasm. This 

would have facilitated SRS imaging and reduced the likelihood of the physicochemical 

properties of tags negatively affecting resultant drug-tag conjugates. A cytoplasmic 

drug may also have allowed easier delineation of any effects on biodistribution caused 

by physiochemical modifications to the tag. Circumventing the limit of detection (LOD) 

of SRS may also have been possible by choosing a drug that is known to accumulate 

in punctate organelles, allowing for high local drug concentrations and thus Raman 

signal.  

Although extensive, the investigation of Raman tagging of olaparib with a hydrophobic 

tag and the consequent effects detailed in Chapter 4 were not exhaustive, and further 

work should be conducted. Specifically, it is not clear whether the drug analogues 

were specific for PARP-1 and consequent biological effects of hydrophobic tagging 

were solely due to PARP-1 degradation. It is important to further investigate the 

specificity of the drug analogues, using, for example, tandem mass tag proteomics, 

as has been performed for a PARP-1 PROTAC.190 The HyT approach is likely to be 

less specific than PROTAC-based degradation, considering PROTACs recruit a 

specific E3 ligase to induce degradation. Throughout all HyT studies, no single 

mechanism or degradation system has been reported, emphasising the need for 

further study. Additionally, there remains an opportunity to directly link the increased 

potency of the tagged compounds in reducing cell viability to PARP degradation. In 

other words, the autophagy inhibitor shown to block PARP degradation in Chapter 4 

should be used to determine its effect on cell viability with tagged olaparib treatment. 

If blocking autophagy (and thus PARP degradation) recovers cell viability, the 

increased potency of the tagged compounds would be further rationalised. It would 

also be interesting to assess the potency of the compounds in reducing cell viability 

in a wider variety of cancer cell lines. This would allow a clearer understanding of the 

therapeutic opportunity for the compounds. Likewise, if specificity and potency was 

confirmed in 2D cell culture, it would be important to expand to include further work in 
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3D cell culture models and eventually in vivo studies. These studies would help to 

bolster hydrophobic tagging as a valuable technique within medicinal chemistry. 

Although unlikely to compete with more specific and well-understood approaches 

such as PROTACs, the added benefit of 2-in-1 drug imaging and protein degradation 

does offer unique advantages.  

In general, this project has provided some contribution to the field of SRS drug 

imaging. However, the work presented also highlights the major challenges of 

chemical tagging methodologies. Future drug imaging by SRS microscopy should be 

focused on the application and advancement of label-free imaging, ideally using 

hyperspectral SRS. This obviates many issues associated with a lack of 

bioorthogonality, however, drugs must still be detectable above the LOD. Targeting 

drugs that accumulate in the lysosomes, which continues to be demonstrated 

elegantly by Fu et al.,46, 47, 227 has partially avoided LOD issues but limits applicability, 

thus it would be interesting to target new types of drugs with hyperspectral imaging.  

Raman tags undoubtedly help to combat LOD issues but the development of new 

tags may be better targeted towards larger biomolecules that are less likely to be 

affected by structural modification. For example, unmet needs exist within other 

biomedical imaging fields wherein Raman tagging may be useful. Histopathological 

techniques are the gold standard in diagnosis of cancer and other diseases but suffer 

from long turnaround times and are low-throughput. SRS-based histopathology 

techniques have emerged and would benefit from the ability to simultaneously detect 

multiple cancer biomarkers.228 Attachment of Raman tags to antibodies for diagnostic 

proteins offers relatively facile multiplexing and the fast image acquisition time of SRS 

would negate arduous fixing and sample preparation protocols associated with 

traditional methods (Figure 5.1A). Analytes such as antibodies would not be as 

greatly impacted by the attachment of larger Raman tags, such as the highly Raman-

active electronic pre-resonance (EPR) tags developed by Min et al., allowing for 

improvements in detection sensitivity.75, 76  

EPR tags may also be amenable to structural modification to generate photo-

switchable or photo-reactive probes, whose Raman properties could be modulated by 

switchable fluorescence activity (Figure 5.1B). Switchable/blinking probes may also 

integrate well into the recently reported new field of super resolution SRS 

microscopy.112 Development of Raman chemical probes will allow further integration 
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of SRS microscopy into chemical biology. The recent discovery of covalent diyne tags 

also opens up opportunities in this regard.80 It would be interesting to further explore 

the activity of these tags and make additional structural modifications to fine-tune 

reactivity to different nucleophiles. For example, with optimisation, it is possible that 

these tags could be installed within drug structures to generate covalent inhibitors, 

thus enabling dynamic monitoring of covalent reactivity by SRS (Figure 5.1C).  

The unexpected effects of Raman tagging in this study should serve as an example 

of the importance of a thorough analysis of tagged compounds in cellulo; it is 

insufficient to determine suitability through solely protein binding/activity studies. Now 

that they have been discovered, it would be interesting to determine whether the 

effects of Raman tagging olaparib could be expanded to other drugs/targets. 

However, it would first be sensible to optimise the potency of the hydrophobic tags 

and decipher structure-activity relationships to facilitate future application. It is not 

clear whether the amenability of olaparib to hydrophobic tagging (i.e., containing a 

site for tag attachment that protrudes from the PARP active site) is an exclusive 

example. It may be practical to first target another PARP inhibitor which has previously 

been modified to generate a PROTAC, e.g., rucaparib (Figure 5.1D).190  

 

Figure 5.1. Proposed new opportunities for Raman-tagged SRS imaging. A) Multiplex Raman 

tag detection for histopathology. Microscope slide icon from Biorender.com. B) Switchable 

EPR Raman probes. C) Covalent reactivity of a Raman-tagged drug within a protein active 

site. D) Raman-active HyT-tagged rucaparib. 
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As advancements in microscope equipment and software continue to emerge, the 

possibilities of integrating SRS microscopy further into the drug discovery pipeline will 

expand. The ability of Raman imaging to draw interest from researchers in a wide 

range of disciplines – from chemistry, to biology, to engineering to physics – is a 

testament to its many unique advantages over other techniques and will leave a 

lasting impact on biomedical imaging.    
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Chapter 6 Experimental 

6.1 Chemical 

6.1.1 Computational 

ChemDraw Professional, MarvinSketch, or in-house AstraZeneca software was used 

to obtain calculated physicochemical parameters. The molecular geometry of 

proposed tag structures was minimised using Gaussian 09 (B3LYP/6-31G (d)), with 

‘Pulay’s direct inversion in the iterative subspace’ (DIIS) method applied during self-

consistent field (SCF) optimisation. Optimised structure geometries were then 

extracted using Gabedit 2.5.1 and visualised using Mercury 4.3.1.229 This Gaussian 

analysis also provided prediction of Raman intensities and shifts, which were 

subjected to a scaling factor of 0.96 to account for the anharmonic nature of bonded 

atoms.79 

6.1.2 General considerations 

Reactions indicated as being carried out under nitrogen were performed using a 

Schlenk line with flame-dried glassware cycled between a vacuum and the inert gas. 

All starting materials were used as received from Acros, Fluorochem, Sigma 

Aldrich/Merck, Fisher Scientific or Combi-Blocks unless otherwise stated. Et3N was 

purified by distilling from powdered CaH2 and stored in an ampoule containing 

molecular sieves under N2. Where Schlenk line techniques were employed, solvents 

were purified using a solvent purification system and transferred under Ar or N2. Flash 

chromatography columns were carried out using a CombiFlash® NextGen 100 

system with RediSep® pre-packed silica column or manually using ACROS 

Organics™ Silica gel, (0.035-0.070 mm, 60 Å). Reactions were monitored by thin-

layer chromatography (TLC) on normal phase E. Merck silica gel foil-backed plates 

(Kieselgel 60 F254, 0.2 mm thickness). Compounds were visualised either by 

exposure of the plate to UV light (254 nm) or by staining with an aqueous solution of 

potassium permanganate and heating. Melting points (MP) were determined on a 

Gallenkamp Electrothermal Melting Point apparatus and are uncorrected. Infrared 

(IR) spectra were recorded by measuring the neat sample on a Shimadzu IRAffinity-1 

solid state FT-IR spectrometer. Characteristic bands for absorbances ≥ 1500 cm-1 are 

reported. Fluorescence spectra were acquired using a Shimadzu RF-6000 

spectrofluorometer. Nuclear magnetic resonance (NMR) spectra were recorded at 

ambient temperature using a Bruker AV400, AV500 or AV600 spectrometer operating 
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at 400, 500 or 600 MHz (1H spectra) and 100, 125 or 150 MHz (13C spectra), 

respectively. For 31P NMR, a Bruker PRO500 spectrometer was used at 202 MHz. 

Residual solvent peaks (CDCl3: 1H δ 7.26 ppm, 13C δ 77.16 ppm; DMSO-d6: 1H δ 2.50 

ppm, 13C δ 39.52 ppm.) were used as an internal reference. The abbreviations s = 

singlet, d = doublet, t = triplet, q = quartet, hept = heptet and br = broad (or 

combinations thereof) were used to describe the peak multiplicity in 1H NMR spectra. 

Coupling constants (J) are quoted to the nearest 0.1 Hz. 13C NMR signals are 

assigned as quaternary (C), tertiary (CH), secondary (CH2) or primary (CH3) with 

appropriate coefficients (i.e. 2CH) for symmetrical compounds. For olaparib 

analogues, 2D NMR experiments were conducted as required to facilitate peak 

assignment. JCF values are provided only when 13C multiplets were fully resolved. Full 

spectra for all compounds not previously reported in the literature are provided in 

Appendix C. High-resolution mass spectrometry (HMRS) electrospray ionisation 

(ESI) measurements were carried out using a Bruker 12 T SolariX, Bruker microTOF 

II or Kratos MS50TC mass spectrometer. Mass-to-charge ratios are reported for 

protonated ([M+H]+), sodiated ([M+Na]+) or deprotonated ([M–H]-) molecular ions. 

Purity of final compounds to be used in vitro was determined by RP-HPLC to be ≥ 

95% and further validated at AstraZeneca prior to commencing assays. 

6.1.3 General procedures  

GP 1. Pd-catalysed Cadiot-Chodkiewicz coupling of alkynes 

 

To a solution of Pd2(dba)3 (0.04 equiv.), CuI (0.02 equiv.), and (E)-3-(2-

(diphenylphosphaneyl)phenyl)-1-phenylprop-2-en-1-one (12, 0.04 equiv.) under N2 in 

THF (2 mL : 1 mmol terminal alkyne) was added terminal alkyne (1 equiv.) in THF (1 

mL : 1 mmol terminal alkyne) and Et3N (2 equiv.) and the mixture was stirred for 10 

minutes at RT. Methyl 4-(bromoethynyl)benzoate (8, 1.2 equiv) in THF (1 mL : 1 mmol 

terminal alkyne) was added dropwise and the reaction mixture was stirred for 16 h at 

RT. After the completion of the reaction, as indicated by TLC, the reaction mixture 

was diluted with EtOAc (5 mL) and washed with NaCl (5 mL, sat. aq.). The aqueous 

layer was separated and extracted with EtOAc (3 × 10 mL). The combined organic 

layers were dried over MgSO4 and concentrated in vacuo. The crude product was 

purified by silica gel column chromatography, either manually or using a CombiFlash® 
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NextGen 100 system with RediSep® pre-packed silica column (using EtOAc in 

petroleum ether 40-60 as the eluent). 

GP 2. Ester hydrolysis  

 

To a solution of methyl ester (1 equiv.) in CH3CN (25 mL : 1 mmol ester) was added 

NaOH (5 equiv., 1 M in H2O). The reaction mixture was heated to reflux and stirred 

for 16 h. The solvent was removed in vacuo and the residue was resuspended in H2O. 

The mixture was acidified (ca. pH 2) to form a precipitate, which was collected via 

vacuum filtration and washed with ice-cold H2O. The desired acid was carried forward 

without the need for further purification. 

GP 3. Amide coupling to olaparib-amine 

 

To a solution of carboxylic acid (1 equiv.) and 4-[4’’-fluoro-3’’-(piperazine-1’’’-

carbonyl)benzyl]-2H-phthalazin-1-one (olaparib-amine 24, 1 equiv.) in CH3CN 

(6 mL : 1 mmol carboxylic acid) was added PyBOP or HATU (1.2 equiv) and DIPEA 

(4 equiv.). The reaction mixture was stirred for 4 h at RT and the resultant precipitate 

was collected via vacuum filtration and washed with ice-cold H2O. The crude amide 

was purified by silica gel column chromatography, either manually or using a 

CombiFlash® NextGen 100 system with a RediSep® pre-packed silica column (using 

methanol in DCM as the eluent). 

GP 4. Amide coupling to linker compound 

 

To a solution of carboxylic acid (1 equiv.) and 5-aminopentanoic acid methyl ester 

hydrochloride 25 (1 equiv.) in CH3CN (6 mL : 1 mmol carboxylic acid) was added 
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PyBOP (1.2 equiv) and DIPEA (4 equiv.). The reaction mixture was stirred for 4 – 16 

h at RT. After the completion of the reaction, as indicted by TLC, the reaction mixture 

was poured into ice-cold H2O. The resultant precipitate was collected via vacuum 

filtration and washed with ice-cold H2O. The amide-linked tag was carried forward 

without the need for further purification. 

6.1.4 Synthesis and characterisation of reaction products  

6-Hydroxymethyl-1,2,3,4-tetrahydronaphthalene (3) 

To a suspension of LiAlH4 (418 mg, 11.0 mmol) in THF (25 mL) at 

0 °C under N2 was added dropwise 1,2,3,4-tetrahydro-2-naphthoic 

acid (500 mg, 2.75 mmol) in THF (25 mL). The reaction mixture 

was allowed to warm to RT and stirred for 3 h. The reaction was quenched at 0 °C by 

dropwise addition of H2O (10 mL) and NaOH (10 mL, 1 M in H2O). The mixture was 

stirred for 30 min at RT and filtered over a pad of celite. The organic layers were dried 

over MgSO4 and concentrated in vacuo to afford the title compound 3 as a white solid 

(418 mg, 2.58 mmol, 94%). Rf (50% EtOAc in petroleum ether 40-60) = 0.80. 1H NMR 

(400 MHz, CDCl3) δ 7.13 – 7.03 (m, 3H, ArH), 4.62 (s, 2H, CH2OH), 2.83 – 2.71 (m, 

4H, CH2), 1.87 – 1.75 (m, 4H, CH2). 13C NMR (126 MHz, CDCl3) δ 138.15 (C), 137.55 

(C), 136.88 (C), 129.53 (CH), 128.06 (CH), 124.49 (CH), 65.56 (CH2), 29.54 (CH2), 

29.31 (CH2), 23.35 (CH2), 23.32 (CH2).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.230 

5,6,7,8-Tetrahydronaphthalene-2-carbaldehyde (4) 

To a solution of 3 (418 mg, 2.58 mmol) in DCM (15 mL) at 0 °C 

was added dropwise Dess-Martin periodinane (1.20 g, 2.84 mmol) 

in DCM (10 mL). The reaction mixture was allowed to warm to RT 

and stirred for 16 h. The reaction mixture was filtered over a pad of celite, and the 

filtrate was washed with Na2S2O3 (20 mL, 5% in H2O). The aqueous layer was 

extracted with DCM (2 × 20 mL). The combined organic layers were washed with 

NaCl (20 mL, sat. aq.), dried over MgSO4, and concentrated in vacuo. The crude 

product was purified by silica gel column chromatography (0 → 20% EtOAc in 

petroleum ether 40-60) to afford the title compound 4 as a colourless oil (384 mg, 2.40 

mmol, 93%). Rf (20% EtOAc in petroleum ether 40-60) = 0.79. 1H NMR (601 MHz, 

CDCl3) δ 9.93 (s, 1H, CHO), 7.61 – 7.56 (m, 2H, ArH), 7.21 (d, J = 7.8 Hz, 1H, ArH), 



Experimental 

127 

2.86 – 2.81 (m, 4H, CH2), 1.87 – 1.79 (m, 4H, CH2). 13C NMR (151 MHz, CDCl3) δ 

192.50 (CH), 145.04 (C), 138.18 (C), 134.38 (C), 130.96 (CH), 129.96 (CH), 126.77 

(CH), 30.02 (CH2), 29.38 (CH2), 22.99 (CH2), 22.86 (CH2).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.231 

Dimethyl (1-diazo-2-oxopropyl)phosphonate (5) 

To a suspension of NaH (1.30 g, 54.2 mmol, 60% in mineral oil) in 

toluene (30 mL) at 0 °C was added dropwise dimethyl 2-

oxypropylphosphonate (5.00 g, 30.1 mmol) in THF (10 mL). After gas 

evolution ceased, 4-acetamidobenzenesulfonyl azide (7.95 g, 33.1 

mmol) in THF (20 mL) was added dropwise at RT. The reaction mixture was stirred 

under N2 for 16 h. The reaction mixture was diluted with petroleum ether 40-60 (30 

mL) and filtered over celite. The filtrate was washed with Et2O (3 × 50 mL). The 

combined organic layers were washed with NaCl (50 mL, sat. aq.), dried over MgSO4, 

and concentrated in vacuo. The crude product was purified by silica gel column 

chromatography (0 → 30% EtOAc in petroleum ether 40-60) to afford the title 

compound 5 as a yellow oil (3.79 g, 19.7 mmol, 65%). Rf (50% EtOAc in petroleum 

ether 40-60) = 0.12. IR (cm-1) 2118 (C=N), 1657 (C=O), 1265 (P=O). 1H NMR (500 

MHz, CDCl3) δ 3.84 (d, 3JPH = 11.9 Hz, 6H, OCH3), 2.27 (s, 3H, CH3). 13C NMR (126 

MHz, CDCl3) δ 189.85 (d, 2JCP = 13.5 Hz, C), 128.62 (d, 1JCP = 102.4 Hz, C), 53.57 (d, 

2JCP = 5.5 Hz, CH3), 27.14 (CH3). 31P{1H} NMR (202 MHz, CDCl3) δ 14.27.  

1H and 13C NMR spectroscopic data are in good agreement with the literature.232 

6-Ethynyl-1,2,3,4-tetrahydro-naphthalene (6) 

To a solution of 5,6,7,8-tetrahydronaphthalene-2-carbaldehyde 4 

(257 mg, 1.61 mmol) in MeOH (4 mL) at 0 °C was added dropwise 

phosphonate 5 (371 mg, 1.93 mmol) in MeOH (1 mL). The reaction 

mixture was allowed to warm to RT and stirred for 4 h. The solvent was removed in 

vacuo and the residue was redissolved in Et2O (10 mL). The mixture was washed with 

NaHCO3 (10 mL, 5% in H2O) and the aqueous layer was extracted with Et2O (3 × 10 

mL). The combined organic layers were dried over MgSO4 and concentrated in vacuo. 

The crude product was purified by silica gel column chromatography (petroleum ether 

40-60) to afford the title compound 6 as a colourless oil (219 mg, 1.40 mmol, 87%). 

Rf (5% EtOAc in petroleum ether 40-60) = 0.88. IR (cm-1) 2103 (C≡C), 1563 (C=C). 
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1H NMR (601 MHz, CDCl3) δ 7.23 – 7.19 (m, 2H, ArH), 7.01 (d, J = 8.6 Hz, 1H, ArH), 

2.99 (s, 1H, CH), 2.78 – 2.71 (m, 4H, CH2), 1.83 – 1.75 (m, 4H, CH2). 13C NMR (151 

MHz, CDCl3) δ 138.51 (C), 137.40 (C), 132.92 (CH), 129.24 (CH), 129.21 (CH), 

119.06 (C), 84.22 (C), 76.10 (CH), 29.51 (CH2), 29.26 (CH2), 23.11 (2CH2).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.233 

Methyl 4-(bromoethynyl)benzoate (8) 

To a solution of methyl 4-ethynylbenzoate (2.00 g, 12.5 mmol) 

in acetone (75 mL) was added N-bromosuccinimide (2.45 g, 

13.7 mmol) and AgNO3 (212 mg, 1.25 mmol). The reaction 

mixture was stirred for 4 h at RT. The solvent was removed in 

vacuo and the residue was redissolved in Et2O (50 mL). The organic layers were 

washed with H2O (3 × 50 mL) and NaCl (50 mL, sat. aq.), dried over MgSO4, and 

concentrated in vacuo to afford the title compound 8 as a beige solid (2.75 g, 11.5 

mmol, 92%). Rf (20% EtOAc in petroleum ether 40-60) = 0.74. IR (cm-1) 2196 (C≡C), 

1710 (C=O), 1605 (C=C). 1H NMR (500 MHz, CDCl3) δ 8.01 – 7.95 (m, 2H, ArH), 7.53 

– 7.48 (m, 2H, ArH), 3.92 (s, 3H, CH3). 13C NMR (126 MHz, CDCl3) δ 166.55 (C), 

132.11 (2CH), 130.17 (C), 129.65 (2CH), 127.48 (C), 79.58 (C), 53.46 (C), 52.41 

(CH3).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.234 

1,4-Diphenylbuta-1,3-diyne (9) 

By-product in the coupling reaction to form 1a. 1H NMR 

(500 MHz, CDCl3) δ 7.57 – 7.51 (m, 2H, ArH), 7.41 – 7.29 

(m, 3H, ArH). 13C NMR (126 MHz, CDCl3) δ 132.66 (4CH), 

129.36 (2CH), 128.59 (4CH), 121.97 (2C), 81.70 (2C), 74.07 (2C). 

1H and 13C NMR spectroscopic data are in good agreement with the literature.235 

Dimethyl 4,4'-(buta-1,3-diyne-1,4-diyl)dibenzoate (10) 

By-product in the coupling reaction to form 1a 

and 1c. 1H NMR (500 MHz, CDCl3) δ 8.02 (d, 

J = 8.7 Hz, 2H, ArH), 7.59 (d, J = 8.7 Hz, 2H, 
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ArH), 3.93 (s, 3H, CH3). 13C NMR (126 MHz, CDCl3) δ 166.42 (2C), 132.62 (4CH), 

130.72 (2C), 129.73 (4CH), 126.28 (2C), 82.00 (2C), 76.41 (2C), 52.50 (2CH3). 

1H and 13C NMR spectroscopic data are in good agreement with the literature.236 

1,4-bis(5,6,7,8-tetrahydronaphthalen-2-yl)buta-1,3-diyne (11) 

By-product in the coupling reaction to form 1b. 1H 

NMR (500 MHz, CDCl3) δ 7.26 – 7.20 (m, 2H, ArH), 

7.01 (d, J = 8.3 Hz, 1H, ArH), 2.79 – 2.71 (m, 4H, 

CH2), 1.83 – 1.75 (m, 4H, CH2). 13C NMR (126 MHz, CDCl3) δ 139.06 (2C), 137.56 

(2C), 133.23 (2CH), 129.57 (2CH), 129.36 (2CH), 118.87 (2C), 81.79 (2C), 73.27 

(2C), 29.63 (2CH2), 29.27 (2CH2), 23.07 (4CH2). 

(E)-3-(2-(Diphenylphosphaneyl)phenyl)-1-phenylprop-2-en-1-one (12) 

 A mixture of 2-phenyl(triphenylphosphoranylidene)ethan-2-one 

(1.77 g, 4.65 mmol) and 2-(diphenylphosphino)benzaldehyde 

(750 mg, 2.58 mmol) in toluene (50 mL) was heated to reflux for 

25 h under N2. The solvent was removed in vacuo and the residue was purified by 

silica gel column chromatography (0 → 5% EtOAc in petroleum ether 40-60) to afford 

a waxy orange solid. The solid was further purified by recrystallisation from hot 

methanol to yield the title compound 12 as a pale-yellow solid (530 mg, 1.35 mmol, 

52%). Rf (5% EtOAc in petroleum ether 40-60) = 0.24. IR (cm-1) 1659 (C=O), 1606 

(C=C). 1H NMR (601 MHz, CDCl3) δ 8.35 (dd, J = 15.8, 4.4 Hz, 1H, CH), 7.77 – 7.69 

(m, 3H, ArH), 7.53 (ddt, J = 8.7, 7.1, 1.1 Hz, 1H, ArH), 7.47 – 7.22 (m, 14H, ArH), 7.17 

(dd, J = 15.8, 1.1 Hz, 1H, CH), 6.94 (ddd, J = 8.1, 4.4, 1.1 Hz, 1H, ArH). 13C NMR 

(126 MHz, CDCl3) δ 192.04 (C), 143.69 (d, 3JCP = 24.1 Hz, CH), 139.87 (d, 1JCP = 22.2 

Hz, C), 138.59 (d, 2JCP = 16.8 Hz, C), 138.10 (C), 136.02 (d, 1JCP = 10.0 Hz, 2C), 

134.23 (d, 2JCP = 19.9 Hz, 4CH), 133.86 (CH), 132.56 (CH), 130.08 (CH), 129.26 (CH), 

129.13 (2CH), 128.82 (2CH), 128.81 (d, 3JCP = 7.0 Hz, 4CH), 128.69 (2CH), 127.12 

(d, 3JCP = 4.0 Hz, CH), 125.79 (d, 4JCP = 3.2 Hz, CH). 31P{1H} NMR (202 MHz, CDCl3) 

δ -13.79. 

1H, 13C and 31P NMR spectroscopic data are in good agreement with the literature.237 
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Methyl 4-(phenylbuta-1,3-diyn-1-yl)benzoate (1a) 

Synthesised according to GP 1 from ethynylbenzene 

(100 mg, 0.979 mmol) to give the title compound 1a as 

a beige solid (187 mg, 0.715 mmol, 73%). Rf (5% 

EtOAc in petroleum ether 40-60) = 0.33. MP 107–108 

°C. IR (cm-1) 2212 (C≡C), 1716 (C=O), 1603 (C=C), 

1572 (C=C), 1556 (C=C). 1H NMR (601 MHz, CDCl3) δ 8.01 (d, J = 8.7 Hz, 2H, ArH), 

7.58 (d, J = 8.7 Hz, 2H, ArH), 7.56 – 7.52 (m, 2H ArH), 7.42 – 7.32 (m, 3H, ArH), 3.93 

(s, 3H, CH3). 13C NMR (151 MHz, CDCl3) δ 166.48 (C), 132.74 (2CH), 132.54 (2CH), 

130.46 (C), 129.70 (2CH), 129.65 (CH), 128.65 (2CH), 126.67 (C), 121.64 (C), 83.19 

(C), 80.63 (C), 76.87 (C), 73.72 (C), 52.47 (CH3). 

1H and 13C NMR spectroscopic data and melting point are in good agreement with the 

literature.238 

Methyl 4-((5,6,7,8-tetrahydronaphthalen-2-yl)buta-1,3-diyn-1-yl)benzoate (1b) 

Synthesised according to GP 1 from 6-ethynyl-

1,2,3,4-tetrahydronaphthalene 6 (143 mg, 0.916 

mmol) to give the title compound 1b as a white solid 

(205 mg, 0.650 mmol, 71%). Rf (20% EtOAc in 

petroleum ether 40-60) = 0.58. MP 204–205 °C. IR 

(cm-1) 2209 (C≡C), 1714 (C=O), 1600 (C=C), 1556 

(C=C). 1H NMR (601 MHz, CDCl3) δ 8.00 (d, J = 8.7 Hz, 2H, ArH), 7.57 (d, J = 8.7 Hz, 

2H, ArH), 7.27 – 7.23 (m, 2H, ArH), 7.05 – 7.01 (m, 1H, ArH), 3.92 (s, 3H, CH3), 2.79 

– 2.72 (m, 4H, CH2), 1.83 – 1.76 (m, 4H, CH2). 13C NMR (151 MHz, CDCl3) δ 166.47 

(C), 139.59 (C), 137.67 (C), 133.34 (CH), 132.45 (2CH), 130.26 (C), 129.66 (CH), 

129.65 (2CH), 129.44 (CH), 126.87 (C), 118.31 (C), 83.90 (C), 80.13 (C), 77.21 (C), 

72.72 (C), 52.41 (CH3), 29.65 (CH2), 29.25 (CH2), 23.02 (CH2), 23.00 (CH2). HRMS-

ESI+ (m/z) [M+H]+ found 315.1371, C22H18O2 requires 315.1380. 
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Methyl 4-(cyclohexylbuta-1,3-diyn-1-yl)benzoate (1c) 

Synthesised according to GP 1 from 

ethynylcyclohexane (120 mg, 1.11 mmol) to give the 

title compound 1c as a yellow solid (204 mg, 0.766 

mmol, 69%). Rf (10% EtOAc in petroleum ether 40-60) 

= 0.85. MP 167–169 °C. IR (cm-1) 2236 (C≡C), 1717 

(C=O), 1602 (C=C). 1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 8.7 Hz, 2H, ArH), 7.52 

(d, J = 8.7 Hz, 2H, ArH), 3.91 (s, 3H, CH3), 2.56 (hept, J = 3.7 Hz, 1H, CH), 1.87 – 

1.80 (m, 2H, CH2), 1.73 (ddt, J = 10.7, 6.8, 3.7 Hz, 2H, CH2), 1.53 – 1.39 (m, 3H, CH2 

and CHACHB), 1.39 – 1.27 (m, 3H, CH2 and CHACHB). 13C NMR (126 MHz, CDCl3) δ 

166.55 (C), 132.50 (2CH), 130.07 (C), 129.61 (2CH), 127.14 (C), 90.43 (C), 77.36 

(C), 74.50 (C), 64.96 (C), 52.41 (CH3), 32.21 (2CH2), 29.96 (CH), 25.85 (CH2), 24.85 

(2CH2). HRMS-ESI+ (m/z) [M+H]+ found 267.1376, C18H18O2 requires 267.1380. 

Methyl 4-((4-methylphenyl)lbuta-1,3-diyn-1-yl)benzoate (1d) 

Synthesised according to GP 1 from 1-ethynyl-4-

methylbenzene (116 mg, 1.00 mmol) to give the title 

compound 1d as a beige solid (209 mg, 0.762 mmol, 

76%). Rf (5% EtOAc in petroleum ether 40-60) = 0.49. 

1H NMR (601 MHz, CDCl3) δ 8.05 – 8.00 (m, 2H, ArH), 

7.62 – 7.57 (m, 2H, ArH), 7.48 – 7.43 (m, 2H, ArH), 

7.18 (d, J = 7.9 Hz, 2H, ArH), 3.95 (s, 3H, OCH3), 2.40 (s, 3H, CH3). 13C NMR (151 

MHz, CDCl3) δ 166.35 (C), 139.98 (C), 132.51 (2CH), 132.35 (2CH), 130.20 (C), 

129.53 (2CH), 129.29 (2CH), 126.66 (C), 118.35 (C), 83.41 (C), 80.19 (C), 76.93 (C), 

73.00 (C), 52.30 (CH3), 21.66 (CH3).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.[8] 

Methyl 4-((4-(tert-butyl)phenyl)buta-1,3-diyn-1-yl)benzoate (1e) 

Synthesised according to GP 1 from 1-(tert-butyl)-

4-ethynylbenzene (158 mg, 1.00 mmol) to give the 

title compound 1e as a beige solid (213 mg, 0.674 

mmol, 67%). Rf (5% EtOAc in petroleum ether 40-

60) = 0.53. MP 151–153 °C. 1H NMR (500 MHz, 

CDCl3) δ 8.03 – 7.97 (m, 2H, ArH), 7.61 – 7.55 (m, 
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2H, ArH), 7.51 – 7.45 (m, 2H, ArH), 7.40 – 7.35 (m, 2H, ArH), 3.93 (s, 3H, CH3), 1.32 

(s, 9H, CH3). 13C NMR (126 MHz, CDCl3) δ 166.50 (C), 153.22 (C), 132.54 (2CH), 

132.50 (2CH), 130.35 (C), 129.69 (2CH), 126.82 (C), 125.71 (2CH), 118.52 (C), 83.58 

(C), 80.30 (C), 77.37 (C), 73.12 (C), 52.46 (CH3), 35.12 (C), 31.24 (3CH3). HRMS-

ESI+ (m/z) [M+H]+ found 317.1544, C22H21O2 requires 317.1536. 

Methyl 4-((naphthalen-2-yl)buta-1,3-diyn-1-yl)benzoate (1f) 

Synthesised according to GP 1 from 2-

ethynylnaphthalene (152 mg, 1.00 mmol) to give the 

title compound 1f as a yellow solid (205 mg, 0.660 

mmol, 66%). Rf (5% EtOAc in petroleum ether 40-

60) = 0.41. MP 155–157 °C. 1H NMR (500 MHz, 

CDCl3) δ 8.13 – 8.09 (m, 1H, ArH), 8.07 – 8.02 (m, 

2H, ArH), 7.88 – 7.81 (m, 3H, ArH), 7.66 – 7.60 (m, 2H, ArH), 7.60 – 7.52 (m, 3H, 

ArH), 3.96 (s, 3H, CH3). 13C NMR (126 MHz, CDCl3) δ 166.34 (C), 133.33 (C), 133.25 

(CH), 132.80 (C), 132.42 (2CH), 130.32 (C), 129.57 (2CH), 128.40 (CH), 128.27 (CH), 

127.91 (CH), 127.86 (CH), 127.41 (CH), 126.87 (CH), 126.54 (C), 118.71 (C), 83.52 

(C), 80.67 (C), 76.86 (C), 73.88 (C), 52.33 (CH3). HRMS-ESI+ (m/z) [M+H]+ found 

311.1069, C22H15O2 requires 311.1067. 

Methyl 4-((2-oxo-1,2,3,4-tetrahydroquinolin-6-yl)buta-1,3-diyn-1-yl)benzoate 

(1g) 

Synthesised according to GP 1 from terminal 

alkyne 17 (20.0 mg, 0.117 mmol) to give the title 

compound 1g as an orange solid (15.2 mg, 44.5 

μmol, 38%). Rf (10% EtOAc in petroleum ether 

40-60) = 0.40. MP 264–267 °C. IR (cm-1) 3165 

(N–H), 2211 (C≡C), 1720 (C=O), 1676 (C=O), 

1602 (C=C), 1500 (C=C). 1H NMR (500 MHz, DMSO-d6) δ 10.35 (s, 1H, NH), 7.98 (d, 

J = 8.6 Hz, 2H, ArH), 7.73 (d, J = 8.6 Hz, 2H, ArH), 7.48 – 7.40 (m, 2H, ArH), 6.89 (d, 

J = 8.2 Hz, 1H, ArH), 3.87 (s, 3H, CH3), 2.89 (t, J = 7.6 Hz, 2H, CH2), 2.50 – 2.44 (m, 

2H, CH2). 13C NMR (126 MHz, DMSO-d6) δ 170.18 (C), 165.47 (C), 140.20 (C), 132.62 

(2CH), 131.98 (CH), 131.93 (CH), 130.10 (C), 129.42 (2CH), 125.43 (C), 124.28 (C), 

115.39 (CH), 112.79 (C), 84.02 (C), 80.29 (C), 76.58 (C), 72.14 (C), 52.41 (CH3), 
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29.95 (CH2), 24.35 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 330.1125, C21H16NO3 

requires 330.1125. 

Methyl-4-((2,4-dioxo-1,2,3,4-tetrahydroquinazolin-6-yl)buta-1,3-diyn-1-

yl)benzoate (1h) 

Synthesised according to GP 1 from terminal 

alkyne 18 (27.9 mg, 0.150 mmol) to give the title 

compound 1h as a brown solid (33.1 mg, 96.0 

μmol, 64%). Rf (50% EtOAc + 0.1% AcOH in 

petroleum ether 40-60) = 0.25. 1H NMR (601 

MHz, DMSO-d6) δ 11.48 (s, 1H, NH), 11.43 (s, 

1H, NH), 8.05 (d, J = 2.0 Hz, 1H, ArH), 7.99 (d, 2H, J = 8.5 Hz, ArH), 7.86 (dd, J = 

8.5, 2.0 Hz, 1H, ArH), 7.76 (d, 2H, J = 8.5 Hz, ArH), 7.21 (d, J = 8.5 Hz, 1H, ArH), 

3.88 (s, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 165.43 (C), 161.74 (C), 149.98 

(C), 141.89 (C), 138.40 (CH), 132.71 (2CH), 131.40 (CH), 130.27 (C), 129.42 (2CH), 

125.13 (C), 116.27 (CH), 114.80 (C), 113.59 (C), 82.39 (C), 80.69 (C), 76.18 (C), 

72.88 (C), 52.41 (CH3). HRMS-ESI+ (m/z) [M+Na]+ found 367.0694, C20H12N2O4Na 

requires 367.0689. 

6-((Trimethylsilyl)ethynyl)-3,4-dihydroquinolin-2(1H)-one (15) 

To a mixture of PdCl2(PPh3)2 (14.0 mg, 0.02 mmol) and CuI 

(1.90 mg, 0.01 mmol) in pyridine (0.30 mL) and DMF (0.30 

mL) under N2 was added 6-bromo-3,4-dihydro-1H-quinolin-

2-one 13 (226 mg, 1.00 mmol) in Et3N (0.20 mL, 2.00 mmol). 

To the reaction mixture was added dropwise ethynyltri(methyl)silane (0.28 mL, 2.00 

mmol). The reaction mixture was heated to 90 °C and subjected to microwave 

irradiation for 4 h. The volatile components were removed in vacuo and the residue 

was redissolved in DCM (5 mL) and H2O (5 mL). The aqueous layer was extracted 

with (3 × 10 mL). The combined organic layers were washed with H2O (3 × 10 mL) 

and NaCl (10 mL, sat. aq.), dried over MgSO4, and concentrated in vacuo. The crude 

product was purified by silica gel column chromatography (0 → 40% EtOAc in 

petroleum ether 40-60) to afford the title compound 15 as a brown solid (134 mg, 0.55 

mmol, 55%). Rf (40% EtOAc in petroleum ether 40-60) = 0.69. IR (cm-1) 3203 (N–H), 

2153 (C≡C), 1680 (C=O), 1613 (C=C), 1503 (C=C). 1H NMR (601 MHz, DMSO-d6) 

δ 10.24 (s, 1H, NH), 7.28 (d, J = 1.8 Hz, 1H, ArH), 7.23 (dd, J = 8.2, 1.8 Hz, 1H, ArH), 
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6.81 (d, J = 8.2 Hz, 1H, ArH), 2.85 (t, J = 7.6 Hz, 2H, CH2), 2.47 – 2.41 (m, 2H, CH2), 

0.21 (s, 9H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 170.13 (C), 138.95 (C), 131.09 

(CH), 130.67 (CH), 123.90 (C), 115.24 (C), 115.07 (CH), 105.60 (C), 92.45 (C), 30.06 

(CH2), 24.30 (CH2), -0.01 (3CH3).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.239 

6-((trimethylsilyl)ethynyl)quinazoline-2,4(1H,3H)-dione (16) 

 To a mixture of PdCl2(PPh3)2 (21.0 mg, 0.03 mmol) and CuI 

(2.85 mg, 0.02 mmol) in pyridine (0.50 mL) and DMF (0.50 

mL) under N2 was added 6-(bromoethynyl)quinazoline-

2,4(1H,3H)-dione 14 (362 mg, 1.50 mmol) in Et3N (0.30 mL, 

3.00 mmol). To the reaction mixture was added dropwise ethynyltri(methyl)silane 

(0.42 mL, 3.00 mmol). The reaction mixture was heated to 100 °C and subjected to 

microwave irradiation for 6 h. The volatile components were removed in vacuo and 

the crude product was purified by silica gel column chromatography (0 → 70% EtOAc 

in petroleum ether 40-60) to afford the title compound 16 as a yellow solid (284 mg, 

1.10 mmol, 73%). Rf (50% EtOAc in petroleum ether 40-60) = 0.32. 1H NMR (500 

MHz, DMSO-d6) δ 11.41 (s, 1H, NH), 11.33 (s, 1H, NH), 7.86 (d, J = 1.9 Hz, 1H, ArH), 

7.68 (dd, J = 8.4, 1.9 Hz, 1H, ArH), 7.14 (dd, J = 8.5, 0.5 Hz, 1H, ArH), 0.23 (s, 9H, 

CH3). 13C NMR (126 MHz, DMSO-d6) δ 161.94 (C), 150.05 (C), 140.94 (C), 137.52 

(CH), 130.24 (CH), 115.95 (C), 115.87 (CH), 114.53 (C), 104.00 (C), 93.97 (C), -0.15 

(3CH3). HRMS-ESI+ (m/z) [M+H]+ found 259.0973, C13H15N2O2Si requires 259.0897. 

6-Ethynyl-3,4-dihydroquinolin-2(1H)-one (17) 

To a solution of 15 (131 mg, 0.535 mmol) in MeOH (2 mL) was 

added K2CO3 (7.4 mg, 0.05 mmol). The reaction mixture was 

stirred for 24 h at RT. The solvent was removed in vacuo and the 

residue was redissolved in a mixture of DCM (5 mL) and H2O (5 

mL). The aqueous layer was extracted with DCM (2 × 5 mL). The combined organic 

layers were washed with NaCl (5 mL, sat. aq.), dried over MgSO4, and concentrated 

in vacuo to afford the title compound 17 as an orange solid (87.8 mg, 0.513 mmol, 

96%). The desired compound was carried forward without the need for further 

purification. Rf (40% EtOAc in petroleum ether 40-60) = 0.35. IR (cm-1) 3250 (N–H), 

2103 (C≡C), 1663 (C=O), 1613 (C=C), 1497 (C=C). 1H NMR (500 MHz, DMSO-d6) 

δ 10.22 (s, 1H, NH), 7.29 (d, J = 1.8 Hz, 1H, ArH), 7.25 (dd, J = 8.2, 1.8 Hz, 1H, ArH), 
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6.83 (d, J = 8.2 Hz, 1H, ArH), 4.01 (s, 1H, CH), 2.86 (t, J = 7.3 Hz, 2H, CH2), 2.48 – 

2.41 (m, 2H, CH2). 13C NMR (126 MHz, DMSO-d6) δ 170.13 (C), 138.91 (C), 131.07 

(CH), 130.77 (CH), 123.93 (C), 115.10 (CH), 114.79 (C), 83.67 (C), 79.25 (CH), 30.07 

(CH2), 24.38 (CH2). 

1H and 13C NMR spectroscopic data are in good agreement with the literature.239 

6-ethynylquinazoline-2,4(1H,3H)-dione (18) 

 To a solution of 16 (129 mg, 0.500 mmol) in MeOH (2 mL) was 

added K2CO3 (7.4 mg, 0.05 mmol). The reaction mixture was 

stirred for 24 h at RT. The solvent was removed in vacuo and the 

residue was resuspended in H2O (5 mL). The resultant precipitate 

was filtered and washed consecutively with H2O (2 × 5 mL) and petroleum ether 40-60 

(2 × 5 mL) to afford the title compound 18 as a beige solid (93.1 mg, 0.500 mmol, 

quant.). The desired compound was carried forward without the need for further 

purification. Rf (50% EtOAc in petroleum ether 40-60) = 0.25. 1H NMR (500 MHz, 

DMSO-d6) δ 11.40 (s, 1H, NH), 11.31 (s, 1H, NH), 7.89 (d, J = 1.9 Hz, 1H, ArH), 7.71 

(dd, J = 8.4, 1.9 Hz, 1H, ArH), 7.16 (d, J = 8.4 Hz, 1H, ArH), 4.19 (s, 1H, CH). 13C 

NMR (126 MHz, DMSO-d6) δ 161.97 (C), 150.05 (C), 140.97 (C), 137.75 (CH), 130.18 

(CH), 115.98 (C), 115.41 (CH), 114.54 (C), 82.35 (C), 80.52 (CH). HRMS-ESI+ (m/z) 

[M+H]+ found 187.0518, C10H7N2O2 requires 187.0502. 

4-(Phenylbuta-1,3-diyn-1-yl)benzoic acid (23a) 

Synthesised according to GP 2 from ester 1a (64.8 mg, 

0.249 mmol) to give the title compound 23a as a yellow 

solid (57.4 mg, 0.234 mmol, 94%). Rf (5% MeOH in 

DCM) = 0.30. IR (cm-1) 3203 (O–H), 2214 (C≡C), 2175 

(C≡C), 1640 (C=O). 1H NMR (500 MHz, DMSO-d6) 

δ 13.25 (br s, 1H, CO2H) 7.98 (d, J = 8.5 Hz, 2H, ArH), 

7.73 (d, J = 8.5 Hz, 2H, ArH), 7.67 – 7.62 (m, 2H, ArH), 7.56 – 7.43 (m, 3H, ArH). 13C 

NMR (126 MHz, DMSO-d6) δ 166.47 (C), 132.57 (2CH), 132.49 (2CH), 131.69 (C) 

130.26 (CH), 129.56 (2CH), 128.96 (2CH), 124.62 (C), 120.11 (C), 83.07 (C), 80.88 

(C), 75.76 (C), 73.17 (C).  

1H and 13C NMR spectroscopic data are in good agreement with the literature.240 
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4-((5,6,7,8-Tetrahydronaphthalen-2-yl)buta-1,3-diyn-1-yl)benzoic acid (23b) 

Synthesised according to GP 2 from ester 1b (153 

mg, 0.487 mmol) to give the title compound 23b as 

a white solid (120 mg, 0.398 mmol, 82%). Rf (5% 

MeOH in DCM) = 0.33. MP 305–307 °C. IR (cm-1) 

2212 (C≡C), 1682 (C=O), 1603 (C=C). 1H NMR (500 

MHz, DMSO-d6) δ 7.86 (d, J = 8.1 Hz, 2H, ArH), 7.52 

(d, J = 8.1 Hz, 2H, ArH), 7.33 – 7.27 (m, 2H, ArH), 7.11 (d, J = 8.4 Hz, 1H, ArH), 2.76 

– 2.69 (m, 4H, CH2), 1.77 – 1.69 (m, 4H, CH2). 13C NMR (126 MHz, DMSO-d6) δ 

165.95 (C), 140.29 (C), 138.07 (C), 133.38 (CH), 133.16 (2CH), 132.95 (C), 130.67 

(CH), 130.03 (CH), 129.91 (2CH), 125.83 (C), 117.37 (C), 84.38 (C), 80.74 (C), 76.88 

(C), 72.77 (C), 29.33 (CH2), 28.88 (CH2), 22.78 (2CH2). HRMS-ESI- (m/z) [M-H]- found 

299.1061, C21H15O2 requires 299.1078. 

4-(Cyclohexylbuta-1,3-diyn-1-yl)benzoic acid (23c) 

Synthesised according to GP 2 from ester 1c (131 mg, 

0.491 mmol) to give the title compound 23c as a beige 

solid (107 mg, 0.422 mmol, 86%). Rf (5% MeOH in 

DCM) = 0.42. MP 255–259 °C. IR (cm-1) 3280 (O–H), 

2235 (C≡C), 1686 (C=O), 1603 (C=C), 1583 (C=C), 

1539 (C=C). 1H NMR (500 MHz, DMSO-d6) δ 13.21 (br s, 1H, CO2H), 7.92 (d, J = 8.6 

Hz, 2H, ArH), 7.64 (d, J = 8.6 Hz, 2H, ArH), 2.71 – 2.62 (m, 1H, CH), 1.84 – 1.75 (m, 

2H, CH2), 1.69 – 1.59 (m, 2H, CH2), 1.52 –1.38 (m, 3H, CH2 and CHACHB), 1.37 –1.28 

(m, 3H, CH2 and CHACHB). 13C NMR (126 MHz, DMSO-d6) δ 166.54 (C), 132.67 (C), 

132.44 (2CH), 129.46 (2CH), 128.73 (C), 90.54 (C), 76.45 (C) 74.62 (C), 64.65 (C), 

31.44 (2CH2), 28.77 (CH), 25.08 (CH2), 24.09 (2CH2). HRMS-ESI+ (m/z) [M+H]+ found 

253.1242, C17H17O2 requires 253.1223. 

4-((2-Oxo-1,2,3,4-tetrahydroquinolin-6-yl)buta-1,3-diyn-1-yl)benzoic acid (23g) 

Synthesised according to GP 2 from ester 1g 

(101 mg, 0.307 mmol) to give the title compound 

23g as a white solid (68.2 mg, 0.215 mmol, 70%). 

Rf (20% MeOH in DCM) = 0.82. MP 299–302 °C. 

IR (cm-1) 3191 (N–H), 2209 (C≡C), 1681 (C=O), 

1603 (C=C), 1500 (C=C). 1H NMR (500 MHz, 
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DMSO-d6) δ 13.22 (br s, 1H, CO2H), 10.35 (s, 1H, NH), 7.96 (d, J = 8.7 Hz, 2H, ArH), 

7.70 (d, J = 8.7 Hz, 2H, ArH), 7.46 (d, J = 1.8 Hz, 1H, ArH), 7.42 (dd, J = 8.2, 1.8 Hz, 

1H, ArH), 6.89 (d, J = 8.2 Hz, 1H, ArH), 2.89 (t, J = 7.6 Hz, 2H, CH2), 2.50 – 2.44 (m, 

2H, CH2). 13C NMR (126 MHz, DMSO-d6) δ 170.17 (C), 166.49 (C), 140.16 (C), 132.46 

(2CH), 131.96 (CH), 131.91 (CH), 131.39 (C), 129.54 (2CH), 124.95 (C), 124.27 (C), 

115.38 (CH), 112.84 (C), 83.82 (C), 80.48 (C), 76.26 (C), 72.18 (C), 29.95 (CH2), 

24.35 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 316.0964, C20H14NO3 requires 

316.0968. 

4-((2,4-dioxo-1,2,3,4-tetrahydroquinazolin-6-yl)buta-1,3-diyn-1-yl)benzoic acid 

(23h) 

Synthesised according to GP 2 ester 1h (30.0 

mg, 87.1 µmol) to give the title compound 23h 

as a beige solid (20.7 mg, 62.7 µmol, 72%). Rf 

(20% MeOH in DCM) = 0.51. 1H NMR (601 MHz, 

DMSO-d6) δ 13.24, (s, 1H, OH), 11.48 (s, 1H, 

NH), 11.43 (s, 1H, NH), 8.04 (d, J = 2.0 Hz, 1H, 

ArH), 7.99 – 7.95 (m, 2H, ArH), 7.86 (dd, J = 8.5, 2.0 Hz, 1H, ArH), 7.75 – 7.71 (m, 

2H, ArH), 7.21 (d, J = 8.5 Hz, 1H, ArH). 13C NMR (151 MHz, DMSO-d6) δ 166.47 (C), 

161.76 (C), 149.99 (C), 141.88 (C), 138.41 (CH), 132.58 (2CH), 131.55 (CH), 131.38 

(C), 129.56 (2CH), 124.68 (C), 116.28 (CH), 114.81 (C), 113.65 (C), 82.22 (C), 80.90 

(C), 75.88 (C), 72.94 (C). 

4-(4-Fluoro-3-(4-(4-(phenylbuta-1,3-diyn-1-yl)benzoyl)piperazine-1-

carbonyl)benzyl)-phthalazin-1(2H)-one (26a) 

Synthesised according to GP 3 from 

carboxylic acid 23a (43.0 mg, 0.175 

mmol) to give the title compound 26a 

as a yellow solid (76.1 mg, 0.128 

mmol, 73%). Rf (5% MeOH in DCM) 

= 0.36. MP 237–238 °C. IR (cm-1) 

3169 (N–H), 2212 (C≡C), 1670 (C=O), 1627 (C=O), 1000 (C–F). 1H NMR (500 MHz, 

DMSO-d6) δ 12.58 (s, 1H, NH), 8.26 (d, J = 7.9 Hz, 1H, ArH), 7.95 –7.83 (m, 3H, ArH), 

7.69 (d, J = 7.8 Hz, 2H, ArH), 7.66 – 7.60 (m, 2H, ArH), 7.54 – 7.42 (m, 6H, ArH), 7.37 

– 7.34 (m, 1H, ArH), 7.25 – 7.20 (m, 1H, ArH), 4.33 (s, 2H, CH2
mb), 3.67 – 3.11 (m, 
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8H, CH2
pip). 13C NMR (126 MHz, DMSO-d6) δ 168.22 (C), 164.05 (C), 159.36 (C), 

156.36 (d, 1JCF = 244.4 Hz, C), 144.79 (C), 136.67 (C), 134.83 (d, 3JCF = 6.1 Hz, CH), 

133.46 (CH), 132.47 (2CH), 132.45 (2CH), 131.77 (d, 3JCF = 7.8 Hz, CH), 131.52 (CH), 

130.17 (CH), 129.07 (C), 128.95 (2CH), 127.89 (C), 127.57 (2CH), 126.06 (CH), 

125.44 (CH), 123.47 (d, 2JCF = 18.3 Hz, C), 121.64 (C), 120.22 (C), 118.04 (C), 115.93 

(d, 2JCF = 21.3 Hz, CH), 82.46 (C), 81.08 (C), 74.54 (C), 73.32 (C), 46.02 (2CH2), 

40.93 (2CH2), 36.41 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 595.2138, C37H27N4O3F 

requires 595.2140. (mb = methylene bridge, pip = piperazine) 

4-(4-Fluoro-3-(4-(4-((5,6,7,8-tetrahydronaphthalen-2-yl)buta-1,3-diyn-1-

yl)benzoyl)-piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one (26b) 

Synthesised according to GP 3 

from carboxylic acid 23b (58.9 mg, 

0.196 mmol) to give the title 

compound 26b as a yellow solid 

(167 mg, 0.476 mmol, 87%). Rf 

(5% MeOH in DCM) = 0.37. MP 

179–183 °C. IR (cm-1) 3165 (N–H), 2214 (C≡C), 1659 (C=O), 1630 (C=O), 1000 (C–

F). 1H NMR (500 MHz, DMSO-d6) δ 12.58 (s, 1H, NH), 8.26 (d, J = 7.8 Hz, 1H, ArH), 

8.01 – 7.77 (m, 3H, ArH), 7.67 (d, J = 7.9 Hz, 2H, ArH), 7.54 – 7.40 (m, 3H, ArH), 7.37 

– 7.34 (m, 1H, ArH), 7.34 – 7.28 (m, 2H, ArH), 7.25 – 7.22 (m, 1H, ArH), 7.12 (d, J = 

8.4 Hz, 1H, ArH), 4.33 (s, 2H, CH2
mb), 3.69 – 3.14 (m, 8H, CH2

pip), 2.76 – 2.70 (m, 4H, 

CH2
tet), 1.76 – 1.70 (m, 4H, CH2

tet). 13C NMR (126 MHz, DMSO-d6) δ 168.24 (C), 

164.05 (C), 159.35 (C), 156.36 (d, 1JCF = 244.4 Hz, C), 144.79 (C), 139.63 (C), 137.54 

(C), 136.53 (C), 134.82 (d, 3JCF = 5.2 Hz, CH), 133.45 (CH), 132.82 (CH), 132.43 

(2CH), 131.78 (d, 3JCF = 6.6 Hz, CH), 131.52 (CH), 129.52 (CH), 129.39 (CH), 129.07 

(C), 128.91 (C), 127.88 (C), 127.56 (2CH), 126.05 (CH), 125.44 (CH), 123.42 (d, 2JCF 

= 18.0 Hz, C), 121.82 (C), 118.04 (C), 117.03 (C), 115.93 (d, 2JCF = 18.0 Hz, CH) , 

83.05 (C), 80.63 (C), 74.81 (C), 72.46 (C), 46.02 (2CH2), 40.93 (2CH2), 36.41 (CH2), 

28.82 (CH2), 28.39 (CH2), 22.29 (2CH2). HRMS-ESI+ (m/z) [M+H]+ found 649.2590, 

C41H34N4O2F requires 649.2609. (mb = methylene bridge, pip = piperazine, tet = 

tetralin) 
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4-(3-(4-(4-(Cyclohexylbuta-1,3-diyn-1-yl)benzoyl)piperazine-1-carbonyl)-4-

fluoro-benzyl)phthalazin-1(2H)-one (26c) 

Synthesised according to GP 3 from 

carboxylic acid 23c (97.8 mg, 0.388 

mmol) to give the title compound 26c 

as a beige solid (172 mg, 0.287 

mmol, 74%). Rf (5% MeOH in DCM) 

= 0.34. MP 168–173 °C. IR (cm-1) 

3172 (N–H), 2238 (C≡C), 1637 (C=O), 1617 (C=O), 1001 (C–F). 1H NMR (500 MHz, 

DMSO-d6) δ 12.58 (s, 1H, NH), 8.25 (d, J = 7.8 Hz, 1H, ArH), 7.99 – 7.76 (m, 3H, 

ArH), 7.61 (d, J = 7.7 Hz, 2H, ArH), 7.43 (d, J = 7.7 Hz, 2H, ArH), 7.38 – 7.27 (m, 2H, 

ArH), 7.27 – 7.18 (m, 1H, ArH), 4.33 (s, 2H, CH2
mb), 3.82 – 3.07 (m, 8H, CH2

pip), 2.72 

– 2.62 (m, 1H, CHcy), 1.84 – 1.76 (m, 2H, CH2
cy), 1.69 – 1.58 (m, 2H, CH2

cy), 1.50 – 

1.36 (m, 3H, CH2
cy and CHACHB

cy), 1.34 – 1.28 (m, 3H, CH2
cy and CHACHB

cy). 13C 

NMR (126 MHz, DMSO-d6) δ 168.28 (C), 164.04 (C), 159.35 (C), 157.35 (d, 1JCF = 

244.7 Hz, C), 144.79 (C), 136.20 (C), 134.80 (d, 3JCF = 3.0 Hz, CH), 133.45 (CH), 

132.38 (2CH), 131.74 (d, 3JCF = 7.6 Hz, CH), 131.51 (CH), 129.06 (C), 128.90 (C), 

127.88 (C), 127.48 (2CH), 126.05 (CH), 125.44 (CH), 123.47 (d, 2JCF = 18.0 Hz, C), 

122.13 (C), 115.92 (d, 2JCF = 22.1 Hz, CH), 89.86 (C), 75.24 (C), 74.72 (C), 64.73 (C), 

46.20 (2CH2), 41.10 (2CH2), 36.41 (CH2), 31.47 (2CH2), 28.76 (CH), 25.08 (CH2), 

24.10 (2CH2). HRMS-ESI+ (m/z) [M+H]+ found 601.2619, C37H33N4O3F requires 

601.2609. (mb = methylene bridge, pip = piperazine, cy = cyclohexane) 

4-(4-Fluoro-3-(4-(4-((2-oxo-1,2,3,4-tetrahydroquinolin-6-yl)buta-1,3-diyn-1-

yl)benzoyl)piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one (26g) 

Synthesised according to GP 3 

from carboxylic acid 23g (20.9 

mg, 66.0 μmol) to give the title 

compound 26g as a yellow 

solid (21.4 mg, 32.3 μmol, 

49%). Rf (5% MeOH in DCM) = 

0.35. MP 248–249 °C. IR (cm-1) 3196 (N–H), 2212 (C≡C), 1656 (C=O), 1639 (C=O), 

1609 (C=O), 1004 (C–F).1H NMR (500 MHz, DMSO-d6) δ 12.59 (s, 1H, NH), 10.35 

(s, 1H, NH), 8.26 (d, J = 7.9 Hz, 1H, ArH), 8.02 – 7.77 (m, 3H, ArH), 7.67 (d, J = 7.9 

Hz, 2H, ArH), 7.53 – 7.41 (m, 5H, ArH), 7.41 – 7.34 (m, 1H, ArH), 7.33 – 7.21 (m, 1H, 
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ArH), 6.89 (d, J = 8.2 Hz, 1H, ArH), 4.34 (s, 2H, CH2
mb), 3.77 – 3.11 (m, 8H, CH2

pip), 

2.90 (t, J = 7.6 Hz, 2H, CH2
lac), 2.49 – 2.46 (m, 2H, CH2

lac). 13C NMR (151 MHz, 

DMSO-d6) δ 170.17 (C), 164.05 (C), 159.36 (C), 156.36 (d, 1JCF = 243.2 Hz, C), 144.79 

(C), 140.07 (C), 136.44 (C), 134.81 (CH), 133.46 (CH), 132.38 (2CH), 131.90 (CH), 

131.86 (CH), 131.77 (d, 3JCF = 7.5 Hz, CH), 131.51 (CH), 129.07 (C), 128.9 (d, 4JCF = 

12.6 Hz, C), 127.88 (C), 127.55 (2CH), 126.05 (CH), 125.44 (CH), 124.26 (C), 123.47 

(d, 2JCF = 18.2 Hz, C), 121.91 (C), 115.91 (d, 2JCF = 21.7 Hz, CH), 115.37 (CH), 112.97 

(C), 83.15 (C), 80.67 (C), 74.98 (C), 72.31 (C), 46.03 (2CH2), 41.10 (2CH2), 36.41 

(CH2), 29.96 (CH2), 24.36 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 664.2355, 

C40H31N5O4F requires 664.2357. (mb = methylene bridge, pip = piperazine, lac = 

lactam) 

6-((4-(4-(2-fluoro-5-((4-oxo-3,4-dihydrophthalazin-1 

yl)methyl)benzoyl)piperazine-1-carbonyl)phenyl)buta-1,3-diyn-1-

yl)quinazoline-2,4(1H,3H)-dione (26h) 

Synthesised according to GP 3 

from carboxylic acid 23h (15.5 

mg, 46.9 μmol) to give the title 

compound 26h as a yellow solid 

(19.4 mg, 28.6 μmol, 61%). Rf 

(10% MeOH in DCM) = 0.31. 

1H NMR (500 MHz, DMSO-d6) δ 12.58 (s, 1H, NH), 11.47 (s, 1H, NH), 11.41 (s, 1H, 

NH), 8.26 (d, J = 7.9 Hz, 1H, ArH), 8.05 – 8.01 (d, J = 2.0 Hz, 1H, ArH), 8.00 – 7.75 

(m, 3H, ArH), 7.85 (dd, J = 8.5, 2.0 Hz, 1H, ArH), 7.69 (d, J = 7.8 Hz, 2H, ArH), 7.53 

– 7.41 (m, 3H, ArH), 7.39 – 7.30 (m, 1H, ArH), 7.28 – 7.22 (m, 1H, ArH), 7.20 (d, J = 

8.5 Hz, 1H, ArH), 4.33 (s, 2H, CH2
mb), 3.82 – 3.10 (m, 8H, CH2

pip).13C NMR (126 MHz, 

DMSO) δ 169.03 (C), 168.22 (C), 164.05 (C), 161.77 (C), 159.35 (C), 156.42 (d, 1JCF 

= 202.4 Hz, C), 155.38 (C), 149.99 (C), 144.79 (C), 141.81 (C), 138.38 (CH), 136.66 

(CH), 134.82 (d, 3JCF = 2.5 Hz, CH), 133.45 (CH), 132.51 (2CH), 131.77 (d, 3JCF = 7.9 

Hz, CH), 131.52 (CH), 131.30 (CH), 129.06 (C), 128.93 (d, 4JCF = 8.4 Hz, C), 127.88 

(C), 127.57 (2CH), 126.05 (CH), 125.44 (CH), 123.49 (d, 2JCF = 17.6 Hz, C), 121.63 

(C), 116.27 (C), 115.91 (d, 2JCF = 20.7 Hz, CH), 114.80 (C), 113.77 (C), 81.58 (C), 

81.11 (C), 74.62 (C), 73.09 (C), 46.31 (2CH2), 41.82 (2CH2), 36.41 (CH2). HRMS-

ESI+ (m/z) [M+H]+ found 679.2196, C39H28N6O5F requires 679.2100. 
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Methyl 5-(4-(phenylbuta-1,3-diyn-1-yl)benzamido)pentanoate (27a) 

Synthesised according to GP 4 from 

carboxylic acid 23a (47.4 mg, 0.192 mmol) 

to give the title compound 27a as a white 

solid (56.4 mg, 0.157 mmol, 82%). Rf (50% 

EtOAc in petroleum ether 40-60) = 0.57. MP 

129–130 °C. IR (cm-1) 3306 (N–H), 2215 (C≡C), 1730 (C=O), 1633 (C=O), 1535 

(C=C). 1H NMR (500 MHz, DMSO-d6) δ 8.58 (t, J = 5.7 Hz, 1H, NH), 7.87 (d, J = 8.5 

Hz, 2H, ArH), 7.70 (d, J = 8.5 Hz, 2H, ArH), 7.66 – 7.60 (m, 2H, ArH), 7.53 – 7.42 (m, 

3H, ArH), 3.58 (s, 3H, CH3) 3.30 – 3.22 (m, 2H, CH2NH), 2.34 (t, J = 7.1 Hz, 2H, 

CH2CO2CH3), 1.62 – 1.48 (m, 4H, CH2CH2). 13C NMR (126 MHz, DMSO-d6) δ 173.25 

(C), 165.11 (C), 135.42 (C), 132.46 (2CH), 132.32 (2CH), 130.18 (CH), 128.95 (2CH), 

127.55 (2CH), 122.89 (C), 120.21 (C), 82.67 (C), 81.13 (C), 75.07 (C), 73.26 (C), 

51.17 (CH3), 38.46 (CH2),* 32.89 (CH2), 28.41 (CH2), 21.92 (CH2 HRMS-ESI+ (m/z) 

[M+H]+ found 360.1599, C23H22NO3 requires 360.1594. *obscured by DMSO-d6 signal. 

Methyl 5-(4-((5,6,7,8-tetrahydronaphthalen-2-yl)buta-1,3-diyn-1-yl)benzamido)-

pentanoate (27b) 

Synthesised according to GP 4 from 

carboxylic acid 23b (120 mg, 0.398 

mmol) to give the title compound 27b as 

a beige solid (125 mg, 0.302 mmol, 

76%). Rf (5% MeOH in DCM) = 0.87. 

MP 121–122 °C. IR (cm-1) 2216 (C≡C), 1701 (C=O), 1640 (C=O), 1546 (C=C). 1H 

NMR (500 MHz, DMSO-d6) δ 8.58 (t, J = 5.8 Hz, 1H, NH), 7.87 (d, J = 8.7 Hz, 2H, 

ArH), 7.68 (d, J = 8.7 Hz, 2H, ArH), 7.34 – 7.30 (m, 2H, ArH), 7.12 (d, J = 8.5 Hz, 1H, 

ArH), 3.58 (s, 3H, CH3), 3.26 (dt ≡ q, J = 6.4 Hz, 2H, CH2NH), 2.78 – 2.70 (m, 4H, 

CH2
tet), 2.34 (t, J = 7.1 Hz, 2H, CH2CO2CH3), 1.78 – 1.69 (m, 4H, CH2

tet), 1.61 – 1.48 

(m, 4H, CH2CH2). 13C NMR (126 MHz, DMSO) δ 173.25 (C), 165.12 (C), 139.65 (C), 

137.55 (C), 135.29 (C), 132.82 (CH), 132.26 (2CH), 129.52 (CH), 129.40 (CH), 127.54 

(2CH), 123.07 (C), 117.02 (C), 83.27 (C), 80.69 (C), 75.35 (C), 72.41 (C), 51.17 (CH3), 

38.80 (CH2), 32.89 (CH2), 28.83 (CH2), 28.41 (CH2), 28.39 (CH2), 22.29 (2CH2), 21.91 

(CH2). HRMS-ESI+ (m/z) [M+H]+ found 414.2059, C27H28NO3 requires 414.2064. (tet 

= tetralin) 
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Methyl 5-(4-(cyclohexylbuta-1,3-diyn-1-yl)benzamido)pentanoate (27c) 

Synthesised according to GP 4 from 

carboxylic acid 23c (175 mg, 0.695 mmol) 

to give the title compound 27c as a white 

solid (239 mg, 0.653 mmol, 94%). Rf (50% 

EtOAc in petroleum ether 40-60) = 0.63. 

MP 129–130 °C. IR (cm-1) 3332 (N–H), 2236 (C≡C), 1730 (C=O), 1630 (C=O), 1530 

(C=C). 1H NMR (500 MHz, DMSO-d6) δ 8.54 (t, J = 5.7 Hz, 1H, NH), 7.83 (d, J = 8.5 

Hz, 2H, ArH), 7.62 (d, J = 8.5 Hz, 2H, ArH), 3.58 (s, 3H, CH3) 3.25 (dt ≡ q, J = 6.3 Hz, 

2H, CH2NH), 2.71 – 2.61 (m, 1H, CHcy), 2.34 (t, J = 7.1 Hz, 2H, CH2CO2CH3), 1.82 – 

1.76 (m, 2H, CH2
cy), 1.69 – 1.60 (m, 2H, CH2

cy), 1.60 – 1.50 (m, 4H, CH2CH2), 1.50 – 

1.36 (m, 3H, CH2
cy and CHACHB

cy), 1.34 – 1.28 (m, 3H, CH2
cy and CHACHB

cy). 13C 

NMR (126 MHz, DMSO-d6) δ 173.24 (C), 165.16 (C), 135.00 (C), 132.21 (2CH), 

127.45 (2CH), 123.39 (C), 90.10 (C), 75.80 (C), 74.79 (C), 64.71 (C), 51.16 (CH3), 

38.64 (CH2),* 32.89 (CH2), 31.47 (2CH2), 28.75 (CH), 28.41 (CH2), 25.08 (CH2), 24.08 

(2CH2), 21.91 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 366.2071, C23H28NO3 requires 

366.2064. (cy = cyclohexane) *obscured by DMSO-d6 signal. 

5-(4-(Phenylbuta-1,3-diyn-1-yl)benzamido)pentanoic acid (28a) 

Synthesised according to GP 2 from ester 

27a (125 mg, 0.348 mmol) to give the title 

compound 28a as a yellow solid (108 mg, 

0.313 mmol, 90%). Rf (2.5% MeOH in DCM) 

= 0.49. MP 143–145 °C IR (cm-1) 3303 (N–

H), 2214 (C≡C), 1690 (C=O), 1622 (C=O), 1533 (C=C). 1H NMR (500 MHz, DMSO-

d6) δ 8.58 (t, J = 5.7 Hz, 1H, NH), 7.87 (d, J = 8.2 Hz, 2H, ArH), 7.69 (d, J = 8.2 Hz, 

2H, ArH), 7.65 – 7.60 (m, 2H, ArH), 7.54 – 7.42 (m, 3H, ArH), 3.29 – 3.22 (m, 2H, 

CH2NH), 2.27 – 2.21 (m, 2H, CO2CH2), 1.57 – 1.50 (m, 4H, CH2CH2). 13C NMR (126 

MHz, DMSO-d6) δ 174.42 (C), 165.16 (C), 135.47 (C), 132.48 (2CH), 132.35 (2CH), 

130.20 (CH), 128.97 (2CH), 127.59 (2CH), 122.92 (C), 120.24 (C), 82.69 (C), 81.17 

(C), 75.11 (C), 73.30 (C), 39.17 (CH2),* 33.34 (CH2), 28.54 (CH2), 22.02 (CH2). HRMS 

(ESI) [M+H]+ found 346.1432, C22H20NO3 requires 346.1438. *obscured by DMSO-d6 

signal. 
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5-(4-((5,6,7,8-Tetrahydronaphthalen-2-yl)buta-1,3-diyn-1-yl)benzamido)-

pentanoic acid (28b) 

Synthesised according to GP 2 from 

ester 27b (125 mg, 0.303 mmol) to give 

the title compound 28b as a yellow solid 

(108 mg, 0.271 mmol, 90%). Rf (5% 

MeOH in DCM) = 0.11. MP 181–18 °C. 

IR (cm-1) 3303 (N–H), 2215 (C≡C), 1694 (C=O), 1626 (C=O), 1530 (C=C). 1H NMR 

(500 MHz, DMSO-d6) δ 8.59 (t, J = 5.7 Hz, 1H, NH), 7.87 (d, J = 8.5 Hz, 2H, ArH), 

7.68 (d, J = 8.5 Hz, 2H, ArH), 7.35 – 7.27 (m, 2H, ArH), 7.12 (d, J = 8.5 Hz, 1H, ArH), 

3.29 – 3.23 (m, 2H, CH2NH), 2.77 – 2.68 (m, 4H, CH2
tet), 2.26 – 2.20 (m, 2H, CO2CH2), 

1.76 – 1.70 (m, 4H, CH2
tet), 1.56 – 1.50 (m, 4H, CH2CH2). 13C NMR (126 MHz, DMSO-

d6) δ 174.53 (C), 165.06 (C), 139.68 (C), 137.58 (C), 135.34 (C), 132.85 (CH), 132.28 

(2CH), 129.55 (CH), 129.43 (CH), 127.57 (2CH), 123.09 (C), 117.04 (C), 83.25 (C), 

80.72 (C), 75.32 (C), 72.43 (C), 38.83 (CH2),* 33.89 (CH2), 28.83 (CH2), 28.50 (CH2), 

28.39 (CH2), 22.29 (2CH2), 22.19 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 400.1894, 

C26H26NO3 requires 400.1907. (tet = tetralin). *obscured by DMSO-d6 signal. 

5-(4-(Cyclohexylbuta-1,3-diyn-1-yl)benzamido)pentanoic acid (28c) 

Synthesised according to GP 2 from ester 

27c (200 mg, 0.547 mmol) to give the title 

compound 28c as a yellow solid (167 mg, 

0.476 mmol, 87%). Rf (5% MeOH in 

DCM) = 0.67. MP 200–201 °C. IR (cm-1) 

3336 (N–H), 2238 (C≡C), 1676 (C=O), 1625 (C=O), 1536 (C=C). 1H NMR (500 MHz, 

DMSO-d6) δ 8.58 (t, J = 5.7 Hz, 1H, NH), 7.84 (d, J = 8.7 Hz, 2H, ArH), 7.62 (d, J = 

8.7 Hz, 2H, ArH), 3.29 – 3.22 (m, 2H, CH2NH), 2.71 – 2.63 (m, 1H, CHcy), 2.26 – 2.20 

(m, 2H, CO2CH2), 1.84 – 1.76 (m, 2H, CH2
cy), 1.69 – 1.60 (m, 2H, CH2

cy), 1.57 – 1.50 

(m, 4H, CH2CH2), 1.50 – 1.36 (m, 3H, CH2
cy and CHACHB

cy), 1.34 – 1.28 (m, 3H, CH2
cy 

and CHACHB
cy). 13C NMR (126 MHz, DMSO-d6) δ 174.46 (C), 165.15 (C), 135.05 (C), 

132.21 (2CH), 127.47 (2CH), 123.38 (C), 90.10 (C), 75.80 (C), 74.81 (C), 64.73 (C), 

38.82 (CH2),* 33.51 (CH2), 31.48 (2CH2), 28.77 (CH), 28.53 (CH2), 25.10 (CH2), 24.09 

(2CH2), 22.07 (CH2). HRMS-ESI+ (m/z) [M+Na]+ found 374.1736, C22H25NO3Na 

requires 374.1732. (cy = cyclohexane). *obscured by DMSO-d6 signal. 
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N-(5-(4-(2-Fluoro-5-((4-oxo-3,4-dihydrophthalazin-1-

yl)methyl)benzoyl)piperazin-1-yl)-5-oxopentyl)-4-(phenylbuta-1,3-diyn-1-

yl)benzamide (29a)1 

Synthesised according 

to GP 3 from carboxylic 

acid 28a (54.2 mg, 

0.157 mmol) to give the 

title compound 29a as a 

grey solid (92.2 mg, 

0.133 mmol, 85%). Rf (5% MeOH in DCM) = 0.40. MP 154–157 °C. IR (cm-1) 2212 

(C≡C), 1669 (C=O), 1647 (C=O), 1633 (C=O), 1536 (C=O), 1008 (C–F). 1H NMR (500 

MHz, DMSO-d6) δ 12.59 (s, 1H NH), 8.67 – 8.53 (m, 1H, NH), 8.27 (d, J = 7.8 Hz, 1H, 

ArH), 7.98 – 7.94 (m, 1H, ArH), 7.93 – 7.81 (m, 4H, ArH), 7.70 (t, J = 8.3 Hz, 2H, ArH), 

7.63 (d, J = 8.6 Hz, 2H, ArH), 7.54 – 7.41 (m, 4H, ArH), 7.40 – 7.34 (m, 1H, ArH), 7.24 

(t, J = 8.7 Hz, 1H, ArH), 4.34 (s, 2H, CH2
mb), 3.69 – 3.48 (m, 6H, CH2

pip), 3.30 – 3.25 

(m, 2H, CH2
pip), 3.21 – 3.11 (m, 2H, CH2NH), 2.43 – 2.29 (m, 2H, CH2CO), 1.60 – 1.51 

(m, 4H, CH2CH2). 13C NMR (151 MHz, DMSO-d6) δ 170.78 (C), 165.09 (C), 164.00 

(3JCF = 10.4 Hz, C), 159.36 (C), 156.35 (d, 1JCF = 245.7 Hz, C), 144.80 (C), 135.45 

(C), 134.82 (d, 3JCF = 3.4 Hz, CH), 133.47 (CH), 132.45 (2CH), 132.32 (2CH), 131.75 

(d, 3JCF = 7.8 Hz, C), 131.54 (CH), 130.17 (2CH), 129.07 (C), 128.94 (C), 127.89 (C), 

127.54 (2CH), 126.06 (CH), 125.42 (CH), 122.89 (d, 2JCF = 25.4 Hz, C), 120.20 (C), 

115.91 (d, 2JCF = 20.5 Hz, CH), 82.67 (C), 81.14 (C), 75.09 (C), 73.26 (C), 46.46 (CH2), 

44.71 (CH2), 41.69 (CH2), 40.91 (CH2), 38.82 (CH2),* 36.41 (CH2), 31.89 (CH2), 28.66 

(CH2), 22.15 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 694.2837, C42H37N5O4F requires 

694.2824. (mb = methylene bridge, pip = piperazine) *obscured by DMSO-d6 signal.  

 

 

 

 
1 This compound, and some subsequent olaparib compounds, showed doubling of piperazine 

CH2 peaks in 13C NMR. This is may be caused by amide bond rotation/piperazine ring 
inversion, a phenomenon previously studied by NMR.241  
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N-(5-(4-(2-Fluoro-5-((4-oxo-3,4-dihydrophthalazin-1-

yl)methyl)benzoyl)piperazin-1-yl)-5-oxopentyl)-4-((5,6,7,8-

tetrahydronaphthalen-2-yl)buta-1,3-diyn-1-yl)benzamide (29b) 

Synthesised according 

to GP 3 from carboxylic 

acid 28b (108 mg, 

0.271 mmol) to give the 

title compound 29b as 

a pale green solid (181 

mg, 0.242 mmol, 89%). 

Rf (5% MeOH in DCM) = 0.32. MP 152–155 °C. IR (cm-1) 2214 (C≡C), 1626 (C=O),* 

1550 (C=O), 1013 (C–F). 1H NMR (500 MHz, DMSO-d6) δ 12.59 (s, 1H, NH), 8.61 – 

8.55 (m, 1H, NH), 8.27 (d, J = 7.7 Hz, 1H, ArH), 7.97 (d, J = 8.1 Hz, 1H, ArH), 7.94 – 

7.81 (m, 4H, ArH), 7.68 (t, J = 8.3 Hz, 2H, ArH), 7.48 – 7.42 (m, 1H, ArH), 7.39 – 7.34 

(m, 1H, ArH), 7.34 – 7.29 (m, 2H, ArH), 7.24 (t, J = 9.0 Hz, 1H, ArH), 7.13 (d, J = 8.4 

Hz, 1H, ArH), 4.34 (s, 2H, CH2
mb), 3.67 – 3.24 (m, 8H, CH2

pip), 3.22 – 3.10 (m, 2H, 

CH2NH), 2.79 – 2.68 (m, 4H, CH2
tet), 2.40 – 2.30 (m, 2H, CH2CO), 1.77 – 1.70 (m, 4H, 

CH2
tet), 1.59 – 1.51 (m, 4H, CH2CH2). 13C NMR (151 MHz, DMSO-d6) δ 170.78 (C), 

165.10 (C), 164.01 (3JCF = 10.5 Hz, C), 162.28 (C), 159.37 (C), 156.34 (d, 1JCF = 244.8 

Hz, C), 144.80 (C), 139.63 (C), 137.53 (C), 135.31 (C), 134.81 (CH), 133.46 (CH), 

132.81 (CH), 132.24 (2CH), 131.73 (d, 3JCF = 7.7 Hz, CH), 131.53 (CH), 129.50 (CH), 

129.39 (CH), 129.07 (C), 128.92 (d, 4JCF = 3.6 Hz, C), 127.89 (C), 127.52 (2CH), 

126.06 (CH), 125.41(CH), 123.58 (d, 2JCF = 18.2 Hz, C), 123.08 (C), 117.03 (C), 

115.90 (d, 2JCF = 21.4 Hz, CH), 83.28 (C), 80.69 (C), 75.38 (C), 72.42 (C), 46.46 (CH2), 

44.71 (CH2), 41.38 (CH2), 40.91 (CH2), 39.29 (CH2) 36.42 (CH2), 31.90 (CH2), 28.82 

(CH2), 28.66 (CH2), 28.39 (CH2), 22.29 (2CH2), 22.16 (CH2). HRMS-ESI+ (m/z) 

[M+H]+ found 748.3295, C46H43N5O4F requires 748.3294. (mb = methylene bridge, pip 

= piperazine, tet = tetralin; * broad band obscuring individual C=O peaks.) 
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4-(Cyclohexylbuta-1,3-diyn-1-yl)-N-(5-(4-(2-fluoro-5-((4-oxo-3,4-

dihydrophthalazin-1-yl)methyl)benzoyl)piperazin-1-yl)-5-oxopentyl)benzamide 

(29c) 

Synthesised according to 

GP 3 from carboxylic acid 

28c (244 mg, 0.695 mmol) 

to give the title compound 

29c as a yellow solid (285 

mg, 0.407 mmol, 56%). Rf 

(5% MeOH in DCM) = 0.37. MP 160–165 °C. IR (cm-1) 2236 (C≡C), 1629 (C=O), 1550 

(C=O), 1013 (C–F). 1H NMR (500 MHz, DMSO-d6) δ 12.58 (s, 1H, NH), 8.60 – 8.48 

(m, 1H, NH), 8.26 (d, J = 7.8 Hz, 1H, ArH), 7.96 (d, J = 8.0 Hz, 1H, ArH), 7.89 (t, J = 

7.8 Hz, 1H, ArH), 7.86 – 7.79 (m, 3H, ArH), 7.61 (t, J = 8.2 Hz, 2H, ArH), 7.48 – 7.40 

(m, 1H, ArH), 7.38 – 7.32 (m, 1H, ArH), 7.23 (t, J = 9.0 Hz, 1H, ArH), 4.33 (s, 2H, 

CH2
mb), 3.66 – 3.47 (m, 4H, CH2

pip), 3.42 – 3.34 (m, 2H, CH2
pip), 3.28 – 3.23 (m, 2H, 

CH2
pip), 3.20 – 3.09 (m, 2H, CH2NH), 2.69 – 2.60 (m, 1H, CHcy), 2.41 – 2.28 (m, 2H, 

CH2CO), 1.83 – 1.75 (m, 2H, CH2
cy), 1.69 – 1.58 (m, 2H, CH2

cy), 1.58 – 1.50 (m, 4H, 

CH2
cy), 1.50 – 1.39 (m, 2H, CH2

cy), 1.37 – 1.21 (m, 4H, CH2CH2). 13C NMR (126 MHz, 

DMSO-d6) δ 170.75 (C), 165.13 (C), 164.03 (3JCF = 8.6 Hz, C), 159.36 (C), 156.31 (d, 

1JCF = 244.6 Hz, C), 144.80 (C), 135.02 (C), 134.81 (CH), 133.47 (CH), 132.20 (2CH), 

131.72 (d, 3JCF = 7.8 Hz, CH), 131.53 (CH), 129.07 (C), 128.91 (d, 4JCF = 3.4 Hz, C), 

127.89 (C), 127.44 (2CH), 126.06 (CH), 125.42 (CH), 123.57 (d, 2JCF = 18.1 Hz, C), 

123.39 (C), 118.03 (C), 115.89 (d, 2JCF = 21.7 Hz, CH), 90.10 (C), 75.82 (C), 74.79 

(C), 64.71 (C), 46.46 (CH2), 44.70 (CH2), 41.37 (CH2), 40.83 (CH2), 38.83 (CH2),* 

36.42 (CH2), 31.89 (CH2), 31.47 (2CH2), 28.76 (CH), 28.66 (CH2), 25.08 (CH2), 24.08 

(2CH2), 22.15 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 700.3314, C42H43N5O4F 

requires 700.3294. (mb = methylene bridge, pip = piperazine, cy = cyclohexane) 

*obscured by DMSO-d6 signal. 
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6.1.5 Characterisation of compounds 26i–26k and 29i 

4-(4-Fluoro-3-(4-(4-(pyridin-3-ylbuta-1,3-diyn-1-yl)benzoyl)piperazine-1-

carbonyl)benzyl)phthalazin-1(2H)-one (26i) 

Rf (20:1 DCM:MeOH) = 0.52. MP 

127 °C. 1H NMR (500 MHz, DMSO-

d6) δ 12.59 (s, 1H, NH), 8.86 – 8.80 

(m, 1H, ArH), 8.66 (dd, J = 4.9, 1.7 

Hz, 1H, ArH), 8.26 (d, J = 7.9 Hz, 1H, 

ArH), 8.07 (dt, J = 8.0, 1.9 Hz, 1H, 

ArH), 8.01 – 7.76 (m, 3H, ArH), 7.72 

(d, J = 7.8 Hz, 2H, ArH), 7.55 – 7.21 (m, 6H, ArH), 4.34 (s, 2H, CH2
mb), 3.89 – 3.30 

(m, 8H, CH2
pip). 13C NMR (126 MHz, DMSO) δ 168.18 (C), 164.06 (C), 159.37 (C), 

156.36 (d, 1JCF = 244.7 Hz, C), 152.69 (CH), 149.97 (CH), 144.80 (C), 139.75 (CH), 

136.92 (C), 134.81 (d, 3JCF = 3.2 Hz, CH), 133.46 (CH), 132.61 (2CH), 131.79 (d, 3JCF 

= 7.9 Hz, CH), 131.53 (CH), 129.07 (C), 128.91 (C), 127.89 (C), 127.60 (2CH), 126.06 

(CH), 125.44 (CH), 123.68 (CH), 123.47 (d, 2JCF = 18.5 Hz, C), 121.29 (C), 117.70 

(C), 115.93 (d, 2JCF = 22.3 Hz, CH), 82.04 (C), 79.34 (C), 76.16 (C), 74.10 (C), 46.43 

(2CH2), 41.24 (2CH2), 36.41 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 596.2097, 

C36H27N5O3F requires 596.2092. (mb = methylene bridge, pip = piperazine)  

N-(5-(4-(2-fluoro-5-((4-oxo-3,4-dihydrophthalazin-1-

yl)methyl)benzoyl)piperazin-1-yl)-5-oxopentyl)-4-(pyridin-3-ylbuta-1,3-diyn-1-

yl)benzamide (29i) 

Rf (20:1 DCM:MeOH) 

= 0.48. MP 136–138 

°C. 1H NMR (500 MHz, 

DMSO-d6) δ 12.60 (s, 

1H, NH), 8.83 (dd, J = 

2.2, 0.9 Hz, 1H, Ar-H), 

8.66 (dd, J = 4.9, 1.7 

Hz, 1H, ArH), 8.62 – 8.57 (d, J = 5.1 Hz, 1H, NH), 8.27 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 

8.07 (dt, J = 8.0, 1.9 Hz, 1H, ArH), 7.99 – 7.95 (m, 1H, ArH), 7.93 – 7.85 (m, 3H, ArH), 

7.84 (td, J = 7.5, 1.2 Hz, 1H, ArH), 7.72 (t, J = 8.5 Hz, 2H, ArH), 7.50 (ddd, J = 7.9, 

4.9, 1.0 Hz, 1H, ArH), 7.48 – 7.42 (m, 1H, ArH), 7.38 – 7.34 (m, 1H, ArH), 7.24 (t, J = 

9.0 Hz, 1H, ArH), 4.34 (s, 2H, CH2
mb), 3.66 – 3.49 (m, 4H, CH2

pip), 3.41 – 3.35 (m, 2H, 
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CH2
pip), 3.29 – 3.27 (m, 2H, CH2

pip), 3.21 – 3.11 (m, 2H, CH2NH), 2.41 – 2.29 (2H, m, 

CH2CO), 1.66 – 1.47 (m, 4H, CH2). 13C NMR (126 MHz, DMSO) δ 170.78 (C), 166.91 

(C), 165.05 (C), 164.03 (C), 159.36 (C), 156.04 (d, 1JCF = 242.5 Hz, C), 152.69 (CH), 

149.99 (CH), 144.81, 139.75 (CH), 135.67 (C), 134.82 (d, 3JCF = 5.0 Hz, CH), 133.48 

(CH), 132.43 (2CH), 131.76 (d, 3JCF = 7.0 Hz, CH), 131.54 (CH), 129.07 (C), 128.92 

(C), 127.89 (C), 127.57 (2CH), 126.06 (CH), 125.43 (CH), 123.67 (CH), 123.48 (d, 

2JCF = 18.1 Hz, C), 122.54 (C), 117.68 (C), 115.90 (d, 2JCF = 23.3 Hz, CH), 82.08 (C), 

79.54 (C), 76.10 (C), 74.63 (C), 46.32 (2CH2), 41.23 (2CH2), 36.42 (CH2), 31.89 (CH2), 

28.65 (CH2), 22.15 (CH2).*1 CH2 signal obscured by DMSO-d6 signal. HRMS-ESI+ 

(m/z) [M+H]+ found 695.2779, C41H36N6O4F requires 695.2777. (mb = methylene 

bridge, pip = piperazine) 

4-(4-Fluoro-3-(4-(5-(pyridin-3-ylbuta-1,3-diyn-1-yl)pyrazine-2-

carbonyl)piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one (26j) 

Rf (20:1 DCM:MeOH) = 0.30. MP 

208–209 °C (decomp). 1H NMR (500 

MHz, DMSO-d6) δ 12.62 – 12.54 (m, 

1H, NH), 9.02 – 8.95 (m, 1H, ArH), 

8.96 – 8.91 (m, 1H, ArH), 8.91 – 8.87 

(m, 1H, ArH), 8.70 (dd, J = 4.9, 1.6 

Hz, 1H, ArH), 8.27 (t, J = 8.7 Hz, 1H, 

ArH), 8.17 – 8.11 (m, 1H, ArH), 8.01 – 7.78 (m, 3H, ArH), 7.53 (dd, J = 8.0, 4.9 Hz, 

1H, ArH), 7.50 – 7.42 (m, 1H, ArH), 7.42 – 7.36 (m, 1H, ArH), 7.25 (dt, J = 18.7, 9.0 

Hz, 1H, ArH), 4.35 (s, 1H, CHA
mb), 4.33 (s, 1H, CHB

mb), 3.80 – 3.72 (m, 2H, CH2
pip), 

3.69 – 3.52 (m, 4H, CH2
pip), 3.45 – 3.38 (m, 1H, CHA

pip), 3.25 – 3.18 (m, 1H, CHB
pip). 

13C NMR (126 MHz, DMSO) δ 164.26 (C), 164.10 (C), 159.37 (C), 156.50 (d, 1JCF = 

238.6 Hz, C), 153.00 (CH), 150.50 (CH), 147.71 (C), 147.64 (C), 146.88 (CH), 144.87 

(C), 144.80 (CH), 140.12 (CH), 137.76 (C), 134.81 (d, 3JCF = 6.5 Hz, CH), 133.47(CH), 

131.84 (CH), 131.55 (d, 3JCF = 8.3 Hz, CH), 129.04 (d, 4JCF = 14.2 Hz, C), 127.89 (C), 

126.06 (CH), 125.43 (CH), 123.73 (CH), 123.41 (d, 2JCF = 18.1 Hz, C), 116.97 (C), 

115.92 (d, 2JCF = 21.6 Hz, CH), 81.42 (C), 78.76 (C), 76.47 (C), 75.25 (C), 46.10 

(2CH2), 41.63 (2CH2), 36.42 (CH2). HRMS-ESI+ (m/z) [M+H]+ found 598.1996, 

C34H25N7O3F requires 598.1997. (mb = methylene bridge, pip = piperazine) 

4-(4-Fluoro-3-(4-(5-((1-methyl-1H-imidazol-5-yl)buta-1,3-diyn-1-yl)pyrazine-2-

carbonyl)piperazine-1-carbonyl)benzyl)phthalazin-1(2H)-one (26k) 
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Rf (20:1 DCM:MeOH) = 0.38. MP 

210–212 °C. 1H NMR (601 MHz, 

DMSO-d6) δ 12.58 (s, 1H, NH), 8.26 

(d, J = 7.9 Hz, 1H, ArH), 7.99 – 7.78 

(m, 4H, ArH), 7.69 (d, J = 7.8 Hz, 2H, 

ArH), 7.55 – 7.32 (m, 5H, ArH), 7.27 

– 7.20 (m, 1H, ArH), 4.33 (s, 2H, 

CH2
mb), 3.69 (s, 3H, CH3), 3.79 – 3.40 (m, 8H, CH2

pip). 13C NMR (126 MHz, DMSO) δ 

168.18 (C), 164.04 (C), 159.35 (C), 156.35 (d, 1JCF = 241.6 Hz, C), 144.78 (C), 140.45 

(CH), 137.70 (C), 134.80 (d, 3JCF = 6.7 Hz, CH), 133.45 (CH), 132.40 (2CH), 131.75 

(d, 3JCF = 9.0 Hz, CH), 131.51 (CH), 129.06 (C), 128.88 (C), 127.88 (C), 127.58 (2CH), 

126.04 (CH), 125.43 (CH), 123.46 (d, 2JCF = 17.7 Hz, C), 121.48 (CH), 117.63 (C), 

115.91 (d, 2JCF = 20.6 Hz, CH), 113.75 (C), 83.68 (C), 80.42 (C), 74.23 (C), 70.83 (C), 

46.35n (2CH2), 41.63 (2CH2), 36.40 (CH2), 31.93 (CH3). HRMS-ESI+ (m/z) [M+H]+ 

found 599.2211, C35H28N6O3F requires 599.2201. (mb = methylene bridge, pip = 

piperazine) 

6.1.6 X-ray crystallography 

A single crystal of 1a and 1b (produced as described in the main text) was selected 

and subjected to X-ray diffraction using a D8 VENTURE diffractometer (Bruker). 

Crystal structures were solved and refined using ShelXT, Olex2 and ShelXL by Dr 

Gary Nichol. All further structure manipulations and analyses were carried out using 

Mercury 4.3.1 (Cambridge Crystallographic Data Centre) NB: 1b underwent a 

crystallographic phase-change during cooling to 100K, details of which can be found 

in Appendix A.  

6.1.7 Mass spectrometry 

All experiments were carried out on a 12 T SolariX FT-ICR spectrometer (Bruker 

Daltonics) using the following parameters: flow rate, 120 µL/h; capillary voltage, 4500 

V; nebulizer pressure, 1.0 bar; dry temp, 200 °C; average scans, 1; accumulation 

time, 0.5 s, skimmer 1 voltage. 10.0 V. For evaluation of aggregation/stacking, 

compounds were dissolved in THF and diluted 10-fold with methanol to achieve a final 

concentration of 10 µM. For compounds 1a–1f, monomers [M+Na]+ (m/z = 283.07, 

311.11, 337.09, 339.10, 297.06, 289.12, respectively) and dimers [2M+Na]+ (m/z = 

543.15, 643.19, 651.22, 655.25, 571.16, 555.25, respectively). were identified. 

Dimers were isolated and fragmented over a period of 25.5 minutes, increasing the 
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collision voltage by 0.1 V from 0 to 5 V every 30 s. Compass DataAnalysis 5.0 (Bruker 

Daltonik GmbH) was used to process MS data. Extracted ion chromatograms (EIC) 

for each dimer and corresponding monomers were normalised by dividing by the total 

ion chromatogram for each sample run. Normalised EIC data was expressed as the 

dimer fraction [dimer /(monomer+dimer)] and half-wave collision values were obtained 

by fitting a dose-response curve on Origin 9.6.0.172 (OriginLab Corporation).  

6.1.8 Spontaneous Raman scattering spectroscopy 

Solutions of each tag in DMSO (10 mM) were prepared and mixed 1:1 by volume with 

a solution of EdU in DMSO (100 mM). Spontaneous Raman spectra of a droplet of 

liquid sample were acquired using an inVia™ confocal Raman spectrometer 

(Renishaw). A 297 mW 785 nm diode laser was used to excite the sample through a 

10× objective at 100% laser power. For extended scans the recorded spectral range 

for grating 1200 g mm‐1 was 400–3000 cm-1 and the total data acquisition was 40 s. 

For static scans, data was acquired from 2000–2400 cm-1 with 10 × 15 s acquisitions. 

Data was acquired using WiRE 3.4 (Renishaw). The raw spectral data was first 

baseline corrected using a method previously reported; computational scripts can be 

found https://github.com/StatguyUser/BaselineRemoval.242 All further processing was 

performed using Origin 9.6.0.172 (OriginLab Corporation). Line smoothing was 

performed automatically by the adjacent averaging method with 10 points. 

6.2 Biochemical and biophysical 

The methods detailed in Sections 6.2.2–6.2.6 were carried out at, or in collaboration 

with, AstraZeneca. 

6.2.1 Protein modelling 

Protein structures were visualised and manipulated using Pymol 3.0.2. For docking of 

ligands in the PARP-1 protein active site, Flare 4.0.2 was used. The PDB structure of 

olaparib co-crystallised with PARP-1 was obtained (PBD: 7KK4), prepared and 

minimised. The lowest LF rank-scoring pose for each ligand was selected.  

6.2.2 Determination of physicochemical parameters 

According to published methods,161, 243 ePSA and logD7.4 values for olaparib and 

olaparib analogues were determined using chromatographic methods. For ePSA, a 

supercritical fluid chromatography system (SFC) was performed on a Waters Acquity 

UPC2 system, using 20 mM ammonium formate in MeOH as the co-solvent. A 
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100 µM in DMSO and diluted in serial dilutions (total 8 concentrations, 2-fold dilutions, 

highest concentration 2000 nM), normalising the DMSO concentration. The samples 

were injected into the system in sample running buffer (10 mM N,N-bis(2-

hydroxyethyl)glycine (BICINE) pH 7.5, 150 mM NaCl, 0.1 mM TCEP, 0.05% (w/v) 

Tween-20, 1% (v/v) DMSO) using a single cycle kinetics analysis method (contact 

time 120s, dissociation time 3600 s, flow rate 30 µL/min). Between each compound 

injection, the system was washed with 50% (v/v) DMSO in running buffer. 

6.2.6 Hydrogen-deuterium exchange mass spectrometry (HDX-MS) 

Adapted based on protocol provided by Dr Christopher Stubbs. Full length PARP-1-

TEV-6His-6Lys recombinant protein (prepared in house, 5 µM final concentration) 

was mixed with compounds (20 µM final concentration). A LEAP HDX-2 automated 

system was used to carry out the HDX experiments with labelling buffer (10 mM 

HEPES pH 7.5, 150 mM NaCl, 0.1 mM TCEP, 1% (v/v) DMSO in D2O). The reactions 

were carried out in triplicate. Exchange reactions were carried out at timepoints of 30, 

300 and 3000 s, after which the reactions were quenched with quench solution (3 M 

urea, 1.6% (v/v) formic acid) at 1 °C. The samples were then immediately loaded onto 

the sample loop in the HDX system and subjected to LC-MS analysis. Samples were 

digested by a Enzymate Pepsin Column (300 Å, 5 µm, 2.1 mm x 30 mm) for 3 min at 

20 °C (80 µL/min, 5% CH3CN in H2O (+0.1% formic acid)) and peptides were 

separated on a ACQUITY UPLC BEH C18 Column (130 Å, 1.7 µm, 1 x 50 mm) for 14 

min (80 µL/min, 5% CH3CN in H2O  95% CH3CN in H2O (+0.1% formic acid)). Mass 

spectrometry was performed using a Synapt G2-Si system (m/z = 50–2000, positive 

ion mode) using a method based on a published protocol.244 MS data was processed 

ProteinLynx Global Server 3.0.3 (PLGS) and imported into DynamX analysis 

software. Peptides were inspected for overlapping ions and excluded from analysis 

as appropriate. The time course data were imported and manually inspected for 

correct assignment. Where problems arose in identifying unique isotope distributions, 

other charge states were first inspected to attempt to rescue the peptides. Problematic 

peptides were excluded from the analysis. 220 peptides were used in the analysis 

with 71% overall coverage. The curated DynamX data were exported and further 

analysed using a custom MATLAB script to calculate fractional deuterium uptake (%) 

based upon the peptide sequences assuming the first two residues rapidly back-

exchange. A pooled standard deviation was calculated across all peptides/conditions. 

For peptides with errors ≤ the pooled standard deviation, the pooled standard 
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deviation was used for significance testing; for peptides with larger errors, the 

measured errors for those peptides were used to reduce false positives. Statistical 

significance was determined using a Benjamini-Hochberg FDR-adjusted t-test with a 

threshold of p < 0.01. 

6.3 Cell biology 

6.3.1 General considerations 

All experimental steps were carried out at RT unless otherwise stated. For the 

preparation of buffers, water used was distilled and purified using a Milli-Q purification 

system. Buffers, reagents and plasticware for cell culture were either provided and 

maintained sterile or autoclaved prior to use. Protocol steps described as being 

carried out at 37 °C indicate incubation in a humidified incubator with 5% CO2. 

6.3.2 Cell culture 

Cell lines were cultured in the appropriate media, as indicated in Table 6.4. Cultured 

cells were maintained in a humidified incubator at 37 °C and 5% CO2. For cell 

harvesting, adherent cells in T75 flasks at 70–80% confluence were rinsed with PBS 

and incubated with 0.05% trypsin-EDTA (Gibco) at 37 °C for 2 min. The trypsin was 

quenched by the addition of media (10× original volume) to give a single cell 

suspension, which was aliquoted into new cell culture flasks with fresh media as 

required. Cell lines were routinely tested for mycoplasma contamination and 

authenticated by short tandem repeat (STR) profiling. Cells were pelleted by 

centrifugation (300 g, 4 min). For cell counting, an aliquot of cell solution in media was 

mixed with Trypan Blue dye (Gibco) in a 1:1 ratio and the mixture was added to both 

chambers of a NanoEnTek C-slide (2 x 10 μL). The slide was imaged using a 

Countess II cytometer (Applied Biosystems) with automatic focusing. The quantity of 

live cells was recorded and the mean value of the two slide chambers was used for 

cell dilution. Cells were regularly transferred to liquid nitrogen storage to maintain low 

passage numbers. To do so, cell pellets were resuspended in freezing media (10% 

(v/v) DMSO in FBS (Gibco)) and transferred to cryovials for short-term storage at -80 

°C or long-term storage under liquid nitrogen at -196 °C. Cells were recovered from 

liquid nitrogen storage by quickly warming and transferring to pre-warmed cell media. 

Residual DMSO was removed by replacing the media after ca. 18 h. 

 











Experimental 

159 

modifications: a) as per Section 6.3.6, cells were trypsinised and replated in 24-well 

plates (20,000 cells/well) and allowed to adhere for 24 h, b) drugs were added at the 

indicated concentrations and the cells were incubated for a further 48 h, c) cell viability 

was expressed as a percentage of DMSO control with background subtraction and 

displayed in bar charts. 

6.3.4.2 Viability assays carried out at AstraZeneca  

Adapted based on a protocol provided by Dr Pamela Lochhead. This protocol was 

carried out using DLD-1 WT and DLD-1 BRCA2 -/- cell lines. On day 0, using a 

Multidrop™ liquid dispenser (Thermo Scientific), cells were plated (WT: 150 cells/well, 

BRCA2 -/-: 300 cells/well) into 96-well plates containing compounds and incubated at 

37 °C. On day 6, the cell media was aspirated and replaced with fresh compound-

containing media using an i7 automated workstation (Beckman Coulter). The cells 

were then incubated for a further 24 h at 37 °C. Using a Multidrop™ liquid handling 

system (Thermo Scientific), CellTitre-Glo® Luminescent cell viability reagent 

(Promega) was added, according to the manufacturer’s instructions. Luminescence 

intensity was determined using an EnVision plate reader (PerkinElmer). Percentage 

cell viability was calculated based on DMSO-treated wells and processed to obtain 

IC50 curves using in-house AstraZeneca software.  

6.3.5 Crystal violet assay 

Cells were plated in 6-well plates to achieve ca. 80% confluency in DMSO-treated 

wells at the assay endpoint. Cells were treated with compound at the indicated 

concentrations for 48 h. Growth media was removed and the cells were washed with 

PBS. Cells were fixed (3.7% formaldehyde in PBS) for 10 minutes and washed twice 

with PBS. Crystal violet staining solution (300 µL/well) was added and the cells were 

incubated for 15 minutes with gentle agitation. The staining solution was removed and 

the cells were washed three times with H2O. 

6.3.6 Small-interfering RNA transfection 

Cells were plated in 10 cm2 dishes to achieve ca. 80% confluency at the point of 

transfection. Lipofectamine® RNAiMAX reagent was used according to the 

manufacturer’s instructions, incubating cells with the appropriate siRNA (10 µM final 

concentration) for 24 h. During the transfection protocol, antibiotic-free media was 

used. Transfection efficiency was measured qualitatively using a GFP-containing 

DNA sequence (pAAV-GFP Control Vector, part no. AAV-400, Cell Biolabs). A dicer-
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substrate short interfering RNA sequence (DsiRNA) was purchased from Integrated 

DNA Technologies as a pre-annealed duplex to target PARP1 (5’-

rGrArArGrUrCrArUrCrGrArUrArUrCrUrUrUrArArGrArUA-3’, 5’-rCrUrArUrCrUrUrArA 

rArGrArUrArUrCrGrArUrGrArCrUrUrCrCrA-3’). A scrambled control sequence (5’-

rGrArArGrGrUrGrArUrArArArGrUrCrGrUrArUrGrA-3’) was used.  

6.3.7 RNA extraction 

Cells were plated in 10 cm2 cell culture dishes to achieve ca. 80% confluency at the 

point of cell lysis, with/without prior drug treatment, as indicated. Cells were pelleted 

by centrifugation (300 g, 4 min) and RNA was isolated using the RNeasy® Mini kit 

(QIAGEN), according to the manufacturer’s instructions. RNA concentrations were 

measured using a NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific) 

and samples were stored short-term at -20 °C or long-term at -80 °C. 

6.3.8 Reverse transcription quantitative PCR (RT-qPCR) 

Using 0.5-1 µg of total RNA for each sample, complimentary DNA (cDNA) was 

synthesised using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) 

according to the manufacturer’s instructions. Quantitative PCR (qPCR) sample 

mixtures were prepared using 1.5 µL of cDNA, primers (1 µM, Table 6.7) and SYBR® 

Select Master Mix (Applied Biosystems) according to the manufacturer’s instructions 

with a reaction volume of 15 µL. PCR was performed using a StepOnePlus™ qPCR 

system (Applied Biosystems) and data was collected and processed using the in-built 

software. Data was analysed using the ∆∆Ct method and the fold change in gene 

expression (2-∆∆Ct) vs DMSO control was used to express results. 

6.3.9 Western blot 

6.3.9.1 Cell lysis and protein extraction 

Cells were plated in 6-well cell culture plates to achieve ca. 80% confluency at the 

point of cell lysis. Growth media was aspirated, and the cells were washed with PBS 

at 4 °C. Cells were incubated with RIPA lysis buffer (50 µL/well) for 5 min at 4 °C with 

gentle agitation. Cells were scraped, transferred into Eppendorf tubes and centrifuged 

(13,300 g, 10 min, 4 °C). Supernatants were transferred to clean Eppendorf tubes and 

stored short-term at -20 °C or long-term at -80 °C. 
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6.3.9.2 Protein quantification 

Lysate protein concentration was determined using the Pierce™ bicinchoninic acid 

(BCA) assay, according to the manufacturer’s instructions. Samples were assessed 

against known concentrations of bovine serum albumin (Thermo Scientific). 

6.3.9.3 SDS-PAGE and transfer 

Protein samples were added to sample buffer diluted in RIPA buffer to achieve a total 

loaded protein content of 20 µg. Proteins were denatured at 95 °C for 5 min and 

loaded onto 3-15% Mini-PROTEAN® TGX™ precast protein gels (Bio-Rad) with at 

least one Precision Plus Protein Dual Color Standard molecular weight ladder (Bio-

Rad). Proteins were separated by gel electrophoresis using TGS running buffer for 

ca. 40 min at 170 V. 

Proteins were transferred to a PVDF membrane (Trans-Blot Midi 0.2 µM, Bio-Rad) 

using a Trans-Blot Turbo transfer machine (7 min, 25 V, 1.3 A). Membranes were 

blocked in block buffer for 1 h and washed with wash buffer (3 × 7 min). The 

membrane was immunoblotted with primary antibodies at 4 °C overnight, washed with 

wash buffer (3 × 7 min) and incubated with secondary antibodies for 1 h. The 

membrane was washed with wash buffer (3 × 7 min), incubated in Clarity™ Western 

ECL chemiluminescent substrate (Bio-Rad) and visualised immediately using a 

ChemiDoc XRS+ system (Bio-Rad). Membranes were stripped for re-blotting as 

required using ReBlot Plus Strong Antibody Stripping Solution (Millipore). 

6.3.10 Cell fractionation 

Cells were grown in 10 cm2 cell culture dishes to achieve ca. 80% confluency at the 

point of cell lysis. Growth media was aspirated and the cells were washed with PBS 

at 4 °C. Cells were and incubated in fractionation buffer A (100 µL per 10 cm2 plate) 

at 4 °C for 5 min with gentle agitation. Cells were scraped, transferred to Eppendorf 

tubes and rotated at 4 °C for 5 min. The mixtures were centrifugated (800 g, 5 min, 4 

°C), sonicated (30 s on + 30 s off, 5 cycles, 4 °C) and supernatants were removed 

and retained as the cytoplasmic fractions. The cell pellets were washed with 

fractionation buffer A and re-centrifugated (800 g, 5 min, 4 °C) twice. The pellet was 

resuspended in buffer B and rotated at 4 °C for 15 min. The mixtures were 

centrifugated (2000 g, 5 min, 4 °C), sonicated (30 s on + 30 s off, 5 cycles, 4 °C) and 

the supernatants were retained as the perinuclear fractions. The cell pellets were 

washed with fractionation buffer B and re-centrifugated as above. The cell pellet was 
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resuspended in RIPA buffer, sonicated (30 s on + 30 s off, 5 cycles, 4 °C), 

centrifugated (17,000 g, 15 min, 4 °C) and the supernatants were retained as the 

nuclear fractions. Protein concentrations were quantified using the method outlined in 

Section 6.3.9.2. For further analysis by MS, a XEVO TQ-XS LC-MS system (Waters) 

was used at AstraZeneca. 5% acetonitrile in water with 0.1% formic acid was used as 

mobile phase A and 5% water in acetonitrile with 0.1% formic acid as mobile phase 

B. A gradient of 95% to 5% A over 3.5 minutes was used with a C18 CSH column 2.1 

x 50 mm, 1.7 µm (Waters) set to 40 °C. Lysate samples were diluted 10-fold in DMSO 

and mixed with clozapine as an internal standard before injection. 

6.3.11 Immunoprecipitation  

6.3.11.1 With SDS-PAGE analysis  

Cells were plated in 15 cm2 cell culture dishes to achieve ca. 80% confluency at the 

point of cell lysis. Growth media was aspirated and the cells were washed with PBS 

at 4 °C. Cells were incubated in immunoprecipitation lysis buffer (250 µL per plate) 

for 5 minutes at 0 °C. Cells were scraped, transferred to Eppendorf tubes and 

sonicated (30 s on + 30 s off, 5 cycles, 4 °C). Cell suspensions were centrifugated 

(13,300 g, 10 min, 4 °C) and the supernatants were retained. Protein concentrations 

were quantified using the method outlined in Section 6.3.9.2. Supernatants (1 mg/mL 

protein) were added separately to IP or IgG control antibodies (1 µg/mL). Dynabeads 

(20 µL/sample) were added according to the manufacturer’s instructions and the 

mixtures were rotated at 4 °C overnight. Supernatants were discarded and the 

remaining beads were washed twice with immunoprecipitation lysis buffer and three 

times with PBS. Samples were analysed by SDS-PAGE, as per Section 6.3.9.3.  

6.3.11.2 With mass spectrometry analysis (IP-MS) 

Carried out by Dr Agata Makar. Samples were subjected to overnight on-bead 

digestion at 4 °C in digest buffer with 2 μg/mL trypsin (100 µL/sample, Thermo 

Scientific) in proteolysis buffer (2 M urea, 50 mM Tris-HCl pH 7.5, 1 mM DTT), 

alkylation with iodoacetamide (10 mM) and desalting using C18 stage-tips. Peptides 

were resuspended in a solution of 0.1% TFA in H2O (12 µL). 5 µL of the resultant 

mixture was then injected and separated by an Ultimate 3000 Nano liquid 

chromatography system, using a C18 packed column (Aurora, IonOptiks, Australia). 

Mixtures were eluted with an increasing gradient of CH3CN (4% → 29%) in H2O 

supplemented with 0.5% acetic acid over a period of 40 minutes. Peptides were 

analysed in data-dependent mode on a Thermo Scientific Orbitrap Fusion Lumos 



Experimental 

163 

Tribrid Mass Spectrometer with MS1 resolution 120k scanning 350-1400 and rapid 

ion trap MS2 scan. FragPipe was used for data analysis using the pre-set “LFQ-MBR” 

workflow and searching against the Uniprot Homo Sapiens database. Data obtained 

from the MS was analysed using R LIMMA package/Perseus software. 

6.3.12 Whole cell proteomics 

Carried out by Dr Agata Makar. Cell pellets were resuspended in guanidine 

hydrochloride (6 M) containing tris(2-carboxyethyl) phosphine hydrochloride (TCEP, 

1.5 mg/mL, Sigma) and chloroacetamide (1 mg/mL, Sigma) and digested with Lysyl 

(FUJIFILM Wako Pure Chemicals U.S.A. Corporation) for 4 h at 37 °C. Subsequently, 

samples were digested overnight using trypsin (Thermo Scientific). To stop the 

digestion reaction, trifluoroacetic acid (TFA) (Thermo Scientific) was added to the 

sample and the mixture was vortexed. For desalting, C18 columns were activated with 

MeOH, followed by 0.1% TFA wash. Samples were added to the C18 columns and 

centrifugated (500 g, 5 min), washed with 0.1% TFA (2 × 50μL) and eluted with 20 μL 

of elution buffer (50% acetonitrile, 0.05% TFA). The eluents were evaporated in a 

vacuum concentrator for 20 min and resuspended in 0.1% TFA (15 μL). The samples 

were subjected to LC-MS analysis as per Section 6.3.11.2. Data obtained was 

analysed using DIA-NN and Perseus software. 

6.3.13 Gene set enrichment analysis  

Gene set enrichment analysis (GSEA) was carried out using the GSEA 4.3.2 software 

with unmodified standard parameters. Hallmarks and Gene Ontology: Biological 

Processes gene sets were examined and differential expression with FDR < 0.05 was 

considered significant.  

6.3.14 Spheroid imaging 

ES-2 cells were plated (2,000 cells/well) in ultra-low attachment U-bottom 96-well 

plates (Corning) and allowed to settle for 48 h. Drug compounds were added at the 

indicated concentrations and incubated for 48 h. Hoescht 33342 (2 μM final 

concentration), calcein-AM (2 μM final concentration) and propidium iodide (1 μg/mL 

final concentration) were added to each well 1 h prior to imaging. Spheroids were 

imaged live using an ImageXpress Micro Confocal imaging system (Molecular 

Devices) fitted with a 10X objective, acquiring 1 Z-stack image for each well. Analysis 

was performed using the MetaXpress software and further manipulated using 

GraphPad Prism 9. 
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6.3.15 Immunofluorescence  

Cells were grown on sterilised coverslips to achieve ca. 80% confluency at the point 

of cell fixation. Growth media was aspirated and simultaneously replaced with fixation 

buffer (pre-warmed to 37 °C). Cells were incubated at 37 °C for 10 min, washed with 

wash buffer and incubated in glycine for 10 min. The cells were washed twice with 

wash buffer and incubated in block buffer for 30 min. Coverslips were inverted onto 

primary antibodies diluted in block buffer (50 µL per coverslip) and incubated in a 

humidified container at 4 °C overnight. Cells were washed with wash buffer 

(3 × 5 min) with gentle agitation. Coverslips were inverted onto secondary antibodies 

diluted in block buffer (50 µL per coverslip) and incubated for 45 min in darkness. 

Cells were washed with wash buffer (3 × 5 min) with gentle agitation and rinsed in 

H2O. The coverslips were mounted with Fluoroshield™ with/without DAPI (Sigma 

Aldrich) onto microscope slides and allowed to set at 4 °C overnight. Imaging was 

performed using an Olympus FV3000 laser scanning confocal microscope. Image 

processing and analysis was performed using ImageJ. 

6.3.16 High-throughput imaging 

ES-2 53BP1 mApple cells were plated at the indicated cell density in black 96-well 

thin-bottomed microplates (Corning) and allowed to adhere for 24 h. Cells were then 

incubated with compounds for 48 h and imaged live using an ImageXpress Micro 

Confocal imaging system (Molecular Devices) fitted with a 20X water immersion 

objective. 9 fields of view per well were collected. Hoescht 33342 (Thermo Scientific, 

1 μM final concentration) was added to the cells 1 h prior to imaging. Data was 

collected using the MetaXpress software (Molecular Devices) and analysed using IN 

Carta software (Molecular Devices). To quantitatively assess DNA damage, nuclei 

were first segmented using SINAP, an AI-based segmentation protocol with the 

‘nuclei.a.h5’ setting applied. Foci within segmented nuclei were counted using the 

‘fast puncta’ method. 

6.3.17 Stimulated Raman scattering (SRS) microscopy 

Cells were imaged at ca. 80% confluency in FluoroDish Cell Culture Dishes (35 mm, 

World Precision Instruments), treated with compound for the indicated time and 

imaged live or after fixing in 4% (v/v) formaldehyde in PBS. As required, ER-tracker 

Green (Invitrogen, 1 μM final concentration) or Hoescht 33342 (Thermo Scientific, 1 

μM final concentration) were added according to the manufacturer’s instructions. 
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Hyperspectral images (obtained from a drop of concentrated sample in DMSO) were 

recorded using the inbuilt 'sweep' function of the picoEmerald S software that adjusted 

the pump laser ~0.3 nm for each new image recorded. Hyperspectral images were 

analysed using the ‘Measure Stack’ feature on ImageJ 1.53c to quantify the change 

in signal intensity. Images were acquired using a custom-built multi-modal microscope 

setup, as previously described in Hulme Group publications. A picoEmerald S (APE, 

Berlin, Germany) laser provided both a tunable pump laser (700–990 nm, 2 ps, 80 

MHz repetition rate) and a spatially and temporally overlapped Stokes laser (1032nm, 

2 ps, 80 MHz repetition rate). The output beams were inserted into the scanning unit 

of an Olympus FV1000MPE microscope using a series of dielectric mirrors and a 3× 

lens-based beam expanding module. The resulting 3.6 mm beams were expanded by 

a further 3.6× lens within the microscope and directed into an Olympus 

XLPL25XWMP N.A. 1.05 objective lens using a short-pass 690 nm dichroic mirror 

(Olympus). For SRS measurements the Stokes beam was intensity modulated with a 

20 MHz EoM built into the picoEmerald S. Forward scattered light was collected by a 

further 25× Olympus XLPL25XWMP N.A. 1.05 objective lens and Stokes light was 

removed by filtering with an ET890/220m filter (Chroma). Blue two-photon 

fluorescence signals were filtered using the following series of filters: FF552-Di02, 

FF483/639-Di01 and FF01-400/40. Green two-photon fluorescence signals were 

filtered using the following series of filters: FF552-Di02, FF483/639-Di01 and 

FF510/84. Red two-photon fluorescence signals were filtered using the following 

series of filters: FF552-Di02, and FF440/520-Di01 and HQ610/75m (Chroma). All 

other filters from Semrock. A telescope focused the light onto an APE silicon 

photodiode connected to an APE lock in amplifier with the time constant set to 20 μs. 

The lock in amplifier signal was fed into an Olympus FV10-Analog unit. Laser powers 

after the objective were measured up to 20–50 mW for the pump laser and up to 70 

mW for the Stokes laser. All images were recorded at 512 × 512 (for hyperspectral 

scans) or 1024 × 1024 pixels (for normal imaging) with a pixel dwell time between 2 

and 20 μs, using FluoView FV10-ASW scanning software (Olympus). Off-resonance 

images were acquired by tuning to a wavelength ca. ± 2 nm and were used to subtract 

background from alkyne on-resonance images. Image analysis and processing was 

performed using ImageJ 1.53c. 
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Figure A1. Left: Image showing precipitation of 26a, 29a and 29c (L to R) from media during the LC-

MS stability assay. Right: Magnification of vial containing 29a. 

 

Figure A2. Representative Western blot after treatment with the indicated compound (2.5 µM, 48 h) 

and subsequent subcellular fractionation. WCL = whole cell lysate (non-fractionated). 

 

Figure A3. Representative Western blot and corresponding quantification of PARP-1 expression after 

treatment with 1a–1c and 27a (10 µM, 48 h). PARP expression is expressed as a percentage of olaparib 

control. Error bars report the standard deviation of the mean from three independent experiments. 
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Figure A4. Dose-response curves from DLD-1 WT viability assays carried out at AstraZeneca. 

 

Figure A5. Dose-response curves from DLD-1 BRCA2 -/- viability assays carried out at AstraZeneca. 
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Appendix B. HDX-MS data 

HDX-MS deuterium uptake graphs after treatment of PARP-1 with the indicated compounds. 

Individual peptides and their residue numbers representative of digested portions of the 

protein are indicated above each graph. AZ14349334 and AZ14349342 are 26a and 29a, 

respectively. 
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Appendix C. NMR spectra 
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Appendix D. Permissions 
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