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Abstract

Unlike fluorescence microscopy techniques, label-free imaging techniques
avoid perturbation of the biological environment, which enable the analysis of
samples in their native state. Label-free imaging methods for tissues and cells rely
on the intrinsic properties of a sample to generate an image contrast. Laser
desorption ionisation mass spectrometry imaging (LDI MSI) is a label-free technique
that allows visualisation of sample composition based on analyte mass. Stimulated
Raman scattering (SRS) microscopy, also label free, uses the vibrational properties
of molecular bonds in a sample to generate images. This work describes the
combination of LDI MSI and SRS imaging to improve the precision of the
characterisation of the chemical components in a single sample based on their mass
and vibrational properties. However, the conductive LDI slides required necessary
for the ionisation process in LDI MSI, caused interference during SRS microscopy.
The LDI-slide intrinsic interference required a replacement of LDI slides with
standard non-conductive glass slides and an adhesive and conductive DIUTHAME
membranes. Use of DIUTHAME bypassed the incompatibility issues and allowed the
first described SRS and LDI MSI analyses of the same tissue sample. LDI MSI and
SRS microscopy were successfully applied in the imaging of 2D cell cultures and
complex in vitro models (CIVMs). SRS microscopy of heterocultures classified the
individual cell types and cell phenotypes based on hyperspectral data from a small
region of the Raman spectrum. The variability in the cell phenotype in hepatocyte
CIVMs was also associated with differences in the intracellular antisense oligo (ASO)
distribution. Thus, a successful approach for SRS-to-LDI MSI analysis of a single
sample was achieved. This was applied in tissues and has great potential for
applications in cell cultures and CIVMs. It is also demonstrated that SRS microscopy

shows potential for the classification of cells based on their chemical composition.
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1. Introduction

1.1. Label-free imaging

A microscope is one of the most common analytical instruments in a life
sciences laboratory. Brightfield microscopy is the fastest way to visually assess any
sample at a magnified scale, whether it is the viability of a cell culture, providing a
cell count or examining the structure of a tissue sample. However, the range of
accessible information available to an observer is limited to readouts such as cell
sizes, shape and numbers due to the low optical contrast in cells.! Low-cost
improvements to a microscope, such as phase contrast and differential interference
contrast (DIC) techniques, can increase the resolution of low-contrast specimens
(e.g., cells) by employing high numerical aperture (NA) objectives? which can lead to

precise observations of cell membranes? and cell nuclei®.

The subcellular information becomes convoluted in structurally higher-ordered
tissues. To make visualisation easier, chemical staining can be introduced using
either chromophores or fluorophores, chemical compounds that emit light following a
light excitation; each of which can vary in specificity from large structures (e.g.,
nucleic acids in nuclei, cytoplasm, extracellular matrix) to specific targets (e.g.,
protein receptors, specific DNA/RNA sequences). Although useful, this approach is
material and labour intensive in comparison with label-free techniques, such as the
aforementioned brightfield microscopy. There is also a limit on the number of
fluorescent labels which can be applied in a single imaging experiment due to the
overlap between their emission spectra. Spectral unmixing methods can be used to
separate some spectrally overlapping fluorophores in fixed samples in standard
imaging setups and can partially alleviate the issue of crowded labelling. This
approach can be further translated into live cell imaging with the application of multi-

array detectors, which can collect signal across the spectral range.>®

Turning a sample chromo- or fluorogenic, by labelling, renders that sample
inapplicable for further down-stream analyses and therefore this has to be the final
step in many analytical pipelines since it is changed from its original state. It is highly
desirable to maximise the amount of information that can be obtained from a single

sample by doing multiple experiments on the same sample to elucidate its chemical



composition. However, to do this it would be critical to not have modified the sample
with any external labels. Advantages of this would include a reduction of material

and labour costs and potential reduction of animals used in a scientific study.

One label free analytical method is Matrix-Assisted Laser Desorption/lonisation
(MALDI) mass spectrometry imaging (MSI), which is a well-established label-free
technique that can be used in both tissue imaging’® and spatial omics!®1l, MSI
generates hyperspectral data cubes (i.e., spatial, and spectral data) describing the
chemical composition of a sample based on the molecular weight of its ionisable
constituents. MALDI MSI analysis is sensitive to contaminants and chemical sample
modifications and therefore, MSI analysis should be carried out prior to any
histological staining.'113 Alternatively, a microscopy image-driven MSI analysis could
be done on an adjacent/consecutive sample section in tissues,'* but this potentially
decreases the precision in spatial overlap between the microscopy and MSI data.
Such decrease in spatial error was acceptable in the early years of MALDI MSI,
when the spatial resolution of MALDI MSI was limited (50 — 200 um). However,
recent advances in MALDI MSI technology and the introduction of transmission
mode MALDI-2-MSI has pushed the spatial resolution limit and the sensitivity to an
intra-cellular level.*®> High precision image co-registration is now required to ensure
the extracted information is spatially accurate and reflects the ground truth. For this
reason, alternative imaging approaches are necessary in a microscopy image-driven

MALDI analysis of the same tissue section and cell cultures.

Another novel approach applies brightfield imaging combined with virtual
staining achieved through deep learning, where machine learning networks are
trained on corresponding brightfield and histology-stained images to produce virtual
histology images. These approaches are fast with a low relative error.'6 Additionally,
deep learning can be successfully applied via label-free autofluorescence to
haematoxylin and eosin-(H&E) stained image translation.'”1® These approaches
require large training datasets but offer swift virtual staining transformation once
trained. The data sets can however be limited to the range of tissue types available
in the training datasets.

Therefore, there is still a need for other alternatives to fluorescence and

brightfield imaging to obtain chemically and structurally-relevant spatial information,



which could be further applied in an image-driven MSI analysis. Raman
spectromicroscopy was identified as a potential alternative and successfully applied
in this endeavour. Spontaneous Raman spectroscopy retrieves information about the
composition of molecular vibrational modes and their spatial distribution in a
sample.®?! Similarly to brightfield techniques, Raman imaging is label-free and does
not modify or damage the sample during the image acquisition process, unlike
MALDI MSI which requires matrix deposition on a sample surface and ablates the

sample surface during ionisation.

Spontaneous Raman spectroscopy is a low probability phenomenon, where an
incident photon is scattered by a molecule non-elastically, i.e., leaving the scattering
site with a different energy. The Raman scattering cross-section is in the order of
102° cm?/sr,?2 which is less than the excitation cross-section of single photon
excitation fluorescence (SPEF; ~10-14 cm?/sr)?3. Consequently, spontaneous Raman
spectroscopy requires long acquisition times to enable the accumulation of enough
scattered photons and can often be accompanied by an unwanted fluorescence
background. In contrast, stimulated Raman scattering (SRS) is a non-linear Raman
microscopy which uses a combination of coherent pulsed lasers improving the
probability and signal-to-noise ratio (SNR) of Raman scattering whilst focusing on a
narrow spectrum of vibrational frequencies without background noise.?42° Therefore,
SRS offers a useful first instance imaging tool which could precede an MSI and/or
fluorescent analysis. Non-invasiveness and deep sample penetration (>1 mm in
cleared tissues)?® enable the application of SRS in chemical imaging in a wide range
of fixed and live biological samples from cell cultures grown in a monolayer through
spheroids and organoids to in vivo tissues.?’” SRS is a chemically sensitive
spectroscopic method which can provide spatial and spectral information about
chemical components, such as lipids, proteins and nucleic acids in a biological
sample,?’ or a distribution of active pharmaceutical ingredient (API) polymorphs and

excipients in a drug tablet.?®

As there is no universal imaging approach to analyse a biological matrix, often
multiple analyses are required and need to be carried out on multiple samples.
Where compatible, multimodal imaging, which combines multiple imaging

technigues, and developed to reduce the cost of separate analyses, can be used.



The majority of multimodal analyses are conducted in the same instrument housing
which facilitates compatible technologies, such as positron emission tomography —
magnetic resonance imaging (PET-MRI) scanners,?® scanning electron microscopy
with energy dispersive X-ray,* secondary ion mass spectrometry (SIMS)-MALDI,3%-32
and a plethora of microscopy techniques including a combinatory fluorescence
lifetime imaging microscopy (FLIM), Raman and optical coherence tomography
microscope system,® and second and third harmonic generation (SHG, THG),
combined with single-, two- and three-photon excitation fluorescence microscopy
(SPEF, 2PEF, 3PEF).** However, sample-related incompatibilities can arise between
the different multimodal approaches, for instance in the label-free Raman and MALDI
analysis due to matrix application which results in a layer of crystals on a sample
surface, which introduce strong exogeneous signal and a morphological alteration
during crystallisation, which would be likely to skewer the spatial and the chemical

information of the sample.

1.2. Optical methodologies

1.2.1. Fluorescence microscopy and fluorescent labels

Owing to high chemical specificity and the high probability of fluorescent labels
to emit light,?® fluorescence microscopy is a versatile imaging tool which can result in
imaging data with a spatial resolution below the diffraction limit of light (~200 nm)
and even reach single molecule detection.3>-3" Fluorescent labelling is however
accompanied by unwanted effects in the physiological environment, such as
photon/thermally-induced cytotoxicity.®®3° Furthermore, fluorescent labels are prone
to photobleaching?®, where the excitation energy permanently alters the molecular

structure of a fluorophore into a non-fluorescent configuration.

Fluorescent labels can be of endogenous or exogenous origin. Endogenous
fluorescent labels are proteins which can be produced in a genetically modified
biological system. However, fluorescent protein expression has been accompanied
by cell phenotype alterations 4342 and a negative effect on the function of a native
protein,®®3% such as the protein motors, to which the fluorescent proteins are fused
t0.*® Furthermore, the fluorescence intensity strongly depends on the pH of the

surrounding environment. 4445



Exogeneous fluorescent probes are synthesized and delivered into a fixed or a
live sample. These can be small molecule fluorescent dyes, such as nucleic acid
stain DAPI (277.3 Da) or antibody-conjugated fluorescent dyes. Antibody
immunolabelling employs large complexes of primary and secondary antibodies, for
example, the fluorescent label Alexa Fluor 488 (546.4 Da) covalently binds to a
secondary antibody such as immunoglobulin G (IgG, 150 kDa, ~10 nm)?*6, which is
bound to a primary antibody of a similar size. In this instance, the antibody link
between the target molecule and the fluorophore is approximately 20 nm.

Hypothetically, two target molecules which are covalently coupled and labelled
with two different singular fluorescent immunocomplexes, the largest possible
distance between the two fluorophores would be ~40 nm excluding the size of the
target molecules, which could result in false negative signal overlap in super-
resolution techniques. The issue of large immunocomplexes was addressed by the
development of nanobodies,*”#8 which consist of only one subunit of an antibody

(~15 kDa) and thus significantly reduce the “linker” size.*°

Although the advantage of fluorescence microscopy is the target specificity
achieved by an introduction of highly specific labels, there is also an established
label-free approach to measure the metabolic state of cells in living specimens
through autofluorescence. Cells and tissues produce endogenous fluorophores such
as nicotinamide adenine (phosphate) dinucleotide (NAD(P)H) and flavin adenine
dinucleotide (FAD), which can be used as markers of the redox ratio in a cell

culture.>0-53

1.2.2. Raman spectroscopy

1.2.2.1. Raman scattering and Raman labels

A photon can either be temporarily absorbed or directly scattered by a molecule
during a light-matter interaction. In fluorophores, the absorption of a photon can lead
to the excitation of an electron from a ground electronic state to an excited electronic
virtual state, which is below the energy level needed for an excitation in the
fluorescence process. As the electron returns to the ground state the energy is then

emitted as a red-shifted fluorescence (Fig. 1.1b).5*



Light scattering is dominated by elastic scattering, named Rayleigh scattering,
during which the energy of a scattered photon exiting the site of light-molecule
interaction matches the energy of the same photon prior to scattering. However, a
miniscule fraction of scattered radiation gets scattered inelastically, where both
molecule and the photon in the scattering interaction change their respective
energies, as first described by Raman and Krishnan in India and Landsberg and
Mandelstam in USSR in 1928.5556 Raman scattering can occur in molecules, which
exhibit a change in their polarizability during the vibrational movement (e.g.,

symmetric rocking, scissoring).
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Figure 1.1 Scattering light-matter interactions. a) Scattering of a photon by a molecule
can result into a scattered photon with the energy equal to the energy of an incident photon
(Rayleigh scattering),a higher energy photon (Raman anti-Stokes), or a lower energy photon
(Raman Stokes). b) A simplified Jablonski diagram shows the standard process of
fluorescence, which begins with an excitation of an electronic state so to s;. The energy is
partially released as heat radiation and the remaining energy as a photon emission, which
returns the electronic state back to so. Scattering processes involve virtual energy levels of
the electron singlets. Rayleigh scattering energy transfer results in the same energies of a
photon and a molecule. Stokes Raman scattering involves interaction between a ground
state molecule which exits the scattering interaction with higher energy and the photon is
red-shifted. To achieve an anti-Stokes Raman scattering, the scattering molecule has to be
in a higher vibrational state prior to an interaction with a photon, whereafter the exiting
photon gains energy (blue shift).

Depending on the direction of energy transfer, the Raman scattered photon is
either red-shifted with lower energy known as Stokes or blue-shifted with higher
energy (anti-Stokes) (Fig. 1.1). In non-coherent Raman techniques, the overall
intensity of an anti-Stokes Raman scattering will always be lower than the Stokes
Raman scattering owing to the Boltzmann probability distribution. This, explains why
the higher energy state is less populated than the excited state.®” Therefore, most

spontaneous Raman scattering instruments collect the Stokes-shifted signal.58-6



The advantage of anti-Stokes Raman scattering is the diminishment of the red-
shifted fluorescence background caused by the laser excitation by using appropriate
shortpass filters, which block the laser and red-shifted signal.’* The blue shift is
exploited in Coherent anti-Stokes Raman scattering (CARS), where the ground
vibrational state is excited through an application of pulsed lasers driving specific
vibrational modes in a sample.®?> CARS will be further discussed in chapter 1.3.4.

Raman spectroscopy is a powerful tool which reveals the molecular vibrational
properties of a sample. Since each type of molecular bond vibrates in a different
mode and frequency, a biological sample scatters an array of well annotated Raman
peaks characteristic to functional groups in the molecule when probed with a
laser.%3.6¢4 A Raman shift is recorded in wavenumbers v, which are defined as the
number of wavelengths per distance (cm™), which inversely corresponds to a
wavelength A. The biology-relevant Raman spectrum spans over 400 cm?t —
3100 cm. The spectrum is separated into a fingerprint region (400 cm — 1700 cm-
b, a cell-silent region
(1800 cm™ — 2400 cm™), and a CH region (2800 cm™ — 3100 cm™) (Fig. 1.2).

The fingerprint region is information rich and contains the key vibrational bands
that characterise the molecule. It has been extensively studied to gain information
about the structure and distribution of biomolecules such as nucleic acids®>¢7,
proteins®368.69 |ipids®3.70.71 glycogen®3. Additionally, the fingerprint region spectrum
is also used in Raman-based classification analyses of cell cultures’>7* and
cancer/healthy tissue segmentation owing to its heterogeneity in contrast with the
CH region.”>76

In contrast, the CH region is a smaller, spectrally congested section of the
Raman spectrum which overlaps with the O-H vibrational mode of H20. The CH
region contains the high energy vibrational bands of CH2 and CHs and is of particular

interest in lipid and protein analyses.’”’"9
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Figure 1.2 Raman spectrum illustration. The Raman shift is measured in wavenumbers
(cm™). From Xu et. al., 2021 Copyright Creative Commons CC-BY v4.0.%4

As the denomination suggests, the cell silent region is devoid of Raman signal
in unperturbed mammalian biological matrices. However, certain bio-orthogonal
molecular bonds are active in this region. Carbon-deuterium (C-D), alkyne (C=N),
and nitrile(C=C) molecular bonds generate spectral peaks in this region and are
readily applied in a plethora of bioconjugation and microscopy localisation
studies.”®8%-85 Since these molecular bonds scatter in the cell silent region, they can
be chemically conjugated to other biomolecules as tags. The number of these
Raman tags which can simultaneously be detected with a Raman microscope is
limited by the vibrational constraints of the above-mentioned bonds to approximately
2100 cm?* — 2300 cm? range of the cell silent region. Alkynes can be further
separated in this region into a terminal alkyne region (~2100 cm?), a silyl and halo-
alkyne region (2150 cm™* — 2200 cm?), and an internal alkyne region (2200 cm™* —

2300 cm?).84 The literature also indicates that the intensity of the Raman tags is



strictly in the following order: C-D < —-C=N < —-C=C- < -C=C-C=C- <
—C=C-C=C-C=C—, where diynes and triynes exhibit the strongest signal to noise
ratio (SNR). It has also been demonstrated that the intensity of the tag can be
modulated by the length of the internal polyynes.848 Other studies show the alkyne
signal is susceptible movement/shift of the vibrational band position in the Raman
spectrum through the introduction of carbon isotopes.8” For example, the
replacement of a single '2C carbon with a 13C isotope in the 5-ethynyl-2'-
deoxyuridine (EdU) results in a 29 cm* positive Raman shift and replacing both
alkyne carbons with *3C positively shifted the EdU alkyne signal by 77 cm™.88 All
three alkyne peaks were easily separated in the Raman spectra across these
distances due to their relatively narrow spectral peak width in contrast with
fluorescence emission spectra, which are typically very broad.?® This has led to the
development of a Raman label system constituting of 15 bis-arylated polyynes
dubbed “CARBOW?” with a variable number of conjugated alkyne bonds and carbon
isotope substitutions populating the cell silent region between 2018 cm™ — 2262 cm-
1, Similarly, this approach has been developed using xanthene scaffolds of various
ring numbers conjugated with nitriles and nitrile °N isotopes in the nitrile bond
structure.®® It has also been observed that the Raman spectrum peak position is
affected by substitutions outside the triple bond, which in combination with isotope
substitution can lead to a production of 22 different nitrile tags which were
simultaneously acquired and discerned using SRS microscopy.®*

The C=N and C=C bonds measure 1.14 A and 1.18 A in length, respectively,%?
which in contrast with fluorescent small organic molecules with their size in the range
of nanometres and antibodies (~10 nm) suggests a lower probability on an impact of
the labelled molecular dynamics. This is even more pronounced in the case of
hydrogen-deuterium substitution, which increases the size of a molecule by only a
single neutron while giving a clear signal in the cell silent region. The C-D bond is
known for producing a poor signal intensity in the Raman spectra.®® Thus, the
concentration of C-D bonds in a Raman focal point needs to be high for a sufficient
SNR. C-D labelling is, therefore, widely applied in lipid metabolism imaging owing to
the large number of hydrogen-deuterium substitutions available along the long fatty
acid long chains, which are spatially condensed owing to their hydrophobic

properties.%%



The molecular weight of polyynes and xanthene-based Raman tags are close
to the molecular weight of small molecule fluorophores and thus they are not
advantageous over fluorophores in their size. However, these Raman labels are not
photo-bleachable which makes them superior to fluorophores in long repetitive
imaging experiments where signal quantification is required. Furthermore, the
guantification of Raman signal in SRS is directly proportional to the concentration of

an analyte in the focus point.%®

Alkyne and nitrile bonds have been also used in a label-free Raman
microscopy in drug delivery studies of therapeutic tyrosine kinase inhibitors.%-%
Tyrosine kinase inhibitors are a group of active pharmaceutical ingredients (APIs)
which disrupt the tyrosine signalling pathway and are used in various therapies.
Erlotinib with a terminal alkyne conjugated to a benzene ring was successfully
detected in a cell culture experiment at 100 uM concentration using a spontaneous
Raman scattering microscope.® Using the same system, neratinib which contains a
nitrile bond was detected in cells incubated at 5 UM concentration.®’ Replacing the
spontaneous Raman techniques with SRS further pushed the limit of detection in a
ponatinib study where the alkyne was localised in a conjugated system between an
imidazopyridazine and a benzene in the centre of the molecular structure. Based on
density functional theory calculation, the cell silent region peak of ponatinib was
predicted to exhibit an ~18-fold increase in signal intensity of the alkyne vibrational
mode in comparison to erlotinib. However, with the combination of the increased
signal intensity due to the alkyne and the use of SRS, ponatinib was successfully

detected in cells which were treated at 500 nM concentration.%
1.2.2.2. Spontaneous Raman spectromicroscopy

The Raman scattering effect is very low — approximately 1 in 107 photons is
scattered inelastically.?* Therefore, spontaneous Raman confocal microscopes are
normally equipped with continuous wave lasers to concentrate a large quantum of
photons on a sample through high numerical aperture (NA) objective lens to increase
the phenomenon occurrence. The Raman-scattered photons are dispersed with a
reflective surface relief grating or a transmissive holographic grating and afterwards

collected by a photomultiplier tube (PMT) detector arrays or charge coupled device

10



(CCD) cameras. The occurrence of Rayleigh scattered light is higher than the
occurrence of Raman scattering by several orders of magnitude and therefore it

must be filtered by long pass filters or notch filters prior to detection.

As briefly mentioned above, spontaneous Raman spectro(micro)scopy is
hindered by its acquisition speed. The acquisition speed of a single spectrum can
take 10s, which can result in very long acquisition times for large images.®® However,
improvements and modifications through the development of line laser excitation in a
single-photon avalanche system diode has the potential to reduce acquisition times
ten-fold.1%° Additionally, the spontaneous Raman systems provide 3 cm™ spectral
resolution?®® which surpasses the resolution of commercially available tuning

coherent Raman systems.
1.2.2.3. Stimulated Raman Scattering (SRS)

SRS is a coherent Raman scattering technique (CRS), which is a class of
Raman scattering where two spatially and temporally synchronised lasers - named
pump and Stokes - induce selective molecular vibrations at a resonance
corresponding to the resonance difference between the pump and Stokes laser
beams. CRS techniques increase the signal intensity by a factor of 107 in
comparison with the spontaneous Raman scattering effect. The CRS class entails
stimulated Raman gain (SRG), stimulated Raman loss (SRL), CARS, and coherent
Stokes Raman scattering. Coherent Stokes Raman scattering will not be discussed

due to its poor applicability at the current state of the research.5’

SRG and SRL are interlinked as they occur at the same time in the SRS
process. SRS was first discovered in 1962 after the emergence of lasers.'%? In SRS,
two incident light beams at a pump frequency (wp) and a Stokes frequency (ws) are
used to drive a difference frequency (wa). When the delta frequency in wa = |ws - wp|
corresponds to a vibrational frequency of a molecular bond, the electronic state of a
molecule increases from a ground vibrational state to a virtual state and
subsequently drops into a higher vibrational state (Fig. 1.3a). Unlike spontaneous
Raman scattering, SRS does not result in a scattered emission. SRS is a dissipative
process which uses energy transfer between the propagating laser light fields and
the molecules. This results in an intensity reduction (SRL) of a pump and an intensity

11



increase in Stokes (SRG) during the coherent process if wa = |ws - wp| is true.>” The
pump gain and Stokes loss (Al) in intensity (I) are small enough (Al/l = 103 — 107)
that the signal can be lost in the noise and therefore, the detection process in an

SRS instrument must differ from other CRS techniques.>"103
1.2.2.4. Coherent anti-Stokes Raman scattering (CARS)

All CRS phenomena happen simultaneously and therefore, it is possible to
detect SRS and CARS simultaneously.?* As in SRS, two oncoming synchronised
pump and Stokes beams are used to induce a higher vibrational state with the
intermediate virtual state in a target molecular bond which results in a steady
molecular beating at a wa frequency. Unlike in SRS, a third beam (probe beam) is
then inelastically scattered by the wa with an anti-Stokes shift owing to the higher
vibrational state of a target molecular bond at a frequency was. Typically, the probe
beam vibrational frequency matches the pump laser frequency. Therefore, the
frequency of an inelastically scattered signal can be expressed as was = [2wp - Ws|
(Fig. 1.3b).
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Figure 1.3 Jablonski diagrams in coherent Raman scattering. a) In SRS, pump and
Stokes beams interact with a target molecule vibrational frequency to generate SRG or SRL.
b) In CARS, a four-wave mixing occurs, where a combination of 2 pump lasers, a Stokes
laser and a molecular bond vibration generates anti-Stokes inelastic light scattering. c) Four-
wave mixing interaction between the pump, Stokes, and anti-Stokes emission in the
nonlinear medium results in generation of non-resonant CARS background.
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The resonant CARS is however accompanied by a non-resonant CARS
background during which the two pump and a Stokes lasers interact with the
nonlinear optical medium instead of the vibrational bond (Fig. 1.3c). In fact, the
CARS intensity is a combination of three components. The first contributor is a
resonant component containing the total vibrational information of the sample. The
second component is the non-resonant CARS signal which is constant. Finally, a
mixing between a resonant and non-resonant CARS term, named as the heterodyne
term, causes a CARS-specific spectrum distortion in comparison with a ground-truth
Raman spectrum.'%* Therefore, complex data processing pipelines need to be in
place in order to obtain the Raman-like spectra.105-107

1.2.2.5. Hyperspectral and dual-Stokes SRS

Unlike spontaneous Raman scattering, SRS does not use grating and a single
wavelength continuous wave laser to obtain a Raman spectrum information. Instead,
SRS utilises 2 pulsed picosecond narrowband lasers,'%® which are very efficient in
obtaining single vibrational information (e.g., CHs stretch). To scan a part of the
Raman spectrum, wavelength tuning in picosecond lasers is used iteratively across a
spectrum. This is typically achieved by an optical parametric oscillator (OPO) which
can precisely tune the wavelength of one laser line by changing the precisely
temperature of the OPO crystal, whereas the second laser remains static. Using
picosecond lasers provides <10 cm bandwidth, but OPO tuning is relatively slow.°

Alternatively, femtosecond pulsed lasers can be applied in SRS. Femtosecond
lasers have inherently broad bandwidth accompanied by poor spectral resolution in
comparison with the picosecond systems. The spectral resolution can be however
improved by chirping and spectral focusing. The femtosecond pulses are short in
time and spectrally broad. During chirping, a dispersive glass material is placed in
the laser beam pathway, which causes broadening of the laser pulse spectral profile
in a temporal domain. Chirping allows the use of precise spectral tuning by
overlapping only a part of the vibrational frequencies of pump and Stokes beam,
whereas the remainder of the spectral profile is hastened or delayed. Spectral tuning
is then carried out by delaying the temporal overlap between the pump and Stokes
laser pulses by an extension of the length of the light path for one of the two

beams.!'? By avoiding laser tuning, the spectral information precision is improved.
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However, large laser powers are necessary since the chirping elongates a total pulse

energy along a temporal axis.

Additionally, SRS is accompanied by excess laser noise, which is difficult to
remove.'!! To address this issue, two spectrally separated Stokes beams were
implemented in some wavelength tuning*? and the spectral focusing setups!*3, for
on-resonance and off-resonance imaging. The off-resonance is then used as a
baseline subtraction. This setup enables live tracking with an improved SNR.!1?
Moreover, dual-Stokes systems can be applied to the simultaneous imaging of lipids
and proteins in living samples.’*® Dual-Stokes SRS microscopy has been used in
stimulated Raman histology (SRH), a technique which transforms Raman data into
H&E-like images.’* By the simultaneous acquisition of CHs and CH: stretch
vibrations a combination of protein and lipid images, can be acquired. By performing
an image subtraction (JCHs — CHz|), proteins in a sample are highlighted. When
overlayed, these images can be used to highlight cytoplasm and nuclei separately
without any additional markers or sample processing. By applying customised look-
up table (LUT) colour coded gradients, histologically relevant images, similar to H&E

stained images can be recreated.4117
1.2.2.6. SRS detection

SRS is highly forward-directional along a propagation vector of incident pump
and Stokes beams. Therefore, the SRL in a pump laser line is typically detected
using a photodiode (PD) in a transillumination setting, but epi-detection (i.e. the
same lens was used for illumination and signal collection) was applied in opaque or
large biological samples as well.?8

Owing to the very low signal intensity of the SRL, a modulation/demodulation
scheme!!! is applied, where the Stokes beam is modulated by an acousto-optic
modulator or an electro-optic modulator. The modulated signal is filtered after it
passed through a sample and then, only temporally separated trains of Stokes
pulses remain. As the SRS energy transfer occurs only when the Stokes pulses are
present, the SRL in the pump beam can be detected in a photodiode (Fig. 1.4). The
signal from a photodiode is transported to a lock-in amplifier filtering device, which
also collects a reference pump beam signal that does not pass through the
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microscope. In the lock in amplifier, the ratio between the reference pump intensity

and the pump with intensity loss are measured and denoised.
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Figure 1.4 Output pump and Stokes laser trains. The modulated and filtered Stokes pulse
train interacts with temporally overlapping pump, which in the presence of wa results in SRL
(Alp) in the Stokes-overlapping pump pulses.

1.2.3. Other nonlinear microscopy methods

SRS and CARS are optical methods, where a light is non-linearly inelastically
scattered. A non-linear optical response can be observed in light-matter interactions,
where photons at a high concentration in a very short temporal range coincide with a
probed molecule. Because the volume where the sample-light interaction occurs is
significantly reduced, a pinhole is unnecessary for signal bleeding from adjacent
planes since the majority of the material, where the laser beams propagate through,

is not interacting with light.
1.2.3.1. Two photon excitation fluorescence (2PEF)

Single photon fluorescence (SPEF) microscopy, where single photon excitation
results in a single photon blue-shifted emission, is a widely used method in
bioimaging. However, this method faces limitations in maximal imaging depth, which
is influenced by elastic scattering and absorption, and phototoxicity from the
continuous wave lasers, which illuminate and excite molecules across an entire
illumination volume (Fig. 1.5a).

In 2PEF, a fluorescent molecule is excited by two photons with a sum energy,
which elevates the molecules electronic state into an excited electronic state, from

where the energy follows the same pathway as in SPEF. Moreover, the effective
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excitation volume in a 2PEF process is less than 1fl,118 which significantly reduces
the phototoxic effect that can be otherwise observed in SPEF.'1° Additionally, 2PEF
microscopy improves the depth penetration limitation of SPEF microscopy to up to
1.6mm.*?° Therefore, 2PEF imaging became popular and the method of choice for
tissue imaging including live brain cortex imaging in murine brains.'?*123 2PEF and
three photon excitation fluorescence (3PEF) microscopy has also been applied to
the analysis of endogenous fluorescent species NAD(P)H and FAD in cell redox
experiments.®1:124125 Because NAD(P)H and FAD are excited by high energy
wavelengths (330 nm — 465 nm), 2PEF is preferential over SPEF owing to the lower
phototoxicity of the small excitation volume and the use of low energy

wavelengths.1?6
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Figure 1.5 Principles of 2PEF and SHG. a) The SPEF is likely to excite a large volume of
the illuminated sample, whereas an efficient 2PEF effect happens in less than a femtoliter
volume. b) In 2PEF, excitation of a fluorescent molecules has to be caused by two photons
(wex) With a sum energy, which transfers the electron from a ground to an excited state. After
non-radiative relaxation, anti-Stokes shifted fluorescence (wemi) is emitted. In SHG, two
photons with a frequency wi which reach a virtual state, where the photon energies are
combined into a photon with a frequency 2w.

1.2.3.2. Second and third harmonic generation (SHG, THG)

SHG and THG are nonlinear processes that involve a generation of new
frequencies of light through interaction light-matter interactions, which do not lead to
a molecule excitation and fluorescence. In SHG and THG, two or three photons of
the same energy are instantaneously annihilated in a nonlinear environment, which
in turn generates a new photon which retains exactly the sum energy of the incident

photons in SHG or THG, respectively (Fig. 1.5b).127:128 This process is free of energy
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transfer between a scattering molecule and the photons and thus significantly
reduces the phototoxic effect and the signal cannot be photobleached.

SHG is a process, which occurs exclusively in non-centrosymmetric structures,
such as collagen fibres®*12°, microtubules3® and myosin fibres'31132 in biological
matrices. THG occurs in the interfaces of the optical media with mismatching
refractive indices, whereas destructive interference occurs in a medium with a
homogeneous refractive index, which results in a signal absence.'?®133 This
technique is mostly used for the detection of water-lipid and water-protein interfaces

in biological samples, such as lipid droplets'34, cells'3® and extracellular structures34.

All of the above-mentioned nonlinear optical methods can be assembled into
multimodal systems in one instrument housing owing to their overlapping
requirements for signal generation, which allows the simultaneous collection of

harmonic, multi-photon fluorescence, and coherent Raman signals simultaneously.
34,114,136,137

1.3. Mass spectrometry

Mass spectrometry (MS) is an analytical technique which is used to separate
individual molecular constituents from a sample based on their mass and charge,
specifically, their mass-to-charge ratio (m/z), which is then recorded as a mass
spectrum. Since the introduction of mass spectrometry at the turn of the 20" century,
multiple MS methods have been developed.'®® The principle of mass spectrometry
can be divided into three conserved processes: |I) The mass spectrometer first
ionises the analyte sample by introducing a charge to the molecules in the analyte.
The gas phase ions, consisting of molecular ions, analyte adduct ions e.g. [M+Na]*,
[M+K]* in positive mode and [M-CI] in negative mode are then directed into a mass
analyser by a magnetic or electric field, 1I) where the molecular ions are then
separated based upon their molecular weight and charge-state. Ill) The separated
ions are then recorded as a signal using a detector, which are typically microchannel
plate detectors or electron multipliers.t3?140 Within this introduction, only “soft”

ionisation techniques applicable to mass spectrometry imaging will be described.
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1.3.1. lonisation techniques

The ionisation process occurs in an ion source in non-imaging MS instruments,
where a neutrally-charged analyte becomes a positively or negatively charged. The
ionisation of the analyte can be induced by high energy electron or proton particles.
In imaging MS instruments, this process occurs on or near the sample surface,
which is typically bombarded by charged particles or photons. lonisation techniques
are categorised as either hard or soft ionising techniques depending on the energy
which is used to ionise an analyte. High energy ionisation techniques cause
fragmentation of the analysed molecules and are regarded as hard ionisation
techniques. Soft ionising techniques do not typically induce fragmentation, they
include techniques such as Matrix Assisted Laser Desorption/ionisation (MALDI),
Surface-Assisted Laser Desorption/lonisation (SALDI), electrospray ionisation (ESI)
and Desorption electrospray ionisation (DESI).14! These latter techniques enable the

analyses of large, intact biomolecules.
1.3.1.1. Electrospray lonisation (ESI)

ESI is an ionisation technique which generates ions by the application of a high
voltage to a liquid containing the analyte streaming from a capillary, which is
vaporised into aerosol droplets. The analyte charge is likely generated through the
acid-base reaction with the solvent or the redox reaction with the metal capillary tip.
The liquid solvent is typically a volatile compound which increases the evaporation
rate.'#? The gradual evaporation eventually reaches a “critical point” known as the
Rayleigh limit. Past this limit, the repulsive Coulomb forces between same charged-
ions in a droplet result in Coulomb fission, which causes ions to separate from the
droplet. This process was dubbed multiple ion droplet separation. The direction of
aerosol and ion movement is determined by the capillary and mass analyser inlet

polarities and the electrochemical properties of the dissolved analyte. 143144

The need for an analytical capability in MS with the ability to measure extremely
low sample volumes (e.g. a single cell) was one of the driving forces to a develop
and apply nanoESI.145146 These techniques require ultra-fine capillaries and thus,
the emission capillaries in nanoESI have pulled tips with an outlet diameter of <5 pum,

and are used with a miniscule analyte flow in pl to nl/min.47.148
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1.3.1.2. Desorption electrospray ionisation (DESI)

DESI has been successfully used in MSI experiments in biological samples.4°
Due to the raster movement of the sample stage which is in close vicinity of the
solvent-spraying outlet and the MS inlet, DESI is an ideal technique for MS imaging
experiments. One of the main advantages of DESI is that it does not require

complicated sample preparation and it is conducted under atmospheric pressure!®®
154

A DESI ion source consists of a movable sample stage, a sprayer outlet, and a
mass spectrometer inlet. Similarly, to ESI, the outlet, is under high voltage and ejects
a flux of charged solvent droplets. On impact with the sample, a thin solvent layer is
created on the surface, where analyte extraction, desorption and ionisation of
analytes occurs. The driven flux and impact of primary droplets ejects secondary
droplets of charged solvent with the analyte droplets, which then undergo the

evaporation as briefly discussed earlier in the ESI section.'>°

The typical limit of spatial resolution of DESI is approximately 100-150 pm,49
although 35 pum resolution has been reported.'> The limitation arises from the
sampled region of the analyte, which is partially dissolved by the primary plume. To
address the issue of the limited spatial resolution, nanoDESI has been

developed.155156

The design of the ion source for nanoDESI differs slightly from that used in
DESI. The transfer solvent is sprayed closer towards the sample through a thin
capillary and the secondary droplets are collected with a second capillary. The
capillaries are positioned at a 30° angle to each other and very close to the sample
surface. A liquid bridge is formed between the two capillaries over the sample
surface.®"158 A spatial resolution of 7um has recently been achieved from a mouse
brain MSI study.%9

1.3.1.3. Matrix Assisted Laser Desorption lonisation (MALDI)

Since its introduction in the early 1980s, MALDI has become the most

commonly used ionisation techniques for MSI of biological samples due to its ability
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to ionise molecules across a wide range of molecular weight without their
fragmentation. 0161 The MALDI ion source introduces charge to the analytes
contained within a sample by using a matrix and laser energy under a vacuum. The

ions are then directed into the mass analyser inlet through an electric field.

A matrix is the corner stone of this method and is essential for the system
sensitivity by the co-crystallisation of the analyte with the matrix on the sample
surface and the subsequent ionisation energy mediation. The matrix is applied as a
saturated solution to the surface of the sample. The analytes are extracted from the
sample whilst the matrix is dissolved. As the solvent evaporates and dries, the matrix
and analytes co-crystalise. Analytes outside of the co-crystallised matrix-analyte
mixture are unlikely to be properly ionised in the MALDI process.6!

The matrix is typically a small acidic molecule which contains a conjugated
TT-system in aromatic rings, which enables photon absorption from the UV laser, and
a functional group for ionisation (e.g., COOH). The most commonly used matrices
are a-cyano-4-hydroxycinnamic acid (aCHCA) for positive mode MALDI MSI%¢?, and
dihydroxybenzoic acid for negative mode MALDI MSI.183 The selection of matrix and
the system polarity is determined by the properties of the analyte. MALDI mass
spectra using aCHCA and other small molecule matrices contain matrix-related
background ions which can in some cases hinder analyte detection due to an
overlap in the m/z. In addition to the monoisotopic matrix mass ion, various ion
adducts (Na*, K*, CI, ...), isotopes, matrix oligomers and fragment ions may also be
present. For successful MSI experiments, the matrix must be homogeneously
deposited onto the sample and generate the smallest crystal possible whilst at the
same time, extracting sufficient amount of analyte from the sample. The two most
commonly used methods of matrix application are automated spraying devices and
sublimation.64

The most frequently used matrix application device used by the MSI community
is the HTX TM-Sprayer. This automated spraying device nebulises the matrix in a
solution at a high temperature and then deposits it onto the sample directly beneath
the sprayer nozzle. The sprayer nozzle traverses above the sample at a constant
speed and a constant flow of matrix solution. The spraying process can be fine-tuned
by adjustments such as pressure, raster speed, nozzle temperature, and matrix flow

rate and concentration. Inappropriate settings can result in “matrix flooding” which
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causes analyte redistribution, otherwise known as delocalisation.'®® On the other
hand, an overly dry matrix application will limit the degree of analyte extraction from
the sample and result in low levels of analytes and poor sensitivity in the MSI
experiment. Furthermore, matrix selection and the matrix sprayer settings affect the
size of the matrix crystals after drying. Matrix crystal size is one of the main
limitations in achieving maximum spatial resolution (the others being laser pitch and
laser spot diameter).164.166,167

Alternatively, matrix sublimation, which is a solvent-free method can also be
used for matrix application.'%8 The sublimation approach is a two-step process, the
matrix in solvent is first heated (>100 °C) under vacuum, which results in matrix
sublimation. This is followed by desublimation, during which the system cools down
and the matrix is deposited as crystals onto the surface of a separately placed
sample. This technique has been demonstrated to produce matrix crystal sizes of
~1 um and below,%%170 which pushes MALDI technology into subcellular resolution.

The MALDI ionisation process occurs in an ion source, whereby a sample with
the analyte-matrix crystals on its surface is fired upon using a UV laser. This causes
a small-scale desorption of material from the sample surface. The desorbed plume
consists of ions and neutral species (Fig. 1.6). The thermal proton transfer theory
discusses the ion generation process.'’? In this model, the incident UV photons are
absorbed by the matrix molecules. The photon energy is translated into thermal
energy in the matrix molecules. A build-up of thermal energy occurs which results in
temporary crystal melting, where heat-induced chemical reactions occur. This is
immediately followed by sample desorption initiated by the excess of thermal energy.
Following desorption from the surface, the analyte-matrix molecules generate a high-
density plume of gas which expands and cools down rapidly in the evacuated MALDI
ion source.'”? It should be noted that the MALDI ionisation process is still a subject

of debate.
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Figure 1.6 The MALDI ionisation process. MALDI matrix, which is either mixed with a
sample or deposited on a sample surface is desorbed from a surface and partially ionised by
a fast repetition high power laser. The ions are directed towards the mass analyser in an
electric field.

Whilst matrix deposition can achieve sub-micron crystal sizes, the maximum
spatial resolution of a typical MALDI imaging experiment is between 5 pum and
15 um,*3175 and is governed by the diameter of the laser spot on the sample
surface. The sensitivity (or limits of detection) of the analyte is directly proportional to
the amount of desorbed material and therefore the sensitivity of the instrument
decreases with the decrease in laser spot diameter. MALDI-2-MSI is a recently
developed post-ionisation technique, which addresses this issue of sensitivity by
using a second UV laser pulse, which is focused across the desorbed plume of ions
and neutrals that are generated by the first UV laser impact. The second ionisation,

or post-ionisation, significantly increases the sensitivity of the experiment.

Another major advance in MALDI technology to address the spatial resolution
issue is known as transmission mode MALDI-2 The primary ionisation beam is
positioned in a transmissive configuration.t’® This approach, pioneered by the
Dreisewerd group, was capable of transmission mode MALDI-2 analysis of tissues

and cells with a spatial resolution of 600 nm.’’

Boskamp and Soltwisch have demonstrated that different classes of lipids in
lipid mixtures were more likely to be detected by MALDI at the cost of the rest of lipid
species in a sample.1’® This effect was appropriated to an ion suppression effect,
where molecular constituents in an ionised sample “compete” for the ionising energy.
This effect can lead to false-negative detection of analytes. Furthermore, intensities
of analytes cannot be directly correlated with analyte concentrations.”® Thus, MALDI
MSI cannot be a reliable quantification technique especially in tissues, such as brain,

where the ion suppression is known to generate significant differences between
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white and grey matter.’® However, the introduction of mimetic models®®18! of
analytes and the deposition of internal standards,”182 have considerably improved

guantitative measurements of analytes.
1.3.1.4. Surface-assisted laser desorption ionisation (SALDI)

It is essential that the material used for mounting the sample of interest is
conductive in order to generate a suitably polarised electric field, which directs the
flow of analysed ions into the mass analyser inlet.'8 Therefore, the ionisation
process of samples which are not on placed conductive substrates will not occur
efficiently and the ions will not be directed towards the mass analyser. Typically, the
electric circuit is closed by a steel plate onto which a sample is deposited in non-
imaging MS analyses. To achieve the same with glass slides, their surface has been
coated with indium-tin oxide (ITO). Alternatively for configurations which are not
compatible with ITO coated slides, conductive copper'® and graphene!®* adhesive
tapes can be employed.

Recently, Hamamatsu Photonics, Ltd. released a novel conductive desorption
ionisation approach known as Desorption lonization Using Through Hole Alumina
Membranes (DIUTHAME), which can be applied as a conductivity substitute.
DIUTHAME is a surface-assisted laser desorption/ionisation (SALDI) technique
substrate, which unlike MALDI does not require complex matrix application and
requires minimal sample preparation as the membrane is simply pressed onto the
sample mounted on a glass slide. Additionally, SALDI techniques are not plagued by
background ions originating from matrix molecules. DIUTHAME is an ultrathin
aluminium-platinum membrane consisting of small diameter pores (d = 200 nm),
which extract analytes in liquid phase from the sample by capillary forces on the
membrane surface. The analytes are then ablated by the MALDI UV laser from the
surface of the membrane.®>18 The DIUTHAME technique has been used in the
study of lipids in murine tissues.'®” In this study, MALDI outperformed DIUTHAME by
approximately 1 order of magnitude in sensitivity. This difference was likely due to
the lower extraction efficacy of the DIUTHAME compared to with the matrix
extraction process. Nevertheless, DIUTHAME MSI produced an improved image
contrast and signal homogeneity compared to MALDI.
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1.3.2. lon separation techniques

Time of flight (TOF) mass analysers are commonly used in MALDI MS Imaging
systems (Fig. 1.7). TOF mass analysers can separate ions at high speed at the
expense of spectral resolution, which is typically not precise enough to separate
isobaric species. However, their speed makes them favourable analysers in high-

throughput spectrometers!® and in clinical diagnostics applications.8°
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Figure 1.7 MALDI TOF schematic. lons are generated by high energy laser impact on a
sample plate in the ion source inside an evacuated sample ionisation chamber. From there,
ions are accelerated by an electric field into a TOF tube, where they are separated based on
their mass and charge, until they reach a detector which leads to mass spectra generation.
From Li et. al., 2022, Copyright Creative Commons CC BY NC ND 4.0.

Upon ionisation, the ions are directed into a high-voltage electric field, where
they are accelerated and passed into a TOF tube, which is free of a magnetic or
electric field. The travel time (t) and the velocity (v) of each ion in the TOF tube path
(d) is of quadratic inverse proportionality to the ion’s mass (m) and its potential
energy given by the ions charge (q) and the voltage (U) as shown in the equations
1.1 and 1.2, respectively.’®® MALDI is characteristic for its production of low-charged

ions mostly constituting of singly charged ions (q = 1; g = -1).1°! Because all ions are
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exposed to the same voltage, the only velocity differentiating factor between single-
charged ions is effectively their mass.

— |2qU
v= X Eq. 1.2

The mass resolving power of TOF analysers can be improved by increasing the
length of the flight path and by using an ion reflectron at the end of the TOF tube. A
reflectron comprises of a series of electrodes generating a constant electric field
gradient which reduces the kinetic energy spread and reflects the ions towards the
detector, which leads to an improved mass resolving power and mass accuracy.®?
Alternatively, TOF analysers can benefit from fragmentation studies desirable in
isobaric species separation, where the ions of interest are fragmented in either a
collision-, laser-induced dissociation, which uses either a gas or laser to fragment the
parent ions, which are then further separated in a second TOF tube.®? Alternatively,
a post-source decay coupled with a LIFT cell can be used (Section 3.6.1). The LIFT
method detects ions which were generated after the initial high-power ionisation in
MALDI. The LIFT unit separates fragmented ions in a user-selected mass window
from the remainder of the non-fragmented ions, which are then released into the

second TOF tube with an elevated potential energy.1%

Apart from TOF and other sector-based analysers, ions can also be analysed
by ion trapping in either magnetic or electric fields.

Fourier transform ion cyclotron resonance (FTICR) mass analysers use a
magnetic field to trap ions inside a cyclotron which consists of exciting plates and
detection plates forming a ring structure. The exciting plates transmit a radial electric
field which drives the ion oscillation, whereas the detection plates detect the ion
frequencies which are then transformed into a mass spectrum using the Fourier
transformation.%

Alternatively, Orbitrap analysers capture ions in an electrostatic field which is
generated by an oppositely-polarised spindle electrode (dubbed Kingdon trap),
around which the trapped ions orbit and move along the longitudinal axis. A second

electrode (Knight trap) is used to collect the frequency information, which is
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transformed with the Fourier function into a mass spectrum in the same manner as
the FTICR signal processing.1%

The sample analysis time is significantly prolonged for FTICR in comparison
with TOF analysis, however, the mass resolution and accuracy of FTICR and
Orbitrap allows direct separation of isobaric species. At m/z 200, mass resolution of
Orbitrap was found to surpass the mass resolution of TOF instruments four-fold. The
FTICR analyser was found to exceed the maximum resolution of TOF analysers by
fifteen-fold at m/z 400.1°7

1.4. Complex in vitro models (CIVMS)

The success rate for drug approval is notoriously poor and the price of
developing a single drug can reach beyond 2 billions of US dollars'®® over the span
of 10 to 15 years. The steep financial and time costs associated with a drug research
and development mean that a reduction in a drug attrition rate (removal of a
therapeutic compound from a drug development pipeline) is increasingly sought-after
to improve the success rate and the number of new therapeutics reaching patients
sooner.1%

It has been projected that the implementation of CIVM, such as the organ-on-
chip technology, may reduce the cost of bringing a new drug to the market by 10 % —
26 %.2%° The CIVM technology was designed with a purpose to substitute the use of
animal models that have been an inseparable cornerstone of the drug development
pipeline to fulfil ethical and legal obligations of pharmaceutical companies to
evaluate the safety and efficacy of a new drug prior to dosing in humans during
clinical trials.?°* However, there are instances where the results obtained are not
representative of the human body.?? 2D cell cultures, where the cells are grown on a
glass slide in a monolayer and minimal structural complexity provide easy access
including access for imaging, but at the same time, the low structural complexity falls
short of representing the in situ phenotype in highly structured and complex tissues.
Thus, the development of alternative approaches using human-relevant samples,
such as CIVMs, are an encouraging area of exploration. Albeit animals studies may
still be necessary e.g., toxicology studies, the implementation of CIVMs into the drug
development process will likely lead to a big reduction in the number of animals

needed, which is very advantageous from an ethical viewpoint. This has been also
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reflected by the FDA Modernization Act 2.0, which refutes the original requirement
from the 20" century, which required mandatory animal testing for every new drug

on the market and opened the possibility.2%3

The simplest transformation of a 2D cell culture into a 3D is growing cell in
spheroids — self-assembled circular aggregates of cells.?** The advantage of growing
cells in a spheroid over a 2D culture is the closer representation of physiological cell
shape and a prevalence of cell-to-cell contact instead of the cell-glass surface
contact.?®> Monocultures and cocultures can further create a tissue-relevant
physiological microenvironment inside the spheroid. The core of large spheroids are
often consisted of dead cells due to a an insufficient exchange of nutrients and
metabolites in the hypoxic spheroid centre.?°® Spheroids have been applied to
cancer research?®’ since the necrotic core is a characteristic shared with many solid
tumours, caused by a poor vascularisation.?°® However, spheroids are prone to grow
in heterogeneous shapes and sizes and therefore a pre-selection of samples is

necessary to obtain reproducible data.?%®

Organoids are a type of self-assembling cell aggregates, which are often
derived from stem cells.?'® Unlike spheroids, organoids are more complex in
structure and cell heterogeneity, which enables the organoid to mimic the
physiological function of a full organ. At the same time, the complexity of
organogenesis in organoids gives rise to strong heterogeneities in the final
morphology and function between samples caused by the stochastic self-
organisation of cells and pose a difficulty to reach reproducibility between organoid

replicates.?!!

The organ-on-chip models are highly ordered anatomically and physiologically
human-relevant systems, which are used to mimic the environment in the human
body. Organs-on-chip typically consist of scaffolds which are used to grow human-
like cell heterocultures in a physiologically relevant environment. The scaffolds
provide mechanical “cues” which support cells and determine their shape, orientation
and localisation in the sample, which in turn improves the reproducibility,?'? unlike in
the self-assembled spheroids and organoids. Organ-on-chips are often connected to
flow systems, which mimic the flow of nutrients and metabolites to maintain

microphysiological conditions. The organ-on-chip systems can be further
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interconnected in modular CIVM configurations, where multiple model organs can be
cross-connected for up to several weeks.?13:214

The most scrutinised organ in drug development is the liver since it plays a
crucial role in drug metabolism. 2> Additionally, these tissue models were a subject
to liver diseases, such as type B hepatitis?'® and the non-alcoholic steatohepatitis?’.
Majority of cell in liver are hepatocytes from ~60 %, followed by Kupffer cells
(=15 %).218, which are also the cell types commonly used in liver-on-chip systems.
Kupffer cell is a liver tissue-specific macrophage, which is necessary for pathogen
response and for injury and liver repair.?® The scaffolds in liver-on-chip CIVMs
typically consist of flat, hard polymer with perforations, wherein the cells are seeded
and grown.

Although this configuration allows single photon excitation fluorescence
confocal microscopy of the sample surface and the upper layers of cells grown in the
scaffold pores, the majority of the cells in a sample are not accessible with a
standard confocal microscope due to the light scattering caused by the adjacent
layers of cells and the polymer scaffold. Label-free imaging using SHG, THG or
Raman spectromicroscopy is likely to be limited, albeit the use of multiphoton system
could improve the depth penetration.

The high complexity of organ-on-chip samples requires an attention to scaffold
design, which allows for a desired analytical technigue and circumvents the
inaccessibility of cells in a sample, e.g. liquid chromatography-MS,?'” and viability
assays??® and spontaneous Raman scattering micro-spectroscopy.??* To date, a
MALDI MSI method which would allow a direct analysis of cells grown in an organ-
on-chip system is not a common practice and instead, 3D cell and tissue samples
are removed from chips and then imaged.??2223 This is mostly due to a lack of
conductivity necessary for MALDI ionisation. However, Jo et. al. reported a
successful application of MALDI MSI in visualisation of peptide release in neuronal

cells grown on chip with the use of a conductive substrate.??*
1.5. Physicochemical properties of small analytes

Pharmacokinetics, drug localisation and drug dynamics in living systems are

significantly influenced by the physicochemical properties of the drug molecule.
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Understanding and optimising physicochemical properties required for the drug
uptake is cornerstone to success in drug development, and plays an important role in
reducing the attrition rate of drug candidates.??®

One of the first set of parameters for consideration are known as the “Lipinski
Rule of 5".2?6 This states, that the likelihood of sufficient drug solubility and
permeability for successful absorption is increased if the drug has < 5 H-bond
donors, mass of < 500 Da, <10 H-bond acceptors, and a partition coefficient LogP
< 5. Butler et. al. proposed a developability classification system (DCS) an optimised
categorisation framework of drug candidates based on factors limiting oral
absorption. This system categorised drug candidates into 4 quadrants based on their
“poor” and “good” solubility and permeability properties. Successful drug candidates
were expected to populate the good solubility and permeability quadrant, and
partially the poor solubility/good permeability quadrant.??” The DCS serves as a tool
for the identification of formulation strategies to improve poor absorption of drug
candidates.

More physicochemical properties, such as lipid binding and protein binding
were discovered to play an important role in in drug localisation, and dosing.??®
Analyte solubility and permeability were found to be a significant factors in analyte
extraction in MALDI MSI experiments, during which the likelihood of extraction is
closely linked with the relative matrix and analyte solubility.??® Although some of
these physical properties (e.g., oil-H20 partition coefficient) can be predicted in
silico,?30 the physicochemical information about a drug candidate is obtained through
routine experiments, which are conducted on 25 000 samples per year at GSK.??®

The effect of physicochemical properties in MALDI imaging has not been
extensively studied although some where partially explored. For instance, the
relative solubilities of an analyte and a MALDI matrix were proposed to affect the
ionisation efficiency of an analyte, which was potentially a result of analyte-matrix
segregation.??® The permeability of analytes was explored in the relationship to the
permeation of cell membranes in MALDI MS.?3! However, these physicochemical
properties were not yet explored in terms of the interaction between an analyte and
tissues during the MALDI matrix tissue extraction process. Similarly, the correlation
between the protein and lipid affinity of an analyte during the analyte extraction has
not been explored either. Furthermore, the protein affinity to tissues and lipids can
result in increased propensity of an analyte drug to bind specifically and non-
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specifically to tissues,?®? which is likely to alter the efficiency of analyte extraction

from tissues.
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2. Aims

The aim of this project was to develop a translation method which would allow
imaging analyses of a single biological sample using MALDI MSI and SRS
microscopy. DESI was considered as a more suitable approach, which would
simplify the sample preparation development. This route was abandoned due to
travel and off-site work restrictions caused by Covid-19 pandemic and the Covid-19-
linked working governance at GSK. Therefore, MALDI was used to assess the only
in-house available MSI instruments with the aim to introduce novel protocols for
SRS-to-MALDI translation studies. MALDI was benchmarked in biological material of
increasing complexity ranging from cell cultures to tissues. In addition, the detection
sensitivity of small molecule drugs was assessed based on a technique-comparative
MALDI and SRS study in correlation with physicochemical properties, which were
likely to influence the drug localisation and any imaging system-specific drug

detection capability.

In Chapter 4, test compounds with specific chemical structures, which were
favourable for detection with MALDI and SRS, and known physicochemical
properties — solubility, permeability, lipophilicity, and protein affinity — were detected
in series of increasingly complex biological matrices. The acquired data was
discussed in context with the physicochemical properties.

In Chapter 5, the incompatibilities present in a sequential analysis of a single
sample between MALDI MSI and SRS microscopy were identified and removed by
the application of a modified, published and commercially available, matrix-free
method, which enabled SRS-to-MSI analyses. This method was evaluated in tissues

and cell cultures in comparison with the standard MALDI analysis.

In Chapter 6, the capability of hyperspectral SRS Leica system was applied in
Raman-based cell classification in formalin-fixed cell heterocultures in liver-on-chip
CIVM scaffolds. SRS, confocal and light sheet fluorescence microscopy were also
applied in a CIVM sample characterisation and an investigation of best procedures
for an optical analysis of the CIVM sample. The CIVMs were imaged using MALDI
MSI and the modified MSI protocol applied in the SRS-to-MSI experiments in
Chapter 5.
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In Chapter 7, heart tri-culture grown on glass slides was applied to examine
and classify individual cells by hyperspectral SRS and SHG using multiple machine

learning techniques.
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3. Materials and methods

The human biological samples were sourced ethically, and their research use
was in accord with the terms of the informed consents under an IRB/IEC approved

protocol.

All animal studies were ethically reviewed and carried out in accordance with
the Animals (Scientific Procedures) Act 1986 and the GSK Policy on the Care,

Welfare and Treatment of Animals.

3.1. Caell culture

4 % paraformaldehyde (PFA)-fixed primary hepatocyte and Kupffer cells co-
culture in complex in vitro model scaffolds were obtained from CN Bio in a

phosphate buffered saline(PBS) solution.

Human primary iCell Cardiomyocytes and Endothelial Cells were sourced from
Cellular Dynamics International, USA. Cardiac fibroblasts were purchased from
PromoCell, UK. Cells were cultured in appropriate growth media by an internal
collaborator. Cell samples were supplied formalin-fixed on cover glass for

microscopy analyses.

Cryopreserved SW480, Calu-3 and Caco-2 cell lines used in the experiments in
Chapters 4, 5 and 7 were obtained from American Type Culture Collection (ATCC).
Cells were grown in T-25 cell culture flasks, in an incubator at 37 °C in a 5 % CO2
atmosphere. Adherent cells were cultured in a high glucose Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with GlutaMAX™ (Gibco, UK) and with
10 % (v/v) foetal bovine serum (FBS) (Gibco, UK). All work was conducted in a
biosafety level 2 (BSL2) cabinet.

Cells were passaged every 3 — 5 days after reaching approximately 70 % —
80 % confluency as determined with a brightfield microscope. During the cell
passage, cells were washed with phosphate buffer saline (PBS) solution and then
incubated with 2ml of TrypLE (Gibco, UK) to detach the cells from the flask bottom
surface (5 — 10 min) in 37 °C. In a BSL2 cabinet, the cell suspension was mixed with

3 ml of fresh incubation medium in a sterile 15 ml Falcon tube and centrifuged at
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200xG for 5 min at a room temperature. In a safety cabinet, the supernatant was
discarded, and the cell pellet was resuspended in 2 ml of fresh culture media. 80 %
of the cell suspension was discarded. The suspension was refilled with fresh culture

media to a total volume of 6 ml and transferred into a T-25 flask.

Where necessary, cells were counted in suspension using a Countess Il cell
counter (Thermo Scientific, UK). 10 pl of cells in suspension were mixed with 10 pl of
trypan Blue (0.4 %). The mixture was pipetted on a Countess™ cell counting
chamber slide and inserted into the imaging slot of the cell counter which provided

the concentrations of live and dead cells within the chamber.
3.1.1. Preparation of imaging slides of cell samples

For sufficient cell adhesion and proliferation for the MALDI MSI experiments,
conductive Intellislides (Bruker Daltonics, UK) required a poly-D-lysine (PDL; Fisher
Scientific, UK) surface treatment. Cell cultures also required wells to avoid sample
drying. Therefore, silicone isolators (Fisher Scientific, UK) with 9 mm-wide hollow
centres were adhered to Intellislides to form wells. These were then sterilised by
ethanol submersion for 15 min before drying in a BSL2 cabinet. Slides were handled
in sterile petri dishes to avoid contamination. After drying, the wells were filled and
incubated with ~20 pl of poly-D-lysine at room temperature. After 1 h, the slide wells
were washed with sterile H20 and left to dry.

For microscopy experiments, 0.17 mm-thick square glass cover slips were
adhered to Invitrogen™ Secure-Seal™ spacers or silicone isolators, depending on
whether the samples were planned for SRS only or SRS-to-SALDI experiments,
respectively. Slides with spacers were sterilised by washing in ethanol for 15 min.

Cover glass was handled in sterile 6-well culture plates.

For non-imaging MALDI MS experiments, cells were grown in 12-well Falcon

cell culture plates (Fisher Scientific, UK).
3.1.2. API treatment of cells

Cells were seeded into wells at a ~10 % density for microscopy and SALDI

analyses and at ~30 % density for MALDI analyses in fresh DMEM solution
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(GlutaMAX, 10 % FBS). After 2 days, methanol dissolved GSK4, GSK4x and GSK90
were mixed with fresh incubation medium to final concentrations of 0, 25, 50, 100
and 200 pM whilst maintaining the API concentration <2 % v/v. The old DMEM was
replaced by the API-spiked DMEM and incubated for up to 2 h (37 °C, 5% COx).
Samples were 1x washed with PBS and then processed depending upon the

subsequent analysis.
3.1.3. Cell sample processing

Microscopy samples were fixed with 10 % neutral-buffered formalin (Sigma,
UK) for 12 min and washed 3x with PBS. Cells on cover glass with gaskets were

then sealed with a second 0.17 mm-thick cover glass in a PBS solution.

Samples for MALDI MSI were fixed by a sample submersion in a chilled 70 %
ethanol (-20 °C) for 12 min. Samples were washed with ammonium phosphate
(10 mM) and dried.

MALDI MS cell samples were detached from the well bottom with TrypLE and
centrifuged (400 G, 4 min). The supernatant was removed and the live cells in pellets

were frozen and stored in a -80 °C freezer until use.
3.2. Mimetic model preparation

Mimetic models are serial dilutions of spiked APIs into tissue homogenates
which are used to determine the limit of detection (LOD) with MALDI MS and with
SRS. The homogenates were prepared from either mouse brain or liver tissue from
control animals (undisclosed mouse strain) taken from unrelated studies. The
mimetic model sample preparation was modified from the protocol devised by Barry

et. al.2

Frozen tissues (-80 °C) were thawed and cut into small pieces and placed into
Precellys lysing tubes (VWR, UK) containing magnetic beads and homogenised in
an MP Fast Prep 24 (MP Biomedicals, USA) at 1600 RPM for 3x30 s. The brain and
liver tissue homogenates were separated from the beads by adhering the beads to a

vial lid using magnets on top of a vial cap followed by low-speed centrifugation
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(400xG, 8 min). The resulting homogenates were divided into 1 g aliquots and added
to new lysing vials and frozen (-80 °C).

The APIs used for homogenate spiking were dissolved in HPLC-grade
methanol. Brain and liver homogenate aliquots were mixed with the APIs into 0 —
500 pg/g (APl/tissue) and a v/v concentration below 2 %. API-spiked homogenates
were mixed using magnetic beads and MP Fast Prep 24 at 1600 RPM for 30 s.
Samples were kept on ice to minimise any potential APl metabolism. Homogenates
were separated from the beads by centrifugation at (400xG, 8 min) and stored at
-80 °C.

The mould for the mimetic model cylinders was prepared by cutting off the end
of a plastic 6 ml syringe barrel. The plunger stem was cut off and pushed inside the
bottom of the tube to create a sealed mould. The mould was submerged into a dry
ice-chilled ethanol bath. Using a positive displacement pipette tip, ~300 pl of blank
tissue homogenate was pipetted into the bottom of the mould. Once the layer was
solid, a similar volume of the remaining spiked homogenates were stacked on top of
each other at an increasing API concentration. ~1-2 min pause in between stacks
was necessary for the homogenate to solidify. Mimetic models were stored at -80 °C
overnight and then pushed out of the moulds for cryosectioning.

3.3. Cryosectioning

Mouse brain and liver tissues were received snap-frozen and were stored at -
80°C. Working on dry ice, whole organs and organ mimetic models were mounted
onto cryostat sectioning chucks using 1% w/v solution carboxymethylcellulose
(Merck, UK).

In clean plastic moulds, CIVM liver-on-chip scaffolds were placed on the bottom
with the cell rich side facing the plastic. A 10 % hydroxypropyl methacrylate (HPMA)
aqueous solution was poured over the scaffold. The mould was frozen in a dry ice-
chilled ethanol bath. Afterwards, the mould was removed, and the sample was fixed
on a cryostat chuck with 1 % carboxymethylcellulose. Samples were then placed in

the Leica CM3050S cryostat (Leica Biosystems, UK) with the sample temperature
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set to -18 °C and the chamber temperature set to -19 °C. Cryosections were cut at
thicknesses varying between 6 — 100 um depending upon the application.

In most samples, an anti-roll glass was used to ensure samples landed flat onto
the sampling stage. Glass slides, cover glass squares or Intellislides depending upon
the application were carefully placed on top of the sections to adhere, a process
known as thaw-mounting. To maximise adherence via the thaw-mounting procedure
finger or the palm of the hand was pressed on the underside of the glass slide.
Samples were then dried in ambient conditions on a benchtop prior to further
processing for an MSI or an SRS analysis.

Alternatively, CryoJane adhesive tapes (FisherScientific, UK) were used to
support and transfer the 6um complex in vitro model (CIVM) cryosection during the
MALDI MSI sample preparation procedure. The adhesive tape prevented scaffolds
from curling which otherwise occurred during cryosectioning. A tape was adhered to
the sectioned face of the sample of interest. After a layer of a sample was
cryosectioned, the tape and the cryosection were attached to an Intellislide and
thawed. After thawing, the Intellislide was quickly frozen again with a Frostbite freeze
spray (Leica Biosystems, UK) to strongly bond the slide to the sample, whilst the
CryoJane tape was pulled off, leaving the sample to dry on an Intellislide.

3.4. DIUTHAME application

In thin (<30 um) tissue sample SALDI experiments, standard imaging
DIUTHAME (Hamamatsu Photonics, UK) substrates were used. The protective sheet
of plastic was removed from the adhesive at the bottom of the membrane frame
using tweezers. For tissue experiments, the DIUTHAME was attached to a cold
imaging slide with sample already thaw-mounted. In cell experiments, DIUTHAME
was attached at room temperature to the wet, live sample.

In thick (230 um) CIVM scaffold analysis, a blotting DIUTHAME membrane was
applied. The DIUTHAME was placed on a dust-free, clean surface upside down
(adhesive side up). The still wet scaffold was carefully laid on the DIUTHAME
membrane with cell-rich side facing towards the membrane, followed by an
Intellislide. Without sealing the DIUTHAME frame to the Intellislide, the scaffold was
turned upside-down. The scaffold was then gently pressed against the Intellislide.

After drying, the scaffold was sprayed with the TFA solvent (Table 3.1).
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CryoJane cryosectioning adhesive tapes were used again to ensure the
scaffolds remained flat during the sectioning and sample transfer onto a slide. The
advantage of using DIUTHAME over MALDI matrix was that the conductive surface
was moved above the sample and therefore, the tape did not have to be separated
from the sample as it would not interfere with the current transfer. A scaffold in a
HPMA block was mounted on a cryosectioning chuck. The tape was attached to the

sample surface and a cryosection was made below the tape. After sectioning the

sample on the tape, it was transferred onto an Intellislide and sandwiched and thaw-
mounted with the DIUTHAME membrane (Fig. 3.1).

Figure 3.1 CIVM tape transfer onto an Intellislide. A scaffold in a HPMA block was
mounted on a cryosectioning chuck (1). The tape was attached to the sample surface (2)
and a cryosection was made below the tape. Afterwards, the samples on tapes were
transferred onto an Intellislide and sandwiched with a DIUTHAME membrane, and thaw-
mounted (4-6).

3.5. Matrix and solvent deposition
The matrix used for all MALDI experiments was a-Cyano-4-hydrocycinnamic
acid (aCHCA,; Bruker Daltonics, Germany) dissolved in 0.2 % (v/v) trifluoracetic acid

(TFA) in 70 % methanol (aq) at a 7 mg/ml concentration. 0.2 % TFA in 70 %

methanol (aq) was also used in SALDI experiments.

For the analysis of API standards and cell suspensions on a target plate by
MALDI MS and MS/MS, a “sandwich method” was used. For this method, 1 ul of
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matrix was first spotted onto the MALDI target plate and dried. Then 1 pl of the
selected sample was added to the dried matrix spot and also allowed to dry, before

adding another 1pl of matrix and allowing to dry.

For tissue samples mounted on glass slides (Intellislides) matrix was sprayed
using the TM-Sprayer (HTX Technologies, USA). The spray nozzle of the sprayer
was set at a distance of 40 mm from the sample plate. Other conditions used for

sample spraying are shown in Table 3.1.

MALDI samples were sprayed with aCHCA matrix directly, while SALDI

samples were first mounted to a DIUTHAME and then sprayed with a TFA solution.

o _ Solvent XY Gas # of
Application Solution Temp.
flow speed pressure passes
_ 0.12 1200 _
Tissues aCHCA 75 °C ) ) 10 psi 8
ml/min mm/min
CIVM 0.12 1350 _ 4(20s
_ TFA 65 °C _ _ 10 psi _
and tissues ml/min mm/min drying)
aCHCA 0.09 1200 _
Cells 65 °C _ _ 10 psi 4
or TFA ml/min mm/min

Table 3.1 TM Sprayer matrix/solvent deposition settings.

3.6. Mass spectrometry

All MALDI and SALDI data were acquired using the Bruker ultrafleXtreme
TOF/TOF mass spectrometer (Bruker Daltonics, UK) equipped with a Smartbeam-II
Nd:YAG laser at 355 nm wavelength. The instrument was controlled with the
flexControl software v 3.4 (Bruker Daltonics, UK), which was also used for single
point spectral acquisition. Mass spectrometry imaging experiments were defined and

acquired using the fleximaging software v 5.0 (Bruker Daltonics, UK).
3.6.1. Mass spectra acquisition

Single point TOF spectra were acquired with a mass range of 100 — 1500 m/z
(100 — 1700 m/z in an instrument calibration). The laser attenuator was set to 25 —
50% in MALDI and 50 — 90% in SALDI experiments. The laser fired 2000 shots with
a fire rate of 2 kHz in MALDI and 1 kHz in SALDI with a random walk spot analysis.
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The Smartbeam laser diameter was set to “large.” The digitiser was set to a high
resolution 5 GS/s setting. The ion sources 1 and 2 were set to 25 kV and 22.57 kV,
respectively. The lens was set to 7 kV and the reflectors 1 and 2 were set to
26.45 kV and 13.42 kV.

Each experiment was preceded by a system calibration using a peptide/aCHCA

mixture with mass peaks shown in Table 3.2. Maximum error tolerance was set to

500ppm.
aCHCA [M+H]* 190.050 m/z | Angiotensin | [M+H]* 1296.685 m/z
aCHCA [2M+H]* 379.092 m/z | Substance P [M+H]* 1347.735 m/z
Angiotensin Il [M+H]* 1046.542 m/z Bombesin [M]* 1619.822 m/z

Table 3.2 Calibration standard exact mass peaks for positive mode MALDI MS.

A pseudo-MS/MS approach, known as LIFT mode, was used to generate
fragment spectra of analytes using the MALDI method. Single spot LIFT analysis
was conducted in positive mode, where the analytes were ionised and fragmented
through an application of high intensity laser during a laser induced dissociation
(LID) process. In the first TOF, parent and fragment molecules reached a precursor
ion selector (PCIS) unit at the same time. The PCIS unit filtered out all other ions
travelling at different speeds. The precursor and fragment ions were further
accelerated in the LIFT unit. Parent masses were manually input based on
previously measured MS spectra of the analytes and with a 0.45 % PCIS window
range. The laser attenuator was set to 50 % in parent mode. The laser was set to
92 % in fragment mode. The ion sources 1 and 2 were set to 7.5 and 6.65 kV,
respectively. A lens voltage was set to 3.9 kV. Reflectors 1 and 2 were set to 29.5 kV
and 14 kV, respectively. The LIFT 1 and 2 units were set to 19 kV and 3.8 kV,
respectively. The minimum detected mass was set to 40Da, and the maximum was
variable based on the analyte molecular weight. The detector gain was set to
2991 V, and the digitizer was set to 0.63 GS/s.

Single point spectral data were saved in proprietary Bruker filetypes
folder/filetypes “.d.” Spectra were visualised and compared in flexAnalysis v 3.4

(Bruker Daltonics, UK) and exported in mzXML format.
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3.6.2. Mass spectrometry imaging

In the fleximaging GUI, sample positions were registered using brightfield
images of samples on MALDI slides generated on the Reflecta scanner with the
TissueScout image acquisition software (Bruker Daltonics, UK). The number of
spectral datapoints per raster spot was reduced to a preset 8000 and automated
spectral baseline subtraction was applied. Scan areas were manually selected, and
the raster step size was set to 25 — 250 um. The spot sampling was set to random

walk with a diameter limit set to less than or equal to the raster step size.

Mimetic models were imaged using the MALDI LIFT method, with 200 shots per
spot were fired at a 200 um step size. The SALDI and MALDI imaging of tissue
sections was done with 25 — 500 pum raster size and 500 shots per spot.

Data was not normalised for mimetic models and tissues in Chapter 4. The MSI
data shown in Chapters 5 and 6 was normalised to the total ion current (TIC), which
scaled individual spectra to a relative abundance of all detected ions in a given
spectrum/acquisition. Single ion images were generated through setting up mass
filter along the spectral axis (e.g., m/z 184) with an m/z + 0.2 mass range which
highlighted the spatial distribution of this mass with a false-coloured heat map
intensity scaling. Overall spectra or ROI spectra were extracted into.csv files. Further
baseline subtraction (if necessary) and peak picking was done using the scikit.signal
Python toolkit.34

3.6.3. Peak picking in MS spectra

A baseline of mass spectra was determined using the Savitzky-Golay filter?®,
After spectrum baseline subtraction, peaks were selected by introducing a sample-

unique peak prominence lower limit to remove the noise.
3.7. Spontaneous Raman spectroscopy

A JY Horiba LabRAM ARAMIS Confocal Raman Microscope (HORIBA UK) was
used for Raman spectral acquisition from a single point in the sample. The

microscope was equipped with 633 nm HeNe and 785 nm diode continuous lasers
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and a charge-coupled device (CCD) detector. A diffraction grating with 600
grooves/mm density was used. The spectrum range was set to 500 — 3500 cm2.
Pure APIs as solids were analysed on a glass slide using a short working distance
dry 50% objective lens. GSK4x spectra were acquired using 300 mW (100 %) laser
power for the 785 nm laser with a delay of 15 s and 5 accumulations. GSK90 Raman
spectrum was acquired with a 633 nm laser at a 17 mW (100 %) power and a 3 s
delay for 15 accumulations. GSK4 spectra were acquired in the laboratory of Prof
Andreas Zumbusch at the University of Konstanz using the MonoVista CRS Raman
System equipped with 488 nm, 633 nm, and 785 nm continuous wave lasers in a
back reflection configuration with variable grating and an Andor CCD camera
DU420A-OE.

3.8. Lightsheet microscopy

Lightsheet Microscopy was performed on a Zeiss Light Sheet Z.1 at the Cardiff
University Bioimaging Hub Core Facility (RRID:SCR_022556) with the support of
Professor Peter Watson.

3.8.1. Sample preparation

PFA-fixed CIVM of liver tissue treated with MALAT1 ASO were examined with a
light sheet microscope. MALAT1 is a long noncoding RNA localised in cell nuclei.?3®
ASO and GalNAc ASO were delivered to cells carrier-free. Control samples were
treated only with the ASO solvent — H20.

CIVM scaffolds (GalNAc-ASO-A488-treated, 1h timepoint) were not treated with
membrane penetrating reagents since no internal labelling was necessary. Samples
were washed in PBS and incubated with Cell Mask 647 (dilution 1:500),
Concanavalin A 571 nm (dilution 1:500) and Hoechst 33342 (dilution 1:5000) for 1 h.
Afterwards, scaffolds were thoroughly washed with PBS and prepared for loading

into the microscope sample holder.

CN Bio liver-on-chip scaffolds were cut into thin strips to fit into the appropriate
glass capillaries used in the Lightsheet sample holder. 1.5 % v/v low melting point

agarose was preheated in a microwave and kept in a heated H20 bath to avoid
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agarose solidification. A glass capillary with a plunger and pipette tips were kept on a
hot plate (>50 °C). With a preheated pipette tip, agarose was transferred on a hot
plate, where it was aspirated with a glass capillary. A pore-free scaffold strip end was
submerged in agarose in a capillary, whilst keeping the pore side of the scaffold
outside the agarose. After agarose solidification, PBS was aspirated into the capillary
to prevent sample drying.

The Imaging chamber of the Lightsheet Z.1 instrument was filled with PBS.
Glass capillaries were placed into a sample holder secured with appropriate gaskets.
The sample, attached to a column of solid agar was pushed out of the glass capillary
to reduce light scatter from the glass interface.

3.8.2. Microscope imaging settings

Images were acquired with the Zeiss Light Sheet Z.1 using a W Plan-
Apochromat 20x/1.0 Corr objective lens, immersed in PBS for detection.
Fluorescence labels used in fluorescence microscopy are captured in Table 3.3.
405/488/561/640 nm laser blocking filters were applied. The lightsheet thickness was
set to 4 — 6.6 um. Imaging data were processed and flattened into maximum

intensity projection in Arivis.

o Emission
o Excitation ]
Fluorescent dye Dilution maximum
laser
wavelength
Hoechst 33342 (Invitrogen, UK) 1:5000 405 nm 461 nm
ASO Alexa Fluor 488 - 488 nm 520 nm
Cell Mask Deep Red
) ) 1:500 638 nm 572 nm
(Life Technologies, UK)
Concanavalin A tetramethyl rhodamine
1:500 561 nm 580 nm

(Invitrogen, UK)

Table 3.3 Fluorescent dyes, emission maximum wavelengths and excitation laser
wavelengths used in the microscope.

3.9. Stimulated Raman scattering microscopy

A SP8 TCS CARS/SRS confocal microscope system (Leica Microsystems, UK)
was coupled with the picoEmerald picosecond laser source (APE, Germany) and
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controlled by the LAS X software. The laser source output consisted of two beams —
a fixed Stokes beam (Aswokes) at 1031.2 nm and a tuneable pump beam (Apump) at
740 nm — 940 nm (3816 cm? — 940 cm?), which coherently drove molecular
vibrations at a wavenumber (wvib) corresponding the vibrational frequencies of the
pump and Stokes lasers. The relationship between wavelength and wavenumber is

explained by equation 3.1.
1 1

Wiy = 107 X ( Eqg. 3.1.

lpump AStokes

25x Fluotar VISIR (0.9 NA) and 40x HC PL IRAPO (1.1 NA) H20 immersion
objective lenses were preferred because of their flat transmittance in the near
infrared and infrared region of the light spectrum. Because the Raman signal was
sharing the direction of pump and Stokes laser propagation, the SRS signal was
collected in trans-illumination settings with a condenser lens. To collect maximal
possible signal, a condenser with a numerical aperture (NA) higher than the NA of an
objective lens was necessary. Therefore, the 1.4 NA oil immersion condenser S1
(Leica Microsystems, UK) with a ~1.1mm working distance was used. Additionally, a
second harmonic generation (SHG) signal was collected in the epi-direction.

The output SRS signal is weak relative to the vibration-driving beams and
therefore the UHFLI lock-in amplifier (Zurich Instruments, Switzerland) was coupled
with the forward photodiode detector (PD) and the reference detector in the
picoEmerald to extract the measured pump loss signal from the collected bulk signal.
The time constant in the lock-in control GUI was set to 50 % of the pixel dwell time
shown in the LAS X GUI. This ensured the signal sampling period of the lock-in did
not overlap with acquisition with adjacent pixels, as the failure to do this would
otherwise cause signal line artifacts in the images. Frame averaging was used in fast
scans (>200 Hz) to further improve the SNR in the SRS channel. The hyperspectral

images were also denoised in the downstream image processing (Chapter 3.10.2.3).

The system was used to generate single SRS vibrational images (XY) at
838 nm (2235 cm), 791 nm (2945 cm?) and 796 nm (2866 cm™) which correspond
to the C=C, CHs and CHz vibrational bands.

The overarching settings for the collection of hyperspectral data cubes (XYA)

were summarised in Table 3.4.

44



Wavelength Wavenumber Pixel dwell time  Time constant

Region ! ' 1
g (nm) (cm 1) Step size (cm ) (us) (us)
CSR 832 - 845 2123 - 2322 78 5.2 2.6
CHR 780-801 2781 - 3058 ' 2.88 1.44

Power attenuator (%)
Detector Pump power Stokes power

gain (V) (mW) (mW) Pure compound Tissues Cells
50 - 200 5-70 50 - 100 70 - 100
150 300
120 £ 25 5-50 25-50 35-60

Table 3.4 Hyperspectral SRS microscope acquisition settings.

Saturation of pixels would cause inaccurate results in downstream analyses
and therefore was avoided in the hyperspectral data acquisition. However, a strong
signal to noise ratio (SNR) was necessary to reach a sufficient dynamic range in the
8-bit pixel depth which would highlight nuanced differences in different cellular
compartments for example. Finally, the pulsed laser power in SRS caused sample
burning at high intensities. Therefore, a compromise between these three factors

was necessary.

Polystyrene in H20 was used as an imaging standard during the SRS system
state assessment through a CH region SRS acquisition with settings shown in Table
3.4.

IObjectlve XYZ size Spectral Scan speed Frame
ens range averages
25x% 256x256x41 780-800 nm 400 Hz 3
Pixel Time Laser SRS PD

dwell time  constant attenuator gain

2.88 us 1.45 ps 25 04 50 V

Table 3.5 Polystyrene standard sample SRS acquisition settings.
3.10.SRS data processing

SRS data were accompanied by sample non-related artifacts, which consisted
of line scan artifacts, XYZ focus and sample drift and noise contribution in the
images. the source of the artefact line pattern was identified in the picoEmerald laser

source and resolved by an instrument engineer in the last 9 months of the project.
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Before this was fixed, due to time constraints, the analysis was conducted regardless
of the image artefact. These artefacts were limiting the efficiency of data analysis so
to minimise the impact of these artefacts the following additional processing methods

were employed.

3.10.1. FFT line scan artifact removal

The Leica TCS SP8 SRS system often produced images with a repetitive
diagonal line scan pattern in the SRS channel. These were clearly visible in the
homogeneous polystyrene droplet samples (Fig. 3.1a). The scan line patterns were
reduced by frame averaging (3 — 12 frames) in single wavelength images.
Alternatively, Fourier fast transform (FFT) could be used to remove the line
patterning. In Fiji ImageJ, images were transformed into a 2D spatial frequency
domain (Fig 3.1b) where the repetitive artifacts were found in high intensity line
shapes. Through manual removal of these horizontal and vertical lines and by using
the reversed FFT function, a pattern-free image was recovered (Fig. 3.1c) with a
corrected FFT domain image, where the deleted lines appeared dark (Fig. 3.1d). The
line pattern was removed from the majority of the image, however a small area at
sides of the image and in the corners remained patterned. The incomplete removal
was likely a result of a dynamic change in pattern frequency in scan region corners
which was attributed to a gradual change in the speed of the scanning galvo mirrors
as it reached the edge of the scanned area. A more thorough removal in the FFT

domain would increase the efficiency of FFT-based image correction.
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Figure 3.2 FFT line scan removal. a) Polystyrene droplet imaged with a single scan at a
Apump = 791 nm (2945 cm?) resulted in periodically repeating lines. b) FFT 2D translation
was used to highlight repetitive motives in an image. A majority of the image was
smoothed (c) by removing 10 bright vertical and horizontal lines (d), now dark. Scale bar
=50 pm.

3.10.2.  XYZ drift correction of hyperspectral SRS images

Drift in XYZ directions was prevalently observed in CIVM scaffold samples, but
also in tissues and cells. The drift was likely a result of sample heating from the
laser. Therefore, samples were first pre-heated by exposure of sample to the laser
for 2 min which decreased the rate of sample movement. Then, the Correct 3D drift
plugin in Fiji ImageJ was applied.?3” SHG channel, which captured autofluorescence,
fluorescence and non-centrosymmetric interfaces, was used instead of the SRS
channel, because unlike in the hSRS, the SHG signal distribution was stable
throughout a scan. This tool was especially effective in hyperspectral Z-stacks which

were generated in the highly drift-prone CIVM scaffolds.
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3.10.3.  SVD denoising of hyperspectral SRS data

Singular value decomposition (SVD) is a matrix factorisation tool which was
used to remove noise components whilst preserving chemically relevant components
in the hyperspectral images. The acquired hSRS matrix X was decomposed into U,
2, and VT matrices, where U and a transposed VT were orthogonal matrices and 2

was a diagonal matrix as shown in equation 3.2.
X=uzyT Eqg. 3.2.

Standardly, the processed matrix is arranged into m? x n, where m represents
the number of spatial pixels in the X and Y directions, and n represents the number
of spectral points. The U matrix is arranged into sequence of hierarchical m2 XY
components of the matrix X. The hierarchy orders the singular vectors with
decreasing magnitude based on their ability to describe the variance in the columns
of X. Eigenvectors of VT are arranged hierarchically to describe the individual
spectral n components of the X matrix. 2 consists of hierarchically ordered,
diagonally arranged, non-negative singular, and decreasing values o stretching over

an m?2 x n-shaped matrix (Eq. 3.3.).
(m? xn) = (m? xm?) x (m? xn) X (n Xn) Eq. 3.3.

The standard SVD approach is highly demanding on computer memory. The
HIA and the uses an “economic” version of the SVD to decrease the computing
memory load. The HIA reshapes the matrix X as nxm? to describe a new basis for
the spectra. U is nxn and describes the new basis for the spectra. 2 is a nxn is a
thresholded diagonal matrix and contains the eigen values. and VT is nxm? and

describes the spatial distribution of the components (Eq. 3.4)
(m?xn) =ULVT = (nxn) x (nxn) X (nxm?) Eq. 3.4.

The first eigenvectors of U and VT and the first o singular values of 2 described
the most significant components of X matrix. The increasing index of the elements
on the diagonal of 2 represented components (o') with a decreasing significance.
Noise was a dominant component of high o' and therefore, a replacement of these

singular values with 0 was used to clip the orthogonal matrices and remove the noise
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components. In the Hyperspectral Image Analysis software (HIA), the clipped o was
manually selected based on the single o component reconstructed images (i.e., the
columns of VT). Alternatively, an optimal hard threshold method?® which
automatically determined the cut-off o was used in a Python-based fast non-
negative matrix factorisation (NMF) data processing pipeline which was developed
for this project and also used the economic SVD version. The new 2 was used to

calculate the matrix X using the Equation 3.4.
3.10.4. LAS Xtile stitching.

Tiles were acquired with 10% — 20% overlap. Mosaic merging in LAS X was set
to “Smooth,” where the intensity of overlapping pixels is weighted based on the
distance between a pixel and the tile image centre leading to smooth transition

between tiles.
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3.11.Data analysis of hSRS

3.11.1. NMF-based component separation with sklearn

Non-negative matrix factorisation (NMF) is a dimension reduction method which
finds two non-negative matrices (H,W > 0) whose product approximates the matrix X
by locally optimising the distance between X and the product of W and H
summarised in equation 3.5. 23 W matrix contains new spectral basis vectors which
are used to approximate the original matrix X. Whereas, H matrix contained weights
which in combination with W components were used to approximate columns of X.240
In NMF, components are superimposed in additive manner without subtracting.
Therefore, well-constrained models can produce reality representable model

interpretations.
X ~WH Eqg. 3.5.

The sklearn.decomposition.NMF234 function was used with a random initiation
parameter. The NMF can be improved by regularisation which also prevents
potential overfitting. The L1 _ratio regularisation method, which promotes solution
where small subsets of factors have significant non-zero values which aids the
interpretability of the data. The L1 _ratio was set to 0. The best observed matrix
convergence was found when the regularisation terms were multiplied by the aW set
to 0.0001 and the aH set to 1 and the total number of components was equal to 6.
The a regularisation terms controlled the sparsity (components density) of the
factorisation by influencing a penalising constraint of a magnitude of close-to-zero

components in W and H matrices.
3.11.1.1. Factorisation into susceptibilities and concentrations
of chemical components (FSC?3)

FSC? is an unsupervised NMF algorithm, which was written by Francsesco
Masia at Cardiff University, factorises hyperspectral data into non-negative absolute
concentrations and spectra with the possibility to introduce a normalization of the H

and W matrices (i.e., to minimise the deviation of 1 of the sum concentration) or

introduce a weight to the data using the weighted algorithm.1%¢ The combination of all
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chemical components per pixel was set to one and therefore chemical component

absolute concentration can be determined.1%6

FSC? analyses were performed on SVD-denoised SRS hyperspectral data in
the HIA software. A total of 6 components was selected using a spatial correlation
constraint, which applied a Gaussian filter of 1 pixel to the data and the matrix H,
which avoided very large deviation and produced images where adjacent pixels had
correlation to mimic the effect of limited spatial resolution of the microscope
objective. An adjustment of weighing was used to reduce the noise dominated local
signal deviations to uncover small localised chemical components. The weighing
was controlled by a, o’ and y parameters and a constraint %7 were set to 0.5, 0.5 and

1, respectively.

3.11.2. Cell type classification with SRS spectra using

machine learning

3.11.2.1. Internal standard normalisation of hSRS data

The normalisation was introduced to reduce the effect of the laser power
fluctuation which occurred during the SRS data acquisition. Hyperspectral SRS data
was first drift-corrected and denoised with SVD. H20 SRS spectra were used as an
internal standard for cross-sample spectral normalisation. Voxels in cell cytoplasm
and reference extracellular H20 were transferred into separate matrices by manually
selecting the ROIs. Each ROI matrix was subsequently averaged into a single
spectrum. H20 ROI matrices were averaged per image into single image spectra,
which were further averaged with the remaining H20 image spectra into a total H20
mean spectrum. H20 image spectra were individually divided by the total H20
average mean, which produced correction matrices. Corrected cell sample spectra
were a result of a cytoplasm ROI matrices multiplication by the correction matrices

which corresponded to the appropriate hSRS images.

51



3.11.2.2. PCA analysis of SRS spectra

Sample spectra were scaled using the MinMax scaler (Eg. 3.6.) in the scikit
Python package.??* Scaling to minimum and maximum values was used since no

outliers were expected in averaged data, H20-normalised data.

X—Xmin
Xscaled = W Eq. 3.6.
Scaled sample spectra in an array were analysed using the principal
component analysis (PCA). PCA searches for a maximum variance of all features in
an original matrix by generating a covariance matrix, where eigenvectors and
eigenvalues correspond to principal components (PCs) and weights, respectively.
Both weights and principal components are ordered hierarchically, where the first

PCs and values explain the largest covariance in the original matrix.?4

PCA dimensionality reduction was executed with the
sklearn.decomposition.PCA Python function from scikit-learn.?®* Resulting PCs were
examined in pairs in 2D plots. Moreover, scoring and loadings matrices were
visualised in colour-coded heatmaps. Scoring matrix was used to examine the
weight of individual PCs in the samples and features matrix was used to examine the

relationship between features (wavenumber data points) and PCs.
3.11.2.3. K-means

K-means is a clustering algorithm which is applied in dataset separation into
clusters of similar data points. This algorithm was used as means to automatically
separate the PCA-processed data. The K-means algorithm generates given number
of centroids, K at random positions. The datapoints are assigned to their closest
centroid based on their Euclidean distance. The centroid is iteratively moved closer
to a cluster centre based on the mean of all the data assigned to each centroid, until
the distance between a centroid and the sum of assigned datapoints reaches a

stable minimum.242

The algorithm of scikit learn sklearn.cluster. Kmeans?3* was adopted in this

analysis. The number of K clusters was set to a number of sample types (e.g., 2 in
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cell heterocultures). The init parameter was set to k-means-++ which ensured
random and distant initial localisation of K clusters. The number or initialisation was
set to 4, where the analysis reached convergence, i.e., the last two iterations

resulted in the same cluster centroid positions and further iterations had no impact.

3.11.2.4. Random forest classifier

Random forest was used as a classification instead of clustering. Random
forest is a combinatory extension of decision trees, where outputs from all trees are
averaged” with the aim to generate a model which predicts values of future variables
through the learning of decisions based on preset splitting criterions. 243 Decision
tree consists of decision nodes with a condition resulting in further decision nodes or
leaf (end) nodes. The splitting criterion at each node was set to Gini impurity, which
measured the probability of a feature mislabelling, if it were labelled randomly.?4* The
number of decision nodes was not limited. The number of maximum features was
constrained to a square root of total feature number. Furthermore, model
bootstrapping, which ensured the individual trees were trained on different data
combinations, which reduced sensitivity to the original dataset and the correlation
between individual tree structures. The number of decision trees in the random forest
machine learning model equalled the number of features in the dataset. The random
forest classification precision was evaluated in a confusion matrix. The data analysis
was conducted with the sklearn.ensemble.RandomForestClassifier.?** The train/test
separation was set to 30%/60% of the dataset. To improve the robustness of the
analysis, the random forest was initialised 100x with random selection of train and
test datasets.

" The original Breiman publication implemented random forest with a voting system instead of
averaging.
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4. |dentification of samples suitable for SRS-MALDI

translation method development

4.1. Introduction

SRS microscopy and MALDI MSI are both complementary powerful tools in the
field of label-free imaging. SRS is used to probe the vibrational properties of a
sample, whereas MALDI is applied in measuring the exact masses of individual
molecules in a sample. Both methods generate hyperspectral images which provide
complex information about the molecular state of unperturbed samples. However,
both analytical methods have specific sample requirements which are incompatible
with a sample preparation process of the other method and also dictate properties of
suitable analytes. The combination of SRS and MALDI can be used to create precise
SRH-generated H&E images from a tissue section used directly for MALDI.
Moreover, the combination of SRS and MALDI can be exploited to generate high
resolution images of lipid distribution in a sample accompanied by precise chemical
identification of individual lipids.

Therefore, a toolbox of analytes which were likely to be detected in both SRS
and MALDI had to be first assembled and explored with both techniques in terms of
limit of detection (LOD) using both modalities. At the same time, physicochemical
properties of the compounds were cross-examined with the aim to find properties
that could be used to predict the probability of detection in either system or a drug

localisation in a sample.

SRS detects Raman-active molecular bond vibrations in biological samples.
However, detection of chemical bonds specific to an endogenous analyte in
mammalian biological samples is not possible due to an abundance of other
endogenous molecules with the same molecular bonds. Typically, vibrational
properties of molecules in biological systems manifest in the Raman spectrum in the
fingerprint region and CH region which are separated by the cell silent region. The
cell silent spectral region is devoid of Raman signal in common biological samples
and thus can be exploited by an introduction of molecular bonds active in this region.

In order to shift the vibrational frequencies into cell silent region, hydrogen atoms in
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C-H bonds can be substituted by deuterium atoms creating C-D bonds. Alternatively,
target molecules can be chemically modified with alkynes and nitriles.%?

There are many drug molecules in the internal GSK database, however most
were not suitable for this study owing to the absence of cell silent region-active
molecular bonds necessary for Raman analyses or due to their physicochemical
properties, which were considered inapplicable in MALDI analyses. Therefore, the
sample database was refined to small molecules with deuterium atoms, alkyne, and
nitrile bonds. Remaining compounds were then filtered manually according to their
projected susceptibility to ionise in positively charged MALDI MS based on the
distribution of functional groups containing nitrogen and oxygen atoms with focus on
variable chemical structure. The molecular weight of tool compounds ranged
between 100 Da — 800 Da.

In the test compounds given in Fig. 4.1 hydrogens were substituted with
deuterium in various functional groups. The deuterium was introduced to the phenol
group of GSK1/D4-paracetamol a common analgesic and antipyretic with an
inhibitory effect of cyclooxygenases 1 and 2, which produce prostaglandins (Fig.
4.1a).>*> The H atoms in the aliphatic chain of GSK2/D7-human cytomegalovirus
(HCMV) DNA synthesis inhibitor maribavir were replaced by deuterium (Fig.4.1b).”®
HCMV is a herpesvirus which causes lifelong infection in humans and is present in
~60 — 90 % of the worldwide population. The disease is kept in check in healthy
individual, however the virus can replicate to high levels in patients with
compromised immune systems after stem cell and organ transplant and lead to
serious organ diseases.?#%24’ Maribavir competitively inhibits adenosine triphosphate
binding site of a UL97 Ser/Thr kinase, which prevents viral DNA replication and
encapsidation.?*® GSK4/D8-H2 histamine receptor inhibitor (Fig. 4.1c) and
GSK10/dopamine D3 receptor antagonist (Fig. 4.1e) were deuterated in the pyrrolic
saturated heterocycle and in the sulphide aliphatic chain, respectively. Highly
selective H2 receptor inhibitors are used in the treatment of acid-peptic diseases,
such as peptic ulcers. The inhibitors act on gastric parietal cells, which are the
producers of gastric acids.?*® GSK10 was a drug candidate developed with the
outlook of treatment of substance abuse and addiction by targeting the D3 receptor

in the central nervous system.?>° Furthermore, alkynes or nitriles conjugated through
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delocalised electrons of connected p-orbitals to aromatic ring, dienes and diyene will
generate enhanced Raman signal in the cell silent region.81.84 GSK4 (Fig. 4.1c) and
deuterium-free GSK4x (Fig. 4.1d) are H2 histamine receptor inhibitors that contain
C=C bonds conjugated to the aromatic ring. The alkyne bond in GSK90/ponatinib is
linking the conjugated system of imidazopyridazine and benzamide (Fig. 4.1f).
Ponatinib was developed to inhibit the activity of overexpressed receptor tyrosine
kinases by steric inhibition of ATP substrate binding mediated by the ethenyl triple
bond in the inhibitor structure, which overcomes the T315|] mutation in ~25 % of

patients suffering with chronic myeloid leukaemia.?>!
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Figure 4.1 Molecular structures of test compounds. a) GSK1 is deuterated in the phenol
substructure. b) GSK2 is a weak base with a deuteration in the aliphatic chain and with two
Cl atoms which generate a specific ion pattern in a mass spectrum. GSK4 (c) is a D8-H2
histamine receptor inhibitor with alkyne bond and a benzene ring in a conjugated system and
8 deuterium atoms on the pyrrole ring. (d) GSK4x is non- deuterated. (e) GSK10 is a D6-
dopamine D3 antagonist with deuterium atoms in the sulphide aliphatic chain and (f)
GSK90/ponatinib contains alkyne in a conjugated system with two heterocycles.
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As discussed in the introductory chapter, physicochemical properties dictate the
interactions and dynamics between drugs and a biological system.??6 The
mechanisms behind the effect of physicochemical properties on the ability to detect
the drugs by MALDI MS and by SRS in biological matrices ranging from tissues to
individual cells was investigated. The drugs in the GSK repository were often already
analysed in terms of their physicochemical properties. A DCS table??” was populated
with selected tool compounds based on their permeability and solubility data
generated in house. The DCS table separates the drugs into four categorical
guadrants — good solvent + good permeability; good solvent + poor permeability;
poor solvent + good permeability; poor solvent + poor permeability (Fig. 4.2 a). The
featured drugs — GSK1, GSK2, GSK4, GSK10 and GSK90 were distributed across
two of the quadrants. The exact experimental measurements were shown in
Appendix 1. Samples which exhibited very low solubility and permeability were
excluded from this study because they were not successfully dissolved in MALDI-
applicable solvents.

Lipid and plasma protein affinity of each compound was obtained from
immobilised artificial membrane (IAM) and human serum albumin binding (HSA),
respectively.??® Similarly, to DCS, the tool compounds were plotted based on their
lipid and protein affinity measured by IAM assay and HSA binding assay,
respectively. Among the featured drugs, GSK2, GSK10 and GSK90 exhibited strong
affinity to HSA and furthermore, GSK90 exhibited strong lipophilicity. Whereas GSK1
and GSK2 exhibited low affinity to both lipids and HSA.

The stocks of GSK4 became unavailable during the course of the experiments.
GSK4x was used as an alternative instead of removing the GSK4 data all together.
This decision was based on the expectation of minimal impact of deuteration on

molecule chemistry and interactions with the biological environment.
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Figure 4.2 DCS and binding of tool compounds. a) DCS table segments small molecules
into 4 quadrats (dashed lines) based on an evaluation of their solubility and permeability
physicochemical properties. Solubility data show the concentration of analyte dissolved from
DMSO into an aqueous phase. Permeability reflects the ability of an analyte to pass through
membranes. Historically, the permeability scale has been reversed to show best permeable
drugs on a left side of a plot. Dashed area highlights most desirable physicochemical
properties in drug development pipeline. b) Test compounds were visualised based on the
percentage of analyte immobilised in HSA protein and on an IAM, which represented lipid
binding.

The objectives of this chapter was to identify small analyte molecules suitable
for cross-analysis between MALDI and SRS in biological matrices and attempt to find
physicochemical properties which could be used to predict the applicability of

individual small molecules in cells and tissues. These objectives were explored by:

e SRS and MALDI instruments were examined for their capacity to detect
analyte molecules.

e For this purpose, a following set of increasingly complex biological
matrices was developed: chemical solvent, a tissue (homogenate)

section analyte deposition, mimetic models, and a cell culture.
4.2. MALDI MS of pure test compounds

Detection feasibility of test compounds in MALDI MS, was evaluated using a
set of increasingly complex biological matrices. Firstly, to assess the detection
feasibility/ionisation efficacy, pure compounds mixed with aCHCA matrix in methanol

were analysed in positive reflection mode using the UltrafleXtreme 1l TOF.
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Acquired mass spectra contain information on the molecular mass of analyte
ions which reached the MS detector (Fig. 4.3). Only the molecular ions [M+H]* were
in scope of this study. Samples with matrix alone were used as a control. Serial
dilutions at 100 pg/ml, 10 pg/ml, and 1 pg/ml for each of the selected test
compounds were all successfully ionised. Matrix ions did not overlap with any of the
ions derived from the tool compounds. A noise baseline (o) was calculated for each
mass spectrum by averaging all intensity values in the mass spectrum and the LOD
was set to be 5x above the noise baseline (SNR = 5) in these single spot analyses.
At m/z 156.1, GSK1 was detected with ~ 3500 counts at the highest concentration. A
large drop-off in ion intensity and SNRs <15 (Appendix 2) were observed for the 10
pg/ml and 1 pg/ml concentration samples. A comparable ion count was detected in
the GSK2 samples at the expected m/z 384.2. However, an m/z 383.2 ion was
detected with stronger intensity. The 3% 3’Cl isotope pattern at m/z 383.2 and m/z
385.2 suggested the high intensity ions contained the Cl atoms as well. Thus, the 1
Da lower m/z value could have been attributed to a deuterium loss or inefficient
deuteriation — a D3-GSK2 variant. GSK4 and GSK10 ions were detected at m/z
451.3 and m/z 488.3, respectively. GSK4 and GSK10 showed additional losses from
expected m/z of -1, -2, -3, -4 and -5, which was possibly caused by an incomplete
deuteration or an absence of deuteration. Moreover, the overall ion intensity of GSK4
and GSK10 surpassed GSK1 and GSK2 by 1 order of magnitude. The intensity
difference was attributed to the ratio between amino-groups and oxygenated
functional groups. The non-deuterated GSK90 has a high nitrogen-to-oxygen ratio
and exhibited higher ion count in comparison with the remaining analytes) apart from
the lowest drug concentration, which exhibited very low signal (SNR = 3). Owing to
this loss of signal and an observation of additional peaks with losses of m/z -1 and -
4, an instability of the structure during the ionisation process or alternative synthesis

products were considered.

Matrix ions did not overlap with most of the compounds in the tool set and
therefore MS experiments were sufficient for pure sample analysis. However, an
overlap between an analyte ion and a biological matrix ion was highly probable due
to an increased likelihood of isobaric molecular species, which share the same
nominal mass, but their composition differs. Molecular fragments deriving from

various isobaric species in a biological environment are likely to differ in their
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molecular weight and therefore ion fragmentation or MS/MS was applied. In the
UltrafleXtreme Il instrument, a LIFT unit was employed.
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Figure 4.3 MALDI mass spectra of featured tool compounds. Spectral windows focusing on
GSK1, GSK2, GSK4, GSK10 and GSK90 in tool compound analytes samples at 100 pg/ml, 10 pg/ml,
and 1 pg/ml concentrations and pure matrix samples (0 pg/ml) show no overlap between analyte and
matrix ion. Red triangles point to [M+H]* ions. The noise (o) for the SNR was calculated based on the
average intensity value of all points in a mass spectrum.
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In LIFT mode, the ions were first resolved in TOF-1 and subsequently deflected
by a timed selector. Only the pre-selected ions (precursor ions) passed through the
selector into a LIFT cell with >20 kV potential energy added to the fragment ions.

From there, ions were focussed through TOF-2 and eventually into the detector.%*

As per instrument default settings, the mass window was set to m/z +4 to cover
the entire ion isotope pattern. Generated MS/MS (fragment) spectra showed the
“fingerprint” pattern of the analyte as well as the manually computed chemical
structure of the fragments (Fig. 4.4). GSK1 MS/MS experiment generated only one
fragment ion which was successfully annotated with a corresponding structure at m/z
113.2. Other possible fragments were not detected. Fragmentation of GSK2 sample
resulted in four distinctive peaks. Only one of the peaks was successfully assigned
to a molecule fragment. The two m/z 180 and m/z 200 distinctive ions were attributed
to aCHCA matrix. The matrix peaks (m/z 173.6, m/z 191.8) were detected as a result
of the mass window including both the parent GSK2 ion at m/z 384.2 and the matrix
isotopes at m/z 380.1 and m/z 381.1 (Fig. 4.3). A single molecular fragment of GSK4
was successfully attributed to an ion peak at m/z 243.9. GSK10 generated two large
bands of ion peaks at m/z 239.1 and m/z 293.0, respectively. The surrounding peaks
at m/z -1- -4 position were plausibly fragment ions of non-deuterated synthesis
products. Three distinct fragmentation structures were attributed to the MS/MS
fragment ion peaks of GSK90 at m/z 101.0, m/z 259.0 and m/z 433.2. The extracted
MS/MS spectra for each tool compound were used as reference for all future MS/MS
studies to distinguish between the exogenous drug and the endogenous

components.

The majority of the tool compounds that were either not detected or detected
with poor SNR (<5) in positive MS in their pure form were acids or were difficult to
dissolve.
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Figure 4.4 MS/MS spectra of featured tool compounds. Fragmentation spectra and their
respective chemical structures of GSK1, GSK2, GSK4, GSK10 and GSK90, respectively. Black
arrows connect the highest ion peaks with the corresponding chemical structure. Asterisks denote
matrix spectra.
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4.3. MALDI MS of tool compounds in tissues

In comparison to the analysis of pure drug mixed with matrix, the ionisation
efficiency of test compounds was expected to decrease when the drug was spotted
onto tissue or spiked into homogenised tissue. Moreover, some molecules are prone
to sequester the ionising energy from the UV laser to a greater extent than the
analyte during the ion suppression effect, which is particularly prevalent in the
presence of lipids.?>? The affinity of tool compounds towards proteins and lipids in
tissues and their solubility and permeability can also affect the ionisation efficiency
most likely through the matrix co-crystallisation process.?°32%* Furthermore, when
sprayed on tissue samples, the matrix is less abundant in volume than with 1:1 (v/v)
mixing with the analyte during the pure sample analysis; and therefore, the matrix
extraction efficiency of an analyte becomes crucial. To understand how tissue
affected the ultimate ion yield of an analyte and whether analytes with different
physicochemical properties had different ionisation efficiency, MALDI LIFT analysis
was repeated in tissues in an MSI experiment, where the test compounds were
deposited in the form of spots or homogenised in the tissues. Brain and liver
samples were used to investigate how a lipid-rich brain environment and a liver
environment with relatively low concentration of lipids differ in terms of ion yield using

multiple tool compounds.

Firstly, a spot analysis on a tissue cryosection surface was conducted to
determine whether the tool compounds ionised comparably. Samples were
generated by a manual deposition of single 1 ul droplets of H2O and 1 pl droplets of
tool compound diluted in methanol in serial dilutions (1 mg — 1 pg) on 12 um-thick rat
liver and mouse brain cryosections on a MALDI slide. Deposition of H20 prior to
analyte deposition prevented analyte dispersion. An off-tissue control spot of pure
drug (100 pg/ml) was used to generate a tissue-free reference spectrum repeating
the same procedure. The matrix was applied by a HTX TM-Sprayer to reach a
homogeneous matrix distribution.

GSK1 ionised comparably in both tissues at high concentrations, but it was not
detected in the lowest concentration of either tissue (Fig. 4.5a). This finding alone
would suggest that the low permeability and low lipid binding properties of GSK1

resulted in poor ionisation of a low concentration GSK1 in liver and brain. However,
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based on the pure analysis which showed a poor ionisation for GSK1, it was
concluded that the GSK1 analyte ionised poorly overall in the mass spectrometer
(Fig. 4.3) and the signal in tissues was masked by a tissue-derived noise.

Like GSK1, GSK2 had low permeability properties, but the pure MS analysis
showed stronger ionisation at low analyte concentrations (Fig. 4.3), which is likely
the reason GSK2 was detected at a 1 pg/ml concentration in either tissue sample,
although near the LOD (Fig. 4.5). The LOD in MSI LIFT experiments was set to 2x
the intensity of a solvent-only spot. GSK2 surpassed GSK1 in this LOD experiment,
likely owing to the enhanced ionisation properties of GSK2. Interestingly, the MS/MS
image of GSK2 100 pug/ml spot in brain section displays lower ion intensity in
contrast with the corresponding liver section spot. Such difference may be attributed
to increased lipid binding of GSK2. The lipid and protein affinity of GSK1 and GSK2
was the only notable difference in the four discussed physicochemical properties
assessed for these compounds (Fig. 4.2). Potentially, GSK1 dispersed further into
the tissue section and thus diluted the analyte concentration immediately available
for the matrix extraction.

Both GSK4 and GSK10 were detected across all investigated concentrations in
rat liver tissue sections. GSK4 was detected at similar intensities in liver and brain
(Fig. 4.5¢). In contrast with GSK2, measured permeability and protein binding
properties of GSK 4 were lower, suggesting a potential correlation between these
chemical properties and their ionisation efficacy across tissues. The signal intensity
of GSK10 fragment ions surpassed GSK4 by one order of magnitude (Fig. 4.5d).
Counter intuitively, while both compounds exhibited similar affinity to lipids, GSK10
ionised poorly in brain when compared to GSK4. However, the increased
permeability of GSK10 over GSK4 was potentially the reason for the poor detection
of GSK10 in brain tissues. Additionally, the SNR of GSK10 suggested that the
GSK10 fragment ion (m/z 243.9) was enhanced in tissues, which was contradictory
to the ion intensity map in brain tissues. Moreover, the control spot showed GSK10
SNR was ~10x stronger than SNR of other analytes. This was possibly caused by a
signal contribution from tissue-intrinsic ions. These findings suggests that ion yield in
small molecules cannot be predicted solely on lipid binding properties, but rather by
a combination of factors. Moreover, due to the mass spectrum interference in

tissues, GSK10 was not further examined.
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Figure 4.5 MALDI MS/MS of tool compounds spotted on tissues. Widefield images
depict tissue sections after analyte spotting. MS/MS images visualise the spatial distribution
and signal intensity of analyte fragments on and off tissue at multiple drug concentrations.
Left two columns and right two columns represent rat liver and mouse brain data,
respectively. Rows a, b, ¢, d correspond to GSK1 (m/z 113.21 + 0.2), GSK2 (m/z 251.0 +
0.2), GSK4 (m/z 251.3 £ 0.2) and GSK10 (m/z 243.9 % 0.2) fragments, respectively. Scale
bar =5 mm. e) Average SNR per each drug spot was tabularised.
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Understanding the interaction of small molecules with tissues based on the
physicochemical properties is beneficial to MALDI MSI since an ion yield of an
analyte is susceptible to fluctuations. These fluctuations in ion yield-arise from the
heterogeneous distribution of lipids and other endogenous species across the tissue,
potentially resulting in the ion suppression effect®>®> and spatial availability of
analytes, which possibly impacted the previous MALDI results. Indeed, based on the
analyte spot position on the tissue, the data in the mouse brain (Fig. 4.5b,c) showed
no discrepancies between the white and grey matter in terms of an analyte intensity.
Intensity discrepancies in MALDI MSI were already reported to be caused by the ion
suppression effect.80

The heterogeneous information extracted from analytes spotted on a tissue
surface yields an insight into the relationship between tissue structures and
ionisation efficiency. However, the use heterogeneous tissue may lead to false
observations or absence of analytes in tissues and their imprecise quantification.
Therefore, the tissues were homogenised using a bead homogeniser in order to
reduce the effect of tissue variability. Moreover, section thickness was included as
another variable in the analysis, with the aim of exploring the ability of the analyte
distribution through the tissue during a thaw-mounting process and the subsequent
extraction during a matrix application with the outlook of potentially using this metric
to correlate the effect of permeability of analytes in tissues (i.e., it's maximum

reached tissue depth) and their solubility in a matrix solvent.

Spot analysis of an analyte on tissue homogenate was conducted with GSK90,
which was spotted on 12 um and 20 um thick rat liver homogenate cryosections at
concentrations of 1 pg/ml, 10 pg/ml, and 100 pg/ml. 100 pug/ml spots were also
applied on a MALDI slide and dried prior to tissue homogenate thaw-mounting on top
of the dried droplet. GSK90 fragment ion (m/z 97.1 £ 0.2) was detected across all
spots in the 12 um sample including the blank control spot on the tissue where only
solvent was deposited(Fig 4.6b). Owing to the circular shape of the analyte signal,
contamination in a solvent was likely the cause of the blank spot detection.
Additionally, the ion signal distribution across the spot was generally more
homogenous in contrast with the tissue section data (Fig. 4.5). Average spectra of

the individual spots suggest the signal in the blank spot was arising from background
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noise or a similar fragment ion generated from an endogenous tissue component.
Thus, the presence of an analyte in the lowest concentration spot was not confirmed.
As would be expected, GSK90 ion yield in a 20 um section decreased (Fig. 4.6d).
The loss of signal is likely associated with the inverse proportionality between the
increasing matrix-extractable molecules and the surface-spotted analyte.
Additionally, 100 pg/ml GSK90 spots underneath the homogenate sections were
successfully detected in both tissue samples at approximately the same intensity
level as 10 pg/ml surface spots, which suggested a strong matrix extraction took
place. Although the tissue thickness resulted in decrease of ion yield and lower SNR
in bottom spots (Fig. 4.6e), it was not clear whether it could be associated with any
physicochemical properties. Moreover, the high efficiency of matrix extraction

through the tissue thickness convoluted the analyte penetration through the tissue.

12 pm

e)
100 pug/ml 10 pg/ml 1 pg/ml 0 yg/ml 100 pg/ml below tissue 100 pg/ml of tissue 0 pg/ml off tissue

12uym  981.8 2341 185 57 775.1 3.7

20uym  869.1 63.7 8.7 49 963.7 2.9
Figure 4.6 Tissue homogenate in MS/MS analysis of GSK90. Widefield images depict
tissue sections after analyte spotting. MS/MS images visualise the spatial distribution and
signal intensity of analyte fragments on and off tissue at multiple drug concentrations. Figure
shows the difference between data from a 12 ym (a, b) and a 20 um (c, d) cryosection.

Markings TOP describe spots applied on tissues; BOT describe spots below tissues (a, c).
GSK90 fragment mask = m/z 97.1 + 0.2. Scale bar =5 mm. e) SNR values were tabularised.

It is possible that physicochemical properties of various molecules would result
in various ion yields depending on the thickness of the tissues where analytes are
spotted on top or below the cryosection. To the current knowledge, the amount of

analyte ionised during a MALDI analysis is dependent on two processes taking place
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during the sample preparation — the penetration of the drug in wet tissues during
thaw-mounting; and the combination of extraction in the matrix solvent and

subsequent co-crystallisation of an analyte and matrix on a sample surface.

Correlating selected physicochemical properties to multiple processes which
were potentially not connected was considered cumbersome. Therefore, the
variability of drug permeability in wet tissues was separated from the matrix
application-induced extraction by homogenous mixing of the drug in solution with the

tissue homogenate.

By adopting an already established mimetic model protocol for MALDI MSI,
drug-doped tissue homogenates with multiple drug concentrations were examined
with MALDI.?%3 To create mimetic models, homogenates of both murine liver and
brain were doped with GSK4 and GSK90 to final concentrations 500, 400, 300, 200,
100 and 0 pg/g (analyte/tissue) and stacked into a column. Samples were sectioned
at 12, 16 and 20 pm thickness (Fig. 4.7a). GSK4 MALDI MS/MS analysis confirmed
a gradually decreasing ion intensity in both liver and brain homogenate sections
Furthermore, the ion suppression effect in brain tissue was apparent as solvent-
delocalised analyte was detected outside the brain tissue (Fig. 4.7b). The 300 ug/g
concentrated liver homogenate segment ionised unexpectedly poorly presumably
due to an error in a centrifugation step in sample preparation. In Fig. 4.7a, the
discolouration suggests the tissue has increased density which may affect the matrix

extraction efficiency.
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Figure 4.7 Mimetic model MS/MS experiment overview. A) Widefield scan image shows
16 pm liver (left) and brain (right) cryosections of GSK4 samples prior to matrix application.
An above-average dense homogenate was found in the liver homogenate and marked with
“? b) lon intensity map of GSK4 fragment (m/z 250.8) of ROI scan through the sample
columns. Strong GSK4 fragment signal was observed in brain sample on tissue edges (white
arrows). Scale bar =5 mm.

Analyte fragment intensities were averaged and plotted per individual ROIs of
mimetic models and calibration curves were fitted (Fig. 4.8). The analyte ion yield
reached the highest intensities in 12 pum liver sections in GSK4 and GSK90 samples.
The ion intensities of GSK4 grew at a seemingly inversely proportional exponential
rate with the decreasing tissue thickness. Furthermore, the error in the sample
preparation of the 300 pg/g GSK4 liver homogenate, which appeared as a dark
segment in the mimetic model (Fig. 4.7a), was confirmed since the datapoint
deviated from the calibration curve. The drop in intensity was associated with an
increased tissue density, based on the segment colour and signal intensity.

In a brain homogenate, GSK4 intensities reached approximately half of the
intensities measured in a liver sample per each section thickness. The decrease was
most likely caused by either the ion suppression effect or the lipid affinity of GSKA4.
Despite the decreased signal intensity in brain, the drug was detected in the
100 pg/ml samples in both tissues. The ion intensities of each compound increased
was directly proportional to the increase in concentration.

500 pug/g GSK9O0 liver samples reached linearly spaced intensities of ~8, ~10
and ~13. The ion intensity of the GSK90 in a 12 um sample was therefore 4.17x

lower than the intensity of GSK4 in the equally thick section, whereas the 16 um and
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20 um samples exhibited similar ion intensities, which were also at similar intensity
range of the GSK4 liver mimetic model.

The ion intensities of a 500 pug/g GSK90-spiked brain homogenates reached
ion intensities of 1.5 — 10.5 and thus, were considered to match the intensities of
GSK4 brain mimetic models. Indeed, the independent variables of the fitted
trendlines were 0.002, 0.006 and 0.0019 in GSK4 and 0.003, 0.005 and 0.018 in
GSK90 brain mimetic models.

Both GSK4 and GSK90 were detected above the noise level in majority of the
liver mimetic model segments. On the other hand, the SNR of majority brain mimetic
model segments with drug concentrations below 400 pg/g was equal to the noise
level (SNR = 1). Interestingly, GSK90 was detected well above the noise level in 16
pum 500 pg/g — 200 pg/g brain segments but showed the same SNR in the remaining
sections as GSK4 brain samples.

The results likely indicate that the matrix solution wetted the thinnest sample
completely allowing longer time for analyte extraction and co-crystallisation, whereas
the 16 um and 20 um sections were not saturated with matrix. This possibility was
however likely to be in contradiction with the spot analysis of an analyte below a
tissue homogenate, which was successfully extracted (Fig. 4.7b).Alternatively,
permeability could still an important aspect of the MALDI process despite the
homogeneous distribution of an analyte in tissues. The SNR comparison also
showed that the most ideal thickness of a sample for MALDI MSI may be dependant

on analyte properties and tissue type.
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Figure 4.8 Calibration curves of tool compound mimetic models analysed by MALDI
MS/MS. Average ion intensities of selected GSK4 and GSK90 fragments in liver and brain
mimetic models were plotted and fitted with a calibration curve. Samples were sectioned at
12 (green), 16 (purple) and 20 um (blue). Dashed line represents the linear calibration
curves. SNR of mimetic models was also tabulated.
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4.4. MALDI MS of tool compounds in cell culture

The results of studying the detection limit of the selected tool compounds in
tissues using MALDI MSI put forward GSK4 and GSK90 as the strongest ionising
agents within the set. However, these studies only mimicked the dynamics of the tool
compounds in tissues by artificial mixing of tissue homogenates with the drug.
Therefore, cell cultures were used to assess the MALDI process in in vitro models.
The scope of this MALDI study was to examine whether a) the drug is attached to or
enters the cell; b) whether MALDI MS is an instrumentation which can detect the

drug in cell cultures.

SH-SY5Y isolated from a neuroblastoma and Caco-2 colon carcinoma cell lines
were selected for MSI and SRS cell assays owing for their reported expression of
relevant Histamine H2 receptor to which GSK4 was designed to act as an
inhibitor.2%6:257 Colon-derived epithelial cell line SW-480 and lung adenocarcinoma-
isolated Calu-3 were mistakenly used for their histamine H2 receptor expression,
which upon review was revealed to be a Hi receptor.?>” No samples were infected
with the HCMV and thus no target was expected. Hence, the GSK2 was expected to

localise in the cytoplasm.

Firstly, cells were assessed for their ability to bind and internalise GSK4 and
GSK90 in MS spot analysis. At the same time, detection feasibility of drugs in tissues
using the mass spectrometer was conducted as well using cells at high
concentration prior to employing MSI. Calu-3, SH-SY5Y and SW-480 cell lines were
used in this study. Firstly, GSK4 was mixed with H20, PBS and DMEM (Fig. 4.9a-c).
Compared to a H20 sample, PBS increased the ion vyield, possibly through
promotion of crystallisation, whilst DMEM decreased the GSK4 signal intensity, due
to the ion suppression effect from one or more of the components in the DMEM
buffer. Cells were incubated with GSK4 (100 uM) for 2 hours. Afterwards, cells were
collected, washed twice in PBS and twice in ammonium acetate in suspension and
frozen as pellets. During the workflow, the GSK4-DMEM supernatant, 2" PBS wash,
15t ammonium acetate wash were sampled and analysed by MALDI MS (Fig. 4.9d-f).
The data displays the gradual loss of the GSK4 ion peak (m/z 351). Importantly, the
data shows that at least 3 washes were necessary to wash out the analyte. The
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presence of cells in the pellet after 4 washing steps was confirmed in MS by focusing
on a phosphatidyl choline ion of the phospholipid head group [PCh+H]* (m/z 184,
Fig. 4.99g-j), a common cell marker in MALDI MS. Finally, the presence of GSK4 was
confirmed in Calu-3 and SH-SY5Y pellets (Fig. 4.9g, i) as opposed to undosed Calu-
3 and SH-SY5Y (Fig. 4.9h, j). Therefore, the presence of GSK4 in cells by co-
incubation of the analyte with cells was confirmed by MALDI MS. However, the
concentration of ionisable material in a spotted sample exceeded the amount of
ionisable material available in a single raster spot in an MSI experiment of a cell

monolayer.

[GSK4+H]"
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Figure 4.9 MS analysis of GSK4 in cell culture. GSK4 was mixed with H,O, PBS and
DMEM (a-c). DMEM-GSK4 mixture was sampled after a 2h incubation with cells (d). 2" PBS
wash and 1st ammonium acetate wash supernatant of cells in suspension were analysed
with MALDI MS (e, f). After 4 washing steps the presence of cells (m/z 184) was confirmed
in all samples (g-j). An analyte (m/z 351) was confirmed in Calu-3 (g) and in SW-480 (i).
GSK4 ion was not detected in negative control pellets of Calu-3 (h) and SW-480 (j).

Adjustments to the experimental setup of an MSI experiment below were
necessary to enable imaging of cell culture instead of tissue sections. The MALDI
glass slides used routinely for tissue analysis were lacking surface treatment for cell
culture. Therefore, slides were treated with poly-D-lysine to enhance cell adhesion.
Cells were incubated on slides for 4 days and fixed in chilled methanol and dried at
an ambient temperature and pressure. Moreover, the amount of matrix which was
sprayed on cell samples was reduced due to the sparse amount of sample
compared to tissues and to minimise delocalisation. Due to low abundance of

substrate, 25 um sampling area was the minimum spot size used despite the
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standard spatial resolution given by the instrument is lower, A small area of the cell
monolayer was scratched with a pipette tip before a matrix application (Fig. 4.10a)
and thus creating a morphological landmark in the biological samples whilst not
affecting the matrix distribution. As in the previous series of experiments, the
[PCh+H]" ion (m/z 184.1) was used again as a cell marker (Fig. 4.10b), however it
was not detected in this experiment. This is likely due to the methanol-fixing sample
preparation step during which most of the lipids present in cells were washed off.
The distribution of aCHCA [M+Na]* ion (m/z 212.1) matrix molecules was
homogeneous with a spot missing in the top right corner, likely due to a presence of
an unknown impurity (Fig. 4.10c). The m/z 306.1 ion was in line with the spatial
distribution of cells captured in the brightfield image (Fig. 4.10d). However, this ion
was not successfully characterised. This result could mean that the lipids were
indeed washed off during the exposure to methanol during cell fixing and matrix
application.

b) m/z184.1

e) m/z306.1

Figure 4.10 MALDI MSI of methanol-fixed SW480 cells. Untreated cells were incubated
on a MALDI slide. a) Brightfield image of analysed cells before matrix application. An arrow
indicates a scratch mark. lon maps show the distribution of b) m/z 184.1 phosphatidyl
choline [M+H]*, ¢) m/z212.1 aCHCA [M+Na]*, and d) m/z 306.1 uncharacterised ion.
Scale bar =1 mm.

The presence of GSK4x and GSK90 was examined despite the possible lipid
loss observed in the untreated SW480 cell culture. GSK4 was replaced by its non-
deuterated form because of a sudden material unavailability. SW480 and Calu-3
cells were incubated with GSK4x (200 uM) and GSK90 (25 uM) for 2 h. SW480 cells
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disassociated from the Intellislide surface during this step and only Calu-3 were
further processed and imaged. Samples were fixed in chilled methanol and dried at
an ambient temperature and pressure. Finally, cell samples were dried and spray-
coated with aCHCA matrix. The MALDI MS/MS imaging was set to detect fragments
of GSK4x and GSK90 parent ions. Multiple ions were observed across the sample,
which laterally overlapped with cells in the registered brightfield image. However,
these fragments were not matching the fragment patterns of GSK4x (Fig. 4.11a) and
GSK90 (Fig. 4.11b), which were measured in a pure form and hence the presence of
GSK4x and GSK90 were not confirmed in the MALDI MS/MS imaging experiment.
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Figure 4.11 MS/MS spectra of tool compounds in Calu-3 cells. Fragmentation mass
spectra were extracted from MS/MS imaging analysis (grey) of a) GSK4x and b) GSK90 and
were compared with the pure analyte fragmentation spectra (black).

Methanol fixing was likely the reason of lipid and analyte delocalisation, which
resulted in the signal absence in the MSI data. Therefore, alternative cell fixing
approaches should be explored, such as formalin fixing. However, formalin fixing is
used to preserve a cellular structure by cross-linking amino acids in proteins?>® and
amine-containing lipid®>° classes via methylene bridges, which causes formation of

new artificial analytes that may contribute to a mass spectrum.
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4.5. Raman analysis of pure tool compounds

Raman tags introduced through hydrogen-deuterium substitution or addition of
moieties with C=C or C=N bonds usually generate a signal at a vibrational frequency
in the cell silent region of Raman spectrum which is generally otherwise absent of
any signal in Raman spectroscopy. These tags allow tracking a larger number of
analytes in a chemically complex sample in comparison with fluorescent tags owing
to their narrow spectral bandwidth.®® Hence, analytes with Raman tags were
specifically selected in the test compound set to increase the odds of identifying the
most suitable candidates for further Raman-to-MS experiment. Tool compounds
were tested in the same set of biological matrices as in the MALDI studies which

were already described in this chapter.

Confocal spontaneous Raman scattering can be used to collect a full spectrum
of a sample 500-3500 cm range in a few minutes. This can then be used to confirm
deuterated peaks or alkyne peaks are present and their wavenumber positions. Pure
tool compounds were first analysed as a pure solid on a glass slide. Vibrational
peaks of interest in the cell silent region were found using the custom-built confocal
spontaneous Raman systems at University of Konstanz(Fig. 4.12a) and the
commercially available system (Fig. 4.12b, c). The spontaneous Raman microscopy
suffered from different levels of fluorescence background. Therefore, baseline
correction of Raman spectra were required. For GSK4, the strongest cell silent
region vibrational mode was detected at 2235 cm, which corresponded to the
alkyne (C=C) vibrational mode.® At least two more bands were detected between
2030 cm-2160 cm, corresponding to the range of C-D vibrational modes (Fig.
4.12a).%® The analysis of GSK4x resulted in a single alkyne peak at 2233 cm™ (Fig.
4.12b). GSK90 displayed sharp peak at 2227 cm™ with a strong intensity. Both
GSK4x and GSK90 spectra were absent of any signal in the CH region. This was
likely due to an analysis or instrumentation setup of the LabRAM system at the
Stevenage site. GSK4 was measured with a custom-built system in Zumbusch lab at
Konstanz University, where the spectrum was acquired in 3-4 regions and required
manual stitching and smoothing of the spectra. The commercially available LabRAM
confocal microscope (JY Horiba, Japan) was an automated system which did not

require a spectrum stitching or smoothing. Most likely, the use of two different
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systems with possibly different settings, caused the 2 cm™ shift difference between
C=C peaks of GSK4 and GSK4x, rather than the deuterium substitution.
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Figure 4.12 Full Raman spectra of pure tool compounds. Tool compounds in powder
form were analysed with a spontaneous Raman scattering microscope. The spectra were in
500 cm™ — 3500 cm? range. All samples display variability in the fingerprint region and
prominent C=C-associated peaks at ~2230 cm™. a) GSK4 exhibits further C-D peaks
between 2100 cm™ — 2300 cm™. GSK4x (b) and GSK90 (c) show C=C peak only in the cell
silent region.

Spontaneous Raman scattering confocal microscopy is an efficient Raman
technique for spectral information acquisition of a sample owing to the
instrumentation capability to generate single point Raman spectrum in seconds.
However, the long acquisition time of high definition images in biological samples
using spontaneous Raman confocal microscopy?®° is not applicable in live imaging.
Therefore, experiments in biological matrices were conducted using SRS, which
coherently drives molecular vibrations in cells, which leads to fast acquisition.
Moreover, unlike spontaneous Raman scattering techniques, SRS data is not
associated with background fluorescence.?®© The presence of cell silent region
bands of the test compounds in powder form and their detection limit was assessed
with the Leica SP8 SRS microscope using a dilution series of analytes in DMSO
focusing only on the cell silent region. Analyte in solvents were used in order to
reduce the scattering in the close working distance transillumination optical
configuration. The different tags and their position in the structures of the test
compounds were expected to resonate at different intensities.?%* The intensities of

alkynes and nitriles in 1T-conjugated systems were found to surpass the intensities

77



outside of these systems and C-D bonds were typically detected at poorer intensities
in comparison with C=C and C=N.*® GSK2, GSK4 and GSK90 were dissolved in
DMSO at 0 mM — 100 mM.

GSK4 and GSK90 were detected down to 5uM and confirmed the linear
relationship between SRS signal intensity and sample concentration (Fig. 4.13a).
Moreover, The GSK90 C=C peak (2227 cm) was narrower and with higher SNR in
comparison with GSK4 (2236 cm™). Additionally, the signal intensity of GSK90
surpassed GSK4 intensity. Spectra were normalised to the maximum intensity of the
highest analyte concentration.The C-D vibrational bands of GSK4 at ~2050 cm™ and
2170 cm had low intensities compared to the alkyne peak at 100 mM and 50 mM
concentration and were below the limit of detection in a 210mM sample.

Deuterium containing GSK2 was analysed in the cell silent region to observe
the deuterium-label in in the absence of any alkyne. Four peaks at 2073.8 cm,
2141.1 cm, 2230 cm™* and 2332.8 cm™ were observed (Fig. 4.13b) in contrast with
GSK4, where maximum of three peaks were detected using SRS. The 2230 cm™?
peak was not detected due to the spectral resolution of the SRS system. In the
spontaneous Raman spectrum of GSK4, this C-D peak was still distinguishable from
the C=C peak (Fig. 4.12a).

The first three peaks were not discriminated from noise below the 50 mM
sample concentration in conjuncture with the GSK4 data (Fig. 4.13a). Interestingly,
the intensity of the peak at 2332.8 cm™? in GSK2 remained unchanged across all
samples suggesting a potential contamination of DMSO since the peak intensity was
independent of analyte concentration. Furthermore, this background peak was
observed in all measurements including GSK4 and GSK90. The origin of the
2332.8 cm peak was investigated in a fresh sample of DMSO, PBS, cover glass
and air. The peak was detected across all samples, with the highest intensity
accompanied with background noise in DMSO and comparable SNR in PBS, glass,
and air (Fig. 4.13c). The background peak was observed using the Leica SP8 SRS
systems at two different institutes and thus was not considered as a microscope-
related artefact. Therefore, the spectral band were likely originating from an N2
molecule, which is present in air and can become trapped in glass?¢2.

GSK2 compound was eliminated from the tool compound set due to the
measured low detection feasibility of C-D bonds in SRS at concentrations below
50 uM (SNR > 3) (Appendix 3). Moreover, the data provided information on the cell
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silent region peak position of analytes and the intrinsic noise and a N2 vibrational
component which could otherwise be considered as a false-positive result. This peak
was also found in GSK4 and GSK4x cell silent region SRS spectra, likely owing to

the low scattering intensity in contrast with GSK90.
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Figure 4.13 SRS of tool compounds in DMSO. Tool compounds were dissolved in dilution
series and measured in the cell silent region (2000 cm™® — 2500 cm™?) All compound data
were normalised to the maximum intensity at the highest concentration. a) GSK4 and
GSK90 with a C=C peak (2236 cm™ and 2227 cm™) exhibited high SNR and were detected
in the lowest concentrations. b) GSK2 tagged with only C-D Raman tag was detected at
100 MM and 50 mM concentrations only, where three peaks between 2073 cm? and
2230 cm™ C-D-corresponding peaks were observed. Peak at 2332.8 cm? was likely an
artifact of unknown origin. c) The 2232.8 cm? peak artifact was detected in DMSO, PBS,
glass, and air. Y intensity was scaled to the highest concentration signal intensity for each
analyte.
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4.6. SRS analysis of tool compounds in tissues

The LOD examination of the test compounds in solvents using SRS revealed
that compounds containing alkyne bonds are most likely to be successfully detected
in the cell silent region in biological matrices, whereas deuterated molecules were
not expected to be detected based on the signal absence is SRS spectra of pure
compounds. Although the cell silent region is inherently free of typical endogenous
signals arising from the biological sample, the analyte detection can still be hindered
in an SRS analysis by sample dispersion and mixing with a biological matrix, which
was potentially dictated by the physicochemical properties of the tool compounds.
Unlike in MALDI, protein binding, lipid affinity and matrix extraction were unlikely to
affect the SRS intensity of an analyte. Therefore, SRS was expected to be applied

as a ground truth comparative analysis to the MALDI MSI data.

As in data shown in Figure 4.13, SRS analysis was focused on the cell silent
region, which typically lacks Raman vibrational peaks in biological matrices. Rat liver
homogenates were used. 12 um cryosections were mounted on standard glass
slides and dried. After drying, 0.1 — 5 mM methanol solutions of GSK4x and GSK90
were spotted on liver homogenate sections. Due to local safety rules, requiring
biological samples to be sealed in the SRS/CARS room, dry samples were enclosed
by a cover glass and sealed with adhesive for SRS analyses. An absence of an
optical media with an appropriate refractive index was expected to create a
scattering effect. This was expected to impact the spatial resolution and the LOD. In
SRS measurements, LOD was defined as 2x noise intensity, which was calculated
by the median intensity value of averaged SRS spectra. The spectral range and step
size were set to 2152 — 2294 cm™ and 7 cm’?, respectively.

A representative SRS image of GSK4x spot on a liver homogenate showed the
sample morphology under a 25x lens (Fig. 4.14a). The dashed line highlighted the
dried droplet edge separating the GSK4x positive sample and the undosed sample
section. The dosed segment of the image shows high intensity signal following the
homogenate morphology. Small cracks in an undosed part of a tissue were cracks
which formed by tissue drying, while the large gaps in spotted tissue a result of a
tissue wash-off during the spotting. However, the GSK4x alkyne signal was not

detected in the gaps and was therefore considered to be present only in the
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remaining tissues GSK4x was successfully detected at 0.4 mM, 0.2 mM, and 0.1 mM
spot concentrations. The off-spot sample area (Fig 4.14a) showed flat intensity
across the cell silent region spectrum (Fig. 4.14b), and thus confirmed no analyte
delocalisation outside the spot border. Furthermore, the spectral analysis showed
that the SRS detection limit of GSK90 was approximately at 0.6 mM, which was
poorer than GSK4x (Fig. 4.14c). This finding shows opposing correlation between
SNR of GSK4x and GSK90 in solutions and in dried tissue homogenates. The
unexpectedly poor signal of GSK90 (SNR < 3) compared to GSK4x (SNR > 12)
(Appendix 4) in spots on tissues was possibly related to the permeability, and protein
and lipid affinity which was potentially connected to an increased miscibility and
penetration of the drug into the tissue. GSK4x which showed less lipid and protein

affinity was more concentrated at the top of the tissue section.
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Figure 4.14 Tissue homogenate spot analysis with SRS. Liver homogenate cryosections
were spotted with tool compounds in solution. a) SRS image (2228.6 cm™) of a spot edge.
The dashed line separates unperturbed tissue (bottom) and tissue after GSK4x solution
application (top). b) Alkyne peaks of GSK4x were detected at low concentrations (up to
0.1 mM) whereas c) GSK90 alkyne peak was obscured at 0.2 mM and 0.4 mM
concentrations. Scale bar = 50 pm.

The use of mimetic models can potentially remove the variability originating
from drug crystal autofluorescence and tissue penetration and miscibility since all
analytes were mixed in the tissues with homogeneous distribution (Chapter 4.3). Rat
liver and mouse brain GSK4x and GSK90 mimetic models (0 pug/g — 500 ug/g)
applied in MALDI research were used for SRS analysis of the cell silent region.
Samples were cryosectioned (12 um) and presented into the microscope sample
holder dry and enclosed between glass slide and a cover glass. ROIs of

approximately 300 um x 300 um per homogenate segment were scanned averaged
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along the cell silent region into single point SRS spectra using the same instrument
settings as in the Figure 4.14-related experiment. The 500 pg/g GSK4 segment of
the brain mimetic model is shown, where a peak is present, however it is either noise
or the N2 spectral component. Furthermore, O pg/g dosed samples exhibited flat
spectrum as expected (Fig. 4.15a). On the other hand, GSK90 was detected in the
brain mimetic model in 500 pg/g — 200 pg/g. The alkyne peak in the 100 pg/g
concentration sample was too weak to be distinguished from the surrounding noise
(Fig. 4.15b). GSK90 was also detected in liver mimetic model, in 500 pg/g and
400 pg/g. The rest of the concentration series in the sample was below the LOD
(SNR < 2), potentially caused by the intrinsic background noise arising from the liver
homogenate (Fig. 4.15c). There was more background noise in the cell silent region
originating from liver tissue in contrast to the brain tissue, which was deduced based
on the spectrum baselines of each sample and from the calculated SNR of putative
analyte alkyne peaks (Fig. 4.15d). The liver baseline intensities varied between 4 —
16, however the SRS intensity baseline from brain tissues showed a stable intensity
of ~ 2.
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Figure 4.15 SRS analysis of mimetic models. GSK4 and GSK90 brain and liver mimetic
models were imaged in cell silent region. Mimetic model data (solid line) and respective
position of C=C Raman band (dashed line)in the pure compound were plotted. a) GSK4 was
not detected in mimetic models as no spectral peak fitted the GSK4 alkyne band. b) GSK90
fitted the expected alkyne spectral band in 500 ug/g — 200 ug/g concentrated samples in a
brain homogenate. No signal above the noise was observed in 100 pug/g and Oug/g samples.
c) GSK90 in liver mimetic model was successfully detected in 500 pug/g and 400 pg/g
homogenate samples. The alkyne peak was not detected with certainty due to noisy spectra.

0 pg/g concentration exhibited exceptionally high background. d) SNR of GSK90 SRS signal
in liver and brain was tabulated.
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4.7. Raman analysis of tool compounds in cell culture

Tool compounds were successfully detected in tissue homogenates and
mimetic models which are useful for the investigation of LOD and a relationship
between a signal yield and physicochemical properties. However, these artificial
samples do not reflect a biologically relevant environment. Cell culture was therefore
examined as a simplest living biological matrix for its applicability in the examination
of cell silent region-active, where the analyte distribution can be observed at a high

resolution.

Calu-3 cells were grown on cover glass squares treated with poly-D-lysine in a
6-well plate in DMEM. Cells were treated with 100 uM GSK4, 25 uM GSK90 and with
methanol in a fresh DMEM in an incubator (37 °C, 5 % COg2) for 2 hours. Afterwards,
cells were fixed in 10 % neutral-buffered formalin (NBF) for 12 min. Cell samples on
cover glass were imaged whilst submerged in PBS and sealed with a sticky gasket
and a second cover glass. The cell silent region between ~2100 — 2300 cm and CH
region between 2800 — 3000 cm to co-register the C=C and the C-H Raman signall
with SRS. Hyperspectral scans were then processed using the Correct 3D Drift
plugin for Fiji ImageJ 2% to offset the lateral drift of the sample generated during the
scanning period. Samples were denoised by applying a single value decomposition
(SVD).?64265 Calu-3 cells dosed with GSK4 contained alkyne signal at ~2236 cm™
(Fig. 4.16a). The C=C signal was distributed into well-defined punctae in cytoplasm
near cell membranes. The C-Hs vibrational mode at 2946 cm™ highlighted entire cell
and small circular structures (potentially endosomes), some of which overlapped with
the GSK4 alkyne signal (Fig. 4.16b). GSK90 was also detected in Calu-3 cell line at
2227 cm (Fig. 4.16c¢). The relative alkyne signal of GSK90 exceeded the maximum
GSK4 alkyne signal in cell silent region. GSK90 was distributed across the whole
cells, with the highest concentration in large vesicles. GSK90 was likely toxic to cells.
Small number of cells was observed in the field of view owing to the cytotoxic effect
of GSK90. Despite this adverse physiological effect, GSK90 was found internalised
in cells. GSK90 appeared to be located on the plasma membrane, which highlighted
faint bubbles and hair-like structures on the cell surface suggesting some
pathological cell state. The 2946 cm™ of GSK90-treated sample highlighted mostly

membranes and large vesicular structures in the cytoplasm, thus further suggested
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altered metabolic state of cells (Fig 4.16d). The imaging of cells treated with
methanol displayed random noise. However, SVD processing removed most of the
noise and reconstructed a very faint image of cells (Fig. 4.16e). Furthermore, Calu-3
cells in control samples showed a flat spectral phenotype in CSR and visible nucleoli
(Fig. 4.16f). Cell area pixels from the cell silent region hyperspectral images were
averaged and plotted along the spectral axis to verify the spectral peak and shape of
alkynes and to comparatively quantify the alkyne intensity between samples (Fig.
4.169). The overall SRS intensity of the alkyne bond in GSK90 was ~6.5-fold higher
than intensity of nitrile bonds in GSK4 and GSK4x. The relatively low GSK4 intensity
is also likely to cause the peak broadening. Finally, the GSK4 sample and the control
sample spectra also feature the N> Raman peak, which is another indicator of low
Raman probe intensity, since it was found only in SRS measurements of low-

concentrated analytes or in weak scatterers, such as C-D deuterium bonds.

GSK4 and GSK90 were successfully detected in cells at subcellular resolution
above limit of quantification (LOQ) despite low incubation concentrations in contrast
with mimetic models concentrations. The spatial concentration of analytes focused
on intracellular vesicles was a key reason of the high intensity detection of GSK4
and GSK90. Moreover, the relative background noise was miniscule because there

is no tissue material surrounding the cells.
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Figure 4.16 Cell uptake of tool compounds with SRS microscopy. SRS intensity colour-
coded images of fixed Calu-3 cells with lasers tuned to the C=C Raman vibrational mode (a,
¢, e€) and the CH2 mode (b, d, f). Cells were treated with 100 uM GSK4 (a, b), 25 uM GSK90
(c, d) and with methanol (e, f). Scale bar = 10 um (b, f), 5 um (d). The average spectra of
manually selected cells were plotted and compared with expected peaks based on pure
compound data (columns).

4.8. Discussion

Tool compounds were small molecules with the potential to generate strong
signal in cell-silent region of the Raman spectrum. Detection feasibility was
experimentally assessed with MALDI silent region in the MS and with SRS
microscopy in parallel, in series of increasingly complex environments with the aim to
select test compounds applicable in SRS-to-MSI experiments. Moreover, the

analyses were correlated with solubility, permeability, lipophilicity, and protein affinity
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properties of each test compound in order to determine which physicochemical
properties are affecting the ionisation efficiency of an analyte compound.

A majority of test compounds was removed from the sample set owing to a
poor ion yield in tissues in MALDI and due to a lack of sufficient signal in the cell
silent region of SRS spectra, which were all deuterium-modified compounds. The
remaining compounds contained alkyne bonds, which were typically associated with
strong signal in cell silent region SRS signal. Furthermore, it was confirmed that
compounds, which contained alkynes in a 1r-conjugated system with aromatic cycles
exhibited enhanced SRS signal intensity of the alkyne peak.%® In the MALDI MS
study, two compounds — GSK4 and GSK90 — showed the strongest alkyne SRS
intensity and high ion yield in MALDI MS. GSK90 was likely stronger ionising analyte
in comparison with GSK4 based on a higher nitrogen-to-oxygen ratio in a molecular
structure of GSK90, which in turn increases the probability of a molecule to ionise in
a positive polarity MS instrument. Solubility of GSK4 was higher than GSK90 and
was therefore likely a secondary factor in the analyte ion yield in a pure sample

powder form.

SRS analysis of deuterated samples in solution (100 mM — 5 mM) revealed
poor signal intensity of C-D vibrational bands (SNR < 3) and a Raman peak at
~2300 cm™ at a constant intensity, which was independent of a test compound and
an intensity. The peak was thought to be related to N2, based on available literature.
Since this peak became prominent in low-concentrated analyte samples, it posed an
issue in determination of LOD by masking an alkyne or C-D bond SRS signal in the

cell silent region.
4.8.1. Physicochemical properties with MALDI

Analyte concentrations used in these experiments were higher in comparison
with the physiologically relevant drug concentrations which are typically used for in
vivo dosing. For instance, an effective plasma concentration of GSK90 (ponatinib) in
phase one clinical study was 40 nM (<20 ng/ml).?%¢ However, the drug is generally
expected to accumulate heterogeneously in the organism according to their loci of
action, which in turn leads to a local increase in concentration. Such conditions can

be simulated through an animal dosing or an organ perfusion, but these experiments
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were not ethical in a method development study. Instead, by using high
concentrations of analytes, it was possible to meet the sensitivity levels of the MALDI

and SRS instruments.

A study in rats revealed that the highest lipid concentration in dry tissue was
found in brain (=77 mg/g), followed by liver (~43 mg/g).?%” Therefore, ionisation
differences between low lipid-binding analytes and high lipid-binding analytes were
expected to play a major role between tissues and also in different regions. In
humans, the concentration of lipids was reported to be ~49-66 % and ~36-40 % in
white and grey matter, respectively.?®® This finding suggested that white matter
would likely suppress an analyte. The spot analysis of test compounds on tissue
sections showed heterogeneity between the analytes, but it also showed a
dependency on the spot positioning in mouse brain tissues, where the grey and
white matter affected the ion intensity of an analyte compound. Unexpectedly, the
ion images of GSK2, GSK4 and GSK10 in Fig. 4.5. showed a higher ion intensity of
an analyte in the white matter as opposed to grey matter. Boskamp et. al. recently
discovered that the ionisation efficiency is also dependant on lipid structure,'’® and
thus suggesting that apart from an overall lipid concentration and distribution, lipid
species composition can have an impact on the ion suppression effect of other

analytes in a sample.

Although the MS signal heterogeneity in brain tissues revealed important
interactions between different brain regions, quantification of analyte spotting data
was imprecise owing to the heterogeneity between biological samples and the
manual positioning of the analyte spots. Therefore, tissue homogenates were used
instead, which were devoid of high structures in tissues. Mimetic models, which
consisted of serial dilutions of drug-spiked homogenates revealed GSK4
enhancement in liver tissues which was opposed the MALDI results in pure
compounds. Both compounds performed equally in brain mimetic models. It was
likely that any interaction between the analytes and lipids was masked by the ion
suppression effect in the brain tissues, during which lipid components with high-
ionisation probability sequestered the ionising energy. The impact of lipid binding on
an analyte ionisation efficiency is therefore very unlikely to be examined with MALDI

alone in brain tissues owing to the lipid-intrinsic ion suppression effect. Nonetheless,
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it was found that GSK4 ionised stronger than GSK90 in thin liver mimetic models.
Based on these results a preliminary correlation relationship was proposed, where
solubility and permeability were expected to positively affect an analyte ionisation
efficiency by improving the rate of matrix-mediated analyte dissolution and
transportation through the tissue. On the other hand, protein binding was expected to
negatively affect an ionisation efficiency by slowing down the transport through the
tissue during matrix-mediated extraction.

Furthermore, 12um mimetic model sections were likely saturated with matrix
which prolonged the matrix exposure of samples and an analyte extraction, which
caused a 3-5x increase in intensity of 12um in comparison with 16pum sections in all

samples apart from a GSK90 mimetic model.

To summarise, the mimetic model were still complex models in the correlative
study between a test compound ionisation efficiency and physicochemical properties
and therefore further sample preparation methods and analyte environments, which
can lead to a separation of the physicochemical properties need to be considered. A
replacement of matrix with DIUTHAME membrane (applied in chapters 5 and 6) is an
excellent option, which can change the weight of the solubility by using the tissue
moisture only. Furthermore, proteins standards are potentially useful in an analysis
of protein affinity by removing the permeability and lipid binding properties. Finally,
more test compounds need to be analysed in order to provide a robust dataset to

prove the discussed statements.
4.8.2. Physicochemical properties with SRS

In SRS analyses of analytes in pure forms, GSK90 was also observed to
generate a stronger alkyne signal in the cell silent region in comparison with GSK4.
The enhanced alkyne signal in GSK90 was most likely caused by the alkyne
positioning between the two 1T-conjugated heterocycles, which were shown to play a
major role in alkyne signal modifications.%%

Unlike in MALDI MS analyses, GSK4 was not detected in mimetic models,
whereas GSK90 was detected. The SRS signhal was accompanied by background
noise in liver homogenates which were associated intrinsic fluorescent components

of liver since brain homogenates spectrum baselines were smoother. A study of liver
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mimetic models with spontaneous Raman microscopy suggested an improvement in
LOD through sample photobleaching which reduces the intensity of the
autofluorescent background.®® As expected, the sensitivity of SRS (SNR ranged
between 6 — 1) was found to be inferior to MALDI MS, which detected analytes in the
lowest mimetic model concentrations (100 pug/g, SNR = 12). SRS was considered to
be not affected by the outlined physicochemical properties since the analytes were
imaged in situ without extraction, which was supported by the GSK90 and GSK4
results in mimetic models. However, spotting analyses showed a lower GSK90 ion
intensity in comparison with GSK4, which was likely caused by tissue-specific ion
peak enhancement or by GSK90 dissipation into the tissue, whereas GSK4
remained closer to the tissue surface. Therefore, protein and lipid binding were
considered as the potential physicochemical properties relevant to GSK90
dissipation into liver tissues. Hence an analysis of analytes spotted on tissues adds
an artificial variability to the complex problem of ionisation efficiency in MALDI MS,
where an analyte ionisation is affected by the analytes ability to passively penetrate

into the tissue during spotting.

In consensus with the MALDI analyses, new test compounds need to be found
and analysed to confirm whether protein and lipid affinity are the driving force behind

a drug permeation through tissues.

4.8.3. GSK4 and GSK90 in cell cultures

Finally, both techniques were examined for their feasibility of test compound

detection in a cell culture.

GSK4 and GSK90 were successfully detected in Calu-3 cells, although the
latter induced a cytotoxic effect, which strongly affected the number of living cells in
time of formalin fixation. Nonetheless, GSK4 was detected in small punctae in cell
cytosol, some of which overlapped with lipid-rich vesicles. Furthermore, a punctate
distribution suggested that GSK4 was actively endocytosed by cells, rather than
penetrating the cell membrane which would be expected to form a diffuse signal.
GSK90 was however detected in entire cells, including membrane structures and
large punctae. Additionally, GSK90-treated Calu-3 cells exhibited cytotoxic
phenotype, such as membrane blebbing and very large vesicular bodies, which also
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exhibited GSK90 signal. The different uptake mechanism of GSK4 and GSK90 was
likely connected to the lipophilicity and permeability physicochemical properties,
where GSK4 was labelled as poorly permeable according to the DCS chart and
weakly binding to lipids, where GSK90 was a highly lipophilic and permeable
molecule, which suggested that the latter was more likely to pass through cell

membranes.

GSK4 was successfully detected in MALDI MS study of cell pellets, which
required multi-step washing, which decreased the GSK4 concentration in
supernatant below the LOD of the mass spectrometer. The presence of cells was
confirmed by focusing on a phospholipid head group fragment. A detection of GSK4
and the same phospholipid head group ions was unsuccessful in a MALDI MSI
experiment detection of a test compound and the phospholipid headgroup in MSI
experiments due to sample fixing, which was potentially correlated with a
delocalisation of lipids and GSK4. Moreover, the sensitivity of imaging, where single
raster ionisation spot is spatially and thus material-wise constrained, whereas a

spotted pellet analysis can sample large area and thus more material.
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5. Translation of biological samples from Stimulated Raman
scattering microscopy to laser desorption/ionisation mass

spectrometry imaging
5.1. Introduction

SRS microscopy and laser desorption/ionisation (LDI) MSI have been widely
employed to identify the chemical composition of tissues in their native state, without
the need to modify the samples using fluorescent or chromogenic dyes.8291.93261
MALDI MSI provides molecular weight and composition information for the measured
sample, while Raman spectroscopy provides vibrational information of the molecular
structure and chemical composition of a sample. The combination of these methods
can provide complementary information about the molecular composition and
structural properties of a sample, thus leading to a more comprehensive
understanding of biological systems. However, the processes for generating SRS
and MALDI data are fundamentally different, and the samples require different
preparation procedures. Therefore, new methodologies need to be devised to allow

comparative SRS and LDI MSI of the same sample.

MALDI is one of a number of preferred ionization techniques for MSI of tissues
because it is a soft ionisation technique, which increases the probability of ionising
analyte molecules into single-charged ions.'*! In MALDI, analytes are adsorbed into
a matrix which significantly increases the ionisation probability of an analyte, which is

then ionised using a high intensity laser before analysis in a mass spectrometer.

A crucial component of the MALDI ionization process is the matrix. The matrix
is a small organic acid with UV-absorbing properties that is deposited on the surface
of the sample. The role of a matrix in the ionization process is to mediate and
distribute laser energy through the sample. Matrix can be deposited on the surface
through two main techniques — automated spraying'®® and sublimation®®. In all
cases, the matrix is first dissolved in a solvent and then transferred to the sample
surface, where it forms crystals while drying. During drying, the matrix extracts and

co-crystallizes the components from the sample. These co-crystallized components
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are thought to represent the major constituents of the sample ions detected with a

mass spectrometer.

MALDI mass spectrometers use high-power UV lasers for sample surface
desorption and ionization.?%® A UV laser is the most suitable light source because of
its low penetration depth, which is associated with the high UV light absorption by
the matrix. Hence, most of the energy accumulates in the top layer of the surface.?’°
During ionisation, the chemical components on a sample surface are desorbed into
the space above the sample upon the impact of high-energy photons. The plume of
particles consists of (among other components) charged chemical species called
ions, which then continue onward into the mass analyser. The complete MALDI

ionization process is described in more detail in Chapter 3.6.

The tissue samples, typically fresh-frozen tissue section, must be in a dry state
prior to matrix deposition. Sample wetness can exacerbate issues including crystal
size increase (one of the main denominators of MALDI MSI spatial resolution),
sample delocalization and matrix crystallization pattern heterogeneity.'®* However,
for high-resolution SRS microscopy using commercially available instruments,
samples should be immersed in optical media which are compatible with a
microscope setup.?’! Standardly, these media are water-based (e.g., PBS buffer),
which are Raman background-free or glycerol-based media (e. g. MOWIOL), which

however introduce Raman background.

Sample conductivity is an essential requirement for optimal ionisation in MALDI
instruments. In the mass spectrometer, the sample holder is connected to a source
of high voltage which accelerates ions with one of two polarities. Sufficient
conductivity is provided by using steel plates and conductive-coated glass slides as
sample carriers. ITO (Indium tin oxide)-doped glass slides are translucent and
potentially useful for standard brightfield and fluorescence microscopy. Attempts to
introduce conductive elements to non-conductive slides and samples through spray-
coating?’? or by attaching conductive surfaces'® have been reported. DIUTHAME, a
novel matrix-free surface-assisted laser desorption/ionisation (SALDI) method
reportedly enables LDI MSI with high reproducibility and decrease in sample
preparation time compared to matrix application. By introducing a thin, porous

membrane consisting of aluminium and platinum metals on the sample surface,
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sufficient conductivity is accomplished to accommodate the current of high voltage in

the mass spectrometer.186

The objective of this chapter was to identify and overcome any incompatibilities
between SRS microscopy and MALDI MSI methodologies with the aim to achieve an
SRS-MSI cross-analysis of the same biological samples. The work was separated

into following smaller objectives:

e Description of an ideal tissue sample configuration for SRH.

e Evaluation of SRS using conductive substrates.

e DIUTHAME-enabled SALDI and MALDI cross-comparison.

e Apply the sample configuration and DIUTHAME insight to analyse the
same tissue sample with SRS and MSI.

5.2. Optimisation of the SRS system for tissue imaging

5.2.1. Conductive materials in SRS microscopy

Laser sources applied in SRS microscopy have an emission range within the
near-infrared (NIR) spectrum (720 nm — 1031 nm). The conductive element in a
MALDI slide, ITO, absorbs and reflects light in this spectral region?”® and thus, SRS
measurements may be negatively affected by signal interference. GSK90 analyte
was measured in the cell-silent region with the SRS system to determine whether
ITO-doped slides are applicable in SRS microscopy studies. A Leica SP8 SRS
system was used and employed a fixed 1031 nm pulsed laser and a tuneable
740 nm — 940 nm pulsed laser sources.

Pure GSK90 was dissolved in DMSO to a final concentration of 10 mM and
spotted on 4 different surfaces: a standard microscopy glass slide, a quartz slide, an
ITO-doped slide (Intellislide) and a low-concentrated ITO-doped slide. The sample
was sealed with a cover glass. The SRS analysis was focused on the cell-silent
region. The C=C peak (~2230 cm) of GSK90 was successfully detected on glass,
quartz, and the ITO-doped slides with SNR = 12 for each slide (Fig. 5.1a). A strong
background signal was recorded in the low-ITO slide and no alkyne peak was
observed (SNR = 1). However, the image data revealed an imaging artifact along the
vertical edges of the scanned area in samples on an Intellislide (Fig. 5.1b). The
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positioning of these lines suggested that some material (potentially including ITO)
was burning off during the scan and therefore no interference was observed. It is
suspected that the noise arising from the slide with a low ITO concentration was
detected because the amount of a metal oxide did not absorb enough energy to
burn. This hypothesis was not explored further as it deviated from the project
objectives.

The results of this experiment concluded that SRS imaging analysis should be
conducted prior to an LDI MSI with a sample mounted on a non-conductive surface
to avoid strong signal interference and material burn-off originating from the
interaction between the laser source and the conductive components. The ideal slide

substrate for sample handling was determined to be glass or quartz.
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Figure 5.1 Effect of ITO-doped slides on SRS data quality of a pure GSK90 sample.
GSK90 in DMSO was spotted on standard microscopy glass slide, ITO-doped slide
(Intellislide), low-concentration ITO slide and quartz slide. a) The spectral data was
normalised to a max value per individual scan. A use of standard ITO, quartz and glass slide
resulted in the same SNR of the C=C bond. Low-concentrated ITO (solid line) spectrum
affected the spectrum by generating only noise signal. b) SRS microscopy of an Intellislide
revealed a formation of linear artifacts at the edges of the scanned area during the SRS
imaging. Image intensity is normalized to the maximum value pixel. Scale bar = 10 pm.
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5.2.2. Comparison of animal tissues in aqueous and dry

environments in SRS microscopy

Local safety requirements mandated that all biological samples used in the
SRS microscope laboratory area were sealed from the lab environment. The sample
was therefore prepared using 0.17 mm cover glass with a 0.5 mm silicon imaging
spacer which was closed off by a second 0.17 mm cover glass with a sample on the
glass surface, facing the gasket effectively sealing the sample from the environment
(Fig. 5.2). This setup was designed to fit in the sample holder at a suitable distance
from a short working distance condenser lens (1.1 mm) while not compressing and
damaging the biological sample. A dry tissue sample was preferred over wet tissue
for LDI MSI since it minimised structural and chemical changes of the sample.
However, air inside the sample enclosure was expected to cause laser backscatter
on interfaces between glass (refractive index = 1.51) and air (refractive index = 1).
However, a dry sample was advantageous over a wet sample which was at risk of
morphological and biochemical changes whilst in an aqueous environment. To
evaluate the feasibility of dry tissues in the setup, wet and dry samples were
compared.

A 12 um rat brain cryosection was thaw-mounted on a square 0.17 mm cover
glass. A double-sided adhesive spacer was used to join the sample cover glass and
a clean cover glass together in either dry environment or in aqueous solution. The
enclosed tissue was presented into the microscope sample holder (Fig. 5.2). The
signal was collected in transmission configuration in a photodiode. The objective lens
was corrected for water immersion with a 1.33 refractive index and 0.17 mm thick
glass and the condenser lens was corrected for an oil immersion with a 1.51

refractive index.
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Figure 5.2 Sample configuration in the microscope light path. The SRS sample light
path originated at the laser source generating pump and Stokes beams, which passed
through an objective lens and a water immersion medium a sample in an optical medium
and sandwiched between two cover glass squares. From the sample, the two beams moved
through the condenser immersion medium to the detector photodiode.

Firstly, dry and wet rat brain tissue cryosections were used to compare the
spatial and spectral contrast of both tissue states. The brain tissue sample was
scanned by sweeping the pump and Stokes lasers between 2800 — 3050 cm™. The
SRS hyperspectral data contained strong noise contribution, which was removed
using a single value decomposition (SVD) filter (Chapter 3.10.3) whilst preserving
the tissue-representative signal. Images of tissues at CH:2 (2866 cmt)and CHs
(2945 cm™) vibrational bands were captured for the purpose of highlighting the lipid
and protein components of a sample, respectively. The imaging data of rat brain
tissues exhibited poor contrast at the CHs vibrational band (2945 cm™) (Fig. 5.3a)
and a slightly stronger contrast at the CH2 vibrational band (2866 cm) (Fig. 5.3b),
where individual lipid-rich white matter bundles and fine lipid fibres were discernible
unlike in the dry tissue images. CHR scans of rat brain tissues in PBS at CHs (Fig.
5.3c) and CH2 (Fig. 5.3d) vibrational bands revealed high spatial contrast information
about white matter bundles in tissues. The decreased signal outside the large
bundles in CH2 vibration image suggests the CHs/CH2 bond ratio is increased
outside these regions. The voxels from the hyperspectral data cubes were averaged
and normalised to the maximum intensity along the spectral domain to produce
Raman spectra of the wet and dry samples (Fig. 5.3e). The spectral resolution and
contrast appeared the same between the samples although the intensity at
~2950 cm™? suggested increased proportion of the CHs bond, which is more
prevalent in proteins. This result was likely caused by focusing on brain regions with
different chemical distribution. Moreover, the wet sample baseline at 2800 cm! was

lower than the wet sample baseline which suggested the scattering caused by the air
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medium in the optical pathway generates spectral noise. The low intensity baseline
in the high wavenumber spectral region in dry sample was caused by a lack of the
O-H signal, which was otherwise observed in the wet sample, originating from the
PBS at wavenumbers greater than 3000 cm™. These results confirm that wet tissue
imaging leads to a high spatially-resolved image, albeit the difference between
spectral information of wet and dry samples was small based on a comparative
difference in contrast between CHs and CH:2 of the respective samples and their

respective Raman spectra.
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Figure 5.3 Evaluation of wet and dry brain tissues in SRS microscopy. The SRS image
acquired at CH3 (2945 cm) vibrational band exhibited low contrast information (a) and an
improved spatial contrast in the CH, (2866 cm™) image (b). CHs (c) and CH; (d) images of
brain sections in aqueous solutions captured an improvement in contrast between white
matter bundles (green circular structures) and the remaining tissue. €) The noise baseline of
a dry sample was higher than the noise baseline of the wet sample based on the height of
the initial flat line at 2800 cm™. A beginning of a broad O-H stretch is a component of the wet
sample CHR of the Raman spectrum. Y axis was scaled to the highest intensity in each
sample. Scale bars = 50 um.
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5.2.3. Stimulated Raman histology

The lipid/protein distribution information acquired through CHs and CH2 SRS
imaging could be further exploited in stimulated Raman histology (SRH). In SRH, the
CH2 SRS image is subtracted from the CHs SRS image which highlights the protein
distribution in the sample and subtracts the lipid signal. The subtracted image is then
overlaid with the CH2 image. The look-up table (LUT) colour styles could be adjusted
to resemble the haematoxylin and eosin (H&E) staining.'# SRH imaging could prove
highly valuable in MALDI tissue imaging experiments. In MALDI, an adjacent tissue
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section is stained with H&E for morphology association with the MALDI imaging
data. The adjacent section would be expected to be morphologically slightly different
from the MALDI sample. This is an intrinsic issue of the MALDI MSI technique, since
this is a destructive analytical method, which can be negatively affected by sample
staining. Since MALDI MSI instruments are being developed with an increasingly
improved spatial resolution,’’® this morphological approximation will become
increasingly inaccurate. Therefore, the capability of the Leica SP8 SRS system in
SRH was explored with the ultimate aim to generate SRH images of a tissue section

which would eventually be analysed using MSI.

A 12 pm-thick mouse brain cryosection was enclosed in an imaging chamber
filled with PBS and 2945 cm™ (CHs3) and 2866 cm™ (CH2) 25 SRS tile images
(291 pm x 291 um) were acquired with a 5.76 ps pixel dwell time and a 0.569 um
pixel size. Tiles were automatically stitched together in LAS X (Chapter 3.10.4) with
a 17 % tile overlap and smoothed in ImageJ, where each pixel was replaced by an
average of 3x3 neighbouring pixels. Smoothing was necessary to improve the small
mismatch between tiles, since both CH2 and CHs tile mosaics were stitched
separately, which resulted in a tile mismatch. The image generated from CHs signal
(Fig. 5.4a) shows the protein and lipid structures in the edge of the brain tissue. The
image generated from the CH2 signal shows the same structures at higher contrast
(Fig. 5.4b) highlighting white matter bundles in brain. The lipid signal removal
through the |CHs — CH2| image subtraction highlighted cells and cell nuclei which
were not observed in the raw data (Fig. 5.4c). The image subtraction highlighted
non-lipid protein structures, such as cells, but it did not result in separation of cell
nuclei. Additional CH2 subtraction of the CHs signal (JCHs — CH2 — CHz2|) removed
most of the remaining signal apart from a suspected nuclear signal (Fig. 5.4d). The
subtracted image (green) was overlaid with the CHz image (magenta) to highlight a
cell nuclei distribution (cyan) and a lipid distribution (green) in the mouse brain.
(Fig. 5.4e). The nuclei appear white because the cyan signal is always present in the
cellular magenta signal. The inset image showed faint dark borders between the two
channels. The borders were an artefact of mismatch between the automatically-
stitched tiles of the two SRS scans and the subsequent Gaussian smoothing.
Moreover, the samples were prone to an air bubble accumulation (dashed circle)

caused by the gas exchange in the removable silicon gasket.
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CH; minus CH,  CH3 minus CH, minus CH,

Figure 5.4 SRH in fresh murine brain tissues. A murine brain cryosection was imaged
with the SRS microscope at a) CH3 (2945 cm™) and at b) CH; (2866 cm™). Image subtraction
(CHs — CHy) highlighted cells and cell nuclei (c). Additional CH, image subtraction from the
previous image calculation result removed all extracellular information and left only a
potential faint nucleolar signal (d). The colour-coded image overlays the CH, signal (green)
separated from the CHs-CH, (magenta) and CHs-CH»-CH, (cyan) signal (e). The dotted
circle highlights a darker region in the frame, likely caused by an air bubble in an oil
immersion. The dashed circle marks light scattering on an air bubble in the PBS on the
sample surface. The inset image shows the cyan signal (nuclei) and magenta signal (cells
and nuclei) separated from the green lipid signal. Scale bars = 200 um.
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It was not possible to prevent air bubbles forming since the slides could not be
sealed completely to enable for their later disassembly and use in LDI MSI. The dark

region in the image was caused by an air bubble in the oil immersion.

The SRH methodology described in Sarri et. al. and Di et. al.1'4116 using the
Leica SP8 SRS microscope resulted in successful separation of the lipid and protein
components in the brain. The additional CH2 subtraction highlighted only the nuclei
of individual cells. However, the objects were highly irregular in shape with a poor
signal intensity. The was likely the result of a low image resolution and the XY
mismatch between the individual image CH2 and CHs tiles. The low resolution was
however a necessary trade-off for fast scanning acquisition. Low-speed acquisition
was susceptible to loss of focus caused by sample drift in XYZ. The nuclei
separation through the double CHz subtraction was however not confirmed through
chemically-specific labelling. Chemically specific confirmation of the nuclei
highlighted in the CHs-CH2-CH2 image was necessary to confirm the SRS signal

specificity enhancement of the additional image subtraction step.

To confirm the position of the nuclei, the same murine tissue cryosection was
examined using SRS and fluorescence laser scanning microscopy. A 12 pum
cryosection of mouse tissue was thaw-mounted on a standard glass slide. The
section was stained with Hoechst — a nucleus fluorescence marker molecule, which
binds to nucleic acids and is commonly used as a cell nucleus marker — dissolved in
the ProLong Gold mounting medium (1:1000, v:v) with a cover glass. After ProLong
Gold curing, which causes the mounting medium to harden and compress the
sample, the CHz and CHs SRS images of a brain were acquired. The Prolong Gold is
an organic solution and as such it is resonant in the CH region. Therefore, there was
a strong background signal in the entire sample. The Hoechst stain was imaged
using the SHG line and the SHG epi-detector simultaneously with the pump and
Stokes CRS lasers and the forward SRS detector. Image calculations (|CHz — CH2 (-
CHz2)|) were conducted in Fiji ImageJ and plotted in Python. The SRS of CHs showed
an overall image intensity change from left to right between the high-intensity lipid
rich tissue area and the lower-concentrated lipid area of the brain tissue, which was
possibly acquired at an interface of white and grey matter (Fig. 5.5a). The high

intensity of lipids in CHs vibrational range was most likely correlated with their dense
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spatial distribution. In contrast, the less hydrophobic proteins were distributed more
sparsely and consequently, the CHs signal was of lower intensity. The CH2 SRS
scan revealed stronger contrast between the different lipid-concentrated regions.
Furthermore, CH: signal intensity was very low in ~5-10 pum circular spots (Fig. 5.5b),
which were assumed to be the locations of cell nuclei. To identify the location of the
nuclei, a CHs — CH2 image calculation was used to remove the lipid signal from the
image (Fig. 5.5¢). The remaining signal highlighted protein components including the
originally low CHs intensity region. Moreover, the subtraction highlighted the potential
nuclei positions which corresponded to the low CHz signal spots in Figure 5.5b. The
contrast between the nuclei and the high-concentrated protein tissue section allowed
for the distinct characterisation of the protein and nuclei components . Further
subtraction of the CH2 SRS signal led to the complete removal of the protein tissue
signal. However, this also removed a substantial amount of the nuclear objects from
the field of view and most of the nuclear signal in the originally lipid-rich region (Fig.
5.5d). The fluorescence of the Hoechst stain in nuclei was used as a positive control
which highlighted the true nuclear structures in the tissue sections (Fig. 5.5e). The
chemical labelling confirmed the trade-off between low specific high intensity single
subtraction images and the high signal specificity of the double-subtracted CH:2
signal which can result in substantial signal loss. For the SRH application however,
using a single subtraction and an overlay with the CHz image standardly resulted in

sufficient highlight of cell nuclei.

The SRH capability of the Leica SP8 SRS microscope was deemed suitable for
tissue imaging in an agueous environment. To support same imaging in MALDI at a
relevant scale, a full tissue sample was needed and therefore imaging the tissues in
the aqueous enclosure using tile scan function of the SP8 system needed to be
examined and adjusted.

102



2
o
a5y
.0.
(5]
{ =4
[
o
(7]
o
(o]
=2
(T

Figure 5.5 SRH specificity assessed by fluorescence microscopy. A mouse brain
cryosection was imaged with the SRS microscope at a) CHs (2945 cm™) and at b) CH:
(2866 cm™). Image subtraction of b) from a) image highlighted proteins in tissues and cell
nuclei, whilst removing the lipid signal (c). d) Further CH, image subtraction from the
previous image calculation result removed the highly protein concentrated tissue whilst
highlighting only the strongest nuclear signal. €) The SHG channel was used to capture the
fluorescence signal of the Hoechst-stained nuclei as an orthogonal control. Scale bar =
50 pm.

5.2.4. Stimulated Raman histology of full tissue sections

The in-house MALDI MSI instrument enabled data acquisition with ~10 pum
lateral resolution of the full tissue section. Therefore, SRH mosaic images of full
tissue sections were desirable as an image co-registration with MALDI MSI data. To
examine the Leica SP8 capability of full tissue acquisition, a cover glass with a
12 um thaw-mounted mouse brain tissue sectioned along the horizontal plane in
PBS was used. The transversal section was imaged across an area of 15 mm x
13 mm by SRS image acquisition of 2295 tiles (256 x 256 pixel per tile, 20 % tile
overlap) of CH3 and CHz in sequence with a 1.46 um pixel size, and a 5.76 ps pixel
dwell time. The tiles were stitched into a mosaic using the LAS X acquisition
software (Chapter 3.10.4). The mosaic of the CHs (Fig. 5.6a) and CH2 (Fig. 5.6b)
brain SRS images showed the whole tissue section with multiple structural artifacts
originating from the sample handling and preparation prior to SRS imaging. The right
side of the brain cortex was structurally damaged on the edges during the

cryosectioning. Furthermore, the snap-freezing of mouse brain in liquid nitrogen
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often caused a crack in the middle of the tissue and a loss of the olfactory lobe at the
top of the tissue section. The SRS mosaic data showed a large area of tiles with low
or zero intensity across various parts of the tissues. This loss of signal in both
vibrational modes in some tissue areas was attributed to the heterogeneous
adherence of the tissue section to the cover glass. CH2 SRS image highlighted the
lipid-rich white matter throughout the brain, including the cerebellum. Conversely,
these structures were faint or not detected at all in the CHz SRS data. The CH2 and
CHs SRS tile images were merged separately. The CHs and CH2 mosaic images had
to be precisely aligned in order to carry out image calculations, which can be applied
in SRH visualisation. However, the mosaic images were mismatched in the spatial
domain and could not be corrected in the LAS X software (Fig. 5.6c).

Data were exported in tiles to Fiji ImageJ for tile position correction. However,
the images could not be merged due to the tile file formatting and metadata. A data
processing tool with the tile correction capability and Leica metadata compatibility
was not available at the time of the analysis. It was hypothesised that reduction of
the scan area would potentially decrease the likelihood of losing focus which could in
turn have improved the reproducibility of the mosaic stitching. This is because the
accuracy of the mosaic stitching was highly dependent on the structures in the
individual tiles.

A murine brain was sectioned on a cryostat along the frontal plane and
prepared for SRS imaging in a PBS solution to test this hypothesis. Sectioning in this
direction reduced the image size of an analysed organ by approximately one half.
Pixel size was decreased from 1.5 um to 0.9 um and the tile logical size was
increased from 256x256 pixels to 512 x 512 pixels in order to increase resolution.
The change of parameters and sample sectioning plane resulted in decrease of a
number of tiles to 858 (10 mmx6 mm) from 2295 (13 mmx15 mm). The resulting CHs
(Fig. 5.6d) and CHz (Fig. 5.6e) SRS mosaics showed the caudal section in the
diencephalon of a mouse brain highlighting the lipid rich corpus callosum, the
cerebral cortex surrounding the outer layer of the corpus callosum, the low SRS
intensity hippocampus and the thalamus. Moreover, the images showed the SRS
microscope did not lose focus of the tissues across the entire sample albeit the high-
resolution scan was temporally longer than the 2295-tile scan of the horizontal
section. The overlay of the CHs and CH2 mosaics spatially overlapped on the whole

tissue scale (fig. 5.6f).
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Figure 5.6 SRS imaging of a whole mouse brain cryosection. SRS microscopy of a
mouse brain tissues sectioned along the horizontal (2295 tiles, 256 x 256 pixels) (a-c) and
the frontal plane (858 tiles, 512 x 512 pixels) (d-g). a) The CHs vibrational bands highlighted
the entire tissue including morphological aberrations from the tissue processing. Moreover,
the CHs; channel showed multiple areas consisting of multiple tiles with very low or zero
signal. b) The CH distribution in cells highlighted the lipid-rich regions in the cerebellum and
the mesencephalon. Overlaying of the CHs (cyan) and CH, (magenta) channels revealed a
large spatial mismatch (c). The CHs (d) and CH: (e) SRS images highlight a protein and a
lipid distribution of a frontal plane section. The lipids were highly concentrated in the corpus
callosum (white arrow) positioned above the hippocampus which contained a highly-
concentrated area of cell nuclei with low SRS intensity (orange arrow). The CHs (cyan) and
CH (magenta) overlay resulted in a spatially matching stack on the whole organ scale (f).
SRH image further highlighted the lipid distribution (magenta) in the tissue section with high
contrast. Cell nuclei were not detected in the hippocampus. Moreover, slight signal loss was
highlighted in the right-hand side hemisphere between the hippocampus and the thalamus.

105



The low intensity signal formed a dark line under the corpus callosum in the
SRH brain image (Fig. 5.6g). The low intensity line in the hippocampus was
expected to consist of spatially concentrated cell nuclei which were however not
highlighted during the CHs — CH2 image calculation. The failure to highlight these
nuclei was caused by a spatial overlap misalignment by ~0-10 pixels. Partially, a
false protein/DNA signal was detected in the right hemisphere between the thalamus
and the hippocampus due to a slight change in the Z plane between the two
vibrational scans of the sample and thus, it was not marked as an intrinsic tissue
feature. It was concluded that highlighting nuclei in the whole-tissue through SRH
was not feasible on the Leica SP8 SRS using the current hardware and software
settings. A tile-stitching and tile-aligning script would need to be created in order to
overcome this issue. However, this would have not been finished in time to meet the
project deadline.

As well as these hardware and software issues, morphological warping and
disintegration of the sample was also recognised as a potential problem. Tissue
sections were prone to changes in structure during a time-demanding whole tissue
imaging and thus resulted in an inaccurate and spatially mismatching CH2 and CHs
images. The perturbation of a lipid-rich brain tissue did not cause major structural
changes due to its hydrophobic properties, however it was not clear whether the
SRS microscopy in the solvent-filled imaging chamber would be applicable in other

tissue types.
5.2.5. Effect of different solutions on tissue morphology

Mouse liver and kidney tissues were examined to determine whether this
approach was feasible in less hydrophobic tissues. The effect of different water-
based solvents in an imaging enclosure on sample integrity was also explored to
assess which solution minimises structural damage of the sample whilst allowing
SRS microscopy and the subsequent MSI.

Mouse liver and kidney tissues were cryosectioned at 16 pum thickness, thaw-
mounted on a 0.17 mm cover glass and dried. The tissue sections were then sealed
in an aqueous enclosure filled with either water or PBS. Alternatively, tissue
cryosections were dried and attached to a microscopy glass slide (1 mm) using a

Prolong Gold mounting medium. Liver tissues broke down during all mounting
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attempts in an aqueous imaging chamber and hence were considered unsuitable for
aqueous imaging while kidneys were successfully mounted. Therefore, mouse
kidney samples were scanned at CHs and CH: vibrational frequencies (2945 cm-,
2866 cm?) at a single position. The high-resolution images (1024x1024 pixels) were
acquired at a 227 nm pixel size and a 2.4 ps pixel dwell time. The SHG channel was
used to capture the distribution of collagen.

Tissue sections submerged in water showed overall low SRS signal intensity
accompanied by a low spatial contrast in CHs image (Fig. 5.7a) and more so in CH2
image (Fig. 5.7d). Despite a low-speed scan, the images contained increased noise.
Tissue imaged in PBS solution exhibited increased overall SRS signal and spatial
contrast (Fig. 5.7b,e) in comparison with the images of water-submerged tissue
sections. The Prolong Gold mounting medium introduced additional signal in the CH3s
SRS image (Fig. 5.7c). Nonetheless, the SRS signal contribution from the mounting
media was minor in the CH2 SRS image owing the low CH: signal observed outside
the tissue section at the bottom right corner of the image(Fig. 5.7f). Tissue swelling,
during which the tissue increased in volume was considered as the main reason
behind the poor SRS signal in the water-submerged sample.

The tissue structure was cohesive and tightly arranged in the PBS and
mounting medium samples and less so in water-submerged samples, which
supported the hypothesis that tissue swelling had occurred. The tightly packed
morphology of the sample likely enabled the observation of nuclear structures in a
form of low-intensity circular regions (d =6 pm — 10 um). The nuclear information
was however obscured in the water-immersed sample. Fine capsules surrounding
groups of nephric cells were discernible in the CHs SRS image of the water-
submerged mouse kidney. These structures were likely visible because of a partial
tissue break down and swelling.

It was hypothesised that the hypotonic water environment caused sample
swelling which increased the concentration of water molecules in the sample and
conversely reduced the concentration of the biological material in a single optical
plane and thus reduced the SRS signal of CHs and CH2 bonds. Potentially, the

swelling spatially displaced the fine tissue structures which facilitated their detection.
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CHs — CH2 (Fig. 5.6g-i) and CHs — CH2 — CH2 (Fig. 5.6j-1) image subtractions
were applied and overlaid with CH2 and SHG images to generate SHG images with
the aim to highlight nuclear distribution and protein content (cyan), lipid content
(magenta) and collagen (yellow) of predominantly epithelial cells arranged into renal
tubules across the mouse kidney section. The SRH images of water-submerged
kidney sections (Fig. 5.69,]) captured the chemical information in a periductal region
of a mouse kidney based on the strong SHG-intensity structure followed by an
intraductal region, which was devoid of SHG and SRS signal. The image subtraction
in water-submerged kidney sections showed no clear distinction between nuclei and
cytoplasm. Instead, the subtracted SRS signal further highlighted fine structures
encapsulating the individual tubules in the tissue, which was only accented by a
second subtraction with the CH:z signal (Fig. 5.6j). These structures anatomically
resemble basal lamina to which the endothelial cells adhere to.?’# Basal lamina
consists of laminins and collagens?”> which were detected using SRS at high
intensities in the CHs vibrational band, but not in CHz, which is more represented in
lipids. Furthermore, collagen can be detected using SHG owing to their non-
centrosymmetric structure.’?” The thickness of the basal lamina falls below the
resolution limit standard laser scanning microscopes. Owing to SRH, it was possible
to detect the putative submicron-sized basal lamina using SRS. The presence of
collagen in these structures was not confirmed using SHG - likely due to a
combination of a noise and a tissue autofluorescence which were also detected
using the SHG photomultiplier tube (PMT).

SRH of PBS-submerged (Fig. 5.6h,k) kidney section resulted in improved nuclei
(cyan) and cell cytoplasm (magenta) distinction. Furthermore, the second CH:
subtraction resulted in better resolved separation between cytoplasmic and nuclear
signals, albeit at a loss in the tissue pixel intensity of the subtracted channel
(Fig. 5.6k). SRH (cyan) did not capture the presumable <100 nm-thin basal lamina.
However, a large structure spanning vertically across the captured image was
observed with SRH (cyan) and SHG (yellow). The structure was enveloping a long
tubule and was considered to contain collagen due to the strong SHG signal.

The twice CH2 subtracted SRH image of murine kidney tissue mounted in
ProLong Gold also resulted in stronger nuclei-cytoplasm separation than the single-
subtracted SRH image (Fig. 5.6i,l). The CH3s-CH2(-CH2) subtraction did not result in
improved nuclear signal in contrast with the PBS sample in Fig. 5.6.k, despite the
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above mentioned CHs SRS signal contribution from a glycerol-based mounting
medium, which decreased the contrast between the tissue and the off-tissue SRS
signal. Furthermore, the SRH image subtraction further exacerbated and highlighted
a signal originating from the mounting medium outside the tissue (Fig. 5.6l) in

addition to the unexpectedly poor improvement to nuclear signal separation.

H,O PBS Mounting medium

Single SRH
subgtracnon CH, (2866 cm™) CH3(2945cm™)

Double SRH
subtraction
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Figure 5.7 Effect of optical media on a kidney morphology. CHs (a-c) and CH: (d-f) SRS
microscopy images of 16 um kidney cryosections depict the difference in signal intensity,
contrast, and sample morphology in H>O (a, d), PBS (b, €) and a glycerol-based mounting
agent (c, f). Water-submerged sample data showed low signal intensity in both SRS images
(a, c). Kidney sections submerged in PBS showed increased signal intensity and strong
contrast in both CH; and CHs; images (b, d). ProLong Gold mounting medium introduced a
homogeneous signal in addition to tissue CHs signal (c). The mounting medium signal was
not observed in the CH, image (f). SRH images were created by combining CH3-CH: (g-i)
and CHs-CH2-CH: (j-) SRS image subtractions (cyan) which were overlaid with both CH-
SRS signal (magenta) and SHG signal which highlighted collagen structures (yellow). Image
subtraction in water samples did not result in detection of nuclei in the sample. However,
ultra-thin protein-based capsules were resolved in both single (g) and double (j) subtracted
images. Single subtraction SRH images of PBS-submerged kidney (h) did not result in
separation between the cytoplasm and nuclei. However, twice subtracted data generated a
strong contrast between the two (k). SHG and subtracted protein SRH signal highlighted
large vertical collagen capsules around the kidney tubules. CHs-CH; subtraction in a
ProLong Gold-mounted sample did not increase the pixel intensity of cell nuclei (i). The
second CH: subtraction further highlighted the off-tissue mountant signal (I). Scale bar =
50 pm.

The same kidney cryosection samples were scanned with transmission SRS
(2945 cm) and epi-SHG along the Z-axis to explore the relationship between SRS
signal quality, tissue morphology, tissue swelling, and solvent tonicity.

The H20 kidney 3D render of the Z-stack was focused on a putative blood
vessel and the surrounding, mostly cellular tissue (Fig. 5.7a). The frontal view (top)
showed the distribution of the collagen (SHG) which was masked by a signal
intensity of a CHs signal at the blood vessel wall. The signal intensity and
morphological integrity of the surrounding cellular tissue was poor, which was
consistent with the finding in the 2D image. The side view (bottom) showed the Z
profile of the tissue reached 60 um as opposed to the original 16 um thickness.
Moreover, the interface between the water solvent and the tissue edge was poorly
defined, which was likely an effect of tissue swelling. The swelling-associated poor
SRS signal was predominantly intrinsic to a cell-occupied tissue area, but not the
less soluble duct wall. Similarly, to the 2D study, replacing H20 with PBS resulted in
an improved SRS intensities and improved the detection of morphologically distinct
features in the 3D CHs SRS image data (Fig. 5.7b). Based on the Z-profile, the
maximum thickness of a sample in a PBS solution that could be imaged successfully
was ~30 pum. Albeit the tissue was sectioned at 16 um thickness, the approximately
doubled increase in tissue depth was a substantial improvement of tissue swelling in
comparison with the water-submerged kidney sample. Furthermore, the side view of
the 3D render showed the well-defined edges of the kidney cells and a collection
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duct (yellow arrow), both of which appeared similarly thick. In agreement with the 2D
images, cell nuclei (white arrows) were discernible from the rest of the biological
matrix in the 3D render of the kidney section in PBS. The overall SRS intensity in a
3D image render of a dry mouse kidney cryosection in a mounting medium
surpassed the signal intensity in PBS at lower contrast (Fig. 5.7c). Cell nuclei were
again well discernible from the low signal circular regions spread across the tissue
(white arrows). The Z profile averaged at a thickness of 10-13 um, which led us to
believe that the section had potentially shrunk during sample drying and during the
Prolong Gold mounting medium curing process, which is known to dehydrate and
compress the sample. Finally, the sample was uniformly flat and therefore
considered least perturbed by the optical medium. Furthermore, the kidney tissue
section was condensed and hence considered as an ideal sample for a large area
SRS imaging analysis which relies strongly on signal intensity and contrast in
autofocusing. However, this sample preparation method would render the samples
inapplicable for MALDI MSI.
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Figure 5.8 3D analysis of tissue in various optical media. Z stacks of CHs (2945 cm™) SRS (magenta) and SHG (green) images of mouse
kidney cryosections (16 um) were generated to probe the 3D morphology of tissue in water, PBS, and mounted in a glycerol-based medium. The
3D renders were captured from front and side views (top, bottom) in the LAS X software. a) Kidney blood vessel walls and presumably endothelial
cells were captured in the water sample. The blood vessel walls encapsuled by collagen were concise with strong SRS signal, whilst the cell-
dominated tissue area, which surrounded the blood vessel, exhibited overall low SRS intensities. The side view revealed a large delocalisation of
the sample in the vertical direction and a ~60 um optical thickness of the sample. b) PBS-immersed sample images showed an improvement in
the SRS signal intensity and the contrast. Moreover, cell nuclei were observed in a form of low intensity spots (white arrows). The SRS signal
intensity between the collagen-encapsuled duct (yellow arrow) and the cell mass was identical. The maximum sample thickness was 30 pm. c)
Sample mounted ProLong Gold appeared to show overall higher SRS intensity. In conformity with (a) and (b) 3D data, the ROI consisted of cells
tissue and a collagen-rich duct. Low-intensity circular spots were recognised as cell nuclei (white arrows) corresponding to the PBS sample. The
overall average thickness of the sample measured in the Z-stack side view (bottom image) was approximately 10-13 pum. Unlike previous images,
the tissue section was uniformly flat.
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Although the spectral information remains largely unaffected, hydrating
samples with either water or PBS may result in further risks in downstream MALDI
applications. Water introduced less MALDI MSlI-interfering chemical species, which
was preferable for precise MSI measurements. However, the introduction of water
resulted in tissue swelling which in turn rendered SRS analysis inefficient. This was
most prevalent in SRH due to tissue displacement and deterioration which resulted
in a poor SRS intensity and contrast. Although PBS caused tissue swelling into an
abnormal thickness (~30 um), the sample was 2x less delocalised in the Z
dimension with minimal tissue displacement. Moreover, the extracted SRS
information was sufficient for determination of nuclear distribution in the SRH
experiment, where the PBS-submerged sample slightly outperformed the otherwise
unperturbed ProLong Gold-mounted sample.

The use of Prolong Gold in the SRS-to-MSI analysis was not possible and
therefore served as a reference sample. Since the refractive index of Prolong Gold
was 1.46, the laser was likely focused deeper on the sample, which was unlikely the
cause of tissue section compression. The compression was a result of Prolong Gold
drying with the cover glass pressing down on the tissue section. The glycerol and
other organic components of Prolong Gold were contributing to the total SRS signal
intensity of CHs and CH: vibrational modes based on the CHs and CH: signal outside
the tissue.

Despite the Prolong Gold SRS signal, SRH was successfully applied in
highlighting protein and nuclear distribution in the sample by subtraction of a CHs
image with a CH2 image. This proved suitable in the brain tissues, which were lipid
rich (i.e., strong CH2 SRS band), but not in kidney tissues. Using CHz subtraction
again resulted in stronger suppression of the cytosolic and extracellular protein
signal and a further separation of a nuclear signal at a cost of reduced SRS signal in
murine tissues and This approach was more suitable for kidney tissues.

In summary, it was determined that the use of wet tissue cryosections in PBS
results in the best possible spatial resolution, and SRS signal intensities which were

suitable for SRH and a subsequent MALDI MSI analysis.
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5.3. Application of conductive materials on glass slide

surfaces

Conductive materials and MALDI matrix, which are essential requirements for
sample ionisation in MALDI MSI. In Chapter 5.2., it was shown that conductive
components adversely interfered with the SRS signal and lead to conductive material
melting. Therefore, conductive elements cannot be present in the SRS laser beam
pathway. To overcome this issue, this work describes methods to generate the SRS
data first and follow with MSI. The samples analysed by SRS, were mounted on a
borosilicate cover glass without any conductive materials. To present conductivity,
two methods for conductive material deposition on a sample were explored — a)
conductive tape-supported MALDI analysis'® and b) desorption ionisation using
through-hole alumina membrane (DIUTHAME)!85187.276 Wy et. al. developed a
procedure for MALDI analyses of formalin-fixed paraffin embedded brain tissue
sections mounted on a glass slide with a conductive tape. In this paper, a copper
tape was adhered to the reverse side of the glass slide after paraffin removal to
support and direct the charge dissipation and the direction of the ion flow. The
sample was then coated with MALDI matrix and successfully used for protein
imaging analysis in the m/z 2500 — 35000 range with a Bruker Autoflex Speed
MALDI TOF/TOF.183

5.3.1. Copper-tape glass slide modification in MALDI

The utilisation of insufficiently conductive surfaces could lead to a surface
charging effect. A surface charging effect occurs in MALDI MS experiments in
positive polarisation, where the negative charge in a form of photoelectrons does not
dissipate efficiently, which leads to a negative charge build-up and results in a
positive mass shift in mass spectra.?’’ Adopting this methodology, a MALDI MSI
experiment using non-conductive glass slide was performed in order to determine
whether the conductive tape would successfully replace conductive glass slides. A
mouse brain cryosection was thaw-mounted onto a 1 mm-thick SuperFrost®
microscope glass slide and coated with a layer of aCHCA matrix using the HTX TM-
Sprayer. After drying, the copper tape was adhered to the opposite side of the slide,

and overhangs on each side of the tape were folded around the edges and attached
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to the front of the glass slide without touching the biological sample. The overhangs
were in place to ensure good contact between the conductive tape and the rest of
the conductive sample holder (Fig. 5.9a).

Single-point MALDI mass spectra between m/z 100-1000 were acquired from
the brain tissue at a 1 Hz and a 2 kHz ionising laser repetition rate, with the laser
power attenuator set to 30%. The very low (1 Hz) laser repetition rate was used in
addition to the 2 kHz repetition rate used by Wu et. al. since a surface charging
effect was expected. The very low repetition rate spectrum showed a large number
of ions in the m/z 100 — 400 range. A low number of ion peaks was detected in the
m/z 600 — 900 range. At a standard laser repetition rate (2 kHz), the total number of
auto-detected peaks and their overall ion intensity decreased (Fig. 5.9b). This finding
suggested that low repetition rate improved the ionisation efficiency. However, a 20-
fold decrease in raster scanning speed would not be practical in MSI experiments
since it would extend data acquisition of large samples to multi-week experiments.

MALDI mass spectra captured from the copper tape-enhanced slide were
compared with mass spectra acquired from a mouse brain tissue mounted on a
conductive Intellislide in an absence of a copper tape. The mass spectra from the
Intellislide mounted sample showed increases in the number of detected ions and
their intensities in comparison with the SuperFrost-copper tape samples. In
agreement with the spectra from a copper tape-modified sample, the increase in
laser repetition rate (1 Hz — 2 kHz) resulted in a decrease in the overall ion intensity,
albeit the number of peaks detected under both laser conditions did not change (Fig.
5.8c). The determination selection and assignment of the ion peaks in all of the
scans was achieved using the automated peak finding function and saved as mass
lists in Bruker flexAnalysis software. Mass lists were rounded to integers. A Venn
diagram was used to contextualise and visualise the unique peaks of the individual
mass lists and also their intersections, which showed common mass peaks between
the different mass lists. The resulting diagram (Fig. 5.9d) showed the Intellislide data
from 1 Hz and 2 kHz share most of the detected peaks, albeit 40 unique peaks were
detected at the low firing speed. Interestingly, the standard repetition rate data from
an Intellislide sample showed 17 unique peaks. The increased laser repetition rate
also negatively affected the number of ions detected in samples mounted SuperFrost
slides with a copper tape. Moreover, 11 unique peaks were observed in the standard
repetition rate SuperFrost sample. The large number of ions detected in low laser
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firing speed experiments was expected to be due to a prolonged time between the
individual pulses for an ion-suppressing charge dissipation. The unique ions which
were found in the 2 kHz repetition rate data suggested the peak picking process was
not suitable for this analysis. Upon closer examination of spectral data, a spectrum
shift was observed. The m/z 222 peak reached a maximum at m/z 221.984 ata 1 Hz
acquisition mode on the Intellislide. This peak was observed at m/z 222.054 in the
2 kHz Intellislide data. This peak was detected at m/z 222.486 and m/z 222.711 in
the copper-taped glass slide sample at a 1 Hz and 2 kHz laser fire speed (Fig. 5.9¢).

Moreover, the full width at half maximum (FWHM) increased with the increase
of laser fire which was the broadest in the copper tape-modified samples. The
positive spectral shift and peak broadening were potentially caused by a charging
effect.?’”? Shift correction with a calibration curve using peaks in multiple points
across the spectrum was considered. However, the peak-picking algorithm was
prone to large error because of a broad and “fuzzy” peak shape in the 2 kHz Cu tape
samples. Despite a > 2x increase in FWHM (Fig. 5.9¢e), the copper tape application
was successful in single point MALDI MS analysis Although this method
underperformed and led to positively shifted mass spectra (i.e., with increased m/z
values) in comparison with the Intellislide, spectral information about the chemical
composition of a sample was extracted. The charging effect was likely causing a shift
due to delayed ion extraction which then affected the ion separation in the TOF
analyser, since the charging is quadratically dependent on the ion drift distance. This
issue could be addressed and resolved using a trapping Fourier transform-based
mass analyser (Orbitrap or FTICR), where the sampled ions are not separated over
a given distance after a single point energy excitement. Instead, the ions in an
FTICR unit are continually driven in a circular magnetic field and separated based on
their oscillation frequencies. Therefore, trapping mass analysers would not be
expected to be affected by a spectral shift, however, such an instrument was not

available for use.
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Figure 5.9 Single point MALDI MS of in brain tissues using a Cu-taped glass slide and
an Intellislide. Mouse brain cryosection was thaw-mounted on a glass slide with a copper
tape strip enveloping the backside of the slide and the edges to create a conductive contact
between the sample holder and the glass slide (a). MALDI mass spectra were acquired
between m/z 100-1000 in a copper taped glass slide (b) and in an Intellislide (c) at 1 Hz (top)
and 2 kHz (bottom) ionising laser repetition rate. Unique and intersecting mass peaks shown
in the b and ¢ plots were visualised in a Venn diagram (d). The large amount of unique mass
peaks in copper-taped samples led to a closer investigation of individual peaks. It was found
that a positive spectral shift and increased FWHM were associated with the use of glass
slide in combination with a copper tape (e).
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The use of glass slides and copper tape were further evaluated for MALDI MSI
using mouse cryosections to determine whether this method was suitable for raster
scanned imaging experiments. To this end, a 12 um sagittal mouse brain cryosection
was thaw-mounted on a glass slide with copper tape. A brightfield image of the
tissue was acquired using a TissueScout Reflecta scanner prior to aCHCA
application and the MALDI MSI experiment (Fig. 5.10). The matrix coating was
applied with the HTX TM-Sprayer at “Tissues” settings (see methods chapter for
spraying details). The mass spectral window was limited to m/z 100 — 500 and the
raster step size was set to 250 pum. Mass filters were set to m/z 185.45, m/z 266.112
and m/z 276.909 which highlighted three different regions of the mouse brain section
on a false-coloured heat map. The data were correlated with Intellislide brain tissue
data from a similar experiment where the spectral window was set to m/z 100 — 1500
and the spatial resolution was set to 200 um. In agreement with the single point
analysis (Fig. 5.9e), the selected peaks in the glass-copper tape sample were found
to be positively shifted by ~m/z 1.1-1.6 in the data acquired on an Intellislide.
Phosphatidyl choline head group (PCh), which was a phosphocholine fragment of
phospholipids at m/z 184.29278279 (m/z 185.45) was detected in both samples, albeit
in the Cu tape/glass slide-mounted mouse brain, the ion distribution was more

uneven and at lower intensity.

.. Brightfield e 1/7185.45 m/z266.112 m/z276.909
P mtomn, X g‘*—.‘

Copper tape
SuperFrost
o

. Brightfield o e s m/z275.50

Intellislide

Figure 5.10 MALDI MSI comparison between a Cu-taped glass slide and an Intellislide
in brain. Reference brightfield images of dried murine brain sections on a glass slide (top
left) and on an Intellislide (bottom left) were acquired for MALDI sample registration. False-
coloured heatmaps at a 250 um (Cu tape/glass slide) and 200 um (Intellislide) pixel size
were generated for PCh (m/z 185.45, m/z 184.29) (2" column), a white matter-associated
ion (266.112m/z, 264.58 m/z) (3™ column) and a cortex associated grey matter ion (m/z
276.909, m/z 275.5) (4" column). Scale bars = 2 mm.
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Similarly, the two ion heatmaps (at m/z 266.112, m/z 276.909) in the Cu
tape/glass slide samples were poorer in spatial resolution in contrast with the
Intellislide ion heatmap data (m/z 264.58, m/z 275.5). Note that the MALDI MSI data
was not normalised, and each sample originated from a different study and therefore
the sample processing and imaging conditions varied. Despite the incomplete
dataset, it could still be concluded that copper tape was not a suitable alternative to
conductive MALDI slides (e.g., Intellislide) mainly due to the observed positive
spectral shift and the poor spatial resolution. Additionally, it is unsuitable due to the
poor ion spatial distribution likely resulting from the surface charging effect on the
slide, which was not observed in the conductive slide sample.

5.3.2. DIUTHAME as a candidate for SRS-to-MSI

Due to a putative poor ionisation efficiency of the copper tape application, it
was concluded that current MALDI technology likely requires direct contact between
a sample and a conductive surface, which is provided by the use of glass slides with
conductive  surfaces. Therefore, the use of surface-assisted laser
desorption/ionisation (SALDI) was explored by applying a DIUTHAME.

DIUTHAME was examined as an alternative substrate to enable successful
ionisation for MS detection, following SRS analysis. DIUTHAME was a surface-
assisted laser desorption/ionisation (SALDI) commercially available adhesive
substrate which utilizes an ultra-thin and porous membrane made from aluminium
and coated with platinum oxides which interact directly with the biological sample on
the face of the slide. The membrane pores were designed to extract the
biomolecules from the sample onto the Pt-coated membrane surface which were
coupled with a titanium frame ensuring complete charge dissipation during the
sample ionisation via UV laser irradiation.'®> DIUTHAME offered advantages for
robust data generation through the removal of the multi-step matrix deposition
methods required for MALDI analysis, and also with the elimination of interfering
background mass peaks arising from the matrix. There was no information regarding
DIUTHAME membrane spectral characterisation in the low mass region (m/z 100 —
1500).187 Therefore, a DIUTHAME plate was analysed on an UltrafleXtreme
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TOF/TOF mass spectrometer to determine and characterise any background ions
that may arise from the DIUTHAME membrane.

DIUTHAME was mounted on an empty cover glass which was on top of an
Intellislide. This sample arrangement was necessary because the biological samples
would be attached to a cover glass after the SRS analysis, which was planned to be
executed prior to the SALDI MSI. (Fig. 5.11). An imaging TOF experiment in positive
polarity was set up, where the DIUTHAME edge frame and membrane were
analysed in the 100-1500 m/z mass range. A total of 1406 positions were acquired at

a 200um raster step size and 5000 shots per spot at maximum laser power.

Intellislide P DIUTHAME
cover glass

Figure 5.11 Sample schematic of a cover glass with an Intellislide and a DIUTHAME.

The area of ablation was clearly visible on the membrane surface (Fig. 5.12a).
Average mass spectra of the membrane and the frame were extracted. The
averaged spectra contained unknown low-weight ions were detected between 100 —
190 m/z. (full mass list shown in Appendix 5). These ions were described by the
manufacturer as adhesive and bonding agent related ions. Furthermore, metal
radical ion isotope patterns from the DIUTHAME membrane and the frame were
detected. Single element platinum radical ions [Pt]’, [Ptz]", [AIPt]", [Pts]" were detected
(Table 5.1, Appendix 6). The metal ions which were likely desorbed from the
DIUTHAME surface dominated the mass spectrum (Fig. 5.12c). The ion intensity
gathered from the frame edge area exceeded the membrane ion yield by greater
than ten-fold based on the signal intensity measured in the platinum radical at m/z
194. Analysis of the data revealed a large difference (A) and an error in parts per
million (ppm) between measured mass values and the expected masses. This error
was most likely due to an error in the instrument calibration, during which standards
spotted onto a steel plate were positioned at a different height than the DIUTHAME
membrane surface. It also provided a different degree of conductivity.
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Figure 5.12 Analysis of background SALDI mass spectra of a DIUTHAME sample.
a) DIUTHAME was placed on a cover glass and an Intellislide. A part of the DIUTHAME
membrane and the frame were ablated by the ionising laser (above dashed line). b) The
frame and the membrane were separated into ROIs and their respective voxels were
averaged into single point spectra and cropped to m/z 100 — 700. The membrane spectrum
captured small molecular weight ions (m/z 100 — 190). Both spectra captured strong
presence of radical ion with m/z = 0.3 spectral shift between a membrane and a frame. c)
False-colour ion heat maps captured the m/z 194.917 and m/z 194.694 (+ 0.1) ion
distribution on a frame edge (saturated white streak) and a part of a membrane. Only m/z
194.917 captured the [Pt]" signal in the membrane ROI. Lines were observed in the
membrane (white arrows) which corresponded to the ripples visible in the camera snapshot
(a, white arrows). Scale bar = 2 mm. d) Negative spectral shift was confirmed in the zoomed
in spectral window on a [Pt]" isotope pattern. e) Measured isotope pattern was confirmed in
Bruker Compass IsotopePattern.
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On examination of the signal homogeneity, false-coloured heatmap images with
a mass filter set to m/z 194.917 = 0.1 and m/z 194.694 + 0.1 were generated using
the Bruker fleximaging software. The frame and the membrane were separate by
ROI cropping (Fig. 5.12c). M/z 194.917 imaging data showed strong signal in the
frame region on the left of the image and ripples at the upper edge (white arrows) of
the membrane at a lower signal intensity. These ripples were however likely caused
by a movement of the cover glass between the DIUTHAME and the Intellislide
(Fig.5.10a, white arrows). Furthermore, the ion peaks were spectrally shifted
between the frame and a membrane by approximately 0.3 Da and therefore, the low
intensity membrane [Pt]" signal was poorly visible relatively to the frame at m/z
194.694. The 0.3Da negative spectral shift was further plotted in in mass spectrum
window which focused on the isotope pattern of the platinum radical ion (Fig. 5.12d).
The mass peak position acquired by the TOF instrument, and the peak isotope
pattern matched with the reference isotope pattern provided by the Bruker Compass
IsotopePattern software which provided sufficient confidence in the metal ion
identification (Fig. 5.12e).

Molecular ~ Monoisotopic

M/z formula neutral mass A(Da) ppm

194.917 [Pt 194.965 0.048 246.198
221.908 [AIPY] 221.946 0.038 171.213
389.885 [Pto] 389.928 0.043 110.277
584.877 [Pts] 584.893 0.016 27.355

Table 5.1 Radical metal ions in DIUTHAME membrane. Monoisotopic neutral masses
were subtracted (A) from their correlating measured spectral data (m/z) and their respective
parts per million error (ppm) was calculated.

The height difference between the membrane and the frame of DIUTHAME
caused a small spectral shift (~0.3 Da). The additional measurement error shown in
Table 5.1 was likely caused by the difference between sample carrier used for
system calibration (steel plate) and Intellislide-DIUTHAME sample. Therefore, it was
concluded that a difference in a surface distance and a conductivity-related charging

results in a mass spectrum offset. The DIUTHAME spectrum was acquired at 95 %
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of maximum laser power and thus it was highly probable that the contribution from
the DIUTHAME membrane was reduced when analysing biological samples. The
membrane provided a homogeneous signal apart from the rippled membrane which
was caused by a movement of a cover glass attached by the membrane to the
Intellislide. In biological experiments, these movements would not occur since the
membrane would strongly adhere to the biological matrix, although ripples outside of
the tissues may still occur.

In summary, the majority of the metal ion clusters were identified with high
confidence. Although the majority of low intensity ions detected with the
UltrafleXtreme instrument were not successfully assigned to known ions, they were

recorded for future SALDI TOF background subtraction.

DIUTHAME has already been successfully employed in SALDI MS analyses of
murine brain tissues at thicknesses >25 um.186.187 However, it was hypothesised that
an analyte extraction from a thick tissue section could result in false positive close
colocalisation of multiple ions, present in different layers of the tissue sample.
Therefore, a best practice should be to prepare the thinnest possible tissue
cryosections. This potential issue will become increasingly problematic as future
MALDI/SALDI instrumentation reach improved spatial resolution. To determine
whether the sample thickness could be reduced, a comparative experiment between
thick (30 um) and thin (12 um) brain tissue sections were explored and then an

extraction efficiency of the DIUTHAME was examined.
5.3.3. Evaluation of DIUTHAME in murine brain

GSK90/ponatinib was used as a probe for DIUTHAME extraction efficiency
analysis. 30 pl of GSK90 (10 mM) was spotted on an Intellislide and dried. In a
cryostat (-20 °C), a mouse brain was sectioned at 30 um thickness and placed
directly on the dried drug on an Intellislide without thawing. A DIUTHAME membrane
was placed firmly onto the Intellislide with the tissue sample. Then, the full sample
sandwich was thaw-mounted by pressing a finger against the reverse side of the
Intellislide (Fig. 5.13a). A reference sample of a 12 um cryosection of a murine brain
along a horizontal axis was thaw-mounted on a second Intellislide in a cryostat

(-20 °C). 30 um and 12 um thicknesses were used since these were both the
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standard of practice in DIUTHAME SALDI MSI and MALDI MSI. Brightfield images
were generated by the Reflecta scanner. The contrast of the brightfield image of the
DIUTHAME sample was increased using Fiji ImageJ to improve the poor sample
visibility caused by the membrane and the contrast of the reference sample was
adjusted to match the DIUTHAME (Fig. 5.13b). White matter in SALDI samples
appeared darker than the grey matter, whereas white matter in MALDI sample
appeared light in contrast with the rest of the grey matter. An aCHCA matrix was
deposited on the reference 12 um sample using the HTX TM-Sprayer. The samples
were analysed on an UltrafleXtreme MALDI-TOF instrument with 300 shots per spot
at 2 kHz repetition rate with a UV laser attenuated to 35 % and 50 % of maximum
power in MALDI and SALDI MSI, respectively. The system was set to a positive
reflectron mode to capture ions in an m/z range 100 — 1500. The laser raster step
size was 200 pm. The diameter of an individual spot was 50 pm which was ionised in
a random pattern. A false-coloured heat map showed a distribution of [PCh+H]* by
using an m/z 184.093 £ 0.2 mass filter window for both SALDI and MALDI sample.

124



0 == —
a) 000 DIUTHAME

tissue section

G — ;
// B -
Intellislide Z7(@* —— thaw-mounting
b) c) d)
m/z184.093 + 0.2 m/z848.63 £ 0.2
[PCh+H]* [GalCer(d18:1/24:1)+K]*

o
s _ 3 -
< 9 =
I
5 - - |
~ O
[m)] = g
(o]
- -
<5 2
2
gs -
{1 O
A k=
e) m/z5332  m/z549.19 )
+04 +0.2m/z

[Ponatinib+H]* [PonatinibOH]* m/z100.82 £ 0.25 m/z259.64 + 0.4 m/z432.67 £0.2

Figure 5.13 SALDI/MALDI comparison in brain tissues. a) SALDI (DIUTHAME) sample
was prepared by spotting and drying of 30 ul of GSK90 (10 mM) on an Intellislide. A 30 um
tissue section was thaw-mounted between the Intellislide with dried drug and a DIUTHAME
membrane. b) Brightfield images of brain sections (30 um SALDI, 12 ym MALDI) were
acquired. X marked the GSK90 position. White dashed line delimited borders of MS positive
LDI MSI scans. Pseudo-coloured images of m/z 184.093 (c¢) and m/z 848.63 (d) values in
SALDI and MALDI MSI capture the difference in ion distribution between data with and
without TIC normalisation in two spatially distinctive chemical components. e) Pseudo-
coloured images of 533.5 m/z data show no GSK90/ponatinib signal. A potential
hydroxylated GSK90 ion was detected at 549.19 m/z. f) Three GSK90/ponatinib fragments
(Chapter 4.3) were detected in a fragmentation imaging analysis (LIFT) Scale bars = 3 mm.

(Fig. 5.13c). The non-normalised SALDI brain image showed strong intensity of
[PCh+H]" in grey matter of the cerebral cortex, the thalamus and a tentatively
identified caudoputamen, whereas minimal signal intensity was observed in the lipid
rich white matter, which consisted of corpus callosum and associated fibre tracts. On
the other hand, MALDI analysis resulted in high intensity pixels in the white matter in

the PCh-associated mass window and lower intensities in grey matter. Interestingly,
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SALDI and MALDI imaging data of PCh showed inverse information about the ion
distribution which was not anticipated. This phenomenon was possibly caused by
three properties of lipids — solubility, viscosity, and ionisation efficiency. Lipid signal
in DIUTHAME samples was affected by solubility and viscosity. The function of the
DIUTHAME membrane depends on capillary forces extracting the liquid components
of a biological sample and consequently the water-soluble components will reach the
capillary surface more substantially than the highly viscous lipid components.
Conversely, the extraction rate of lipids in MALDI is predominantly dependent upon
their solubility in the selected matrix solvent (e.g., 70 % methanol), whereas a lipid
extraction rate in water is much lower in comparison. However, lipids are prone to
ionise more efficiently than other chemical components in the sample and thus result
in higher signal intensities and seemingly higher concentrations. Consequently, lipids
were considered as the major contributors to ion suppression effect (ISE) in MALDI
MS.178.180.252.25  Applying total ion current (TIC)?8° normalisation resulted in
homogeneous ion distribution in both MALDI and SALDI [PCh+H]* images and
partially corrected the ion intensity fluctuations caused by a heterogeneous lipid
phase extraction and a lipid ISE. A V-shaped structural crack in a DIUTHAME tissue
was used as a visual normalisation control since the area exhibited zero signal in
both raw and TIC-normalised data. The ion tentatively assigned as Galactosyl
ceramide [GalCer(d18:1/24:1)+K]* at m/z 848.630%%! was not observed in the non-
normalised data of the SALDI sample. However, the ion was detected in non-
normalised MALDI data. Upon TIC normalisation, the ion was observed in the SALDI
data albeit with a very low intensity. The results in Figure 5.13d demonstrated that
the slow capillary extraction rate of DIUTHAME had a more significant impact in
SALDI then in MALDI whilst the increased ionisation efficiency of lipids had a major
influence in the MALDI experiments.

The final part of this study was to investigate the extraction and ionisation of
GSK90/ponatinib in brain tissues using DIUTHAME. Upon drying on the slide prior to
the tissue thaw-mounting, GSK90 formed a “coffee ring”?72282 (yellow arrows in Fig.
5.13a) — dried material deposit on the edge of the liquid phase. The expected
GSK90/ponatinib ion at m/z 533.2 was not observed in the tissue sample in positive
reflectron SALDI MSI. However, a strong signal at m/z 549.19, which was tentatively
identified as a ponatinib hydroxylated metabolite,?83 was detected (Fig. 5.13e). This

ion mapped to the edge of the coffee ring, but no signal was detected inside of the
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ring. These results suggest that either most of a sample underwent hydroxylation
and/or only the hydroxylated metabolite was extracted through the tissue into the
DIUTHAME membrane as a result of the increased water solubility of the analyte

after hydroxylation.?84

A pseudo-MS/MS fragmentation experiment (LIFT) was set up to analyse
fragments of ponatinib in the brain sample. The raster step size was set to 200 um,
where each point was scanned in a hexagonal geometry and 200 shots were fired
per spot at 2 kHz frequency. The parent laser attenuator was set to 95 %, the
fragment laser attenuator was set to 100 % and the parent ion m/z was set to m/z
549.19. Three peaks at m/z 100.82, m/z 259.64 and m/z 432.67 were generated
which corresponded to the fragmentation pattern and the m/z values obtained for a
standard of GSK90 as shown in Chapter 4.2 (Fig. 5.13f). Surprisingly, none of the
observed peaks were hydroxylated. Moreover, the spatial distribution of these ions
correlated with the distribution of the white matter in the brain and were not detected
in the position of the edge of the coffee ring. Potentially, unmetabolised GSK90 with
hydrophilic physicochemical properties was extracted through the white matter and
partially through the DIUTHAME capillaries and was only detected via the high
ionisation energy LIFT analysis. This hypothesis was supported by the known
lipophilicity of GSK90 from the available physicochemical data (Chapter 4.1) and
was confirmed in cell uptake study, where GSK90 strongly colocalised with cell

membranes and other lipid bodies (Fig. 4.16).

5.3.4. Development of DIUTHAME application with

improved analyte extraction

Solvent application was considered as an option to boost analyte extraction
efficiency of the DIUTHAME membrane approach. Thus, solvent application was
considered to improve the membrane-tissue adhesion in <12 um tissues and
therefore enable thin section SALDI MS imaging. To explore this, two solvent
application methods were evaluated — solvent spraying and solvent droplet pipetting.
A dry tissue section was also used in the experiment to determine whether

DIUTHAME can be applied to tissues directly after an SRS analysis.
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Two 12 pum murine brain cryosections cut along the horizontal axis were
attached to Intellislides. One tissue section was attached to an Intellislide by thaw-
mounting and subsequently dried on a bench. The DIUTHAME membrane was then
carefully attached to the sample at a room temperature. The sample and the
membrane were then sprayed over with a 70 % methanol solution using a HTX
sprayer with a nozzle at 40mm distance from a sample at 75 °C, with a solvent flow
rate of 0.12 ml/min and nozzle XY movement speed at 1200 mm/min, which passed
over the sample 8 times with a 3 mm spacing (Fig. 5.14a). A second mouse brain
slice was thaw-mounted on another Intellislide at room temperature followed by an
adhesion of DIUTHAME membrane 100 ul of 70 % methanol was pipetted onto a
DIUTHAME membrane (Fig. 5.14b), with the aim to examine whether DIUTHAME
can be used for analyte extraction at room temperature following a potential SRS

analysis.

m/z184.096 £ 0.2
[PCh+HJ*

Brightfield

Dry

b) Thaw-
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Figure 5.14 Solvent application in DIUTHAME. 12 um mouse brain cryosections were
thaw mounted on an Intellislide and whilst dry, attached to a DIUTHAME, 70 % methanol
was raster-sprayed across the tissue (a). A second 12 um mouse brain slice was thaw-
mounted in a cryostat between an Intellislide and a DIUTHAME followed by deposition of two
50 ul droplets of 70 % methanol (b). Brightfield images were captured for sample registration
in the mass spectrometer (c-d). Heatmaps of the [PCh+H]" (m/z 184.6) showed signal in
sample edges in the matrix-sprayed sample (e) and across approximately half of the
scanned area for the droplet application (f). Scale bar = 3 mm.

Brightfield images of the samples acquired by a Reflecta scanner showed an
intact murine brain section which underwent solvent spraying (Fig. 5.14c), and a
partially damaged mouse brain section which darkened during solvent drying.
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Delocalised colour was also observed outside of the tissue perimeter (Fig. 5.14d),
which suggested the solvent delocalised some components of the tissue. The
discolouration was likely caused by a prolonged interaction between the DIUTHAME
membrane, methanol, and the tissue. The mass spectrometer detection window was
set to m/z 100 — 1500 acquisition window at a 200 um raster step size and 300 laser
shots per spot in positive reflectron mode in agreement with the settings of LDI MSI
data acquisition depicted in Figure 5.15. LDI MSI data were TIC-normalised.
The DIUTHAME extraction efficiency in this sample preparation procedure was
evaluated by using a false coloured heatmap which highlighted the distribution of the
[PCh+H]" by setting a mass filter window to m/z 184.096 + 0.2. The solvent-sprayed
sample resulted in a strong intensity response on the tissue edge but no [PCh+H]*
signal was found deeper in the tissue (Fig. 5.14e). This result suggested that
DIUTHAME only attached at the tissue edges meaning this solvent spraying
approach did not generate enough pressure or contact with the DIUTHAME
membrane surface to properly adhere to the 12 pum-thick tissue section. Although the
second brain tissue underwent solvent administration by pipetting, which introduced
a large volume of liquid, [PCh+H]* was detected heterogeneously in the scanned
brain area (Fig. 5.14f). The pipetting approach was not further investigated due to
visible delocalisation and physical displacement of tissue components. Additionally,
cracking of the sample was observed in the brightfield image.

In summary, DIUTHAME appears not to adhere to a 12 pm-thin cryosection,
and solvent application does not sufficiently improve the membrane-tissue
adherence and analyte extraction. Therefore, a contact between the tissue
cryosection and the DIUTHAME membrane is essential for successful analyte

extraction in a SALDI experiment.

To determine what the minimum thickness Is needed for a successful SALDI
MSI experiment, the murine brain cryosectioning thickness was increased to 16 um.
30 ul of GSK90 (10 mM) was also pipetted on the Intellislide surface to observe the
effect of solvent spraying on sample extraction. In a cryostat (-20 °C), mouse
sections were carefully transferred on Intellislides and sealed with DIUTHAME from
the opposite end (see Fig. 5.13a). Samples were thaw-mounted and analysed on the
UltrafleXtreme with identical acquisition settings as in the previous paragraph. A

brightfield image captured the morphology of the brain tissue section (Fig. 5.15a).
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A large crack was observed spanning diagonally across the brain tissue
section, which was a commonly observed tissue freezing artifact. [PCh+H]* and
[GalCer/ (d18:1/24:1)+K]* ions were selected to contextualise the entire brain and
the white matter, respectively (Fig. 5.15b). In non-normalised data, the [PCh+H]*
signal was absent in the white matter brain regions in agreement with the prior
30 um brain section analysis (see Fig. 5.13c). The [PCh+H]* signal homogeneity
increased when the TIC normalisation was applied. The [GalCer/+K]* ion intensity
appeared disparate across the section in the non-normalised data. However, TIC
normalisation equilibrated the ion intensity across the tissue. The observed ion
gradient across the tissue was most likely caused by an uneven DIUTHAME
membrane adherence and/or extraction. Additionally, an ion suppression effect from
the lipid ions may also be contributing to this observation.1®.

After the first analysis, the sample was sprayed on with a 0.2 % TFA in 70 %
methanol at 65 °C, 0.12 ml/min flow rate, 1450 mm/min nozzle XY speed and with 4
passes. TFA was newly applied in this process because it was hypothesised the
acidic solution can improve the generation of protonated adducts like it does in
MALDI experiments. Samples were analysed with the mass spectrometer at the
same settings and with a 100x100 um spatial offset to avoid ablating/analysing
already ablated spots from the previous analysis and thus creating false negative
voxels. Solvent application resulted in a homogeneous distribution of the [PCh+H]* in
the non-normalised data. Furthermore, the [PCh+H]* ion was detected in tissue
edges and in a cerebellum after TIC normalisation. Interestingly, the solvent spraying
resulted in an improved [GalCer/+K]* distribution in the white matter (Fig. 5.13c).
Unexplainably, the [PCh+H]* distribution was delocalised in contrast with the
TFA-free sample. Conversely, the ion yield and spatial contrast of the [GalCer/+K]*
improved and thus suggested that TFA spraying improved lipid extraction in the
white matter region. The drop in the [PCh+H]* intensity was likely an effect of an
enhanced solvent-mediated lipid species extraction. Increased lipid concentration on
a membrane surface would have likely resulted in an ISE through an increased

competition over ionising energy between different types of lipids.1’8
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Figure 5.15 Evaluation of the solvent spraying effect on extraction of tissue
components and the impact on SALDI MSI. a) A full tissue image and a zoomed-in image
of the 16 um-thin horizontal mouse brain tissue section capturing the centre spot of GSK90
deposition (red arrow), the GSK90 coffee ring border (blue arrow) and a tentatively identified
third ventricle (yellow arrow) were acquired. b) False-coloured heatmaps of [PCh+H]* (m/z
184.093 * 0.2) and ceramide (m/z 848.63 + 0.2) of DIUTHAME-thaw-mounted brain tissues
revealed a spatially exclusive relationship between these ions in thaw-mounted samples
after a SALDI MSI analysis. c) TFA-methanol solvent was applied on the same sample and
the data was reacquired. False-coloured heatmaps of [PCh+H]" (m/z 184.093 = 0.2) and
[GalCer/+K]* (m/z 848.63 £+ 0.2) of DIUTHAME-thaw-mounted brain tissues revealed a
spatially exclusive relationship between these ions in thaw-mounted samples. TIC
normalisation corrected raw ceramide ion data which appeared gradually offset along a
vertical axis. Scale bars = 3 mm.

The hyperspectral image data were flattened through voxel averaging from all
scanned positions into a single spectrum per sample in TIC-normalised data in order
to examine spectral variation induced by TFA deposition. The results show increase
in the total ion yield in the DIUTHAME sample treated with a 0.2 % TFA in contrast
with the DIUTHAME-only in both the small molecule region (m/z 100 - 350) (Fig.
5.16a) and in the lipid region (Fig. 5.16b) of mass spectra. The [PCh+H]* (m/z
184.093) was the most prominent peak in the DIUTHAME only spectrum. In
agreement with the [PCh+H]* heatmap, relative intensity of PCh decreased in the
second analysis after TFA spraying. A peak-picking algorithm was used to generate
mass lists capturing m/z values of mass peaks. Extracted mass lists from mouse
brain tissues analysed with DIUTHAME in TFA-free environment contained a total of
37 ions and the TFA-treated DIUTHAME sample contained 204 distinct ions. The
samples intersected in of 36 common ions. A single unique ion was found in the
TFA-free DIUTHAME mass list and 168 unique ions in a TFA-treated DIUTHAME

mass list (Fig. 5.16¢). Caution must be applied as these results may vary depending
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on the mass filter setup and peak picking parameters. Prolonged hydration of the
sample and the introduction of the proton donor, TFA. was considered the main

cause of the observed increase in the number and the intensity of the ions.
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Figure 5.16 Evaluation of the solvent spraying effect on average mass spectra. Full
tissue hyperspectral datacubes were flattened into averaged 2D mass spectra with a focus
on a small molecular region (m/z 100 — 350) and a lipid region (m/z 725 — 900). The overall
intensity of a mass spectrum increased after the TFA solution spray(d, e). A peak-picking
algorithm was used to generate mass lists from both spectral measurements. A mass list
volume and intersections were captured in a Venn diagram (f). The effect of TFA on GSK90
extraction enhancement was examined using GSK90/ponatinib ions.

The extraction efficiency of GSK90/ponatinib through the 16 pm brain tissue
using thaw-mounted DIUTHAME was explored in both positive reflectron mode and
in positive fragmentation LIFT mode (Fig. 5.17a). A protonated GSK90
[Ponatinib+H]* (m/z 533.20) was observed with low confidence only in the TIC-
normalised image due to a poor SNR. The hydroxylated GSK90 ion [PonatinibOH]*
(m/z 549.19) replicated the pattern of the dried droplet of GSK90 under the tissue
section. However, the spatial distribution of the [Ponatinib+K]* (m/z 571.25) followed
a short vertical line in the centre of the brain tissue. This line overlapped with a faint
white line showed in the zoomed in brightfield image which was tentatively identified
as a part of the third ventricle and cerebrospinal fluid (see Fig. 5.15a). It was
considered that the cerebrospinal fluid and the ventricle section were easier for
GSK90 to penetrate than the rest of the tissue. Moreover, cerebrospinal fluid
contains a plethora of ions, including potassium, which in turn served as an adduct in
the sample ionisation which led to the improved [Ponatinib+K]* signal. TFA
application resulted in detection of [Ponatinib+H]* and [Ponatinib+K]* ions on an
intersection between the GSK90 solvent spot and a diagonally spanning crack in the

tissue. While the hydroxylated ion was detected in this imaging experiment an
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increased signal intensity was not observed following TFA application (Fig, 5.13h).
Thus, the hydroxylation was possibly the result of tissue metabolism which was not
further affected by the application of TFA in the methanol solution. Finally, the
detection of ponatinib was confirmed through a presence of the m/z 100.82, m/z
259.64 and m/z 432.67 ponatinib fragment ions (see Fig. 4.4) in the area of third
ventricle using the LIFT fragmentation mode (Fig. 5.17c). lon intensities of ponatinib
fragments seemingly improved with the application of TFA, which suggested
improved extraction through tissues. On the other hand, The SNR increased strongly
only in m/z 259.64 and m/z 432.67 ion fragments. In addition, no analyte
delocalisation within the tissue was observed which led to the conclusion that the
addition of solvent on a DIUTHAME membrane improved the overall ion yield without

a spatial delocalisation of analytes.

533.2 549.19 571.25 533.2 549.19 571.25
a) +0.4 m/z +0.2m/z +0.2m/z b) +0.4 m/z +0.2m/z +0.2m/z
[Ponatinib+H]* [PonatinibOH]* [Ponatinib+K]* [Ponatinib+H]* [PonatinibOH]* [Ponatinib+K]*

SNRypo = 77.4* SNRgpo = 5.3 SNRgpo = 57
SNRuac = 2.5 Re, D SNRya = 4.9

Thaw-mounted

Thaw-mounted + solvent-sprayed

100.82 259.64 432.67 100.82 259.64 432.67
+0.25 m/z +0.2m/z +0.2m/z +0.25 m/z +0.2m/z +0.2m/z

SNRpo = 13.8 SNRgpo = 35.6 SNRpo = 20.7
SNR o = 135.4 SNR o = 3127 SNR( o = 68.5

©)

Q
-

i Py o
e P

solvent-sprayed

Thaw-mounted
Thaw-mounted +

Figure 5.17 Evaluation of the solvent spraying effect on extraction of endogenous
components and GSK90 in a brain section. a) Prior to TFA deposition, a [Ponatinib+H]*
ion was not detected with confidence in the normalisation-free data, however a small line in
the brain centre was highlighted in the TIC data. [PonatinibOH]* signal resembling the coffee
ring shape (white arrow) seen in the brightfield image was detected. Similarly, to the
protonated ion, [Ponatinib+K]* ion was also observed as a vertical line in the central brain
region (yellow arrow). b) TFA spraying resulted in an increased detection of all GSK90 ions,
including the hydrogenated ion and potassiated ions which were detected on the tissue
crack interface. Fragmentation analysis (LIFT) in positive mode SALDI MSI showed a
distribution of ions before and after TFA spraying. i) The known GSK90 fragments m/z
100.82, m/z 259.64, and m/z 432.67 were detected in vertical line in the brain centre after
TFA spraying. M/z 259.64 fragment ion moreover resembled the hydroxylated ponatinib
distribution. j) In consensus with the reflectron data, thaw-mounting resulted in ion extraction
along the tissue crack edges in all examined fragments. Scale bars = 3 mm.
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5.3.5. Comparison of MALDI and SALDI MSI in murine
kidney

The use of DIUTHAME was further explored using murine kidney tissues to
assess its feasibility in SALDI experiments in parallel with the SRS experiments with
an outlook for an SRS-to-SALDI MSI. The kidney experiments were designed to
evaluate the reproducibility and applicability of the sample preparation methods
established for the murine brain SALDI MS experiments.

16 pm mouse kidney cryosections were prepared in a cryostat. Samples for the
MALDI experiments were directly thaw-mounted onto Intellislides and dried at room
temperature, whilst the kidney sections for the SALDI experiments were firmly
sandwiched between a chilled Intellislide and a chilled DIUTHAME membrane in
-20 °C. By applying heat from the palm of the hand on the reverse side of the
Intellislide, the tissue was thaw-mounted to both the slide and the DIUTHAME
membrane. Samples were fully dried on a benchtop at an ambient temperature.
Using the TM Sprayer (Htx Technologies, USA), the MALDI samples were coated
with aCHCA matrix with instrument settings that have been optimised for tissues and
the 3-layer SALDI samples, which consisted of the Intellislide, the tissue and the
DIUTHAME membrane, were sprayed with 0.2 % TFA in 70 % methanol with “D7”
sprayer settings (chapter 3.5). All the samples were analysed across an m/z 100 —
1500 mass window with the UltrafleXtreme TOF/TOF mass spectrometer in the
positive reflectron mode. The ablation diameter of a single raster pixel was set to
25 um, and a raster step size was set to 75 um to minimise a risk of oversampling
which would then cause an intensity gradient at the sample edges. Additionally,
small rectangular ROIs in tissues were created with a 25 um step size. A total of 500

laser shots per position was fired.
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Figure 5.18 A comparison of MALDI and SALDI for mouse kidney cryosections. a) MS
spectra comparison for MALDI and SALDI in the small molecule region (m/z 100 — 350) and
the lipid region (m/z 725 — 900). b) 97 and 64 ions were detected by MALDI and SALDI,
respectively with 9 common mass peaks. c¢) Single ion images of full mouse kidney sections
depict the distribution and intensity of [PCh+H]* (m/z 184.087), [choline]* (m/z 104.17) and
[Heme b]* (m/z 616.15) ions. Scale bar = 3 mm. Inset images captured the heme distribution
in renal duct and collecting ducts in high definition. Inset scale bar = 200 um, inset signal
intensities in brackets.

The spectral information obtained from the MALDI and SALDI experiments
showed differences in peak positions and intensities based on averaged spectra
(Fig. 5.18a). The most prominent ions detected were [Choline]* and [PCh+H]* at m/z
104285 and 184, respectively. Less prominent peaks did not spectrally overlap across
the mass spectrum suggesting that MALDI and SALDI extracted different cellular
components. Indeed, this finding was confirmed by comparing mass lists of the
MALDI and SALDI data which showed that out 97 MALDI-related mass peaks
(including aCHCA matrix peaks) and 64 SALDI-related mass peaks, and only 9

peaks were common to both (Fig. 5.18b). Peaks were filtered by distance (11 data
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points = m/z 2) and prominence (0.004 a.u.) of background corrected data. It is
noteworthy to mention that the peak picking algorithm applied only a linear threshold
and therefore some mass peaks were not detected and included in the mass lists.
Next, single ion images of overlapping ions were assessed. Images were TIC-
normalised (Fig. 5.18c). A [PCh+H]* was detected across the whole kidney section in
both SALDI and MALDI imaging experiments with the highest signal intensity
observed in the kidney capsule and the kidney cortex. Similarly, the [Choline]* (m/z
104.17) ion was detected in the cortex and the medulla of kidneys. Additionally, an
ion at m/z 616.15, tentatively assigned as heme b28¢ gave a similar distribution
pattern in both SALDI and MALDI, and thus demonstrating a consistency between
the two techniques. In contrast to the MALDI single ion images of a [Heme b]*, the
ion yield in the SALDI single ion image was once again strongest at the tissue edges
and gradually decreased in intensity towards a tissue centre. The ion images were
TIC-normalised and therefore ion count fluctuations were not the source of the
increased ion detection. Moreover, the MALDI and SALDI samples were ionised
using the same instrument settings and therefore, oversampling — which would
otherwise cause an intensity decline inside the tissue — would be observed in both
MALDI and SALDI. Thus, the cause of this effect could not be explained.
Furthermore, mismatches in spatial distribution of [Choline]* and [PCh+H]* were
attributed to the use of non-consecutive tissue sections and the DIUTHAME
extraction efficacy. Finally, high definition [Heme b]* ion heat maps revealed blood
vessels and collection ducts in the mouse kidneys shown in Fig. 5.18c insets. The
MALDI [Heme b]* ion image surpassed the same ion SALDI image in signal intensity
and spatial contrast which was in agreement with the full tissue image at 200 um
raster step size. MALDI and SALDI overall intensities decreased, likely due to a
lower amount of ionisable substrate. In conclusion, the TFA-spraying in combination
with DIUTHAME was successfully applied to MSI analysis of murine kidney tissues

as well as to a brain tissue indicting the potential application across further organs.
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5.3.6. Evaluation of DIUTHAME in SALDI MSI of cells

In the final set of DIUTHAME feasibility studies, cell culture MSI was evaluated.
MALDI MS analysis of cells is routinely performed with thousands of cells being
analysed on high sample capacity plates!®.287.288 however imaging experiments are
not so common. Mass spectrometry imaging of cell cultures grown on a flat surface
requires LDl mass spectrometers to be capable of high resolution and high
sensitivity to accommodate the cellular size and the low abundance of analytes for
ionisation. For this reason, standard MALDI was employed in large cellular systems
such as spheroids?8%2°0 and organoids® where it is feasible to ionise bulk cellular
material. Albeit with the recent emergence of next generation MALDI-2 mass
spectrometers, these instrument-imposed constraints have been overcome.®®

Matrix crystal size (>1-10 um)*64.166 now becomes the next constraint in MALDI
MSI in terms of spatial resolution. However, since the DIUTHAME membrane pore
diameter is 200 nm,*® this offers an opportunity for cell analysis with sub-micron

resolution.

Human colon carcinoma (Caco-2) cells were grown on poly-D-lysine-coated
cover glass squares. Live cells were washed with PBS to remove the culture media,
which can negatively impair the ionisation process.?®” Live cells designated for
SALDI MSI were first scanned in brightfield whilst in PBS. Afterwards, the majority of
the liquid was aspirated with a pipette with only a thin film of liquid remaining on the
sample. With the cover glass on an Intellislide, a DIUTHAME membrane was
immediately adhered to the sample, wherein the remaining sample liquid adhered to
the membrane and dried without the need for any TFA sample wetting. Intellislides
with the cells on a cover glass were scanned using the Reflecta brightfield scanner
for registration with the mass spectrometer images (Fig 5.19a). A dark pattern shown
in Fig. 5.19a confirmed the contact between the PBS solution and the DIUTHAME
membrane. The cells with the DIUTHAME membrane were analysed by SALDI
across an m/z 100 — 1500 mass range by raster scanning across a small area
consisting of 748 pixels with a 50 um pixel size encompassing two putative cell
clusters (Fig. 5.19b). The ionising laser was set to fire 500 laser shots at 90 % laser
power. [PCh+H]* (SNR = 172) single ion heat map was used to find location of the

cells in the sample. Two cell clusters were observed matching in a size and position
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to the brightfield image (Fig. 5.19c). Additionally, an m/z 881.66 + 0.2 mass filter
(SNR = 42) which captured a potential lipid components (either a sphingomyelin or a
triacylglycerol)!! was manually selected and correlated with the PCh and brightfield
information (Fig. 5.19d). It was also observed that the mass filter (m/z 841.142 + 0.2)
focused on a noisy spectral position — albeit at low intensity (0.1 a.u, SNR = 3) —
resulting in a false assignment of cells (Fig. 5.19e). However, TIC normalisation
resulted in a random noise image for the same region (Fig. 5.19f) and thus
emphasised the importance of using TIC normalisation. The non-normalised data
was likely affected by an absence of ionisable material outside the cell boundaries,
where the noise intensities were even smaller. Averaged spectra of cell and glass
ROI revealed 9 overlapping peaks prevalently found in the m/z 100 — 200 mass
spectrum region. The spectra were normalised to max intensity in cells (71.2 a.u.)
and in glass (16.7 a.u.). More than 20 individual ion peaks were detected and
confirmed through visual comparison of respective single ions in the lipid region (Fig.
5.199). These results demonstrated that DIUTHAME is indeed applicable in SALDI

MSI of cells without any cellular component delocalisation occurring.
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Figure 5.19 SALDI MSI in a 2D cell culture using DIUTHAME. a) A brightfield scan
showed the DIUTHAME frame and the membrane with a dark spot stretching from centre to
the right. b) Before DIUTHAME application, live cells in clusters were scanned with a
brightfield slide scanner. TIC-normalised single ion images of c) a [PCh+H]* (m/z 184.062)
and d) a lipid [SM 43:2;02+H / TG 54:3+Na]* (m/z 881.66) were manually selected to
compare the cell signal and the brightfield image. e) Analysis without normalisation revealed
falsely assigned regions of cells at m/z 841,142. f) Noise was observed after TIC
normalisation in the same spectral filter. g) Maximum intensity-normalised mass spectra
from cell and glass ROIs revealed multiple ion peaks in small molecule and lipid region,
whilst glass signal in the latter was consisting of noise only. Scale bar = 300 um.

To conclude the comparisons of MALDI and SALDI, an Intellislide with Caco-2
cells was analysed using MALDI MSI in order to compare and relate the SALDI data

to a robustly used method.

In the same culture experiment, Caco-2 cells were grown directly on an
Intellislide coated with poly-D-lysine. Cells were washed with PBS, which was then
completely aspirated. The cells were quickly dried under vacuum to reduce the size
of the crystals, which were expected to form during drying. The Reflecta tissue
scanner was used to capture an image of the dried cells which formed small dark
spots throughout the slide centre (Fig. 5.20a). Using the HTX TM sprayer, the
aCHCA was sprayed onto the MALDI cell samples with “dry” settings to decrease the

potential for a cell component delocalisation (Chapter 3.5). The conditions for the
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UltrafleXtreme mass spectrometer were as follows: UV laser intensity was
attenuated from 90% to 40% and the raster step size was decreased to 25 pm. With
the rest of the settings equivalent to the SALDI experiment, e.g., the data was
acquired across the m/z 100 — 1500 mass spectral region. The acquired imaging

data was TIC normalised.
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Figure 5.20 MALDI MSI in a 2D cell culture. a) A close-up of the dried cell clusters grown
on an Intellislide was acquired prior to matrix deposition. b) The highest signal intensities in
single ion heatmaps focused on [PCh+H]* at m/z 184.062 and c) the ion at m/z 881.66,
which has been tentatively identified as the sodiated phosphatidyl choline [PC 34:1 + Na]",
showed a correlation with the dried cell clusters in the brightfield image. d) Most of the
detected ion peaks in the mass spectra was found inside and outside cells. In the low mass
range, the majority of the detected ions were common to both inside and outside the cells.
However, for the lipid region (m/z 550 — 850), there was a few of low abundant lipid peaks in
the cells that were absent from the non-cell region. Scale bar = 400 um.

The resulting single ion image of [PCh+H]* revealed a distribution of Caco-2
cells on the Intellislide (Fig. 5.20b). However, the m/z 184 ion was detected across
an entire scanned area including areas absent of cells (see Fig. 5.20a). The sodium
adduct of the phosphatidyl choline lipid [PC 34:1 + Na]* single ion image produced a
comparable distribution to PC with only subtle differences in some ion positions and
ion intensities in comparison with [PCh+H]* (Fig. 5.20d). The averaged mass spectra

of cells and glass showed an overlap in almost all detected peaks including the PCh
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the phosphatidyl choline lipid mass peaks. Since cell-related mass peaks were
detected outside of cells, the single ion images were indeed showing lipids scattered
across the scanned region. This suggested that a delocalisation of the cellular
components and analytes was occurring. Due to the delocalisation of the putative
cell components, background peaks could not be subtracted. Hence, a direct
comparison of detected ions between MALDI and SALDI was not conducted.

To summarise, a conductive surface is essential for a sample ionisation and
the subsequent direction of ions into the mass spectrometer in both MALDI and
SALDI techniques. It was shown that the application of copper tape to the reverse
side of a non-conductive slide resulted in a successful ionisation of a sample, but it
was susceptible to surface charging effect, which caused a broadening and positive
offset of mass peaks in the MALDI mass spectrum.

It was hypothesised that the conductive surface must be as close as possible to
the sample to reduce the surface charging effect, which lead to the evaluation of a
DIUTHAME-mediated SALDI technique. DIUTHAME is a conductive porous
membrane designed for an analyte extraction and a subsequent ionisation in SALDI
process. By placing the DIUTHAME membrane on a sample thaw-mounted to a non-
conductive glass slide the conductive surface was in contact with the extracted
analytes from the tissue below the DIUTHAME membrane, which in turn resulted in
successful ionisation and generation of mass spectra in 30 um-thick tissue section.
The aim however was to use thinner tissues to reduce the light scattering during a
prior SRS analysis and to improve the spatial resolution by extracting the thinnest
possible layer. It was found that by spraying a solution of TFA in methanol, the
ionisation efficiency of the DIUTHAME method improved and allowed for the SALDI
MSI of 16 um cryosections. Despite the method modification, MALDI outperformed
DIUTHAME SALDI in terms of ion intensities and number of detected ion peaks.
However, it was found that both techniques extract and ionise different ion species
based on a fractional overlap of mass peaks between the two methods.

In addition, the extraction depth of DIUTHAME without the TFA deposition
reached 30 pum, which was observed in a SALDI experiment where a spot of a dried
GSK90 analyte was deposited below a 30 pm-thick mouse brain cryosection.

Finally, the limit of detection of SALDI was evaluated in MSI experiments of cell

cultures using MALDI and SALDI, which resulted in successful detection of multiple
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ion peaks which were tentatively assigned to cell-related lipid ions. However, the
spraying of matrix on the cell sample resulted in a delocalisation since the lipid ions
in MALDI were detected outside of the cells as well. Conversely, no analyte
delocalisation was observed in the DIUTHAME-treated cell sample, where the lipid
signal localised inside the cells only and thus suggested that the DIUTHAME
membrane is highly efficient SALDI MSI of cell cultures.

5.4. Translation of the same sample between SRS and SALDI
MSI

The previous two sections in this chapter identified that the incompatibilities
between the MALDI MSI and SRS microscopy in the same biological, which lead to a
development of a series of methods which overcome these issues and paved the
way to conduct SRS-to-SALDI MSI experiments in biological samples. This
technique combination was examined by generating a SRH of a full tissue section,

which would then be used for a registration of SALDI MSI data.

Due to its hydrophobicity and morphological rigidity, mouse brain was used in
the SRS-to-SALDI analysis. A 16 um murine brain cryosection was thaw-mounted on
a square cover glass (thickness = 0.17 mm £ 0.01). A second cover glass with a
1 mm-deep silicon gasket filled with PBS was attached to the brain sample cover
glass. To create an SRH image with the SRS microscope, 874 tiles (256 x 256 px)
with a 1.8 um pixel size and 11.53 ps pixel dwell time were acquired with pump and
Stokes beams tuned to CHsz (2945 cm™) and CH2 (2866 cm™) vibrational modes
illuminating a sample with a 25x objective lens. Acquired tiles were stitched together
using a Mosaic Merge tool in LAS X with a smooth overlap blending. Stitched SRS
mosaic images were merged into a two-channel image and manually corrected in XY
coordinates. The two-channel image (3013 x 5183 px) was exported to Fiji ImageJ,
where a ratio-based image calculation (x = |a — b|) was selected over a subtraction
(x = a — b) since it resulted in an output image with improved contrast.

The CHs image mosaic highlighted a distribution of protein and lipid
components in the tissue (Fig. 5.21a), whereas CH2 image highlights lipids with a
stronger contrast (Fig. 5.21b) owing to the CH2 bond prevalence in lipids.?®* The
intensity of the corpus callosum and other lipid-rich white matter structures in the
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brain surpassed the intensity from the grey matter which was richer in proteins.
Nuclei contain low CH2 bond concentration relative to the rest of the cell and the
tissue, due to a low concentration of lipids.?°? Upon CHs — CH2 signal subtraction,
cell nuclei regions became faintly highlighted (Fig. 5.21c-d) in the dentate gyrus of
the hippocampus, in the lateral ventricle, and the third ventricle as highlighted by the
white arrows. The subtraction also resulted in a chemically non-specific increase in
pixel intensity in tissue centre denoted by yellow arrows. This increase in intensity
arose from a decreased overall intensity in the CH2 image, where the microscope
focused into a different Z position (yellow arrow). However, a spatial offset between
CHs and CHz channels which was created during the tile stitching of the individual
datasets prior to a channel merge led to very low intensity pixels in putative cell

nuclei positions.

Figure 5.21 Stimulated Raman histology of a mouse brain tissue prior to mass
spectrometry imaging. SRS mosaic images were acquired at two pump laser wavelengths
corresponding to CHs (a) and CH; (b) vibrational frequencies relating to proteins and lipids.
An image subtraction (a — b) revealed nucleus-rich regions in the tissue (c, d).
Scale bar=1 mm

The brain tissue on the cover glass was recovered from the sample enclosure
and partially dried leaving a thin liquid film on the tissue surface and was then
refrozen at -80 °C. The tissue on the cover glass was then transferred to a cryostat
(-20 C°) and placed on a clean Intellislide before thaw-mounting to a DIUTHAME
membrane. In addition, two adjacent mouse brain cryosections (16 pum) were thaw-
mounted on two Intellislides, for the aCHCA matrix deposition for MALDI analysis
and for a comparative DIUTHAME-mediated SALDI analysis without the cover glass.
All samples were scanned using the brightfield Reflecta tissue scanner. Tissues with
DIUTHAME membrane were sprayed with 0.2 % TFA in 70 % methanol with “D7”
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sprayer settings (Chapter 3.5). using the HTX TM Sprayer to improve the sample
extraction into the membrane. The second sample was used as a reference MALDI
experiment where aCHCA matrix (7 mg/ml, 0.2 % TFA, 70 % methanol) was sprayed
on the tissue using the “Tissues” setting TM Sprayer settings (Chapter 3.5). SALDI
imaging was performed in the UltrafleXtreme TOF/TOF in positive ionisation
reflectron mode focusing on a mass window of m/z 100 — 1500. The laser ablation
position diameter was set to 25 um, and the raster step size was 50 um. The laser
attenuated to 90 % fired 500 shots per each position. In MALDI imaging, the raster
step size was set to 100 um to reduce matrix build-up on the instrument source
which would have caused a gradual decrease in ion yield. The laser power
attenuator was set to 40 %.

The resulting TIC-normalised hyperspectral data were reduced by pixel
averaging to single point spectra (Fig. 5.22a). Each sample resulted in clearly
different spectral profiles. The difference between MALDI and SALDI mass spectra
was expected since it was observed and discussed in chapter 5.3.5. The difference
between the SALDI and the post-SRS SALDI sample was presumably caused by the
prolonged exposure to the aqueous solution during SRS imaging. The SALDI-
analysed sample generated a large number of ions between m/z 100 — 300 and thus
surpassed the small molecule ion peak count of MALDI and post-SRS SALDI (see
Fig. 5.22a). Furthermore, the intensity and number of ions detected in the lipid region
(m/z 600 — 900) in the SALDI mass spectrum (max. SNR = 22, ~19 ions) was poor in
comparison with  MALDI (max. SNR = 142, ~25 ions) and post-SRS SALDI
(max. SNR = 26, ~25 ions) mass spectra caused presumably by a relatively low
analyte extraction efficiency. To accommodate for low extraction efficiency, ion
intensity LOD was set to 2 in peak picking settings in the lipid region. It was unlikely
that the difference between MALDI and SALDI spectra was the resolution since the
size of the ablation spot in both analyses was the same. The post-SRS SALDI
sample resulted in a seemingly reduced number of ions detected in the small mass
region, however new ions that were observed in the m/z 600 — 700 mass spectral
window were potentially a result of a prolonged exposure to abundant Na* and K*
ions in PBS during the SRS analysis. However, the overall intensity of the lipid-
associated mass peaks were lower in contrast with SALDI (without previous SRS)
and MALDI data. The data was background-subtracted using a Savitzky-Golay

filter?3> and using a variable threshold, spectral peaks were selected summed and
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compared between the three samples (Fig. 5.22b). A total of 67, 73 and 35
prominent ion peaks (SNR = 5) were detected in a mouse brain per MALDI, SALDI
and post SRS SALDI samples, respectively. The overlap between SALDI and post-
SRS SALDI ion peaks was expected to be greater since only 42 % of the post-SRS
SALDI ion peaks overlapped with the SALDI ion peaks. Moreover, only 2 out of 153
total peaks were common between all samples which was unexpected based on a
similar study by Muller et. al.'8” A close examination of the mass spectrum revealed
a negative shift in the post-SRS SALDI mass spectrum. The [PCh+H]* ion (m/z
184.097) was shifted by — m/z 0.16 and an unknown ion mass peak at m/z 822 was
shifted by — m/z 0.507. A linear offset function was calculated for the full range of m/z
100 — 1500 based on the two above mentioned ions. No other ions were found with
high-enough confidence to improve the function precision. Admittedly, the
relationship between the time of flight and mass-over-charge is quadratic.'® Yet, it
was found that the simpler to generate and apply linear correction fitting was
sufficient to compensate the offset in the post-SRS SALDI mass spectrum
(Fig. 5.22c). The resulting offset precisely overlapped with the m/z 184 ion, and while
the offset spectrum was not completely aligned with the SALDI spectral peaks high
mass spectral window, it was a sufficient approximation for peak binning, which
reduced the variable data into a smaller and discrete number of bins. Despite the
compensation offset in the post-SRS SALDI mass spectra, only a small improvement
was observed — the overlap of all three spectra raised from 2 to 3 and the overlap
between SALDI and post-SRS SALDI increased from 13 to 15 (Fig. 5.22d). The peak
offset likely originated from an increased sample height due to a 0.17 mm-thick cover
glass between the Intellislide and the tissue, because the TOF analysers separate
the ions based on the time it takes them to travel over a given distance from a
sample surface to the detector.*®® Thus, the reduction of the travel distance of the ion
would most definitely affect the resulting mass spectrum. The peak picking algorithm
was considered as the main cause for the mismatch between the two DIUTHAME

samples/SALDI experiments as well as sample heterogeneity.
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Figure 5.22 S/IMALDI mass spectra of brain tissues. a) Hyperspectral MSI data of SALDI,
post-SRS SALDI and a MALDI mouse brain samples showed heterogeneity in the number of
peaks between individual samples and the signal to noise intensity in the low molecular
weight region (left) and the lipid region (right). b) The relationship between the spectra was
examined by comparison between the overlaps of mass lists which were generated based
on spectral peak prominences per individual samples. ¢) A spectral negative offset of the
post-SRS SALDI samples was corrected by fitting a linear calibration function on the
spectrum. d) The mass lists were then compared again to determine how much did the
spectral shift affect the relationships between individual samples.

In addition to mass peak binning, a spectral offset was applied to the
generation of single ion images of the negatively offset data since the mass filters
were typically set to narrow m/z 0.4 spectral windows. False-coloured heatmaps
representing an intensity and a distribution of 5 annotated ions were generated per
SALDI, MALDI and post-SRS SALDI of adjacent brain cryosections (Fig. 5.23). The
post-SRS sample was morphologically warped during sample extraction from PBS.
Selected mass filters reflected mass peaks which correlated with [PCh+H]* (m/z 184)
[heme b]* (m/z 616), and an m/z 848 ion, which was tentatively associated with
potassiated ceramides (GalCer (d18:1)/( (24:1). An m/z 772 mass peak associated
with either potassiated PC (32:0)187:293.294 or potassiated PE (35:0) or PE(0O-36:0)%%7,
potassiated PC (38:6)'872% was selected as well. [PCh+H]* was detected across the

entire tissue, whereas in MALDI and post-SRS SALDI samples, the strongest
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intensity was observed in the cerebral cortex (Fig. 23a). Therefore, a link between
tissue heterogeneity and analyte extraction through co-crystallisation or capillary
forces was suspected. Moreover, the highest [PCh + H]* intensity and spatial
contrast were observed in the post-SRS sample which suggested that a prolonged
exposure to PBS during the SRS analysis was possibly linked to the [PCh + H]" ion
yield increase. [Heme b]" was successfully detected in both SALDI and MALDI
experiments appearing to be in the ventricles where the blood vessels are located.
However, the m/z 616 signal was not detected in the post-SRS SALDI sample and
thus suggested that [Heme b]* had been delocalised whilst submerged in PBS in the
imaging chamber during the SRS experiment. Furthermore, the potassiated PE
(35:0) and PC (38:6) ions were not detected in the post-SRS sample in contrast with
SALDI and MALDI samples. The m/z 848 ion was, however, succesfully detected in
all samples, although the ion distribution in the MALDI sample was inverse to the
expected distribution along the corpus callosum and the rest of the white matter. This
result was unexpected since this ion had previously been detected in the white
matter as shown in Fig. 5.15.

The unexpected absence of potassiated PC and PE in the post-SRS SALDI
samples was examined since the lipids were unlikely to delocalise in an aqueous
environment unlike the Heme b haemoglobin. Because the [PCh+H]* ions (m/z 184)
were detected in the sample, an analyte fragmentation was suspected instead of
delocalisation. Indeed, upon an examination of the mass spectrum (Fig. 5.23b) it was
found that the putative lipids were fragmented into [PCh+H]* and the glycerol-acyl
groups based on the loss of signal in the m/z 750 — 900 and the newly detected ions
with m/z -183 shift. Although, the m/z -183 [PCh] offset moved the putative
fragmented phospholipids into the expected lipid region (Fig. 5.23c), an ion pattern
overlap between SALDI and post-SRS SALDI was found only in the m/z 864 — 872
(Fig. 5.23d), which was originally detected in the m/z ~680 — 690 mass range (see
Fig. 5.23b inset). The most prominent shifted mass peaks were not overlapping with
the MALDI and SALDI by an m/z + 3 either due to restructuralisation of the molecular
structure of the phospholipids after fragmentation. Alternatively, new molecular

species were ionised after the incubation in PBS.
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Figure 5.23 Effect of solvent exposure in MSI. a) [PCh+H]* (m/z 184.097), [heme b]* (m/z
616.176), [PE (35:0 + K]* (m/z 772.536), [PC (38:6) + K]* (m/z 844.453), [GalCer (d18:1)/
(24:1) + K]* (m/z 848.453) mass filters with a m/z 0.2 spectral window highlighted distribution
of PCh, haemoglobin heme b and lipids with varying head groups in a SALDI (Intellislide +
brain + DIUTHAME), MALDI (Intellislide + brain + matrix) and a post-SRS SALDI (Intellislide
+ cover glass + brain + DIUTHAME) samples. Post-SRS SALDI image data was offset by
m/z 0.16, m/z 0.397, m/z 0.48, m/z 0.519, m/z 0.521. b) Potential fragmented acylglycerols
were observed in a post-SRS SALDI sample after the mass spectrum correction. c) The
suspected fragment peaks were found in lipid regions with a shift from potentially
corresponding MALDI peak patterns by the further offsetting the fragments by m/z 183. A
spectral pattern observed at approx. m/z 680 (inset spectrum in (b)) was found matching
with a SALDI pattern ion peak pattern after a positive m/z 183 shift. Scale bar = 1 mm.
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Moreover, the high signal intensity of [PCh+H]" and the acyl glycerol fragments
relative to the remaining lipids in the mass spectrum suggested that these
components were more prone to ionisation and fragmentation than other lipids in the
tissue (see Fig. 5.22a). Interestingly, this was observed in the sample which
underwent an SRS analysis in a PBS buffer which suggested that the buffer
exposure was the main reason for the increased fragmentation in comparison with
the SALDI mass spectra, where the fragmentation pattern was also observed but

with an approximately 10x lower intensity.

The methods developed in chapters 5.2 and 5.3 were successfully utilised in
whole cryosection analysis of a murine brain with SRS microscopy followed by
SALDI MSI. However, SRS and MSI data was not overlapped due to an error during
sample handling which caused the sample to warp. Although the experiment was
planned to be repeated, the study was not finished due to a long and unexpected
instrument down time and subsequent time constraints of the project.

SRH was only partially successful in highlighting the nuclear information in the
brain. This was because of the spatial mismatch of the tiles and a Z drift of the
sample during scanning. Going forward, the sample movement could be reduced by
using an objective lens directly in contact with the samples. This was however not
possible because the sample would need to be exposed, which was not allowed in
the laboratory environment due to a lack of an appropriate containment at the time.
Additionally, an analysis of a smaller are would also decrease the drift efect. The
second identified source of CHs and CH2 was the mosaic stitching with the LAS X
software, which was not suitable for the image subtraction. Therefore, a
development of an algorithm, which would correct the XY spatial mismatch between
the CH2 and CHs images and precisely stitched the tiles together would be highly
benefitial to improve the applicability of the SRS-to-SALDI method.

The application of DIUTHAME membrane after SRS microscopy of the mouse
brain cryosection lead to a succesful SALDI MSI experiment. Although, the sample
attached to a cover glass was warped and could not be used for image co-
registration, the chemical information was still extracted into mass spectra, which
were compared with the MALDI technique and the SALDI technique where the tissue
was directly sampled by the DIUTHAME membrane. It was found that the relative

intensities of the [PCh+H]* at m/z 184 in the SALDI samples were more prone to
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fragmentation as a result of the increased ionisation laser energy required for the
analysis of DIUTHAME-treated samples. Additionally, it was observed that the
incubation of the brain tissue in the PBS-filled imaging chamber during SRS analysis
potentially increase the probability of fragmentation in comparison with a sample,
which was directly sampled by the DIUTHAME membrane. Furthermore, the use of
post-SRS sample on a cover glass also lead to a spectral shift caused by the
decrease of the travel distance in the TOF instruments. Thus, going forward new
calibration standards have to be measured at the same distance. This would ensure
a suitable spectrum alignment occurring between the analysed samples without the

need to offset and correct the spectra.
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6. Imaging of liver-on-chip complex in vitro models

As outlined in the introductory chapter, complex in vitro models (CIVMS)
provide an opportunity to avoid the duration, cost and use of animal models in
pharmaceutical research by providing human-relevant and physiology relevant data
early on in a drug development process.'% In comparison with 2D cell cultures and
other 3D cell cultures, CIVMs can be designed to organise the cells to mimic their
arrangement in tissues thus generating reproducible data from highly ordered organ-
like cell arrangements whilst maintaining a physiological flow of nutrients.?°¢ CIVM
have been designed for various online and endpoint analyses, such as mass
spectrometry?17:297 cell viability assays in drug screening,?®® and electrode array

sensing.?%®

Imaging analyses including confocal fluorescence microscopy?'/??° second
harmonic generation (SHG)?°, and spontaneous Raman microspectroscopy??! have
been previously reported. However, since a microscopy-enabling design is not the
primary target in CIVM construction, only the upper layers of the samples are usually
accessible to microscopy. Moreover, the CIVM cell scaffold are generally made of
polystyrene and other plastics that are treated with bioorthogonal materials (e.g.,
collagen, polyethylene glycol, or polydimethylsiloxane), which improve cell surface
adherence.3 While plastics are perfectly suitable for most fluorescence microscopy
applications, they are vibrationally active and can be observed in coherent Raman

scattering (CRS) techniques.

Although the polystyrene scaffolding of some CIVM samples is a potential
source of background signal in Raman techniques, the samples can be easily
transferred, which was considered suitable for a translation study between CRS and
mass spectrometry imaging (MSI). The liver-on-chip CIVM scaffolds (CN Bio, UK)
were obtained in PBS after formalin fixation. Primary Human hepatocytes and
Kupffer cells were seeded onto the CN Bio scaffolds as individual monoculture and
10:1 heterocultures. After 7 days of dynamic culture, the cells were treated with
varying concentrations of A488-tagged antisense oligonucleotides (ASO) as part of
an uptake and distribution study. Since the cells in the samples were not specifically
labelled, label-free cell-type segmentation in the liver-on-chip scaffolds was required
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to characterise the cell distribution. SRS and MSI were therefore examined as
potential methods to identify hepatocytes and Kupffer cells and to determine ASO
localisation inside different cell types by combining label-free SRS and MSI with

fluorescence microscopy.
The aims of this chapter were to:

e Find methods which enable imaging of the CN Bio CIVM model using
confocal fluorescence microscopy, SRS microscopy, LDI MSI, and light
sheet fluorescence microscopy.

e Examine whether this model can be used as a platform for multi-modal
imaging by incorporating the SRS-to-MSI method developed in chapter
5.

6.1. Characterisation of liver CIVM scaffolds with fluorescence

and SRS microscopy

The CN Bio scaffolds were made of polystyrene coated with bioorthogonal
collagen to improve cell adherence in a heteroculture. The scaffolds were
approximately 180 pm thick circular chips, which were placed in plated perfused
systems with a dynamic flow of nutrients (Fig. 6.1a). At the end of the cell incubation,
the scaffolds were removed from the plate and fixed in formalin before being
guartered for different analysis. The quarter-chip scaffold was made of a translucent
material (Fig. 6.1b), with a large number of cells growing on the surface and inside
the ~300um pores (Fig. 6.1c). ASO uptake has been shown to follow different
dynamics in murine hepatocyte and macrophage 2D cell cultures.3°! Therefore, the
determination of cell type in a complex heteroculture model is necessary to establish

a connection between ASO uptake and specific cell types and phenotypes.
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Figure 6.1 CN Bio perfused system. a) Diagram of liver PhysioMimix system with the cell
scaffold. b) Overview of the quarter chip scaffold. c) Cells were grown and fixed on the
scaffold surface and inside the pores. This image was a courtesy of Gareth Guenigault from
CN Bio. Scale bar = 200 pm.

Using SRS instead of organelle-specific antibodies, three fluorescent channels
(including a nucleic acid stain) can be used as alternative markers. Hyperspectral
SRS was used to extract spectral features in untreated hepatocyte monoculture and
a hepatocyte/Kupffer cell heteroculture to determine heterogeneities between

individual cells.

The quarter chip was placed into a PBS-filled imaging chamber consisting of
two 0.17mm cover glass squares on both ends and sealed by two adhesive
SecureSeal™ gaskets (2x0.12 mm deep, Fisher Scientific, UK), as described in Fig.
5.2. The scaffolds were then scanned using a Reflecta scanner with a TissueScout
automated sample scanner routinely used for MALDI sample brightfield image
acquisition. The sample was then imaged using a Leica SP8 fluorescence confocal
microscope. An Argon 488 nm laser was used to excite the A488 dye in an epi-
detection configuration through a 40x water-immersion lens. 25 tiles (1024 x 1024
px) at a 0.15 um pixel size and a 2.88 us pixel dwell time at two Z positions (Oum,
28.5um) were acquired and stitched into a mosaic image (Fig. 6.2a). ASO was
detected in cells that covered the entire face of the scaffold. However, the signal
intensity decreased when the focus plane moved further into the sample, where only

cells on the surface of the bulk cell mass contained within the pores were detected.
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The depth-related loss of fluorescence signal was associated with the scattering of
light caused by the tissues and polystyrene in the optical pathway of exciting laser
and the emitted fluorescence.

Because of the strong scattering inside the sample, the majority of the imaging
was focused on the interface between a pore and the scaffold face to extract
maximum information with single-photon fluorescence confocal microscopy. With this
configuration it was possible to observe ASO distribution in the heteroculture at a
sub-cellular level. A Z stack consisting of 45 slices (z = 0.5 um) at a 0.11 pum pixel
size was acquired to generate a maximum intensity projection image that highlighted
all the signals through a depth of 22 ym (Fig. 6.2b). A distinct, high-intensity,
homogeneous A488 signal was observed in round objects. Moreover, punctate
signals were observed in a presumed cytoplasm of the circular-shaped cells. By
focusing on a single plane in the Z-stack (Fig. 6.2c), faint lines of A488 fluorescence
signals were observed in the cell mass (white arrows). The large objects (5 — 12 um)
colocalising with the homogeneous A488 labels were considered to be nuclei of
cuboidal hepatocytes, and the faint line-shaped A488 signal was considered to
originate from an ASO that colocalized with a cuboidal hepatocyte membrane. The
punctate signal was assumed to originate from circular cells, which were a combined
population of Kupffer cells and circular hepatocytes. Cuboidal shape of a hepatocyte
is accepted as the physiologically-relevant morphology which can be found lining
liver sinusoids,3? whereas the circular shape was assumed to be associated with

improper cell-to-substrate and cell-to-cell adherence.
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Figure 6.2 Characterisation of a liver-on-chip CIVM with fluorescence microscopy.
a)Confocal fluorescence microscopy revealed ASO-A488 signal intensity inside cells on the
scaffold surface and at 28.5 ym deep inside the scaffold. b) The maximum intensity
projection and c) single focal plane image show the distribution of ASO at the subcellular
level. White arrows indicate faint A488 signal-copying cell membranes. Scale bars = 200 um
(a), and 20 um (b-c).

Potential SRS signal interference from the A488 fluorophore was examined
after the initial fluorescence microscopy, which shed light on the cell and ASO
distribution as well as the area of best imaging with a single-photon fluorescence
confocal microscope, which captured a mass of cells instead of a single layer that

was mostly found on the edge of the scaffold pores. A scaffold treated with the
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highest concentration of ASOA488 (50 uM) was analysed using hyperspectral SRS
and SHG in a forward and epi-configuration, respectively. The Leica SP8 was
configured to acquire images of CH region (1024 x 1024 px) with a 0.17 um pixel
size and 1.92 ps dwell time between 2757 cm™ and 3074 cm™ at a step size of
16 cmt. SRS data were de-noised using singular value decomposition (SVD)
factorization using the SciPy Python toolbox. Due to performance issues with the
instrument at the time of data acquisition, the SRS channel images contained a line
patterning artefact. Fast Fourier transform (FFT) was used to linearise this repetitive

image motive which was then removed using Fiji ImageJ (chapter 3.5.2.1).

Hyperspectral data was acquired for the purpose of an SVD noise reduction
tool in the SHG and SRS channels. Although SHG was originally developed to detect
autofluorescence associated with the microtubules of collagen fibres, it also detected
A488 fluorescence excited by a pulsed Stokes laser (1031 nm) and the pump laser
at approximately wavelengths above ~800 nm through two-photon excitation. The
detection of A488 signal with the SHG detector confirmed the presence of ASO-
A488 in spherical structures (5 — 10 um), which were tentatively identified as cell
nuclei, with a homogeneous distribution as well as in punctate spots in circular and
fusiform shapes (Fig. 6.3a), which suggested that the ASO localised exclusively
either into nuclei or into putative cytoplasmic vesicles. The SHG signal was cross-
validated in the fluorescence channel set for precise A488 emission detection
(Appendix 7). By focusing on a CHz vibrational band (2866 cm), the lipid distribution
in the cells was highlighted (Fig. 6.3b).

Based on the fluorescence, SHG and SRS CH: data, ASO and lipid droplet
positions were clearly visible in the seemingly empty cytoplasm of cuboidal
hepatocytes, which constituted the majority of observed cell phenotypes in the field
of view. In the centre of these phenotypes were likely nuclei structures, which in the
fluorescence data appeared as high-intensity round shapes, whereas in contrast, in
the SRS CH, the circular signal was darker in comparison with the surrounding
environment, which suggested that the circular shapes were indeed nuclei, since
CHz2 signal is most intense in lipids. SRS images were contrast-modified to suppress
a highly concentrated unknown organic chemical contaminant in the solvent, in

which the samples were transported. It was suspected that the contaminant was an
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antibiotic agent. This solvent was later replaced with fresh PBS. Observing nuclei
through SRH was not possible because of an extremely low residual signal after the
image subtraction. Furthermore, by focusing on the 3074 cm vibrational mode,

polystyrene in the scaffold wall was highlighted (Fig 6.3c).
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Figure 6.3 Simultaneous SRS and fluorescence microscopy of a CIVM scaffold.
a) A488-labelled GalNAc ASO was detected in an epi-SHG detector in a hepatocyte/Kupffer
cell heteroculture. b) By acquiring hyperspectral SRS data, a single CH: molecular
vibrational mode at 2866 cm™, highlighting mostly lipid droplets (b), and a polystyrene
vibrational mode at 3074 cm™, which highlighted the rim of the scaffold pore (c), were
extracted. Averaged SRS spectra of A488-positive voxels (solid circle), solvent voxels
(dotted circle) and lipid droplets-positive voxels (dot-dash circle) were extracted from the
hyperspectral data to investigate fluorescence-SRS interference. Moreover, spatial overlap
was observed between the fluorophore and SRS images (d). Scale bar = 20 pm.

A fluorophore-related interference in the SRS signal was evaluated in the SRS
and SHG channels. The SRS and fluorescence signals did not spatially overlap (Fig.
6.3d), and thus indicated the possibility to image fluorescently-labelled samples.

Furthermore, A488 fluorophore interference was examined in the spectral domain.
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Three ROIs focusing on lipid droplet-rich structures (dash-dot circle), solvent (solid
circle), and the A488-positive putative nucleus were selected as shown in Fig 6.2c.
The Raman spectra corresponding to each ROI showed clearly distinct spectral
profiles of each chemical component in the samples, albeit the nuclear and solvent
Raman spectra were dominated by the contaminant spectral profile. However, non-
Raman signal (e.g., static, or high baseline) was not found. The capability to image a
single fluorescent label and hyperspectral chemical information with SHG and SRS,
without interference, using a Leica SP8 SRS microscope demonstrated the potential

for future hyperspectral analyses combined with selected fluorescent dyes.

6.2. Cell classification in CIVM scaffolds with hyperspectral
SRS

The assessment of the capability of the SRS microscope system to separate
cell types in a heteroculture was motivated by the prospect of using the fluorescent
labels for highly specific antigens in cells in subsequent studies. Therefore, high
resolution hyperspectral images of the CIVM samples were acquired along the CH
region of the Raman spectrum to determine, whether any heterogeneities between
the two cell types can be discerned and applied in the heteroculture cell

segmentation.

Hyperspectral SRS images of fixed hepatocytes and hepatocytes/Kupffer cells
heteroculture samples were acquired in a forward configuration with a 40x water
immersion objective lens over a CH region (2757 cm?® — 3074 cm?) at 8 cm?
spectral step size, 0.19 um pixel size and a 9-10 ps pixel dwell time. An example
workflow is shown in a heteroculture CHs (2945 cm™) image with a logical size of
306x306 pixels (Fig. 6.4a). Images were not averaged; therefore, the raw data
suffered from background noise. However, high-intensity and low-intensity circular
signals were assigned to the cells and nuclei, respectively. Noise was significantly
suppressed after SVD filtering (Chapter 3.10.3), which enabled an observation of
fine lipid structures, which appeared as micron-sized high-intensity spots (Fig. 6.4b).
SRS spectra were extracted by firstly manually selecting ROIls in the sample, which
roughly enveloped the individual cells (Fig. 6.4c). Then, the spectra in all pixels

inside each ROI were averaged to a single spectrum per ROI and normalised to the
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maximum intensity of the averaged spectrum (Fig. 6.4.d). Faint variability in the
spectrum was observed in the CHz-associated left shoulder of the single broad peak
at approximately 2860 cm. Reduced CH:2 intensity (i.e., absence of said shoulder)
in ROIs 1-3 was associated with putative cuboidal cells, which contained a lower
number of punctate lipid droplets and prevalently consisted of low-contrasting
homogeneous signal (see Fig. 6.3b-c). This heterogeneity in cytoplasmic signal
between circular and cuboidal cells was considered the main chemical difference

between circular and cuboidal cells in a Raman analysis.
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Figure 6.4 PCA of hyperspectral SRS of CIVM cells. a) The untreated coculture was
scanned using SRS across the CHR with a significant noise contribution. b) Noise was
removed using the SVD filtering algorithm, which highlighted the fine features of the cells in
the images. ¢) ROIs were used to extract average spectral information from a sample. ROls
were manually drawn over the voxels of a sharp-contrast image. d) The extracted SRS
spectra of the CHR region were plotted for each ROIl. e) Separation of data caused by
inconsistencies in instrumentation imaging was detected using PCA. Scale bar = 10 pm.

The observed spectral differences in ROIs in the samples were a promising
stepping stone for spectral-based cell segmentation using principal component
analysis (PCA). PCA is an established, fast, unsupervised factorisation and

dimensionality reduction tool. A 99 % variance in a sample was explained by two
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principal components in a dataset consisting of 168 cell ROl spectra which were
extracted from hepatocyte and heteroculture samples. Plotting of these components
(PCA 0, PCA 1) revealed a large cluster of the hepatocyte and the heteroculture
samples overlapping, suggesting a strong correlation between the hepatocytes and
the heteroculture spectra. A small cluster of heterocultured cells was clearly
separated from the remaining data points, which suggested a difference in the data
(Fig. 6.4e). However, the spectra associated with the separated clusters originated
from the same hyperspectral scan. Therefore, it was concluded that the separation
was a result of the imaging conditions rather than a different cell type. This result led
to a conclusion that cell-type classification with hyperspectral SRS using the Leica
SP8 SRS system, where the whole averaged spectrum was used for classification
instead of imaging data, was accompanied by putative spectral fluctuations, which
were specific to each scan and complicated image acquisition caused by the XYZ
drift of a sample. Therefore, the ability of the SRS microscope to separate cell types
based on Raman spectra was explored in 2D cell cultures, which reduced the issue

of sample drift (see Chapter 7).

After spectrum-only analysis, where cells were separated based on the average
Raman spectra, images were examined along spatial and spectral dimensions
simultaneously to qualitatively determine heterogeneities between cells by
separating the individual chemical/spectral components. The fastest and simplest
visualisation of the 3D image was to flatten the spectral information into a colour
code (Fig. 6.5a,i). This dimensionality reduction generated images where cytoplasm
of cuboidal and circular cells were separated by different hues of a colour spectrum.
Moreover, this approach highlighted two differently false-coloured vesicular
structures in the cells. The difference between cuboidal and circular hepatocytes was
contrasted further by application of the previously described SRH (Chapter 5.2.3),
where the CH2 image was subtracted from the CHs image (Fig 6.5a,ii). An additional
characteristic was the lipid (CHz) signal distribution, which appeared low in the
cuboidal cells, whereas high intensity punctate forms were mostly associated with
circular cells.

Non-negative matrix factorisation (NMF) based data reduction was used to
decompose the hyperspectral images into individual chemical components based on

spectral and spatial information. The Python sklearn.NMF module?3* (sklearn NMF),
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which was used in the in-house built data processing pipeline, was compared with an
NMF-based FSC? method developed by Masia et al.1%6197 The sklearn NMF revealed
4 different components which were distributed at varying intensities across analysed
images (Fig. 6.5b) and their corresponding SRS spectra (Fig. 6.5¢c). Component i
captured combined CH3 symmetric and asymmetric molecular bond stretches303:304
and was associated a protein-like signal which was observed across all the cuboidal
hepatic and circular cells. However, the SRS spectrum of component i included a
CH2 asymmetric stretching mode (~2920 cm-?) 303.304 which suggested that the NMF-
based component separation was not fully efficient. Water, which was distributed at
the highest concentration outside and in between cells was captured in component ii
based on the start of an O-H stretch peak (2900 cm?) in the SRS spectrum.
Similarly, to the SRH visualisation, lipids were concentrated the most in circular cells
as shown in component iii which consisted of CHz symmetric and asymmetric
molecular bond stretches in the Raman spectrum. 303394 |nterestingly, cuboidal
hepatocytes were captured in component iv at various intensities, which were
attributed to heterogeneity between the cuboidal cells and the position of the focal
plane in the cells. The component iv was also found in other cells and consisted of
the combination of CHs symmetric and asymmetric stretching modes.

Separation of the hyperspectral data using FSC3 resulted in differentiation of six
chemical components in the CH region, which was two more than with the sklearn
NMF method. FSC3 components were plotted into concentration maps (Fig 6.5d) and
an SRS spectrum (Fig. 6.5e) as well. The FSC? separated individual components
with improved spectral contrast based on the improved definition between the CH
vibrational modes shown as dips in the spectral profile. The FSC3 component i
revealed the spatial distribution of a cuboidal hepatic cytoplasm and their improved
separation from the remaining cells in contrast with fast NMF component i.
Moreover, the spectral profile of FSC® component consisted of the CH2 and CHs
asymmetric vibrational stretches and only partially CHs symmetric stretch. The
remaining extracted components contained a spatial and spectral combination of
water and unidentified cell structures (ii), lipids (iii), water (iv), and two separated
cytoplasmic signals, which contained CH2 asymmetric stretch and partially both CHs
stretching modes (v) and only the CHs stretching vibrational modes (vi).

The separation of the Fast NMF component iii and the FSC3 component i both
resulted in separation and visualisation of cuboidal hepatocyte cytoplasm.
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Although  both  algorithms  prioritised  different components, both
spectral/chemical components were likely to be present in the sample/data. The
improved image contrast and spatial separation of components in combination with
the ability to separate a higher number of spectral components led to a conclusion
that the FSC3 is the stronger tool in the analysis of the hyperspectral data. However,
neither of the above-mentioned label-free methods extracted nuclear information
from the hyperspectral SRS data. It was also observed, that apart from the cell
segmentation, the cell separation with the SRS and SHG was complicated by the
intertwined and overlapping growth of cell culture in the 3D scaffold. Going forward,
this needs to be addressed in order to obtain precise data by either using fluorescent
labels or by employing other label-free techniques, such as third harmonic
generation,3* which is capable generating signal in the water-lipid interfaces, and

thus has a potential in imaging of cellular membranes.
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Figure 6.5 Heterogeneity of hepatocyte physiology using hyperspectral SRS. a)
Coculture data were cropped to 2804 cm™® — 2962 cm™ and colour-coded to highlight
intercellular heterogeneities in sharp contrast (i). Cellular lipids (green) and cuboidal
hepatocyte cytoplasm (magenta) were highlighted by SRH image subtraction (ii). Sklearn
NMF was used to separate the hyperspectral data into four components based on the spatial
and spectral information. Individual components captured spatial distribution and
concentration (b) and spectra (c) of i) proteins, ii) water, ii) lipids, and iv) an assumed
cuboidal hepatocyte cytoplasm. Application of the FSC® method resulted in improved
separation of six chemical components in the sample. d) The FSC? images highlight i)
cuboidal hepatocyte cytoplasm, ii) unknown water-related vesicles, iii) lipids, iv) water, and v-
vi) putative cytoplasmic lipids and proteins. €) The component Raman spectra had an
improved baseline offset and spectral separation compared with Fast NMF. Scale bar
=10 um.
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6.3. CIVM imaging with light sheet microscopy

While the Leica SP8 system provided an understanding of cell distribution using
the SRS modality and ASO subcellular localisation using fluorescence, the
orientation of the optical path perpendicular to the face of the chip enabled only a
fraction of the CIVM scaffold to be analysed. Light scattering from the bulk cell mass
and CIVM scaffold pores caused insufficient sample illumination and signal collection
from inside of the scaffolds in single photon confocal setups.

To address this restriction, the use of a Zeiss Lightsheet Z.1 was explored to
provide additional imaging of the CIVM scaffolds. The Zeiss Lightsheet Z.1 features
two-sided sample illumination laser sheets positioned at perpendicular angles to the
collection cameras. Moreover, the enhanced ability to orientate the sample (XYZ and
rotation along one axis) were expected to improve sample illumination by
manipulating the sample in the microscope light path.

A scaffold with a hepatocytes/Kupffer cells coculture treated with GalNAc-ASO-
A488 (2 puM, 1h) was stained with Hoechst in order to observe the localisation of
nuclei and the ASO. The cell segmentation was described as a major issue in label-
free techniques. Therefore, the scaffolds were stained with a fluorescent label with
CellMask 6473% and with Concanavalin A (ConA) tetramethylrhodamine to highlight
the cell surface. CellMask label was substituted with ConA due to known poor
incorporation of the label into fixed samples. ConA is a lectin, which is binds to
sugars.3% By avoiding cell permeabilization, only extracellular membrane-associated
sugar moieties were expected to bind the ConA dye and thus, label exclusively the
cell surface. The scaffolds were washed in PBS after 1 h incubation. Scaffolds were
cut into strips, which were thin enough to fit into the light sheet capillaries. The strips
were partially mounted in agarose inside a light sheet capillary (Fig. 6.6). The
samples were imaged in an imaging chamber filled with PBS using a Zeiss
Lightsheet Z.1. Z stacks of triple-labelled scaffolds were acquired with a 20x% lens.
File sizes of datasets generated were large due to the number of z-sections captured
and so were processed in Arivis — a software tool optimised for complex 3D

datasets.
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Figure 6.6 Schematic of embedding the CN Bio scaffold strip into a glass capillary.

A scaffold surface and a single well were imaged in the same scan by
appropriate rotation of the scaffold which allowed the two excitation laser sheets to
illuminate the inside of a pore and the scaffold surface simultaneously. The resulting
3D image was flattened into a maximum intensity projection which revealed the
distribution of the ASO (Fig. 6.7a), Hoechst-stained nucleic acids (Fig. 6.7b), and cell
surfaces stained with Cell Mask (Fig. 6.7c) throughout a sample. Cell Mask
distribution was punctate and not dispersed across the cells. Therefore, the staining
procedure was adjusted, with Concanavalin A replacing Cell Mask as the cell surface
stain. Using this new staining technique, a single pore wall was imaged using the
Lightsheet system. The maximum intensity projection of a single pore (Fig. 6.7 e-h)
highlighted ASO-A488 localised in large bright spots (d =5 — 10 um) and very small
bright spots inside of faintly fluorescent spots (d =5 — 10 um) (Fig. 6.7¢). It was likely
that these structures were cell nuclei since a majority of the faintly-labelled objects in

the ASO channel were also detected in the Hoechst channel.

High intensity nuclear signal in the Hoechst channel (cyan) did not fully spatially
overlap with the ASO signal (yellow) as shown in Figures 6.7h, | (green arrows). The
faint Hoechst signal was tentatively associated with the nucleic acids in the nuclei.
High intensity objects in the Hoechst channel were found at the cell mass surface
(green asterisk), where more than ten bright objects were observed (Fig. 6.7f) and
less so below the cell mass surface. The loss of the UV-excited Hoechst
fluorescence intensity was likely caused by light scattering inside the pore. Although
scattering was registered in all channels, the low wavelength light was expected to
be scattered the most. Interestingly, the faint objects appeared stronger in intensity

on a surface in comparison with the object centres. Despite their unexpected
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fluorescence, the objects were annotated as nuclei. Although spatial overlap
between A488 and Hoechst dyes was observed in a majority low intensity nuclei,
only a small portion of high intensity nuclei colocalised with the ASO. The
heterogeneities were compared with the SRS-fluorescence study, where ASO was
observed either concentrated inside the nuclei whilst the cytoplasm remained free of
the A488 signal or it was distributed in punctae in cell cytoplasm, whilst no signal
was assigned to a nucleus.

Cuboidal hepatocytes were difficult to locate in a max intensity projection, which
highlighted the most prominent signal in the stack and thus mostly cell mass surface
structures were observed. The cuboidal hepatocytes were best visible in single plane
images which provided a cell distribution information in a cross section through the
cell mass (Fig. 6.7i-1). The cuboidal hepatocyte membranes were detected based on
an A488 signal which originated from the ASO adhered to the cell membrane which
was already established with SHG in the SRS/SHG scaffold analysis. Additionally,
high intensity ASO signal overlapped with the high intensity Hoechst signal, whilst
the remainder of the cellular cytoplasm did not contain any labelled oligonucleotides
and thus confirmed the ASO localisation in nuclei in cuboidal hepatocytes. Moreover,
the cytoplasmic localisation ASO was also confirmed by lightsheet microscopy in

circular cells which were found in the top layer of the cells in the scaffolds.

The use of light sheet microscopy allowed to examine both on the scaffold
surface and inside the pores, where the majority of cells could be found. With the
application of fluorescent dyes, which highlighted cell surfaces and cell nuclei deep
inside pores, which was not yet reported. It was concluded that in terms of
penetration depth, the light sheet microscopy surpassed the single photon excitation
confocal microscopy, which was limited in terms of light penetration through a
sample. However, its successful combination with SRS showed an opportunity for
analyte tracking inside cells which can be highlighted through an exploitation of
endogenous vibrational properties. By using SRS, fluorescent channels can be
utilised to identify highly specific cellular epitopes instead of being used as general
fluorescent markers for cell membranes and nuclei. Moreover, cell classification was
achieved with NMF techniques in hyperspectral SRS images, cuboidal cell
cytoplasm was separated from the remainder of a cell mass in a CIVM scaffold,

albeit Kupffer cell-specific components were not successfully extracted in this study.
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Figure 6.7 Lightsheet microscopy of CIVM scaffolds. ASOs tagged with Alexa Fluor 488
were captured in the yellow channel (a, e, i), nucleic acids in cell nuclei were labelled with
Hoechst 33342 in the cyan channel (b, 1, j) and cellular surfaces were dyed with Cell Mask
647 in (c) and with Concanavalin A in (g, k) in the magenta channel. A maximum Z
projection showed the distribution of ASOs in cells on a scaffold surface and in a scaffold
pore which was captured with 673 x 673 x 577 pm image size with a 0.35 pm XY pixel size
and a 0.42 pym Z step size. (a-d). A detailed image of a scaffold pore shows the ASO, and
nuclei distribution and their spatial overlay captured in a 403 x 403 x 187 um image with a
0.2 um and 0.4 pm pixel size, respectively. (e-h). Green asterisk and dashed line denote the
cell mass surface in a single plane image (i-I). The lack of overlap between the ASO-A488
signal and Hoechst signal was pinpointed by green arrows (h, I).
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6.4. Mass spectrometry imaging of liver CIVM scaffolds

Cells grown on CIVM scaffolds are an advantageous sample for SRS-to-MSI
analyses because they can be easily transferred from a microscopy suitable
substrate (e.g., cover glass) to a conductive surface. The liver organ-on-chip
polystyrene scaffold with a ~0.2 mm thickness was however considered
disadvantageous for MALDI and SALDI MSI experiments, where adherence to slide
and the efficient conductivity on the scaffold surface were expected to be
significantly reduced due to the hard, non-adherent and highly insulating properties
of polystyrene. Hence introduction of conductive material on a scaffold surface was
necessary to direct a charge flow. An application of DIUTHAME, which was
introduced in Chapter 5, was expected to improve sample adherence and

conductivity.

The feasibility of the liver CIVM sample in MALDI and SALDI MSI was
examined in a full, intact scaffold and in a cryo-sectioned scaffold. In an initial
experiment, a sample preparation of a full scaffold was examined by the blotting
DIUTHAME membrane, which was reinforced in membrane thickness in comparison
with the standard DIUTHAME membranes. The blotting DIUTHAME membrane was
carefully attached to a wet (PBS) scaffold and an Intellislide. The relatively sharp and
solid polystyrene did not cause any tears in the membrane (Fig. 6.8a), which
otherwise occurred in the standard DIUTHAME membranes. The CIVM scaffold with
the blotting DIUTHAME membrane were then sprayed with 0.2 % TFA using the
HTX TM Sprayer to improve the analyte extraction.

A widefield scan was used for registration in the UltrafleXtreme 1l TOF/TOF
mass spectrometer. The image showed liquid still present in the middle rows of
pores in the scaffold (Fig. 6.6b). In the mass spectrometer, the samples were imaged
in a positive reflectron mode over an m/z 100 — 1500 mass range. The Smartbeam-II
laser fired 500 shots per spot at 90 % of the maximum laser power. The initial
imaging run was set to a 75 um raster step size and a 50 um spot diameter. Data
were TIC-normalised. The initial scan with large raster size lead to a detection of ~6
unique ions in the lipid region of the mass spectrum (m/z 600 — 900), which in turn

encouraged a second scan at a 25 um laser raster step size and a 25 um spot
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diameter, which positively impacted the ion image definition, but also scanned
already ablated sample spots, which resulted in a dark pixel grid.

Single ion images with an m/z 0.2 tolerance were generated with m/z 130.88,
m/z 194.75, m/z 165.89 and m/z 854 mass filters (Fig. 6.8Tc). These images showed
distribution of 4 spatially distinct ions which were not successfully annotated. The
m/z 130.88 ion was detected in the middle two rows of a chip which correlated with
the accidental extended liquid exposure, which was apparent in water droplets inside
the central pores in the Fig. 6.8b. This however suggested that increased solvent
exposure yielded improved analyte extraction. Moreover, the standard [PCh+H]* ion
(m/z 184) was not observed. Instead, a presumed lipid ion at m/z 854 was found in
the vicinity of pores and the adjacent scaffold surface. The spatial distribution of a
[Pt]* ion at m/z 194.75 and the distribution of the unassigned lipid (m/z 854) were
mutually exclusive despite the homogeneous distribution of platinum across a
sample. Therefore, it was suspected that platinum was less likely to ionise in a
presence of competing ions which is analogous to the ion suppression of lipids as
described in Chapter 5. In support of this statement, the [Pt]* intensity was increased
in scaffold pore centres, where no cellular material was expected. Finally, multiple
peaks were observed with a dissimilar spatial distribution from platinum and cells,
such as in the m/z 165.89 single ion image, which was likely scaffold-related. The
scaffold was made of plastic and the surface was treated with collagen. Therefore, it
was suspected that the ions originated from the scaffold surface rather than the
DIUTHAME membrane.

Mass spectrum evaluation was done with the averaged spectra extracted from
a ROI which encompassed the porous area of the scaffold, whereas the membrane
only ROI was used to create background spectra from DIUTHAME (Fig. 6.6d).
Common mass peaks between the DIUTHAME membrane in the high and low raster
definition included [Pt]* and [PtAl]* ions were confirmed at m/z 194.75 and m/z
389.55 positions, respectively. The lipid peaks in high m/z region were detected at a
higher intensity in low raster definition in comparison with the mass spectrum from
the high raster definition scan. This was likely due to a reduction of the sampling
area and the amount of material available for ionisation on the DIUTHAME surface,
which was also ablated in the low raster definition SALDI MSI experiment. This led to
an increased detection of the [Pt]* (m/z 194.75) ionised from the DIUTHAME
membrane surface (Fig. 6.8d). Additionally, the second SALDI imaging revealed the
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pattern of the original sample ablation spots as shown in Fig. 6.8c. A total number of
mass peaks per analysis was calculated to quantify the difference between the
imaging experiments. Mass peaks were detected using a local maximum detection
tool with a linear threshold to cut off noise in the mass spectrum. The low-definition
image data showed 6 % and 43 % more peaks in contrast with high definition data
and membrane data, respectively. The increase in high definition-membrane
intersect in comparison with the low definition-membrane intersect was likely caused
by low biological material abundance and thus, an increase in ionisation of the
membrane under the extracted sample components occurred. This was further
supported by the [Pt]* and [Pt2]* ion intensity of the high-raster definition imaging,
which showed significantly stronger relative intensity related to the low raster

definition data.

170



0 B Y

b)
)
<
‘ [ |
— B
m/z 130.880 m/z 194.75 m/z 165.892 m/z 854.824
+0.2 +0.2 +0.2 +0.2
[Pt]* lipid
d 3 .
S high low )
b resolution resolution
9 \ aalh e 18
= E 30
o
[ membrane 5
N . 11
= - lowResolution 2
§ - highResolution
2 10
T T T T T ! T T T T T 1
100 150 200 250 300 350 400 800 825 850 875 900 925 membrane

m/z

Figure 6.8 DIUTHAME-mediated SALDI MSI of intact CIVM scaffolds. a) Overview
images of an Intellislide-scaffold-DIUTHAME sandwich were captured from above (left) and
below (right) after MSI analysis. b) A contrast-enhanced brightfield scan of a liver-on-chip
scaffold covered with a DIUTHAME was acquired for a mass spectrometer image-sample
registration. ¢) Samples were scanned at 75 um (top row) and 25 um (bottom row) raster
size which resulted in a detection of multiple ions including m/z 130.880, m/z 194.75, m/z
165.892, and m/z 854.824 ions. d) Averaged spectra of samples with high and low raster
step size, and an off-sample membrane control highlighted unique mass peaks
predominantly in low weight mass spectrum region (m/z 100 — 400) and a lipid spectrum
region (m/z 780 — 925). e) Mass lists generated from the spectra in subfigure d were
compared in a Venn diagram which showed an increasing number of detected peaks in the
membrane, the 75 um-raster step size scaffold sample and the 25 um-raster step size
scaffold sample and their intersections. Scale bar (¢) = 0.5 mm
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Next, an analysis of cells in pores without a scaffold surface was attempted. A
sample thickness reduction is desirable in MSI experiments in order to generate
spatially precise data without a chemical contribution from undesired planes which
was relevant for analysis of pores without the sample surfaces. Cryosectioning was
used to generate thin scaffold slices for a DIUTHAME-mediated SALDI imaging.
Scaffolds were mounted in a 2-hydroxypropyl methacrylate (HPMA) polymer and
frozen to prevent sample breaking. Afterwards, samples were sectioned at a 16 pum
thickness onto an adhesive tape which prevented a sample curling Fig. 6.9a). The
sample was placed on an Intellislide, facing towards a non-blotting DIUTHAME
(thickness = 5 pym) and thaw-mounted. Unfortunately, while the sample remained
intact, the DIUTHAME membrane broke around the scaffold edges (Fig. 6.9b).
Although the majority of the membrane remained intact, it was not suitable for MSI
imaging using the same settings as described in the experiment related to the
Fig. 6.8. A single ion image of at m/z 184.24 showed patterning and empty pixels
near one of the membrane cracks (Fig. 6.9d). However, the use of adhesive tape
clearly improved the adhesion of the membrane to the sample. It was assumed that
the improved adherence in combination with a solid, sharp sample created acute

angle stress on the membrane which resulted in the cracks.

m/z 180.242 + 0.2

Figure 6.9 DIUTHAME-mediated SALDI MSI of CIVM scaffold sections. a) A liver CIVM
scaffold was cryosectioned in HPMA and transferred on an Intellislide with an adhesive
cryotape (yellow arrow). b) The membrane cracked near the sample edges (white arrows)
during sample drying due to an excessive angular stress. ¢) A close up brightfield scan
highlighted thawed HPMA (white spots) around the scaffold. d) A single ion image with an
m/z 184.24 + 0.2 mass filter exhibited patterning and dark pixels near the broken membrane
which corresponded to a crack visible in (c). Scale bar = 1 mm.
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A decrease of sample thickness was tested to determine whether a risk of a
standard DIUTHAME membrane breaking would decrease as well. The scaffold was
then treated with a 0.2 % TFA. 10 um cryosections were found to not break the
DIUTHAME membrane (Fig. 6.10a). The scaffold remained attached to the
Intellislide following the sample sectioning using the adhesive transfer tape (Fig.
6.10b). However, a lack of adherence of a DIUTHAME membrane was observed. In
parallel, the sample preparation was also examined for MALDI analyses. Scaffold
sample preparation for MALDI MSI was unsuccessful as well, because of scaffold
curling caused by lack of an adherence to a slide. A 6 um scaffold cryosection was
successfully transferred and attached on an Intellislide with an adhesive tape, which
was subsequently removed by first thaw-mounting the Intellislide with the scaffold
section sealed with the tape. Then, the sample was refrozen to the Intellislide while
the tape was swiftly removed using a freeze spray, leaving a flat scaffold on the
Intellislide. Brightfield scans of the sample composing of the Intellislide, the 10 um
scaffold section, the adhesive tape and a DIUTHAME (Fig 6.10d) and the Intellislide
with a 6 um scaffold only (Fig. 6.10c) which both showed a detailed structure of the
scaffolds. Samples were analysed over m/z 100 — 1500 mass spectral region in the
UltrafleXtreme 1l instrument at a 50 um raster step size using the settings from data
in Figure 6.6. The DIUTHAME-treated single ion image of an unknown component at
m/z 207.05 showed unexpected patterns which did not resemble the scaffold
architecture (Fig. 6.10e). It was concluded that the DIUTHAME membrane did not
attach sufficiently to allow an analyte extraction based on the spatial ion distribution
and the observed non-adherence of the membrane. Upon closer examination, the
m/z 207.05 ion partially copied a structure of the scaffold. A putative [PCh+H]* ion at
m/z 184.06 was observed at the upper edge of the analysed region in a honeycomb
formation. Moreover, the corresponding brightfield images show an absence of the
polystyrene scaffold in this region. Therefore, it was suspected that membrane
interacted mostly with the edges of the scaffold and with polystyrene-free areas of
the sample. The large patterns were a possibly result of solvent which was not
sprayed on a flat surface. M/z 184.06 [PCh+H]* was also observed in MALDI data. A
single ion image showed a distribution of this ion within the individual pores of a
sample (Fig. 6.10f). However, the ion was found to be present in the scaffold as well.
The increased ion intensity in the pores was likely connected with the absence of the

polystyrene based on low intensity [PCh+H]* ion signal in the scaffold. Moreover, no
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phospholipids were detected in the high m/z region and therefore a presence of the

cells was not confirmed.

Figure 6.10 Thin CIVM scaffold cryosections in MALDI and SALDI. a, b) A 10 um
scaffold cryosection on an adhesive tape was thaw-mounted between an Intellislide and a
DIUTHAME without a proper sample-membrane adherence. Brightfield images of c) the
10 um DIUTHAME sample and d) a 6 um cryosection on an Intellislide for a MALDI analysis
showed a scaffold architecture. €) m/z 184.06 ion was detected in a polystyrene-free sample
part (magenta arrow), whereas the m/z 207.05 ion was detected across an entire sample at
unexpected distribution. Part of a scaffold was however detected at the sample edge (green
arrow). Scale bar = 500 um. f) A single ion image showed a distribution of m/z 184.06 ion in
the scaffold pores. Scale bar =1 mm.

From all MS sample preparation methods, a full scaffold SALDI method using a
blotting DIUTHAME vyielded the best results in hyperspectral mass spectrometry data
which successfully revealed cell-related ions in the lipid region across the porous
chip. An oversampling and an analyte depletion through prior laser ablation gave rise
to membrane-related platinum ions, which were otherwise not suppressed, likely due

to an ion suppression effect.

Scaffold sectioning was enabled by a scaffold mounting in a HPMA polymer,
which was not expected to ionise in positive mode. Thick scaffold cryosections
increased a risk of DIUTHAME membrane breaking, but a thin scaffold section was

found as a way forward. However, scaffold sections were less likely to adhere to a
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DIUTHAME membrane surface; possibly, because of a lack of soft biological

material on the surface, which in the full scaffold sample was covered in cells.

Finally, it was found that generating ultrathin sections improved scaffold
adherence to an Intellislide and thus opened a path towards scaffold analysis with
MALDI. Typically, the cell-related [PCh+H]* (m/z 184) ion was accompanied by lipid-
high molecular weight related ions (m/z ~600 — 900). The presence of cells was
suspected in a small region of the CIVM scaffold sample based on the detection of
the [PCh+H]* ion with a low confidence since no lipid related ions were found in the
MSI data.
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7. SRS-based cell segmentation with the Leica SP8

7.1. Introduction

The CHR-focused cell classification of hepatocytes and Kupffer cells using the
SRS microscope was previously conducted in CIVM scaffold samples (Chapter 6.2).
Although the spectral difference was observed between cuboidal hepatocytes and
circular hepatocytes, Kupffer cells were not separated from the bulk cell spectra
based on their spectral profile mainly due to a lack of pure Kupffer cell reference
samples, which could be used for reference and for a potential machine learning

model.

Label-free segmentation and classification of cells (i.e. separation the
boundaries between cells and determination of a cell type) in a heteroculture has
been extensively explored using spontaneous Raman microspectroscopy.’?-74:307.308
Spontaneous Raman techniques can result in robust, reproducible data by using
long sample exposure to continuous wave lasers and the application of refraction
grating which enables high spectral resolution acquisition. However, the
disadvantages of spontaneous Raman scattering are low sensitivity, long acquisition
time, and fluorescence-related background. In contrast, stimulated Raman scattering
(SRS) is a fast-acquisition technique where single pixel exposure can be <1 ps.
Since the coherent process probes only a small vibrational band, the probing laser
wavelengths need to be repeatedly tuned to analyse the sample across a large

Raman spectral region. This tuning can be prone to fluctuations in efficiency.

In order to address the cell segmentation in polyculture using the SRS, an
imaging study was conducted in collaboration with an internal team researching the
electrophysiology in a live, beating heart cell triculture grown in plates (primary
cardiomyocytes, fibroblasts, and endothelial cells).3%° In this chapter, the cells were
grown in a 2D culture on a glass slide to reduce the issues of loss of focus and poor
imaging depth, which was found in the CIVM pores. Cardiomyocyte beating was
incompatible with time consuming hyperspectral analysis and therefore all samples
were PFA-fixed prior to SRS imaging. The aim of this study was to determine the
composition ratio of cells in a sample batch without fluorescence labels, which were

planned for different epitopes and targets in the cell.
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The Leica TCS SP8 CARS/SRS microscope, equipped with a picoEmerald
laser, generated two beams — a pump (720 nm — 940 nm) and a Stokes (1032 nm).
The pump laser beam was tuned using an optical parametric oscillator (OPO). A
hyperspectral image acquisition of SRS data was collected for wavelengths over a
C-H region of the Raman spectrum (CHR) at 784 nm — 801 nm with a 0.5 nm step
size. This corresponded to 3059 cm?® — 2780 cm? and 7.8 cm? wavenumbers
following the wavelength-wavenumber relationship shown in equation 3.1.

It was observed that the picoEmerald in combination with the LAS X software
tuned imprecisely to given wavelengths in terms of laser power and spectrum
position during high speed or time-consuming hyperspectral scans. Although they
were not typically observed, the spectral errors were 0.1 nm — 0.3 nm off the set
value and the pump power error was < 5 %. The actual pump wavelength and power
values were however not recorded in the LAS X software. Spectral and power
fluctuations were also observed in recent analyses. Therefore, potential effects of

these instrument artifacts were examined by comparing identical datasets.
The aims of this chapter were to:

e Examine whether the SRS Leica SP8 microscope equipped with a
spectral-tuning OPO system can be used for label-free cell type
classification of heart cell heteroculture by:

o Acquiring high-resolution hyperspectral images of a CHR
o ldentify laser source-related noise in SRS spectra and separate it
from a chemical information.

o Evaluate the spectra denoising with ML models.
7.2. SRS and SHG of cell monocultures and tricultures

Cardiomyocytes, endothelial cells, and fibroblasts in individual monocultures
were characterised using SRS/SHG hyperspectral microscopy with a 0.19 pm pixel
size and a 3.28 us pixel dwell time. Lock-in time constant was set to 2 ps to avoid
over-extended sampling which would result in scan line artifacts, where the lock-in
amplifier could record the signal from more than one pixel and generated lines
instead of square pixels. SRS and SHG signal was collected in forward and epi-

direction, respectively. The CHR of Raman spectrum was acquired with a 0.5 nm
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tuning step size. Hyperspectral SRS and SHG data were denoised using an SVD
algorithm. CHs and CH2 SRS images were extracted from the data cube and
subtracted (JCHs — CHz|) using Fiji ImageJ Image Calculator function. A final three
colour image overlay consisted of the CHs — CH2 image representing the cell
proteins, CHz, which represented the lipids and the SHG data which captured the

distribution of non-centrosymmetric structures in cells.

CHs images of Cardiomyocytes showed cells orientated in 3D clusters which
were difficult to segment manually (Fig. 7.1a). A sharp contrast between cytoplasm
and nuclei was observed in CH2 images of Cardiomyocytes, which improved the
visibility enhancement of nuclei through the image subtraction which had been, in
contrast, poor in the CIVM scaffold samples. Interestingly, the CH:2 signal was
observed prevalently in an immediate perinuclear area. A high concentration of fibrils
which were most prominent in the CHs images were observed. These fibrils
prevalently overlapped with a SHG signal which highlighted striated fibril structures,
which were associated with myosin in sarcomeres.3! Myocytes contained spherical
depots observable in all three channels, which were likely centres of a myosin
synthesis or storage.

Fibroblasts exhibited elongated morphology and a high variability in cell size as
shown in the CHs image (Fig. 7.1b). The CH2 images highlighted small droplets
throughout the cellular cytoplasm in most cells and a diffuse signal which was
homogeneously distributed across the cytoplasm of all observed cells. The overall
CH2 signal was higher, in comparison with Cardiomyocytes, which improved the
contrast between cytoplasm and nuclei of cells. Furthermore, a punctate SHG signal,
possibly collagen, originating from the fibroblast cytoplasm was observed in a
majority of cells.

Endothelial cells grew in fusiform and squamous morphologies (Fig. 7.1c). The
CHs signal showed the most prominent nuclear signal as opposed to the previous
cell types. However, due to the relatively low cytoplasmic intensity of CH2 signal,
which was predominantly observed in the perinuclear region, the CHs — CH:2
subtraction resulted in approximately the same contrast between a nucleus and the
cytoplasm. An SHG signal was observed both in the perinuclear region and in large
punctae. Fibril-like SHG signal was not observed in the endothelial cells despite an

observation of faint fibrils in CHs images and thus were unlikely myosin-related.
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Figure 7.1 CHsand CH, SRS and SHG microscopy in a cell culture. Cardiomyocytes (a),
cardiac fibroblasts (b) and endothelial (¢) monocultures were imaged using hyperspectral
SRS and SHG. CHz (2945 cm™) and CH, (2866 cm™) SRS images (2945 cm™) captured the
lipid and protein distribution in the cells. A |CHz — CH;| image ratio was used to remove the
lipid signal and highlight low-concentrated lipid nuclei. SHG highlighted putative myosin in
muscle fibrils of Cardiomyocytes and intracellular collagen depots in fibroblasts and
endothelial cells. Magenta lines in subtraction visualisation images and green lines in the
overlay images were used to profile the |CHs — CH2| signal intensity between cytoplasm and
nuclei in all cell types. Scale bars = 20 um.

Intensity profiles of the interfaces between cell cytoplasm and cell nuclei in
CHs — CH2z images in Figure 7.1 were generated using the Fiji Imaged “Plot Profile”
tool, where a line selection was used to select pixels in the cytoplasm and a nucleus.
The intensity profiles confirmed a low contrast between the cytoplasm, nucleus, and
nucleolus in Cardiomyocytes (Fig. 7.2a), suggesting a low level of lipid components
in this cell line. Conversely a clear intensity disparity between these cellular
compartments was observed in cardiac fibroblasts (Fig. 7.2b), which suggested an
increased concentration of lipids in the perinuclear cytoplasm. In endothelial cells,
the ratio between the nuclear and cytoplasmic intensities was high in comparison
with the cardiomyocyte profile plot, but not as high as the fibroblast
nucleus/cytoplasm intensity ratio. Moreover, the nucleolus was not accompanied by
a significant increase in signal intensity (Fig. 7.2c) as observed in the fibroblasts.
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Figure 7.2 Intensity line profiles of cell nuclei and cytoplasm. Line profiles were
generated in Fiji Imaged, using the “Analyse>Plot Profile” function. Straight lines were drawn
across the perinuclear cytoplasm the nuclei in Cardiomyocytes (a), fibroblasts (b),and
endothelial cells (c).

Cellular features of each cell type captured with two-image SRS and SHG were
summarised in Table 7.1. The SHG signal showed the most significant variability
between individual cell types. Therefore, the SHG channel was considered as the

most important data component in cell classification decision. Secondary
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denominator was the CH:2 channel which varied in a signal intensity and a

distribution in cytoplasm.

Cytoplasm/
Cell type CH; nucleus SHG
contrast
. . o striated fibrils
Cardiomyocytes e perinuclear e low

large blobs

e cytoplasmic
Fibroblasts e punctae e high
¢ homogeneous

e cytoplasmic
small punctae

e perinuclear

Endothelial cells e perinuclear e low ,
e medium punctae

Table 7.1 Heart triculture features observed with SRS and SHG.

Cells in a cardiac triculture were classified, based on the observed SHG and
SRS phenotype of the individual cell types acquired from cell monocultures. The
triculture was imaged using the same microscope configuration as for the SHG/SRS
hyperspectral image acquisition of cell monocultures.

After obtaining the information about the phenotypes of cells in the individual
monocultures gathered with the SRH and SHG images a triculture consisting of
fibroblasts, Cardiomyocytes and endothelial cells was analysed with the SRS
microscope. The SRS images showed a combination of all 3 phenotypes in the
channels (Fig. 7.3). The manually drawn boundaries of all cells were approximated
using the CH2 channel. Cardiomyocytes were manually classified based on the
striated fibrils and large circular structures (2 um — 5 um) detected in the SHG
channel. Putative cardiac fibroblasts were highlighted based on the combination of
the cytoplasmic punctae in the SHG channel and the homogeneous intensity and
distribution of the CH2 signal. Cells with increased CH2 and SHG signals in the
perinuclear region were identified as endothelial cells. Endothelial cells and
Cardiomyocytes were prone to form clusters and grow in intertwined structures.
Moreover, fibroblasts formed elongated, thin cell bodies connecting to other cells
throughout the sample, which made manual label-free segmentation complex and

inaccurate.
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Figure 7.3 CHs and CH; SRS and SHG microscopy of a heart triculture. Hyperspectral
data of the triculture consisting of Cardiomyocytes (yellow, solid line), fibroblasts (white,
dashed line) and endothelial cells (red, dotted line) were acquired and plotted into images
showing CHs, CH;, CHs; — CH,, and an SHG signal distribution. Myosin SHG signal was
highlighted with white arrows, large depots in cardiomyocytes were marked with green
arrows. Scale bar = 20 um.

Despite the imprecise manual cell segmentation, cell phenotypes observed in
the heart triculture in the SRS CHs and CH:z images and the SHG image were
successfully associated with respective monocultures, based on the SHG and CH:
signals distribution. The main challenge of this analysis was that the overlapping
growth of cells resulted in unanalysed clusters of unknown cells. Ideally, a cell
segmentation would be improved by introducing cell membrane fluorescent labels,

but these were not available at the time of the imaging experiments.
7.3. Cell classification with SRS spectra

The applicability of hyperspectral SRS (hSRS) of the CHR in cell classification
of heterocultures was examined. In this chapter, data processing and analysis
methods, which flattened the cytoplasmic SRS signal into a single spectral line and
separated the individual spectra Principal Component Analysis (PCA) and random
forest machine learning were created and evaluated using monocultures with the
outlook of application in heterocultures. The goal of data acquisition was to collect

maximum heterogeneity from the 3 different cell types. Therefore, cell nuclei were
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omitted from the analysis since the chemical composition of nuclei is conserved (i.e.,

is not expected to differ between samples).

The cytoplasm of individual cells were manually extracted from the SVD-
denoised hyperspectral SRS scans of the CHR of endothelial cell (endothelial cells)
and cardiac fibroblast (fibroblasts) monocultures. The total number of samples used
in this analysis was 91 (endothelial cell = 34, fibroblast = 57).

The sum pixel spectral values were averaged into a single spectrum per
cytoplasm. The average SRS spectra revealed a high sample variability in intensity
ratio between the 2945 cm! peak and OH peak at ~3070 cm™ in the endothelial cell
samples, whereas the fibroblast samples exhibited equal and stable ratio between
the same wavenumber values (Fig. 7.4a). Spectra were scaled using a MinMax
scaler to generalise the data and reduce the effect of unknown discrepancies during
scanning conditions. The spectrum scaling reduced the variability in the 2800 cm™ —
3000 cm region in the fibroblast samples. Moreover, the variabilities in the 2850 cm-
1 - 2930 cm™ and the OH regions became more prominent relative to the ~2945 cm-
peak (Fig. 7.4b).

PCA was conducted using the scikit.decomposition Python package?34 which
reduced the dimensionality of the scaled data along the Raman spectrum.
Interestingly, principal components (PC) 0 and 1 were in an anti-correlative
relationship based on the angular shape of the sample scatter distribution (Fig. 7.4c).
Moreover, a partial separation of endothelial cells and fibroblasts was found.
However, none of the examined PCs showed clear spatial separation (Fig. 7.4c-d).
To examine the anti-correlative relationship between PC 0 and 1 and their
connection to the SRS spectrum, loading matrix was accessed. In the loadings
matrix, the relationship between individual wavenumbers and PCs was shown in a
hierarchical order, where the PCs were aligned along the Y axis based on their
explained variability from the highest to lowest value. Loadings (or weights) — shown
as pixel intensity — described how much each wavenumber variable contributed to a
specific PC (Fig. 7.4e). PCO loadings indicated a negative relationship with the O-H
vibration-related peaks (= 3000 cm™), whereas PC1 loadings indicated a positive
relationship in the same spectral region, which confirmed the observed separation
under an angle in the PCA plot. Dynamic loading gradients were found to negatively

or positively correlate with the highest intensities associated with O-H stretch
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maximum value at 3059 cm* (PCO0-1) and a CHs peak at ~2945 cm™ (PCO0-2) and
suggesting the PCs extracted chemically relevant information. A weighing anti-
correlation was found between the OH and cell-related CH vibrational bands in PCO
and thus confirmed the most significant separation indicator was the ratio between
the H20 and CH SRS signals. Furthermore, the loadings at CHz and CH2 (2866 cm™)
peaks of PC2 showed a positive and negative relationships, respectively and thus
revealed a lipid/protein separation between samples.

The scores matrix provided a concise information about a relationship between
samples and PCs varying in values between -1 and 1. These values (scores) were
used as coordinates in 2D PCA plots (Score plots). The score matrix was also
hierarchically constituted of PCs with decreasing explained variability, which herein
correlated with a decrease in positive and negative score values (Fig. 7.4f). The
matrix revealed that PCO was the most successful component in terms of spectral-
based separation of endothelial cells and fibroblasts. Interestingly, PCs 3 — 13 with
low explained variability showed similarities in score values between closely
neighbouring samples, which were acquired in the same imaging experiment.
Therefore, it was concluded that the SRS imaging with the Leica SP8 microscope
generated data with a small variability between each scan.

The presence of artifacts originating from the Leica SP8 microscope was
thought to potentially skew data by masking important components in the PCA
analysis. Laser intensities and small variables in tuned laser frequencies were
considered as the source of the artifacts. However, it was not possible to record
these values in the LAS X GUI. Therefore, a calibration in the form of an internal
standard, such as a lipid mixture or polystyrene beads, was necessary. This was
fortuitously resolved as a result of the spectral window used for the acquisition of
CHR partially captured the O-H vibrational band of H20 in the sample and was

therefore used as a calibration standard.
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Figure 7.4 PCA with SRS spectra of fibroblasts and endothelial cells. a) CHR SRS
spectra of endothelial cell and fibroblast cytoplasms (samples) were manually extracted from
hyperspectral SRS images. b) Spectra were normalised to min and max values. ¢) PC 0 and
1 separated the samples in an anti-correlative relationship based on the angular data shape.
d) Nonetheless, no clear separation of components was observed in the most significant
PCs. e) Loadings of PC 0 — 2 showed dynamic loadings intensity correlating with water and
cell related spectral peaks. Each loading (pixel) described the strength of a positive or
negative relationship between a PC and a wavenumber variable. f) Score matrix revealed
the scoring of each sample (Y axis) relative to all PCs (X axis). endothelial cells were mostly
projected on a PC 0 with negative scores, where fibroblasts were dominantly projected with
positive scores. PCs 3 — 13 exhibited similar scorings (black arrows) for samples acquired in
the same hyperspectral SRS scan (black line separators).
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Scan average H20 SRS spectra were extracted from the full data set using the
ROI selection hSRS script and averaged into a single spectrum (Fig. 7.5a). The low
wavenumber region was the most conserved region in the spectra. The largest
variability was observed in the CH bond related region which was likely caused by
chemical components inside the ROIs. A polynomial curve was fitted through the
averaged H20 to further reduce the variability in the measured data. Afterwards, the
individual averaged scans were divided by the total H2O average spectrum of all
scans which resulted in spectral corrections per each imaging scan (Fig. 7.5b).

Then, the spectral samples of cell cytoplasms were corrected by multiplication
with corresponding spectral corrections. As a result, the average non-normalised and
MinMax-normalised spectra for each sample exhibited smooth spectral points with
less variations in (Fig. 7.5c-d). Notably, the fibroblast sample spectra exhibited a
conserved shape in the normalised H20 spectral region, which was expected to
potentially improve the cell type separation in the PCO.

Indeed, the PCO separation of fibroblast and endothelial cell spectra was
slightly improved whilst still exhibiting an anti-corelative relationship with PC1.
Similarly, partially improved separation of samples was observed in PC4. However,
no significant improvement in sample separation was observed in other PCs (Fig.
7.5f).

Scores matrix confirmed an improvement in PCO separation of fibroblast and
endothelial cell samples by evaluating the samples with opposite scores. Although
the samples separation was slightly improved by water normalisation, the scanning
artifacts which connected samples from the same scan were not sufficiently
suppressed as they were still found in PC3 and further (Fig. 7.5g). The PCs 0, 1 and
2 showed similar loadings along the SRS spectrum as the non-normalised PCs.
Additionally, PC 3 and 4 loading values were distributed in gradients and thus
suggesting spectra-relevant separation, rather than random noise (Fig. 7.5h) and
therefore confirmed that the water normalisation improved the PCA-based

dimensionality reduction precision.
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Figure 7.5 PCA with H.O-normalised SRS spectra of fibroblasts and endothelial cells.
Multiple averaged H>O ROIs per each SRS acquisition (endothelial cell = 6, fibroblast = 10)
were further averaged into a single “total H,O average” spectrum (a), which was fitted with a
polynomial curve (order = 5). The H>O acquisition average spectra were divided by the
polynomial curve to create a correction spectrum (b). By spectra multiplication, respective
cell cytoplasm ROIls (samples) were corrected (c) and normalised to minimum and maximum
values (d). PCA confirmed an anticorrelation between PCO and 1 (e) and showed an
improved separation of endothelial cell and fibroblast samples (f). The score matrix showed
an increase of weights (scores) in PCO component in comparison with non-normalised score
matrix. Scan-related adjacent score clusters were observed in PC4 and onward (g). The
loading matrix of H.O-normalised PCA data showed dynamic loadings (weights) distribution
which additionally correlated (positively or negatively) with SRS spectral peaks in PCs 3 and
4 in comparison with Figure 7.4f (h).
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The H20 normalisation effect on sample separation was further evaluated with
the K-means clustering®?** in a PCO and PC1 space, which generated two best fitting
centroids best matching the sample clusters. Clustering of non-normalised PCA
separation resulted in approximately 23 % of fibroblast samples associated with the
main endothelial cell cluster and ~14 % of endothelial cell samples was found within
the fibroblast boundary of K-means (Fig. 7.6a). The H20 data normalisation
decreased the mis-separated percentage of fibroblast and endothelial cell was 6 %
and 14 %, respectively in H20 -normalised K-means clustering of the same PC
space. (Fig. 7.6b), which was above ~10 % classification error.

Therefore, the H20 -normalised and normalisation-free principal components of
endothelial cell and fibroblast monocultures were analysed using the random forest
machine learning method for cell type classification.?© PCs 0 — 4 were used as
features in the analysis and the rest of the PCs was excluded owing to their low
significance. A confusion matrix visualisation of random forest analysis of PCs before
water normalisation showed a good overall classification precision of approximately
80 % (Fig. 7.6¢). The water-normalisation further improved the overall classification
accuracy >90 % (Fig. 7.6d). A significant variability (>10 %) was observed in non-
normalised data cell classification and less 10% variability noticed in normalised
data. Train-test machine learning models were run multiple times since single
analyses were skewed by random training sample pool. Nevertheless, an accuracy
of >90 % was considered sufficient for label-free cell classification despite the low
number of available samples. No further samples were analysed due project delays
and cancellation. however, this work shows a cell classification pipeline capable of a

cell heteroculture has been laid out.

188



. - E
. ® - T
. )
— ” ~ J. 2
E‘_’ . EC 4.. ’s‘ (o
» CF “ t .
# centroid
PCO CF EC
Predicted label
b) d)
. T
¢ e ..' -%
....‘ & . :,. ™ E
— ‘ ° =
Sl o e *® 5... .ﬁ. =
e CF ‘@ .. * -
# centroid L
PCO CF  EC

Predicted label

Figure 7.6 K-means and random forest analyses of principal component in
monocultures data. K-means clustering separated the PC 0 and 1 in a 2D plot into 2 areas
(grey and blue) based on centroid positioning and cluster shape in non-normalised data (a)
and in H2O-normalised data (b). A confusion matrix was used to visualise the prediction
precision of a random forest classification in non-normalised data (c) and H>O-normalised
data (d) by separating 46 samples into true fibroblasts (top left), true endothelial cells
(bottom right) and falsely classified fibroblasts (bottom left) and endothelial cells (top right).

7.4. Chapter summary

Cell classification in a heteroculture was successfully achieved by the
combination of SHG and SRS. It was found that the SHG signal originating from the
putative myosin was distributed significantly differently in cardiomyocytes as
opposed to the punctate distribution of collagen (SHG). Whereas SHG signal
originating from collagen and lipids (SRS CH2) droplets were the most prominent
cytoplasmic structures of endothelial cells and fibroblasts. However, the manual cell

segmentation was not precise owing to a proneness of cells to cluster and grow over
one another.

Furthermore, it was concluded that the ratio between H20 -related
wavenumbers and cell related wavenumbers of the Raman spectrum was the most

significant factor in PCA, which lead to partial separation of fibroblast and endothelial
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cell cytoplasm SRS spectra which were acquired in separate cell monoculture
experiments.

Moreover, instrument-related imaging artifacts were indeed discovered in PCA
of the SRS spectra. Low scoring PCs found a relationship between cytoplasms
sampled from the same hyperspectral imaging scans. A normalisation to a H20 SRS
signal as an internal standard improved the separation of endothelial cell and
fibroblast samples based on SRS measurements using PCA as a dimensionality
reduction tool and K-means clustering. However, the H20 normalisation did not
result in a complete removal of the artifacts as seen in the PCA scores matrices. It
was hypothesised that contribution of H20 to the Raman spectrum exponentially
decreases with a decrease in the wavenumber values and hence the normalisation
becomes less efficient in low wavenumber regions. Therefore, the development of an
internal standard with an improved SNR in the CHR is needed to improve the

normalisation for cross-sample analyses.

Although two cell types in monocultures were successfully separated,
cardiomyocyte monocultures and complex heteroculture analyses were not
completed due to a lack of samples after the cancellation of the project which
supplied the cell cultures for imaging.
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8. Discussion and future perspectives

8.1. Identification of samples suitable for SRS-LDI translation

method development

The aim of the first research section of this thesis was to find small molecules
which could be detected in various biological matrices, using SRS and MALDI. To
this end, a test compound set was assembled. The test compounds selected for
evaluation were small molecules expected to generate Raman peak in the cell silent
region of the Raman spectrum whilst also being compatible with MALDI MS Imaging.
Both techniques were assessed in parallel in a series of increasingly complex
environments with the aim to ultimately collect imaging data on SRS-and then MSI
on the same sample. This analysis was also correlated with solubility, permeability,
lipophilicity, and protein affinity properties of each test compound in order to
determine which physicochemical properties are affecting the ionisation efficiency

and detection for each test compound.

The majority of the test compounds, which were predominantly deuterium-
labelled compounds had been selected due to their ability to produce a C-D signal in
the silent region of the SRS spectrum. Unfortunately, many of these selected
deuterium-labelled compounds did not produce a strong enough signal in the cell
silent region in SRS experiments and/or generated a poor ion yield in the MALDI
experiments and were therefore removed from the sample set. This outcome was
expected since alkynes were more polarizable than C-D bonds. The remaining test
compounds contained alkyne bonds, which were typically associated with higher
SNR in the cell silent region when using SRS. It was found that compounds which
contained alkynes in a Tr-conjugated system with aromatic structures exhibited
enhanced SRS signal intensity of the alkyne peak.%® In the MALDI MS study, two
compounds — GSK4(x) and GSK90 — showed strong alkyne SRS intensities and
gave high SNR ion yields in MALDI MS. GSK90 was expected to be a stronger
ionising analyte in comparison with GSK4(x) based on its higher nitrogen-to-oxygen
ratio in its molecular structure, which in turn increased the probability of the molecule

to ionise in a positive polarity MS instrument. The measured solubility of GSK4(x)
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was greater than for GSK90 and was therefore likely a secondary factor of the

analyte ion yield in a pure sample powder form.

SRS analysis of deuterated samples produced low SNR C-D Raman peaks,
which were accompanied by additional peaks, which were observed consistently at
~2300 cm regardless of compound or sample concentration. The peak was thought
to be an artifact of the experiment and related to N2, based on available literature.?52
N2 is a gas which forms ~78 % of Earth’s atmosphere, however it is not soluble in
aqueous solutions, however it was unlikely that the N2 is soluble in aqueous
solutions. Therefore, the source of the N2 Raman peak was unexplained. Since this
peak became prominent in low-concentrated analyte samples, it hindered the
detection of the analyte by obscuring the C-D bond SRS signal in the cell silent

region. This was also observed in low-concentrated alkyne containing compounds.
8.1.1. Physicochemical properties in MALDI

Analysis of test compounds spotted on tissue sections showed heterogeneity in
ionisation efficiency between the analytes, but it also showed a dependency on the
spot positioning in mouse brain tissues. For example, there was a clear difference in
the ion intensity of the analyte compound when spotted on grey matter compared
with white matter of the brain tissue sections. As described earlier (Section 4.3), this
difference was due to an ion suppression effect, where molecules with a higher
ionisation probability (typically lipids) become charged ions at the expense of less
ionisation-prone molecules in the sample. In addition, although the MS signal
heterogeneity in brain tissues reveals important interactions between myelinated
axon-rich white matter and cell body-rich grey matter in brain ROIs, it is difficult to
guantify owing to the variability between biological samples and the manual
positioning of the analyte spot for each sample. To overcome this, tissue
homogenates (mimetic models), which are devoid of high structures in tissues, were

used instead.

The MALDI MSI of mimetic models, which consisted of serial dilutions of drug-
spiked homogenates, revealed enhancement of the GSK4(x) signal in liver tissues
which was in contrast to the MALDI results in pure compounds. No differences in
signal intensity were observed with MALDI between GSK4(x) and GSK90 in brain
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mimetic models. This was surprising since a brain is a lipid-rich organ and as such,
was expected to reveal ionisation differences between low weakly lipid binding
GSK4(x) and strongly lipid binding GSK90. It was likely that any interaction between
the analytes and lipids was masked by the ion suppression effect in the brain
tissues. The impact of lipid binding, on the detection of the analyte, is therefore very
unlikely to be determined since the ion suppression effect is intrinsic to the lipids
present in the brain tissue. As illustrated in Chapter 4.3, the signal intensity observed
for GSK4(x) was greater than that generated for GSK90 in the 12 um liver mimetic
models. Based on these results a preliminary correlation relationship was proposed,
where solubility and permeability of the test compounds were expected to positively
influence the analyte ionisation efficiency, by improving the rate of matrix-mediated
analyte dissolution and transportation through the tissue. Additionally, the correlation
of protein binding and signal intensity is worthy of consideration, as this phenomenon
was expected to negatively affect the signal intensity observed by preventing or
slowing down the transport of the analyte through the tissue during matrix-mediated
extraction.

It was also suspected that the 12 um mimetic model sections were likely
saturated with matrix which prolonged the matrix exposure of samples and an
analyte extraction. This led to a 3 — 5x increase in signal intensity for the 12 um
section in comparison with 16um sections in all samples apart from a GSK90

mimetic model.

To summarise, the mimetic models were too complex a model to investigate
the correlation study between a test compound ionisation efficiency and
physicochemical properties. Further sample preparation methods and analyte
environments, which could give a better understanding of the link between
physicochemical properties and ionisation efficiency needed to be considered. The
replacement of a MALDI matrix with DIUTHAME membrane (as observed in
chapters 5 and 6) was an excellent alternative approach, which could change the
importance of the solubility by using the tissue moisture only without the additional
wetting during matrix spraying. Furthermore, internal standards can potentially be
useful in an analysis of protein affinity by removing the permeability and lipid binding

properties owing to their deposition on a tissue surface by spraying.3!' More test
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compounds need to be analysed in order to provide a robust dataset and prove the
discussed statements.

8.1.2. Physicochemical properties in SRS

The SRS analyses of the pure solid test compound, GSK90, generated a
stronger alkyne signal in the cell silent region in comparison with GSK4(x). The
enhanced alkyne signal in GSK90 was most likely caused by the alkyne positioning
between the two TT-conjugated heterocycles, which were shown to play a major role
in alkyne signal modifications.%%:%6

Unlike the MALDI MS analysis of the analyte spiked mimetic models, GSK4(x)
was not detected in either the brain or liver mimetic models by SRS, whereas GSK90
was detected. The SRS signal of both analytes was accompanied by background
noise from the associated intrinsic fluorescent components within the liver
homogenate. The brain homogenate displayed less interference and produced much
smoother spectrum baselines. A study of liver mimetic models with spontaneous
Raman microscopy suggested an improvement in LOD through sample
photobleaching which reduces the intensity of the autofluorescent background.®® As
expected, the sensitivity of SRS was found to be inferior to MALDI MS, which
detected analytes in the lowest mimetic model concentration (100 pg/g). A significant
finding of this work was that SRS did not appear to be affected by the
physicochemical properties previously discussed, i.e., solubility and permeability,
since the analytes were imaged in situ without MALDI matrix solution extraction, as
demonstrated by the GSK90 and GSK4(x) mimetic model results. However, the
spotting on tissue analysis showed a poorer GSK90 ion intensity in comparison to
GSK4(x). This finding was likely caused by GSK90 penetrating deeper into the tissue
than GSK4(x). GSK4(x) with a poorer permeability than GSK90 would be less able to

pass across biological membranes and thus remained closer to the tissue surface.

This finding highlights a major difference between MALDI MS and SRS
Imaging. For MALDI MSI experiments it is pre-requisite to perform a matrix solvent
application/extraction process to elute the drug from within the tissue section onto
the tissue surface and co-crystallize with the matrix upon drying. Such an extraction

procedure is not required for SRS imaging, the drug molecules are analysed in-situ
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within the tissue. One consequence of this disparity is that the precise location of the
drug (at subcellular level) is lost, whereas with SRS Imaging, the exact location of
the drug is maintained in-situ.

Secondly, the extraction process for MSI also increases the concentration of
the drug on the surface of the tissue by extracting drug from within each particular
voxel of the tissue section analysed onto the surface of the tissue section. This
phenomenon explains why better signal intensities are observed for the drug in
MALDI MSI compared to SRS imaging, where the analyte is being detected across a
very thin optical plane. The degree of drug extraction is influenced by the
physicochemical properties of the drug, in particular solubility and permeability. The
more soluble and greater permeability of the drug the more extraction and co-
crystallization with the matrix will occur compared to a drug which is poorly soluble in
the matrix application solvent and has poor permeability (i.e., the less ability to pass
across biological membranes). As SRS imaging does not require an extraction step,
these particular physicochemical parameters do not need to be considered in SRS
imaging of analytes in situ. Although protein binding and lipid binding
physicochemical properties were considered to play a role in the success/failure to
detect a drug in a tissue section. It was considered that the intrinsic background of
strongly autofluorescent liver tissue was the cause of the absence of SRS GSK90 in
a liver mimetic model at concentrations below 300 pg/g and the absence of GSK4(x)
signal was directly proportionate to the lower SNR of the GSK4(x) alkyne bond in
SRS of a pure sample in contrast with the GSK90 alkyne SNR and thus can be used
to directly reflect the analyte concentrations in the sample. This was supported in an
external collaborative study, where the same samples were analysed by a
spontaneous Raman confocal microscope, which suffered from a strong Raman
background in the liver mimetic model. However, photobleaching of the fluorescent
liver components improved the LOD and served as further evidence that fluorescent

background can mask the SRS signal.®®

Finally, the dry tissue sample introduction to the SRS microscope resulted in a
reduction of signal passing through the highly refractive optical media (glass — air)
and thus resulted in overall low SRS signal. The sample was in a dry environment to
prevent the homogenate delocalisation, which would occur in aqueous solutions and

to comply with the local safety rules, which stated that all biological samples must be
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sealed. Going forward, the overall detection sensitivity in mimetic models could be
potentially improved using a dipping objective lens in an open sample, which would
likely reduce the scattering. Alternatively, an introduction of a hardening mounting
medium, such as MOWIOL could improve the SRS signal intensity of alkyne bonds
in the cell-silent region, where it is expected that the mounting medium is not Raman
active unlike in the fingerprint and the CH regions.

Such important discoveries afforded by these experiments breathe caution into
the interpretation of the imaging experiments afforded by the combination of SRS
and MALDI MS imaging on the same tissue sample. As with all aspects of drug
discovery, the physicochemical properties of the drug are very important contributors

to the success of drug imaging.

In consensus with the MALDI analyses, the analysis of additional new test
compounds are required to confirm whether protein and lipid affinity are the driving
force behind drug permeation through tissues.

8.1.3. GSK4(x) and GSK90 in cell cultures

For the final comparison, both techniques were examined for their feasibility to

detect test compounds in a cell culture.

GSK4(x) and GSK90 were successfully detected in Calu-3 cells, although the
latter induced a cytotoxic effect, which strongly affected the number of living cells in
the experiment at the time of formalin fixation. Nonetheless, GSK4(x) was detected
in small punctae in cell cytosol, some of which overlapped with lipid-rich vesicles.
Furthermore, a punctate distribution suggested that GSK4(x) was actively
endocytosed by cells, rather than penetrating the cell membrane which would have
created a more diffuse SRS signal. GSK90 was however detected in entire cells,
including membrane structures and large punctae. Additionally, GSK90-treated Calu-
3 cells exhibited cytotoxic phenotype, such as membrane blebbing and very large
vesicular bodies, which also exhibited GSK90 signal. The different uptake
mechanism of GSK4(x) and GSK90 was likely connected to their lipophilicity and
permeability, where GSK4(x) was labelled as poorly permeable according to the
DCS chart (Figure 4.2) and weakly binding to lipids but GSK90 was a highly lipophilic
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and permeable molecule, indicating that the latter was more likely to pass through

cell membranes.

GSK4(x) was successfully detected in the MALDI MS study of frozen (-80 °C)
cell pellets, which required multi-step washing, where the presence of cells in a pellet
was confirmed by the detection of the phospholipid head group fragment (PCh) at
m/z 184. The detection of GSK4(x) and the corresponding PCh ion was however
unsuccessful in the MALDI MS imaging experiment. GSK4(x) and the PCh ions were
not detected owing to the sample fixation in methanol prior to MALDI MS analysis.
This result suggested that the lipids and the endocytosed GSK4(x) were delocalised
below the MALDI instrument sensitivity level, which was poorer in comparison with
the cell pellet MALDI MS due to the reduced amount of ionisable material in an
imaging experiment in comparison with cell-rich pellet in the spot on a MALDI plate.
Therefore, it was concluded that cell samples should preferably be fixed with
formalin, although this generates new chemical species through protein cross-

linking.2%8

A consideration of a drug-target interaction is pertinent in “chemical” SRS
microscopy and MSI. A covalent inhibition — such as the mechanism of target
interaction of GSK2 and a UL97 kinase — results in a chemical link between the
protein and drug. This connection increases the molecular mass and thus
complicates the search for the analyte using MS. On the other hand, the ability to
detect a cell silent region tag (deuterium or triple-bond) in a drug using SRS is
dependant only on the site of binding and a loss of SRS signal will occur only when
the triple bond reaction or loss of deuterium. Albeit triple bonds are highly reactive,
GSK90 and possibly GSK4 (mechanism of action of GSK4 is not publicly known) are
steric inhibitors, i.e., their interaction with the target do not change the molecular
structure of the drugs.
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8.2. Translation of biological samples from SRS microscopy to
MALDI/SALDI MS

8.2.1. Conductive materials in SRS microscopy

MALDI mass spectrometer instruments typically require conductive surfaces
onto which the biological samples are placed in order to efficiently dissipate
oppositely polarised surface charge and to direct ions into the mass analyser. This is
typically done by using glass slides coated with a conductive surface, usually, indium
tin oxide (ITO). Unfortunately, ITO absorbs near infra-red (NIR) light?’3 in the region
in which the majority of SRS microscopes operate. The NIR absorption was
confirmed using the Leica SP8 SRS microscope with a pure analyte standard
sample spotted onto ITO slides coated with low -concentrated-ITO and standard
concentrated ITO. The SRS spectrum from the low-concentrated ITO slide contained
noise, whereas slides with the standard-concentration ITO coating in SRS analysis
appeared to perform better, showing spectra with the same SNR as unmodified
glass slides. However, on closer examination, it was discovered that the scanned
area of the standard ITO glass slide appeared to have been burnt-off. Therefore, it
was hypothesised that the NIR lasers quickly burnt off the ITO from the glass slide
surface, which then allowed the collection of the SRS signal. Unfortunately, this
sample would then not be applicable in MALDI experiments, due to the non-
homogeneous sample conductivity. Therefore, it was established that any translation
experiment should begin with the analysis of the sample on a non-conductive
surface. This prompted a search for methods, which would allow SRS analysis of a

sample on a glass slide, followed by the application of MALDI.

The first approach considered was to adhere copper tape to the reverse side of
a glass slide prior to MALDI analysis of tissue sections as proposed by Wu et. al'83.
This approach was replicated and successfully generated mass spectra; however, it
was accompanied by surface charging during which the ion extraction was delayed
and possibly reduced. This caused a positive mass shift of ions and a broadening of
ion peaks in the mass spectrum. A reduction of a MALDI laser repetition rate by
2000 times slightly reduced the issue, but it rendered the approach inapplicable in

large tissue imaging experiments by extending them from a range of hours to weeks.
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The second approach applied DIUTHAME, a thin conductive membrane
consisting of platinum and aluminium, which when placed on the sample surface
extracted the analytes from the sample using capillary force. DIUTHAME is a SALDI
technique since it does not use matrix for analyte extraction and thus has the
advantage of not producing any matrix-related background ions. Background ions,
however, were still observed in the SALDI MS analysis of the DIUTHAME
membrane. These ions were associated with platinum, aluminium and their alloys
and the low molecular weight adhesives from the DIUTHAME membrane. These
background ions were supressed in intensity in in the analysis of biological samples.

DIUTHAME membranes are designed for the use with thick tissue sections,
circa 30 um. However, a 30 um thick section is considered too thick for traditional
MALDI MS Imaging experiments as it represents the analysis of drug from multiple
vertically stacked cells within the tissue cryosection. Thick tissue sections reduce the
spatial precision of the method because the extracted analytes may originate from
an entire tissue section, which may not be representative of the optical image
generated before the analysis. Additionally, the extraction process, which uses
capillary forces was expected to favour the extraction of water-soluble analytes more
than hydrophobic analytes. Therefore, to improve extraction, a methanol solvent
spraying deposition was used. Indeed, the application of DIUTHAME using the
solvent deposition process on a 16 pum-thick mouse brain cryosection followed by
analysis in the low mass molecular weight range generated mass spectra with a
better signal intensity. Additionally, 4.5x more mass peaks were detected than for
the sample with no solvent application, hence indicating an improvement in analyte
extraction from a sample. However, it was necessary to optimise the analyte spray to
afford a balance between the maximum analyte extraction but without saturating the
sample with solvent liquid. Due to the very fine pore diameters (~200 nm) of the
DIUTHAME membranes, drug delocalisation was minimal and therefore, any analyte
delocalisation caused by the solvent spraying method was likely to be below the
spatial resolution of the UltrafleXtreme mass spectrometer. The absence of
delocalisation was proven in the examination of the spatial distribution of GSK90,
which was spotted below the tissue prior to thaw-mounting. The spraying of solvent
increased the signal intensity of the analyte, whilst not delocalising the analyte from
the boundaries of the analyte spot. Therefore, it was likely that no delocalisation
occurred at 200 um spatial resolution after a solvent spraying. The evaluation of the
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migration of the GSK90 through the tissue experiment shed light on the extraction
efficiency of DIUTHAME, which was detected using DIUTHAME prior to solvent
spraying. This result showed that the DIUTHAME membrane indeed extracted
analytes through 16 um and even 30 um of brain tissue, which could have an impact
on the spatial precision of the method when looking at drug disposition in thick tissue
sections. Interestingly, different ion adducts of GSK90 ionised in different spatial
patterns, which was likely caused by a localised and heterogeneous presence of
various salts and salt concentrations in the sample. This heterogeneity was however
lost after the solvent spraying, with all the adduct ions exhibiting the same spatial
distribution.

Although the solvent deposition significantly increased the analyte extraction
and ionisation efficiency, the number of ions detected by SALDI MSI with
DIUTHAME was lower than for MALDI MSI. The superior MALDI ionisation efficiency
was attributed to a more efficient analyte extraction by the matrix solution, which
would additionally co-crystallise more analyte species owing to its direct contact with
the sample. However, it is important to consider the matrix-related ions, which can
be also present in the MS spectrum and therefore it was proposed that the difference
in the number of detected mass peaks between improved DIUTHAME SALDI and
MALDI after matrix mass peak subtraction may reach similar mass peak counts.
Interestingly, there were few common ions and poor overlap between the mass
spectra generated by the two methods which suggested that both techniques extract
different analyte species and at varying efficiencies. Some ions, however, such as
the PCh ion were consistent between SALDI and MALDI.

DIUTHAME membranes were also successfully applied to the SALDI MS
imaging of lipids in 2D cell cultures showing a potential in drug uptake analyses in
future studies. DIUTHAME was applied directly onto cells grown on conductive glass
slides, which immediately extracted the analytes from the cells. This direct
application to live samples was preferred over the analysis of methanol-fixed cells as
the fixing process was shown to wash off the lipids to levels that were below the
detection sensitivity levels of the instrument and formalin-fixing the cells caused
crosslinking between the cellular biomolecules, which could also decrease ionisation

efficiency and result in physiologically irrelevant mass spectra.
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8.2.2. SRS microscopy of tissues in an aqueous sample

chamber

Equipment and laboratory risk assessments did not permit the use of open (i.e.,
unsealed) biological samples on the SRS microscope. This is because there was no
biological safety containment on the microscope. All biological samples had to be
sealed before any SRS analysis. To address this, a sample chamber consisting of
two glass cover slips and a sealing gasket was proposed and evaluated with a
sample mounted onto either of the glass cover slips facing inward. From a MALDI
MSI perspective, the submersion of a sample into an aqueous solution would be
undesirable and could result in analyte delocalisation or initiate chemical reactions in
the sample particularly as the tissues are not fixed. Therefore, to be in keeping with
the MALDI MSI approach, the SRS microscopy should ideally be dry samples too.
However, the available SRS microscope required close working distance lenses
(<1.1 mm) which were designed for aqueous and oil immersion. The use of a dry
sample would therefore cause backscattering due to the air-tissue interphase
created by the large refractive index mismatch between the glass cover slip and the
air in the imaging chamber. The backscattering effect was expected to be less
prominent in submerged tissue sections due to the absence of the air tissue

interphase.

The Hyperspectral SRS data showed that while the overall spectral profile of
the CH Raman region of dry and wet brain tissue cryosections did not differ, the
structural details in the brain tissue, such as white matter bundles were observed in
the wet brain sections, but not in the dry brain section. This was likely due to a
combination of sample hydration, which restored the physiological morphology and a
decrease of refractive index difference in the tissue-water interphase. Hence the
sample chamber filled with an aqueous solvent was deemed the most suitable
approach in terms of achieving an acquisition of the highest possible resolution for
biologically relevant information from tissues in SRH and hyperspectral SRS.

Stimulated Raman histology (SRH) is a non-invasive histological tool, which
can be used for an optical separation of cytoplasm and cell nuclei based on a ratio of

CH2 and CHs SRS signal,?®* which after an overlay with the CH2 image creates
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images which are similar to H&E images.3'? Using SRH instead of the gold standard
H&E in conjunction with MALDI analysis was considered desirable since it would
maximise spatial and chemical information from the sample. The SRH technique has
been conducted with dual Stokes laser systems,!'4115 where the two vibrational
frequencies were collected at the same time, whereas here, the Leica SP8
microscope employed a single Stokes laser line and thus required image acquisition

in sequence in order to obtain CH2 and CHs images.

Using the single Stokes system, in murine brain cryosections, it was observed
that the CHs and CH2 images did not precisely overlap in XY coordinates, which
resulted in artifacts in the image subtraction. This issue of CHz and CH2 mismatching
was proportional to the image size and acquisition speed. The overlap mismatch was
caused by the following factors: a) microscope stage mis-positioning between
finalising the first SRS image and initialising a second SRS image of the same
region, b) a loss of focus which was likely caused by an increase of sample
temperature caused by the SRS lasers, c) inconsistent image tile-stitching. The loss
of focus was not possible to correct in the manufacturer’s acquisition software owing
to incomplete integration of the SRS module in the sample acquisition corrections
GUI, which was otherwise available for fluorescence image acquisition modes.
Moreover, the separate tile runs could not be overlayed and stitched into a mosaic in
the software. Although such corrections were easily executable outside the Leica
software, the large tissue images were not successfully merged with the available
tools and could not be reimported and processed in the Leica software. Hence, to
overcome this, the scan size was reduced by half thus minimising the impact of the
XYZ drift during the image acquisition. The spatial mismatch was removed by

intensity averaging.

The subtraction of CH2 from CHs led to detection and resolution of putative
cytosolic structures from the white matter bundles in brain tissues. However, this
subtraction did not highlight specifically cell nuclei. By performing a second CH:2
subtraction from the subtracted image, the SRS signal for the regions outside of the
cell nuclei were supressed and consequently improved the specificity of this method.
CH2z and CHs peaks are broadly referred to as the lipid and protein peaks,

respectively,?°? however, this does not mean these vibrational modes are exclusive
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to either. Both molecular bonds are present in almost all organic molecules present
in the cell. The lipids contain both molecular bonds, but the CHz bond is more
concentrated in lipids than in proteins due to the prevalence of the long saturated
fatty acid chains contained within lipids. Moreover, the hydrophobic properties of
lipids result in their compact spatial distribution. Therefore, the CH2 subtraction
subtracts signal for proteins and lipids alike, but the subtraction in lipids is associated
with larger weight. Cell nuclei contain almost no lipids in comparison with cytoplasm
and therefore the subtraction there does not alter the CHs SRS image. The second
subtraction further subtracted CHz signal from the CHs signal. The position of the
double-subtracted nuclear signal was confirmed by chemical staining with a
fluorescent Hoechst dye. This experiment also showed the applicability of the SRS in
a simultaneous multimodal imaging with fluorescent microscopy as no signal
interference was found from the dye. It was hypothesised that the second subtraction
was most likely necessary due to an unexplained low protein signal intensity in the
sample possibly caused by an interaction between the tissue section and the
aqueous solution (Section 5.2.5). The tissue cryosections were found to swell in a
water environment, during which the sections increased in volume by taking up
water, which in turn displaced the tissue from the focal plane and reduced the overall
signal intensity. This likely affected lipids to a lower extent owing to their hydrophobic
properties. Similarly, less soluble collagen structures which were detected with SHG
were less prone to signal intensity issues in water solutions. The swelling was
partially reduced by replacing H20, which was hypotonic, with PBS. Incubating in
PBS partially improved the nuclei intensity in the single-subtracted SRS images. To
remove the swelling completely, tissues were also imaged in a Prolong Gold
mounting medium, which reversed the swelling of the tissue samples observed with
the water solution. It also increased the background signal because the mounting
medium was based on glycerol and other organic compounds, which were active in
the cell silent region. The increase in the background SRS signal resulted in the
same separation of nuclei and cytoplasm in the subtracted images as the tissues in

the PBS samples, which was devoid of background signal.
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8.2.3. SRS-to-MSI with DIUTHAME

The same sample analysis approach was explored in brain tissues using SRS
and SALDI, where the same sample was a brain tissue cryosections, which was
thaw-mounted on a cover glass and enclosed in a PBS-filled imaging chamber for
SRH image acquisition. After the SRH acquisition, the cover glass with the sample
was removed from the enclosure and it was refrozen again to allow thaw-mounting of
the tissue to the DIUTHAME membrane. The DIUTHAME mounted sample was
analysed in the MALDI TOF mass spectrometer, whilst placed on a conductive slide.
The obtain mass spectra were compared with additional cryosections of the same
tissue which were used for a MALDI analysis and a direct SALDI analysis with
DIUTHAME without the SRS imaging step. The resulting mass spectra of the post-
SRS SALDI sample were negatively shifted in their mass-over-charge values in
comparison with the mass spectra of the samples, which were directly analysed with
SALDI and MALDI. The negative shift in the post-SRS mass spectrum was thought
to be caused by a shorter travel distance from the sample surface to the ion detector
in the MS instrument, which was reduced by the introduction of a 0.17 mm-thick
cover glass. Post-SRS SALDI spectra therefore required a positive shift correction,
which was approximated based on the measurements of known mass peaks and
mass peak patterns. Striking differences were observed between the two SALDI
mass spectra obtained from 1) a tissue mounted between a conductive slide and
DIUTHAME and 2) post-SRS SALDI mass spectra, where the tissue was additionally
mounted on a glass cover necessary for SRS microscopy and had been submerged
in PBS. The first major difference was that the total number of detected ions in the
post-SRS sample was approximately half of those observed in the SALDI MS
spectrum that was likely an outcome of tissue submersion in the PBS, where the
analytes potentially delocalised. Secondly, only half of the post-SRS SALDI ions
matched the SALDI ions. This was predominantly caused by an increased lipid
fragmentation in the sample, due to the extended exposure to PBS during SRS
imaging, which may have been accompanied unknown enzymatic reactions in the
unfixed tissue or by an unknown mechanism between the tissue, water and the
DIUTHAME membrane.
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Finally, the spatial overlap between SRS and SALDI MSI in the same tissue
sample was not achieved due to the time limitation of this project. Generation of full
tissue section SRH images was cumbersome and despite the experimental
modifications suffered a high failure rate caused by the loss of sample focus in the
microscope. Therefore, only a single SRS-to-SALDI MSI experiment was finished, in
which the tissue warped during sample handling after SRH image acquisition, which
made the spatial co-registration of the SRS and MSI data impossible. Nevertheless,
this method was proven as a successful path towards the same sample analysis and
if time permitted, this experiment would have been fully finished by overlaying the

images from two imaging modalities.
8.3. Imaging of liver organ-on-chip complex in vitro models

The organ-on-chip complex in vitro models (CIVMs) are structurally
complicated samples which are not typically designed for high resolution optical
imaging and/or MSI. Therefore, the imaging analyses are often superficial. Label-free
imaging approaches of these samples is an unexplored opportunity., In this work,
liver CIVM scaffolds were used to evaluate the ability of the in-house label-free
imaging techniques — SRS/SHG and SALDI and compare their output with
fluorescent microscopy using a light sheet microscope at Cardiff University. The
scaffolds were covered with formalin-fixed hepatocytes and Kupffer cells, which were
treated with fluorescently labelled anti-sense oligonucleotides (ASOs), which were a

part of a study, which was unrelated to this thesis.

In Chapter 5, it shown that the Leica SP8 SRS microscope can be used to
collect UV-excited fluorescence signals and hyperspectral SRS signals
simultaneously. In Chapter 6, tuning across the CH region of the Raman spectrum,
cell lipids, polystyrene scaffold, and a green laser-excited fluorescence signal of
ASOs was detected without any signal interference between SRS and fluorescence
channels, in the dual SRS-fluorescence analysis, which showed the presence
fluorescent tags excited in a wavelength range of UV to 488 nm were unlikely to
hinder the hyperspectral SRS analysis. The hepatocytes were separated into
cuboidal and circular hepatocytes based on the fluorescence signal accumulated in
the cell nuclei and cytoplasm, respectively. The hyperspectral SRS imaging in
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combination with NMF and FSC? algorithms revealed Raman features which
confirmed the presence of both hepatic phenotypes. However, Kupffer cells were not
found using the hyperspectral SRS of CH region, possibly because of a low
heterogeneity of the cell signal in this spectrum region. It should be considered to
undergo future cell segmentation studies in the fingerprint region of the Raman
spectrum since it is more likely to capture heterogeneity between cell phenotypes
and cell types.”® However, to achieve this, the unwanted sample drift must be
mitigated since the acquisition of fingerprint spectrum with the tuning SRS system is

more time demanding.

Fluorescence light sheet microscopy enabled the capture of the entire CIVM
scaffolds including the scaffold surface and pores within a single image, which was
not possible to execute with the standard inverted confocal microscopes, where the
signal would not penetrate an entire sample due to light scattering. The possibility to
rotate a sample to a specific angle allowed simultaneous excitation and detection in
a right-angled light path between the objectives and the sample. The light sheet
imaging with a combination of fluorescent labels confirmed that the majority of
fluorescent ASO were observed in cell nuclei in cuboidal hepatocytes and in
cytoplasm of circular hepatocytes.

A previous study in murine models in 2D culture showed that the ASO localised
mostly in the circular hepatocyte cytoplasm.3°! Results in the organ-on-chip liver
model however suggest that in physiological conditions, which were mimicked by the
CIVM model, hepatocytes are prone to form cuboidal cells, which changed the ASO
localisation and the overall cell physiology based on the observed ASO distribution in

the fluorescence channel and the cell morphology in the SRS channel.

The organ-on-chip scaffolds were constructed from a >200 pm-thick, porous
layer of polystyrene. Polystyrene is an isolator and therefore, it was unlikely the cell
on a scaffold surface and in pores would ionise in positive mode MALDI mass
spectrometer. However, by applying DIUTHAME on the surface of the scaffold and
by connecting the DIUTHAME to a conductive slide, a new conductive pathway for
the negative charge to dissipate was created. This approach resulted in the
successful analyte extraction and ionisation from the organ-on-chip sample. The

ionisation efficiency of the cells and scaffold were low based on the increased ion
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intensity of platinum ions, which was considered as a marker of low amount of
analyte on a DIUTHAME membrane surface, where a layer of platinum was
deposited to promote sample ionisation.’®> The detection of DIUTHAME-related
platinum ions was unexpected since platinum ions had been observed at very low
intensities in 2D cell SALDI MSI in Chapter 5 where the platinum ion detection was
associated with low amount of analyte available for ionisation. The detection of
platinum was considered to be related to a possible partial isolation from the
polystyrene cell scaffold, wherein a local resistance imposed by the scaffold could
lead to a prolonged thermal energy build up during the ionisation process'’. This
would be more likely to separate a platinum ion from the DIUTHAME membrane
surface with a very low analyte concentration which could act as an energy acceptor.
The ions were not characterised due to the expected positive mass-to-charge ratio
shift in the mass spectrum owing to the large sample thickness and because the
tissue sample was supported by glass cover slip glass. In future experiments,
calibration samples need to be present on the membrane surface at the same height

as the analyte to provide reliable mass spectra.
8.4. SRS-based cell segmentation with the Leica SP8

The ability of an SRS microscope to separate different cell types in a
heteroculture was tested using a heart triculture consisting of cardiomyocytes,
cardiac fibroblasts, and endothelial cells. Firstly, the separation was examined using
a |CHs — CHz| image subtraction, to approximate a protein ratio between a cell
nucleus and cytoplasm. The lowest protein ratio was found in cardiomyocytes and
the highest ratio was found in fibroblasts. In addition to this information SHG
distribution of collagen and myosin in cells was used as a second cell type marker.
This improved the accuracy of cell type prediction and was conducted manually in a
heteroculture. The manual segmentation and separation were however cumbersome
since only a small population of the cells within an image were identified with enough
confidence due to the change of morphology of the majority of cells in a
heteroculture in comparison with their morphologies in monocultures.

Hyperspectral SRS analysis of the cells in monocultures was conducted to
determine whether spectra from the CH region can be used in cell classification

studies. A PCA analysis” of fibroblasts and endothelial cells resulted in a poor
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separation. Principal components which explained the largest variance percentage in
the analysis separated samples based on their H20-protein-lipid ratio, but upon a
closer examination, the low-weight principal components were found to be affected
by individual scans instead of the chemical composition of the sample. After a
microscope system investigation, it was concluded that the laser source fluctuations
during the hyperspectral SRS imaging were prominent enough to be detected by
PCA. Therefore, the spectra were normalised using H20 as the internal standard,
which resulted in a partial improvement in the PCA-based separation of the two cell
types. It was hypothesised that the dimensionality reduction for cell classification
removes important datapoints from the dataset. On the other hand, random forest is
non-discriminatory to any feature (wavenumber) which may be important in low-
variable data. Indeed, the Random Forest classification of the two cell lines resulted

in highly precise spectra separation (>85 % accuracy).

This mini-project, where SRS-based cell separation was explored, was
supporting a research project of Kavita Raniga (GSK), who studied the
cardiovascular toxicity through electrophysiology and brightfield microscopy of the
heart heteroculture. The aim of the SRS-based cell segmentation was to determine
how different cell types reacted to treatments. The project was unfortunately
cancelled before all the proposed analyses were completed and thus the evaluation

of the outcomes could not be achieved using this method.
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8.5. Future perspectives

The main goal of this thesis, which was to develop a method for the analysis of
the same biological sample by the combination of MALDI MSI and SRS microscopy,
was achieved. However, the proof-of-concept experiment, where the SRS and MSI
data could be merged, was not finished due to unforeseen delays in training and
gaining access to the necessary analytical instruments. These factors also
negatively impacted the remaining small research projects.

Nonetheless, it was demonstrated that conductive surfaces can interfere with
SRS microscopy and therefore procedures where conductive properties were
successfully applied to a sample slide after an SRS analysis were developed. One of
these was the use of copper tape, but sadly, this achieved limited success. However,
the use of a SALDI technique incorporating DIUTHAME membranes proved
successful, In future, other SALDI methods, such as spraying a layer of conductive
nanoparticles, such as platinum?’2, or as more recently published, the use of a
nanoparticle substrate consisting of modified gold nanostructures applied in a
combinatory tissue analysis using SALDI MSI and surface-enhanced Raman
spectroscopy.3® However, this method is likely to be inapplicable in coherent Raman
processes due to the NIR laser absorption by the conductive materials.

In accordance with GSK Policy, the SRS microscopy was conducted in
samples which were sealed in an aqueous solution. This caused swelling in the non-
fixed tissues negatively affecting the performance of SRH. However, performing the
experiments in a standard biological laboratory, the use of imaging chamber could
have been replaced by lowering the condenser or the objective lens directly on a
sample.’* This would have reduced the swelling effect and improved the SRH
contrast between the cytoplasm and cell nuclei.

To generate SRH images of full tissue sections, SRS images focusing 2
vibrational modes were acquired in sequence, which was inadvertently accompanied
by a Z focus mismatch between the two modes. This mismatch made the image
calculations necessary for SRH difficult. The need to scan the tissue in sequence
was caused by the application of only one pump and one Stokes laser. The next
generation of new laser sources employing two Stokes beams will significantly
reduce this issue by imaging two vibrational modes, e.g. CH2 and CH3 vibrational

modes, at the same time.113
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Expectedly, the limit of detection of MALDI surpassed the limit of detection in
the cell-silent region of the SRS significantly in drug spiked mimetic models. The limit
of detection of the alkyne-labelled GSK90 (ponatinib) with SRS was approximately
200ug/g of analyte per tissues, whereas the limit of detection using MALDI was in
the lowest analyte concentration (100 pg/g) in this sample and even below this
concentration as shown in Appendix 8. It was also observed that although SRS is
virtually label-free, the autofluorescence from the liver mimetic models appeared to
be creating an electronic background which reduced the LOD in liver.

Despite the superior detection sensitivity, MALDI ionisation efficiency is
susceptible to variation depending on the local chemical composition. It has been
shown that lipids can cause ion suppression, which decreases the ion intensity of
other analytes in the vicinity.178314 Additionally, a recent study showed a dependence
of vibrating edge spray ionisation MS technique on physicochemical properties, such
as proton affinity and a partition coefficient.31> Herein, it was proposed that analyte
solubility and permeability influence analyte ionisation efficiency and detection in
tissues. Additionally, lipid and protein binding reduce the tissue penetration speed
and thus negatively affect the extraction efficiency and ultimately the detection of the
analyte by MALDI. Furthermore, the physicochemical properties will also affect the
distribution of the analyte in tissues and within cells. Preliminary SRS data showed
that a low protein- and lipid-binding analyte may be prone to be sequestered in
vesicles, whereas a high lipid- and protein-binding analyte was likely to penetrate
membranes and localise throughout a cell. An imaging analysis of methanol-fixed
cells using MALDI was not possible, most likely due to a washing off of lipids during
fixation or matrix application (Section 4.4). The use of DIUTHAME however resulted
in successful cell detection in SALDI MSI, albeit with low number of detected ions
well above the LOD (SNR < 10) which included ~3 putative lipid ions and the
[PCh + HJ* cell and tissue marker ion. Nonetheless, this humber of positively cell-
related ions is very low and is likely insufficient for advanced analyses. This is likely
due to the low amount of ionisable cellular material in each raster spot which be a
limiting factor in high resolution MALDI MSI.

Recent advances in MALDI MSI culminated in the addition of a post-ionisation
laser, a technique known as MALDI-2. MALDI-2 offers a formidable opportunity for
increasing the sensitivity of a number of classes of small molecules, in many

occasions by up to 2-3 orders of magnitude.3® This will help alleviate the issues of
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low sensitivity from sampling small raster spots and spatial resolution. MALDI-2
employs a second laser which ionises the chemical plume of created by the impact
of the first laser. This technology has demonstrated an improvement in spatial
resolution to sub-cellular levels with high SNR and has also been used successfully
in MSlI-based cell classification experiments.'® This innovation in MALDI technology
brings improvements to the method which would be highly beneficial to the research
of small structures in tissues and the SRS-to-MALDI MSI analyses in tissues, cells

and CIVMs at high resolution due to its capability to visualise subcellular structures.

The combination of SRS and lightsheet fluorescence showed a correlation
between the difference in chemical composition and ASO uptake of cuboidal and
circular hepatocytes grown in organ-on-chip CIVMs. A recently published study of
ASO uptake in hepatocytes in a 2D cell culture, where hepatocytes sequestered the
ASO similarly as the circular cells in CIVM scaffolds. However, this study has shown
exclusively circular phenotype of hepatocytes. Herein, the hepatocytes grown in the
CIVM scaffolds exhibited cuboidal morphology in addition to the circular morphology.
The ASO distribution in circular hepatocytes was cytoplasmic and punctate, which
was in consensus with the previous study in 2D cell cultures. However, it was shown
that the ASO localised in cell nuclei in cuboidal hepatocytes instead. The cuboidal
hepatocytes were thought to be the physiological morphology, which can be found in
liver tissues and thus proved the pitfalls of 2D cell analyses and supported the need
for CIVM studies. The ASO distribution in Kupffer cells was suspected to resemble
the cytoplasmic punctate distribution, which were found in the circular cells since
only two ASO distribution patterns were observed, and the nuclear signal was
exclusive to hepatocytes. However, future studies need to include specific
fluorescent labels to confirm the hepatocyte and Kupffer cell in order to assign the
ASO distribution with confidence.

Finally, the Leica SP8 SRS microscope was assessed for its use in cell
classification experiments. The results obtained demonstrated that the instrument
laser source fluctuation affected the spectral information and the resulting
segmentation. Although the effect of the laser fluctuation was partially supressed in
the cell segmentation analysis, this was merely due to the presence of O-H

vibrational mode associated with an omnipresent H20 signal in the CH region. This
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was incorporated into subsequent studies as an internal standard. Future
hyperspectral SRS analyses in the fingerprint region would benefit from the

application of internal standards which would be used for spectrum normalisation.

To summarise, the methodology for the analysis of a biological sample with
MALDI MS imaging and SRS microscopy was established. It was found that
conductive elements necessary for successful ionisation in MALDI were a major
hindrance in SRS microscopy. To circumvent this issue, hon-conductive glass slides
were used for SRS imaging, which were then modified with conductive DIUTHAME
membranes, which replaced the role of conductive slides and matrix. Apart from
animal tissues, this approach was successfully applied in SALDI MSI of cells and
complex in vitro models.

The complementarity of SRS and MALDI was explored by an analysis of small
drug molecules in various biological environments based in correlation with their
physicochemical properties. The physicochemical properties were likely dictating the
analyte extraction in tissues efficiency in the first step of MALDI and SALDI MS. SRS
was used as a reference technique of drug distribution in tissues since it shed light
on in situ distribution of drugs, unlike MALDI and SALDI techniques which sampled
the analytes from the entire depth of a tissue.

Leica SP8 SRS microscope showed a potential in cell classification in CIVMs
and 2D cell heterocultures. Small variabilities in the hyperspectral SRS data were
found during laser tuning, which had an impact on the machine learning
segmentation. The tuning effect was partially reduced by using water as an internal
standard. However, improved internal standards should be explored in future
analyses to improve the correction efficiency. Alternatively, alternative hyperspectral
SRS system (e.g., spectral tuning) should be considered for cell classification
analyses between samples.

Finally, the light sheet microscope laser configuration allowed an illumination
and collection of the pores and surface of the CIVM scaffolds, which lead to the
confirmation of the presence of cuboidal cells inside the pores and the confirmation
of the colocalisation between nuclei and ASO deep inside the scaffold pores.
Therefore, light sheet microscopy considered the best available approach for a

fluorescent microscopy of the liver organ-on-chip CIVM.
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Appendix

HSA IAM
Solubility  Permeability  binding  binding

Analyte (uM aq.) (nm/s) (%) (%)
GSK1 341 6.5 24 2.9
GSK2 426 1 93 36
GSK4(x) 329 39 58 28
GSK10 401 313 94 40
GSK90 157 318 97 56

Appendix 1. Physicochemical properties of test compounds. Solubility or kinetic
aqueous solubility was shown with “uM aqg.” Values, which described the concentration of
analyte which was dissolved from DMSO into PBS. Permeability was denoted in nm/s, which
described the speed of permeation of an analyte through an artificial membrane. The human
serum albumin (HSA) binding values described the percentage of the analyte which was
bound to albumin. The lipid binding was shown as the percentage of analyte which was
bound an immobilisation artificial membrane.

100 pg/ml 10 pg/ml 1 pgfml 0 pg/ml

Appendix 2. MALDI SNR of tool compound ions. Supplementary table to Figure 4.3.

Drug conc.
(mM) GSK90 GSK4 GSK2 GSK2N2 DMSO PBS Glass Air
100 1424

452
50 1239 | 294
10 412

Appendix 3. SRS SNR of pure tool compounds. Supplementary table to Figure 4.13.
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Conc

(mM) GSK90 GSK4

Appendix 4. SRS SNR of tool compounds in tissue homogenate spot analysis.
Supplementary table to Figure 4.14.

Frame Membrane
m/z SNR m/z SNR m/z SNR
104.904 12 391.761 48 103.931 9
159.927 7 392.787 16 105.039 18
161.942 21 393.774 14 133.066 31
191.78 10  399.757 19 190.928 9
193.77 521  400.763 38 193.944 197
194.776 465  401.777 51 194.946 183
195.784 342 402.776 29 195.947 119
197.803 95  403.791 20 197.952 33
205.802 24  404.827 11 207.958 7
206.805 26 405.778 8 220.933 13
207.809 27  446.719 6 221.947 16
208.805 85 581.718 7 222.934 11
211.814 11  582.772 21 327.006 10
212.813 8 583.785 32 387.93 37
220.807 10 584.776 28 388.928 58
221.794 20 585.773 25 389.926 85
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222.793 16  586.781 13 390.935 34
223.794 10  587.787 9 391.926 27
224.797 8 594.778 14 393.946 8
225.800 9 595.731 21 401.948 8
251.735 16  596.810 23 403.910 6
252.723 11 597.802 17 432.886 6
253.726 17  598.842 9 489.672 7
255.728 7 599.797 8 583.945 9
387.736 78  778.763 6 586.963 6
388.736 150 790.784 8

389.745 173  791.762 6

390.751 82  792.647 8

Appendix 5. List of all low molecular weight ions in the DIUTHAME membrane and
frame.

Monoisotopic

M/z Mol. Formula

neutral mass
194.917 [Pt] 194.965 0.048
221.908 [AIPt]e 221.946 0.038

326.940 [C4H2AI3Pt+H]*{  326.933 0.007
326.940  [C2Al4Pt*t 326.891 0.049
389.885 [Pt2]- 389.928 0.043
584.877 [Pt3]- 584.893 0.016
Appendix 6. A list of putative metal ions in a DIUTHAME membrane.
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Appendix 7. Detection of ASO A488 signal in a) fluorescence channel and b) in SHG
channel. c¢) The overlay of a) and b) was shown in cyan and magenta, respectively. Scale

bar = 20 um.
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Appendix 8. Calibration curves of GSK4 (a) and GSK90(b) murine brain mimetic
models at low concentrations. Figure by Woodhouse et. al., copyright CC BY 4.0.%°
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