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Abstract

There is an increasing demand for label-free methods of cell analysis in fields such as
cell biology, drug discovery, and medical diagnostics. Many optical techniques have
been developed to this end, which typically use physical properties such as refractive
index to better visualise cells without the need for fluorescent markers. However,
if chemical information about the sample is desired then these techniques provide
limited information.

Fourier Transform Infrared (FTIR) spectroscopic imaging has emerged as a pow-
erful analytical tool that has been used to study a wide variety of biological samples.
By using a focal plane array (FPA) detector, thousands of spatially resolved infrared
spectra can be recorded simultaneously, creating a chemical map of a sample. FTIR
spectroscopic imaging is also a label-free and inherently non-destructive form of
measurement. However, due to the high molar absorptivity of water, the use of
FTIR spectroscopic imaging to study living cells remains challenging. As cells must
be maintained in an aqueous environment, severe restrictions are placed on the max-
imum path lengths that can be used in infrared spectroscopic imaging experiments.

The purpose of this research was to further develop the application of micro
attenuated total reflection (ATR)-FTIR spectroscopic imaging to the study of live
cells. Micro ATR-FTIR spectroscopic imaging avoids the path length restriction seen
in transmission mode, as the path length is not dependent on the sample’s thickness.
This means micro ATR-FTIR spectroscopic imaging can be done in bulk aqueous
environments. A robust methodology to culture adherent cells directly on an ATR
crystal surface was developed, and the extent to which subcellular features can be
visualised was investigated. Multiple-reflection ATR spectroscopy of live cells is also
presented. This thesis then presents for the first time the detection of an exogenous
molecule within a living cell by FTIR spectroscopic imaging. The recently developed
analysis method disrelation mapping was also applied to a spectroscopic imaging
dataset of a single living cell. Evidence of a different distribution of molecular states

of water, compared to that seen in bulk water, was detected in living cells.
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1 Introduction

There is a continuous demand to improve and develop new methods to study bi-
ological systems such as cells and tissue. For example, pharmaceutical companies
are in great need of more effective methods in early stage drug discovery. Target
based approaches have dominated the industry for the last 25 years, but the high
failure rate of hit compounds has renewed interest in phenotypic based methods
(Fang, 2014). These experiments require living cells, increasing demand for robust
technology that can analyse cell behaviour in a high throughput manner (Moffat
et al., 2017).

Fluorescence based techniques have dominated cell microscopy because, once an
appropriate fluorescent labelling strategy has been developed, it can give very sensi-
tive measurements with high specificity, depending on the nature of the fluorescent
marker. Fluorescence microscopy can be combined with super resolution techniques
to achieve nanoscale resolution (van de Linde et al., 2012), and can achieve single
molecule sensitivity with techniques such as total internal reflection fluorescence
microscopy (Sako and Uyemura, 2002).

One disadvantage of fluorescence microscopy is that the R&D effort is often con-
siderable to develop fluorescent labelling strategies to study a new system. Another
problem is that there is often unwanted interference from the labelling species. For
example, the most common method to measure the uptake and distribution of a drug
within a cell is to use a fluorescent analogue or to modify the drug with a fluorescent
tag (Zheng et al., 2011). Using these types of approaches sub-cellular resolution is
achievable (Balaz and Lukacova, 2002), but it is questionable whether what is being
measured is representative of the drug in its native form. These disadvantages have
lead to the increasing interest in label-free methods to study drug-cell interactions
(Yamauchi et al., 2011; Kasprowicz et al., 2017). Visible light microscopy techniques
have been developed to exploit inherent physical differences within cells, such as re-
fractive index, to generate image contrast (Kiihn et al., 2013). These techniques
have shown promise in phenotypic screening of cells (Rappaz et al., 2014; Pavillon
et al., 2014) and label-free inspection of tissue samples (Kandel et al., 2017). Optical

biosensors based on bioelectrical impedance have also been developed for label-free
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studies of live cells (Fang, 2006).

Infrared spectroscopic imaging has also emerged as a label-free and non-destructive
way to analyse biological samples, using molecular vibrations to generate image
contrast. Imaging methods based on vibrational spectroscopy can provide chemical
information about a sample, which can be hard to extract from the aforementioned
label-free techniques. Infrared spectroscopic imaging has been applied to the analy-
sis of a variety of biological samples and can be used to probe biochemical changes
within samples (Chan and Kazarian, 2016). When combined with multivariate anal-
ysis, FTIR spectroscopy can discriminate between normal and cancerous tissue, and
a variety of other disease states (Bellisola and Sorio, 2012; Walsh et al., 2012). This
has lead to applications of FTIR spectroscopic imaging as a quantitative and label-
free tool for histopathology (Pilling and Gardner, 2016). FTIR spectroscopy also
has the potential to detect exogenous molecules within biological samples directly,
and there is evidence that biochemical changes reflected in spectral bands can be
used to discriminate drug modes of action (Draux et al., 2009; Flower et al., 2011;
Derenne et al., 2011).

Although much more challenging, interest has also grown in the use of infrared
spectroscopy to study live cells. The advantage of doing so is the removal of pertur-
bations caused by fixation and drying, which are now known to distort the infrared
spectrum (Li et al., 2017; Vaccari et al., 2012b). Another disadvantage of fixation
or drying cells is that the scope for kinetic experiments is limited. There is also
the danger of misidentifying spectral changes caused by the cell’s normal dynamic
processes, such as the cell cycle, as being associated with disease states (Jimenez-
Hernandez et al., 2015; Bedolla et al., 2013; Boydston-White et al., 1999). However,
there are major technical challenges associated with FTIR spectroscopy of live cells.
Of particular concern is the high absorbance of water in the mid-infrared region.
Cells are both mostly water and need to be maintained in aqueous environments
to remain alive. Most FTIR spectroscopy studies have been done in transmission
mode and this necessitates the use of very small path lengths. The high percentage
presence of water also makes detecting trace elements of interest more challenging.

An alternative form of infrared spectroscopic imaging that avoids this problem
is ATR-FTIR spectroscopic imaging. As the path length is not dependent on the
thickness of the sample, ATR-FTIR spectroscopic imaging allows experiments to
be conducted in bulk aqueous environments without saturation. ATR-FTIR spec-
troscopic imaging can also achieve a higher spatial resolution than is possible with
transmission mode imaging in air, due to the high refractive index of ATR crystals.

Despite these advantages, very few attempts have been made to apply ATR-FTIR
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spectroscopic imaging to the study of live cells, which is precisely the aim of this

project.

1.1 Objectives

The specific objectives of this project are:

e Develop a reliable methodology for micro ATR-FTIR spectroscopic imaging
of live cells. The main challenge associated with ATR-FTIR spectroscopic
imaging is that the sample must be in direct contact with the ATR crystal
surface. This means in practice that a reproducible method for culturing
adherent cells directly on the ATR crystal surface for long periods of time will
need to be established.

e Assess the ability of ATR-FTIR spectroscopic imaging to directly visualise the
distribution of a drug within a living cell. As spectroscopic imaging can provide
chemical information, exogenous molecules, such as drugs, could in principle
be detected if the instrument is sensitive enough. This has so far not been
achieved in transmission mode FTIR spectroscopic imaging experiments. If
direct drug detection is possible then subcellular drug localisation, biochemical
changes within the cell, and phenotypic information could be probed simulta-

neously in future experiments.

e To use micro ATR-FTIR spectroscopic imaging combined with the recently
developed analysis technique disrelation mapping to investigate the extent to
which molecular states of water can be detected within living cells. This so far
has not been possible with FTIR spectroscopy, due to the difficulty of obtaining
high quality spectra in the OH stretching region of the infrared spectrum.
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2 Literature Review

The primary motivation behind this thesis is to apply FTIR spectroscopic imaging
to studies involving live cells. This chapter aims to summarise the key topics that
are relevant to the work undertaken.

Section 2.1 to 2.2 will briefly cover the elementary basics of a cell’s structure and
discuss other label-free methods to study cells. Section 2.3 to 2.8 will include the
theoretical background and instrumentation of FTIR spectroscopic imaging. It will
also cover some of the common ways to analyse spectroscopic imaging datasets and
the practical computation behind 2D correlation analysis. Section 2.9 onward will
summarise the current challenges and progress in applying FTIR spectroscopy to

the study of live cells and then briefly Raman spectroscopy.

2.1 Cell Architecture

A cell is the smallest organised unit of molecules considered to be alive and was not
discovered until sufficiently high-resolution microscopes became available (Alberts
et al., 2002, chapter 9). It then became apparent that animal and plant tissue was
composed of aggregates of smaller units. The idea that cells are the basic building
block of living organisms is one of the tenants of cell theory, which was first proposed
by Schleiden and Schwann in the 1800s (Mazzarello, 1999).

The use of cells as model systems was not possible until the development of cell
culture methods, allowing various types of animal cells to be grown, maintained
outside the body, and studied in isolation (Alberts et al., 2002, chapter 8). The first
human cell line that was successfully extracted and cultured was the Hela cell line,
which originated from a cervical blastoma (Taylor, 2014). Cell based assays are now
extensively used in a variety of scientific disciplines.

Although cells are simple in a biological context, they are still complex chemi-
cal systems. To maintain its chemical environment, a semi-permeable phospholipid
membrane, known as the cell membrane, encloses the intracellular contents. Al-
though the shape of cells can vary, their size is limited by maintaining optimal dif-

fusion rates. The cell is further compartmentalised by phospholipid membranes into
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Figure 2.1: Image illustrating the main organelles of a typical animal cell. The
nucleus contains the cells DNA. The mitochondrion carries out aerobic res-
piration, providing energy for the cells endothermic processes. The lysosome
breaks down foreign material within the cell. The centrioles are primarily used
during cell mitosis. The smooth and rough endoplasmic reticulum is involved
in the synthesis of proteins. The image was taken from Norman and Lodwich
(2007)

organelles with specific functions, as illustrated in figure 2.1. The contents within
the cell membrane but outside the nuclear membrane is called the cytoplasm. The
contents of the nucleus, which contains the cell’s DNA, is the nucleoplasm.

Cells are primarily built from the macromolecules protein, the nucleic acids DNA
and RNA, polysaccharides, and lipids. These are all polymers built from a series
of condensation reactions linking relevant monomers together. 26.35% of the cell’s

weight is accounted for by these macromolecules, as summarised in table 2.1. DNA

Table 2.1: Table illustrating the percentage mass of the main macromolecules
within a cell. Information was taken from Alberts et al. (2002)

Component percentage weight
H,O 70.0
Protein 18.0
Small metabolites 3.0
Phospholipids 3.0
Other lipids 2.0
Polysaccharides 2.0
RNA 1.1
inorganic ions 1.0
DNA 0.25
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ou

Figure 2.2: Illustration of the cell cycle phases. Gg: the cell is not participating
in the cell cycle. G1: RNA and proteins essential for the phase S are produced.
S: DNA is replicated. Gs: the cell prepares for mitosis. M: cell undergoes
mitosis and splits into 2 daughter cells.

contains all of the information needed to make a copy of the cell’s proteins en-
coded in genes. RNA is involved in gene expression to synthesise proteins. Proteins
themselves are the most active of the macromolecules and account for most of the
dry weight of cells. They are involved in reaction catalysis of most of the cell’s
metabolic processes, providing structural rigidity, and generating mechanical force.
Water also has many functions within the cell and accounts for 70% of its weight.
It is the medium within which the cell’s metabolic reactions take place and is itself
a metabolite in many metabolic processes.

The primary task of a cell other than maintaining its structure is to replicate itself.
It does this in a process known as a cell cycle, where one parent cell synthesises
the material required for a second cell and splits into two daughter cells by mitosis
(Alberts et al., 2002, Chapter 17). This is elaborated on in figure 2.2. Most cells will
not do this indefinitely and there is a finite number of times they will divide. They
then terminate the cell cycle permanently (Holman et al., 2000b). Immortalised cells
are an important exception to this, and will divide indefinitely. Notable examples
are embryonic cells, which are naturally immortal, and cancer cells, which have in

someway evaded the normal cell regulation to stop dividing (Taylor, 2014, chapter 3).

2.2 Label-Free Imaging

For a microscopy technique to effectively visualise a sample of interest, sufficient
image contrast must be generated. In visible microscopy, image contrast manifests

from differences in colour and transmittance across the sample (Stephens and Allan,
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50 m

Figure 2.3: Image taken from Alberts et al. (2002) illustrating different phase
contrast methods. Four images are shown of the same fibroblast cell in culture.
The images were taken using: (A) Bright-field microscopy, (B) Phase-contrast
microscopy, (C) DIC microscopy, (D) Dark-field microscopy

2003). Unfortunately, most cells or tissue samples are both colourless and translu-
cent, making them hard to visualise using traditional bright-field transmission mi-
croscopy(Marquet et al., 2005). This was the impetus to develop staining techniques
to improve image contrast (Alberts et al., 2002, chapter 9). These are heavily used
in fields such as histopathology, where tissue samples are microscopically examined
for signs of disease such as cancer(Walsh et al., 2012). Fluorescence microscopy also
avoids this problem as the only recorded visible light is from the probe itself. Label-
free optical methods of studying cells rely on other physical properties of the cell to
generate image contrast. These can be grouped into white light, nonlinear, linear,
and nonlinear-spectroscopic methods (Pavillon et al., 2014). These techniques have
been summarised in table 7.1.

White light methods tend to exploit density and refractive index heterogeneity
within the cell (Molder et al., 2008). When light passes through a living cell, it
is retarded differently depending on thickness, density, and refractive index. Phase
contrast methods convert this phase difference into an intensity difference (Majeed
et al., 2015), as illustrated in figure 2.3. Modern techniques can also provide quanti-
tative information about the phase difference and therefore the optical thickness of a
sample. There are now several variations of quantitative phase microscopy based on
interferometry or holographic techniques which can be used for cell-based phenotype
studies (Marquet et al., 2014).

Both nonlinear and nonlinear-spectroscopic methods became possible through the
development of high-power pulsed laser sources, which are required to generate non-

linear optical responses (Pavillon et al., 2014). Microscopy based on second and third
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harmonic generation uses the sample as a nonlinear scattering medium in which two
or three photons are up-converted into one photon, which is half or a third of the
wavelength, respectively. They produce background-free images and have an intrin-
sic sectioning ability, because the nonlinear optical process will only occur with a
significant frequency where there is a sufficiently high photon density (Mouras et al.,
2013). The optical sectioning ability of these techniques is dependent on the nu-
merical aperture of the optical system and the brilliance of the light source, which
influence the focal volume within the sample with a sufficient photon density. For
second and third harmonic generation to occur, the sample also needs to fulfil specific
symmetry requirements. Second harmonic generation requires non-centrosymmetric
materials, so only certain materials such as collagen and microtubules can be visu-
alised within cells (Mertz, 2004). Third harmonic generation generally requires a
change in refractive index and as such occurs at interfaces (Weigelin et al., 2016).
Nonlinear-spectroscopic techniques are also based on nonlinear scattering phe-
nomenon. The most widely used are coherent anti-Stokes Raman spectroscopy
(CARS) and stimulated Raman scattering (SRS), which are coherent Raman scat-
tering methods. These techniques can produce strong signals compared to sponta-
neous Raman, allowing rapid imaging of biological samples, with video-rate imaging
possible (Evans et al., 2005). These techniques are used most effectively when the
spectroscopic band of interest is already known. These techniques can also suf-
fer from background effects such as nonresonant background signal and self-phase
modulation (Mouras et al., 2013). If the whole vibrational spectrum is desired, then
linear spectroscopic imaging methods based on spontaneous Raman or infrared spec-

troscopy are more suitable techniques.

2.3 FTIR Theory

To describe the theory behind FTIR spectroscopy one must use time dependent
quantum mechanics. This has been done rigorously elsewhere (Atkins and Friedman,
2011; Fayer, 2001). This section will only give a summary and will then move on to

the essentials of F'TIR instrumentation and spectroscopic imaging.

2.3.1 Molecular Vibrations

To simplify the quantum mechanical treatment of molecular vibrations, we can
consider the overall vibrational motion of a molecule to be the superposition of
independent normal vibrational modes. A molecule with N atoms will have 3N — 6

vibrational modes (unless the molecule is linear, where the formula becomes 3N —5).
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The simplest model for a vibrating molecule is a diatomic molecule that behaves as
a harmonic oscillator, which only has one vibrational mode. The relevant eigenvalue

problem to solve is

H[p) = Elp) (2.1)

where H is the Hamiltonian operator, |¢) is the wavefunction that describes the
motion of the harmonic oscillator, and E is the energy eigenvalue. We can consider
this wavefunction to be a superposition of eigenfunctions, or vibrational energy

states, such that

) =>_C,lv) (2.2)

where v is the vibrational quantum number, C), is the probability amplitude of
observing the harmonic oscillator in a state |v). The probability of observing the
harmonic oscillator in a particular state is calculated by taking the product of the

eigenfunction’s probability amplitude and its complex conjugate
(v|C:CL vy = CC(vv) = CC,. (2.3)

The energy eigenvalues follow the general formula

B = hw <y + %) (2.4)

where w is angular frequency of the vibration. Equation 2.4 illustrates two important
features of the quantum harmonic oscillator, namely that the oscillator cannot have
zero energy and that there are discrete vibrational energy levels. The graphical
solution of the harmonic oscillator eigenfunctions is shown in figure 2.4, which are
time independent solutions. This means, without an external perturbation, the
probability of a vibrational mode being in a particular energy state will remain

constant.

2.3.2 Vibrational Transitions

In infrared spectroscopy, we perturb molecules with light to couple vibrational en-
ergy states and induce transitions. At room temperature, most molecules are in the
ground energy state |0). The fundamental transition from |0) to |1) is the most
common transition seen in an infrared spectroscopy experiment. Light with the
correct energy to induce fundamental vibrational transitions for most molecules is
found in the mid-infrared region. For low electric field strength, we can use first

order time-dependent perturbation theory to calculate the fundamental transition
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Stationary States of the Harmonic Oscillator

Displacement from equilibrium position

Figure 2.4: Illustration of the eigenfunctions corresponding to the vibrational
energy states. The graph depicts the probability amplitude as a function of
displacement from the equilibrium position. The red line shows a classical har-
monic oscillator equation. The blue lines show the quantum oscillator eigen-
functions of the first three energy levels

probability as the harmonic oscillator is perturbed by an oscillating electric field.

We can consider the Hamiltonian as
H(t)=H+ H'(t) (2.5)

where H is the time independent zeroth order Hamiltonian that describes the har-
monic oscillator and H’(t) describes the time-dependant perturbation of the system.

The change in the probability amplitude, ', of observing the harmonic oscillator
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in excited state |1) is given by

dch l
— = ——=(1|H'|0). 2.6
L= () (26)
When the energy of the light matches the transition energy between two energy
states the resonance condition is met and the probability of observing the harmonic

oscillator in the excited state |1) is

21

G = 5

|10l p(v10)t (2.7)
where pi1 is the transition dipole moment operator. This shows us that the proba-
bility of observing the harmonic oscillator in state |1) varies linearly with time and
the radiation density of light. It also shows us that the transition rate is proportional
to the modulus squared of the transition dipole operator. We can use the transition
dipole moment to establish how likely a transition is to occur and derive the gross
selection rule for infrared spectroscopy. We can expand the dipole moment in terms

of displacement of the nuclei from their equilibrium position

d 1 [ d?

This means that the transition dipole will take the form

2

W lulv) = ol 1) + (j—“) lel) + & (j—“) W)+ (29)
We can see from equation 2.9 that, unless the dipole moment varies with displace-
ment, i.e. vibration, then all the terms become zero and the transition is said to be
forbidden. A further specific selection rule for infrared spectroscopy is that the tran-
sition dipole moment will equal zero unless the vibrational quantum number changes
by one during the transition. This rule arises from properties of the eigenfunctions
of the harmonic oscillator, which are Hermite polynomials. In reality, vibrations
are anharmonic and this means forbidden transitions under the harmonic approx-
imation become weakly allowed. Two common types of forbidden transitions are
overtone and combination transitions. Overtones are transitions where the change
in vibrational quantum number is greater than one. Combination bands occur when

multiple vibrational modes are excited simultaneously through vibrational coupling.
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2.4 Mid-Infrared Spectroscopy Instrumentation

The features common to all infrared spectrometers are a source of infrared radiation,
a method of exposing a sample to infrared light, and a detector to record infrared
light intensity. Most modern bench-top infrared spectrometers generally use a silicon
carbide globar to generate infrared light, and either a deuterated triglycine sulfate
(DTGS) or a mercury cadmium telluride (MCT) detector to measure the infrared
light intensity (Buijs, 2006; Theocharous and Birch, 2006).

Globars are an incandescent light source that emits light as a result of being
heated. Silicon carbide rods can be heated to 1800K by passing electrical current
through it, and can be heated to 1400K for years without degradation (Buijs, 2006).
Synchrotron facilities can also be used to generate infrared light and benefit from
a higher brilliance than can be achieved with incandescent sources. More recently
other types of infrared sources have emerged such as supercontinuum lasers, nonlin-
ear optical sources, and quantum cascade lasers. These types of sources also benefit
from high brilliance, but currently none of these systems can span the whole mid
infrared region.

DTGS are thermal detectors that use the pyroelectric property of deuterated
triglycine sulfate crystals (Theocharous and Birch, 2006). When heated these crys-
tals generate charge, creating a voltage across the crystal. This charge is quickly
neutralised, as the charge is lost to the detector circuit. By modulating the incident
radiation on the crystal, a series of electrical current pulses flow through the detector
circuit. MCT detectors exploit the property of photoconductivity (Theocharous and
Birch, 2006). Mercury cadmium telluride is a low energy band gap semiconductor,
that acts as a photoresistor in the detector circuit. Its resistance drops when ex-
posed to infrared light, because infrared light induces electronic transitions between
the valence band and the conducting band of MCT. This means that the electrical
conductivity of the detector increases in the presence of infrared light. MCT detec-
tors are more sensitive than DTGS dectectors but require cooling to 77 K, which
is typically done using liquid nitrogen. DTGS detectors can be thermo-electrically
cooled.

Both of these detectors can only detect the overall brightness from the radiation it
is measuring. If the incident radiation at the detector is polychromatic, as is the case
for incandescent sources, the power spectrum across the frequency range cannot be
directly detected. The initial solution to this problem was to use a monochromator
to sequentially select and direct small frequency bands from the broadband source to
the detector. A grating dispersed the light and a slit selected the desired frequency

band. The size of the slit defined the spectral resolution. The power spectrum is
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:

Figure 2.5: Schematic of a Michelson interferometer adapted from Jackson
(2006). Infrared light passes through a beam splitter, where half of the light
is sent to a fixed mirror and rest to a moving mirror. The two beams of
polychromatic light are then recombined and superimpose.

recorded by scanning the grating through a range of angles corresponding to the
desired frequency range. This is a form of discrete frequency spectroscopy.

In the 1960s, infrared spectroscopy using optical interferometry superseded grat-
ing based methods. Interferometry based methods exploit the property that the
interferometric autocorrelation of an electromagnetic field is related to its power
spectrum by the Fourier transform (Cohen, 1998), as illustrated in figure 2.6. For
this reason, interferometry based infrared spectroscopy is known as Fourier trans-
form infrared spectroscopy (FTIR). Most FTIR spectrometers in use today use a
form of Michelson interferometer, as illustrated in figure 2.5 (Jackson, 2006). The
infrared beam is split into two arms where the optical path length of one arm is
kept fixed, while the other is varied using a movable mirror. This difference in the
optical path length (OPD) is also known as the optical retardation . The ensemble
of frequencies composing the infrared light undergoes constructive and destructive
interference when recombined depending on the OPD. A digital representation of
the infrared beam’s interferometric autocorrelation, or interferogram, is generated
by recording the intensity at a range of evenly spaced OPD values. The power
spectrum as a function of wavenumber can then be calculated by taking the Fourier
transform of the interferogram. The spectral resolution is defined by the maximum
OPD capable by the interferometer. The short wavelength limit is determined by
the sampling rate. This is a consequence of the Nyquist theorem, which states
that a continuous sinusoid can only be restored from a discrete representation if the

sampling frequency is at least twice the frequency of the original sinusoid.
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Figure 2.6: Illustration of an interferogram and its corresponding spectrum
(adapted from Atkins and de Paula (2002)). The two are related by the Fourier
transform.

In practice, the spectrometer uses the interference pattern from a 633 nm HeNe
laser to track its OPD. As the HeNe laser produces monochromatric light its inter-
ference pattern will be the autocorrelation of two identical cosine functions, which
will also be a cosine function. Specifically, the interference pattern will have the

form

2T

I(z) = cos (T) = cos (z02r) (2.10)

where z is the OPD. A and ¥ correspond to the wavelength and wavenumber of the
HeNe laser, respectively. The signal detected from the HeNe laser’s interferogram
will be zero every time that

T = 2 (2n —1) (2.11)

where n € Z. This will occur twice as the OPD changes by a distance of X\. This
event is known as a zero crossing, which is used to trigger an analog-to-digital
converter to digitise the IR signal. The Az between two zero crossings is 316.5 nm.
This means the highest frequency that can be digitally recorded by the spectrometer
is the frequency of the HeNe beam. For infrared experiments it is not necessary to
record frequencies this high so the interferogram is often digitised every 2 or 3 zero
crossings.

FTIR spectrometers have a higher throughput, faster collection times, and better
wavelength accuracy compared to dispersive spectrometers. These are known as the

Fellgett, Jacquinot, and Connes advantages (Gronholtz and Herres, 1984).
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2.5 Sampling Modes

2.5.1 Transmission

To measure a sample’s infrared absorption spectrum the infrared light intensity is
measured as a function of wavelength with and without the sample present. The
sampling mode is the method by which infrared light interacts with the sample.
Matter can absorb light during total internal reflection (TIR), external reflection,
transmission, and transflection, which defines the possible sampling modes.

In transmission mode we measure the sample’s transmittance across the mid-
infrared frequency range. The sample is simply placed in the infrared beam path
of the instrument. A transmittance spectrum 7'()\) is calculated by dividing the

sample spectrum by the reference spectrum recorded in the sample’s absence.
T\ = — (2.12)

Another common unit is absorbance, which is calculated by taking the negative log

of the transmittance

A(N) = —log (é) | (2.13)

Absorbance has the advantage of being directly proportional to concentration, as
described by the Beer-Lambert law

AN) = e(N)cl (2.14)

Where 1 is the path length, €(\) is the molar absorptivity coefficient as a function
of wavelength, and c is the concentration of the sample. In transmission mode the
path length is determined by the thickness of the sample. The highest usable path
length in a transmission mode experiment is limited by the sample’s concentration
and molar absorptivity.

In practice light is attenuated by a combination of absorption, scattering, and
reflection at the sample’s surface. Scattering generally manifests as a baseline dis-
tortion in the infrared spectrum, but in some cases, such as resonant Mie scattering

(Bambery et al., 2012), the effect on the spectra is more complicated.

2.5.2 Attenuated Total Reflection

Total internal reflection requires an interface between two media with different re-

fractive indexes. The optically denser medium is referred to as the internal reflection
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Figure 2.7: Illustration of attenuated total reflection

element (IRE). When light travelling through the IRE meets an interface with an
optically rarer medium at an angle above the critical angle (as defined by Snell’s
law), total internal reflection occurs. At the interface, a non-propagating electric
field, known as an evernescent field, exponentially decays with increasing distance
into the rarer medium. The depth of penetration d,, is the distance the field travels
into the rarer medium before it has decayed to e~! of the initial field strength, and
this is calculated from the following equation

d, = A (2.15)

p = : 05
2mny (sin® 0 — n3;)

where ny; = ng/ny. ng is the refractive index of the IRE, ns is the refractive
index of the sample, and 6 is the angle of incidence of the infrared light relative
to the normal (Mirabella, 2006). If the rarer medium is absorptive in the infrared
region then energy is transferred to the rarer medium and this is the basis of the
attenuated total internal reflection (ATR) spectroscopy, as illustrated in figure 2.7.
In ATR spectroscopy the sample is the rarer medium which is placed in contact
with the internal reflection element, which is usually a high refractive index crystal.
The most commonly used crystals are summarised in table 2.2. In contrast with
transmission imaging, the path length is not dependent on the thickness of the
sample. As the penetration depth is dependent on wavelength, it varies across
the mid-infrared region. This distorts the relative absorbance of spectral bands
compared to a transmission experiment. The depth of penetration also depends on
the angle of the incident light. This means the sample can be probed at different
depths, opening up the possibility of using ATR spectroscopic imaging for depth
profiling (Wrobel et al., 2015).
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Table 2.2: ATR crystal properties (Pike Technologies, 2011). n; = refractive
index of crystal; LWL = long wavelength limit. d, = depth of penetration at
1000 cm™.

Material n1 LWL (em™!) d, (nm) pH Range Hardness (kg mm~2)
Diamond/ZnSe 2.4 525 2 1-14 5,700
Germanium 4 780 0.66 1-14 550
Silicon 3.4 1500 0.85 1-12 1150
ZnS 2.2 850 3.86 5-9 240
ZnSe 24 525 2 5-9 120

To compare the absorbance from ATR mode to transmission mode one can calcu-
late the effective path length of the evanescent field. This is defined as the equivalent
path length in a transmission measurement that would lead to the same absorption.
The effective thickness, first proposed by Harrick (Averett et al., 2008), depends on

the polarisation and the standard equations are

N1 Ag cOs 6
dy, = 2.16
T (1 — n2))(sin? 0 — n, )05 (2.16)
for s polarised light and
Aocosf(sin® @ — n3
dyj = N21 Apcosd(sin n3y) (2.17)

mm(l — ”%1)[(1 + n%1) sin” 6 — ”%1](5m2 0 — n%l)O'S'

for p polarised light. In unpolarised light there is an equal amount of s and p
polarised light, so the average of the two equations is taken. These equations are
approximations which do not work for strongly absorbing samples or account for

anomalous dispersion.

2.5.3 FTIR Spectroscopic Imaging

In single element FTIR spectroscopy, one spectrum is collected representing the
average infrared absorption from the sample cross section exposed to the infrared
beam. If the sample is homogeneous, then this spectrum is representative of the
entire sample. If however the sample is heterogeneous, then this spectrum gives
no information about the chemical distribution across the sample. Using a single
element detector, the only way to discern the chemical distribution within a sample
would be to sequentially scan different subsets of the sample, which is known as

mapping. With the development of focal plane array (FPA) detectors, thousands
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of spatially resolved spectra can be recorded simultaneously, which is known as
spectroscopic imaging. If high resolution and a large field of view are both required,
such as imaging of large sections of tissue samples, then a hybrid approach of imaging
with mapping can be employed.

As an optical technique, infrared spectroscopy can also be combined with magni-
fying optics to probe the chemical distribution of smaller samples areas. Without
any magnification the pixel resolution would be defined by the pixel’s physical area,
which is around 40x40 pm in an FPA detector. In transmission mode, the setup is
very similar to visible optical microscopy. The key difference is that reflective optics
are used instead of lenses. This is to avoid the optical aberration, which would in-
evitably occur using refractive optics over such a large wavelength range (Sommer,
2006).

The resolving power of a traditional optical microscope is fundamentally limited
by diffraction. Rather than focusing to a point, imaging forming rays from a sample
form a spherical interference pattern known as an Airy disk. The resolving power of
a microscope can ultimately be viewed as the smallest distance for which two Airy
disks can be resolved. A common criterion for this least resolvable distance (LRD)

is the Rayleigh criterion
0.61A

nsinf’

LRD = (2.18)

The numerical aperture nsin@ is the ability of an objective to gather light and 6
represents the largest angle from which the objective can accept light. As LRD
is a function of wavelength, infrared in transmission mode cannot achieve the same
resolution as visible microscopy, fluorescence, or Raman due to the larger wavelength
of infrared light. The theoretical resolution limit in micro-transmission FTIR is
between 13 pm and 2.5 pm across the mid infrared region with a 0.6 NA objective.

ATR-FTIR spectroscopic imaging can achieve higher spatial resolution than trans-
mission. By acting as an immersion lens, the high refractive index of the ATR crystal
increases the numerical aperture and thus decreases the LRD. For example, if ger-
manium is used, a spatial resolution four times greater than possible in air can be
achieved, as germanium’s refractive index is 4 (Chan et al., 2005; Kazarian and
Chan, 2010).

The spectral resolution can be increased beyond this using near-field techniques
that are not subject to the diffraction limit, making nanoscale resolution possible.
These include Infrared scattering-type scanning near-field optical microscopy (s-
SNOM) (Vobornik et al., 2005), infrared atomic force microscopy (AFM-IR) (Dazzi
et al., 2012), and tip enhanced Raman spectroscopy (TERS) (Chan and Kazarian,

2011). Generally, these techniques involve an AFM tip and use either local electro-
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magnetic field enhancement or use the tip as the detector itself. In either case, the
limit of detection is defined by the size of the near field probe, not the wavelength
of light. All of these techniques have achieved lateral resolution under 100 nm but
measurement times are significantly slower than conventional spectroscopic imaging.
The use of a near field probe means imaging is currently not possible, and recording
spectroscopic maps with such high resolution will mean a high number of scans for
even a small sample area. In the case of ARM-IR and s-SNOM a discrete source of
infrared light is used, so in addition to mapping these techniques must scan through

the desired infrared frequencies separately.

2.6 Univariate Spectral Analysis

The raw data from an FPA detector is a rank three tensor where the first two
dimensions are spatial, referring to the x and y axis of the detector array grid, and
the third dimension is the spectral dimension, as illustrated in figure 2.8. One of the
most common ways to analyse this data is to generate a chemical map. The simplest
way to do this is simply to choose one wavelength and plot the value as a function

of the FPA pixels. A more robust alternative is to integrate a band of interest for

Pixel(Y)

Figure 2.8: Illustration of the structure of a spectroscopic imaging dataset.
(Adapted from Kidder et al. (2006))
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Figure 2.9: Illustration of the method for generating an integrated absorbance
image using method A integration. The spectral range of interest is integrated
to get the integrated absorbance. This is carried for the spectrum recorded
by each pixel. The integrated absorbance is then plotted as a function of pixel
position.

each of the spectra, as shown in figure 2.9. This can be done for multiple peaks from
the same dataset to examine how the distribution of different chemical groups vary
relative to each other. Peak intensity is not the only method of generating contrast

in the chemical map; for instance, peak shifting can also be used (Chan et al., 2007).

2.7 Multivariate Spectral Analysis

Multivariate analysis is the application of multivariate statistics to a dataset. The
goal is the simultaneous analysis of more than one outcome variable. Most of these
techniques are intertwined with linear algebra and thus use matrices. This means the
raw spectroscopic imaging dataset must be reshaped from three dimensions to two.
In this form, the rows of a matrix are referred to as samples, which correspond to
the spectrum recorded from each pixel. Each wavenumber in the digitised spectrum
is a column, and is referred to as a feature.

Multivariate curve resolution, classical least squares, and principal component
analysis all use the same basic linear algebra equation illustrated in figure 2.10,
but the interpretation and method of solving the equation is different. In classical
least squares, A and B are concentration and pure spectra, respectively. In this
instance, we know X and A so we can solve the equation analytically. Multivariate
curve resolution has the same interpretation, but we do not know what the pure
spectral components are ahead of time (Koch et al., 2014). For principal component
analysis, A and B are the scores and loadings respectively, and can be solved in a

number of ways such as the NIPALS (Geladi and Kowalski, 1986) algorithm or the
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n

Figure 2.10: Illustration of the linear algebra equation common to classical least
squares, principal component analysis, and multivariate curve resolution.

m samples

eigenvalue-eigenvector approach.

In clustering methods, each spectrum is viewed as a point in an n-dimensional
space, where n is the number of spectral variables. The goal is to find spectra which
are close together by whichever distance metric is chosen. Two common approaches
to clustering are hierarchical cluster analysis (HCA) and k-means clustering. Hier-
archical clustering is an iterative process where the two most similar samples are
found and then averaged. This continues until all of the samples have been merged.
HCA can provide information about how many, if any, natural clusters there are
within the data. In k-means clustering the number of clusters is predefined and the
goal of the algorithm is to optimise the position of the cluster centroids. This is
defined as the centroid position that provides the least overall difference between

the samples and their assigned cluster.

2.8 Generalised 2D Correlation Spectroscopy

The theory of 2D correlation spectroscopy has been extensively covered by Noda and
Ozaki (2005). This section covers the theory necessary to calculate 2D correlation
spectra on discrete data.

The dynamic spectrum g(v,t) of a system is defined as the spectral intensity
variation induced by an external perturbation. Often the perturbation is time, but
many other perturbations can be used. If the system has very few spectral bands
then changes in intensity or band shifts are obvious by visual inspection. However,
if the dynamic spectrum is more complicated, it can be difficult to analyse all of the
spectral variations.

2D correlation spectroscopy emerged as an analytical technique to help deal with
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this problem. It was first developed by Isao Noda for sinusoidally varying dynamic
systems (Noda, 1989), where the function describing the perturbation has an analyt-
ical solution. Later, generalised 2D correlation spectroscopy was developed, which
can be used with any spectroscopy technique, or combination of techniques (Noda,
1993). This used the Fourier transform to approximate the perturbation function.
Generalised 2D correlation spectroscopy is a quantitative measure of how spectral
variables vary within the perturbation observation window. For two spectral vari-

ables, the correlation spectrum can be expressed as

X(v1,v2) = (G(1, 1), 4(va, 1)) (2.19)

which represents the spectral correlation intensity between the variation of the two
spectral variables. This is done independently between all possible pairs of spectral
variables within a dataset, which gives the correlation its characteristic square shape.

The correlation function is a complex number function
X(l/171/2> = (I)(Vl,VQ) +iqj(V1,V2) (220)

where ® is the synchronous spectrum and ¥ is the asynchronous spectrum. Orig-
inally the rigorous calculation of the generalised 2D correlation spectrum required
the use of the Fourier transform (Noda, 1993), but methods have since been devel-
oped that avoid the Fourier transform (Noda, 2000). The synchronous spectrum

can be computed as

1 b _

B va) = [ 9,030, t) (221)
1 —1o Jy,

which can be interpreted as the perturbation duration averaged spectral intensity

variation of the spectral variables 1; and 5. As recorded dynamic spectra are

discrete rather than continuous, the integral is replaced by a summation. Within

this framework the dynamic spectrum becomes a column vector

-g(ylatl)-
) - | " 22)

g(”b tm)
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and the synchronous spectrum can be calculated with the following equation
O(vy,19) = Z Y1) (2.23)

where y;(v) = §(v, ;). The asynchronous spectrum can also be calculated separately
using the Hilbert transform. The orthogonal spectrum Z(v,t) is defined as a the

Hilbert transform of the dynamic spectrum.

2u,t) = lfnf gt g (2.24)

p b=t

—1n

The orthogonal spectrum is a function where the phase of its Fourier components are
shifted by 7/2 compared to the dynamic spectrum. Once the orthogonal spectrum

has been computed the equation to calculate the asynchronous intensity is simply

1
t1 — to

Wi, vy) = /t " G )3 (. ). (2.25)

With a discrete dynamic spectrum the equation becomes

U(vy, 1) = Z (2.26)
z;(1») is calculated using the Hilbert-Noda transformation (Noda and Ozaki, 2005)

j(va,t Z ik Yi(v2) (2.27)

where
0 ifj=k
Nj (2.28)
1/7(k —j) otherwise.
An approximation of the asynchronous spectrum called the disrelation spectrum is
also commonly used. It can be calculated directly from the synchronous spectrum

A (v1,v2) = By, 11) P (1, 1n) — B2 (v, 12). (2.29)
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2.9 FTIR Spectroscopy of Live Cells

The main spectroscopic features of live cells come from water and bio-macromolecules,

as shown in figure 2.11. The amide bands correspond to protein backbone vibrations

and the phosphate bands correspond mostly to the nucleic acids DNA and RNA. It
has been shown recently that the phosphate IT band at 1220 cm™ is a good marker
for cellular DNA, and the spectral contribution at 1120 cm™ under the envelope of
the phosphate I centred at 1080 cm™ is the best marker for RNA (Zucchiatti et al.,
2016). The C-H stretch region at around 3000 cm™ is typically assigned to lipids.

Water accounts for the strongest bands seen in live cells and is typically sub-

tracted, either by physical removal, in the case of fixation and drying, or by spectral
subtraction during data processing. Spectral subtraction is often done for super-
ficial reasons rather than being strictly necessary for spectral analysis (Chan and
Kazarian, 2016), and proper subtraction of water is not straightforward (Rahmelow
and Hubner, 1997).

Most FTIR spectroscopy or spectroscopic imaging measurements on cells have
been done using fixed or dried cells. This is due to the technical difficulty associ-
ated with keeping cells alive and the signal to noise compromises made when doing
experiments in aqueous environments. Despite these difficulties, experiments using
live cells avoid the biochemical distortions associated with fixation or drying (Vac-
cari et al., 2012b) and are less distorted from effects such as resonant Mie scattering

(Mattson et al., 2013). Another significant advantage is that the capability for
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Figure 2.11: Figure taken from Miller and Dumas (2010) showing an absorbance
spectrum of a fixed cell compared to the transmittance spectrum of water.
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time-lapse studies greatly increases. Once the methodology for keeping cells alive
during infrared measurements is established, they can be periodically scanned for
the desired time course. If cells are fixed or dried then this flexibility is gone.

In the next few sections some of the challenges and the most successful applications
of infrared spectroscopy to the study of live cells will be highlighted. Transmission
and ATR mode will be considered separately.

2.9.1 Spatial Resolution in FTIR Microscopes

As previously mentioned in section 2.5.3, the relatively long wavelength of infrared
light makes the spatial resolution requirements challenging for FTIR spectroscopic
measurements. Most cell organelles are on the order of 1 pm or lower in size, which is
beyond the resolution capability of transmission mode infrared spectroscopy. Often
in FTIR micro-spectroscopy experiments, subcellular resolution is not required and
apertures are set to get an average spectrum from a whole cell.

In FTIR spectroscopic imaging or mapping it would be desirable to resolve sub-
cellular features, so that biochemical responses in different organelles can be dis-
tinguished. The resolution provided by FTIR spectroscopic imaging is sufficient to
distinguish the nucleus from the cytoplasm. It has also been shown that the Golgi
apparatus/endoplasmic reticulum can be visualised using the CH;/CHy band ratio,
within the CH stretching region at 2900-3000 cm™, in fixed cells (Sandt et al., 2013;
Clede et al., 2014).

ATR-FTIR spectroscopic imaging enjoys better spatial resolution than found in
transmission imaging, but so far has not been shown capable of resolving smaller
cell features. No attempt to visualise the Golgi apparatus from the CH3/CHy band
ratio has been reported from ATR-FTIR spectroscopic imaging studies. However,
the spectral contribution of a sub-band at 1023 cm™, underneath the phosphate
I envelope, has been tentatively assigned to the endoplasmic reticulum (Kuimova
et al., 2009).

In FTIR spectroscopic imaging studies the projected pixel size is often used to
indicate the spatial resolution, and projected pixel sizes as low as 0.5x0.5 pm? have
been reported (Mitri et al., 2015; Mattson et al., 2013). Unfortunately, this does
not reflect the true resolving power of an instrument, although spatial oversampling
can improve image quality (Reddy et al., 2013). Another important consideration
for spectroscopic imaging beyond simply resolving a feature is obtaining spatially
resolved spectra. As previously mentioned in section 2.5.3, the Rayleigh criterion
is often used to determine the lateral resolution of a microscope. However, this

criterion was originally developed for visible microscopy, where recognising small
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features is the main goal. In spectroscopic imaging this distance is not sufficient
to get spatially resolved spectra. Whilst two Airy disk diffraction patterns can be
distinguished at the distance defined by the Rayleigh criterion, they would still have
significant overlap, resulting in a significant spectral contribution from neighbouring
sample material.

The USAF 1951 resolution target is often used to test the spatial resolution in
microscopic systems. However, this is a highly idealised system, and was also de-
signed to indicate spatial resolution based on the Rayleigh criterion. Generally, real
samples have a much smaller contrast in refractive index and are thicker. Thus
the achieved spatial resolution in a real sample is often worse (Chan et al., 2005;
Kazarian and Chan, 2010). To address this problem, Chan and Kazarian (2013b)
used a model sample consisting of a 6 pm laminate of polymer films. The polymers
were spectrally distinct but had similar refractive indexes. With this model system
the spatial resolution was found to be three times worse than seen using the USAF

1951 resolution target in the same spectral region.

2.9.2 Path Length Restrictions of Aqueous Samples

One major challenge of FTIR spectroscopic imaging of live cells is the high molar
absorptivity of water. Cell cultures must be maintained in an aqueous environment,
and are themselves mostly water. This places major restrictions on the path length in
transmission mode experiments. This is a general problem for infrared spectroscopy
of aqueous solutions. For instance, when studying proteins in aqueous solution the
best signal to noise in the amide I region is achieved with a path length of 3-4 nm
(Venyaminov and Prendergast, 1997) in HyO, and 40-60 pm in D,O. Longer path
lengths are possible with the use of a brighter source, such as a quantum cascade
laser. For instance, Schwaighofer et al. (2016) used a 478 yum thick PTFE spacer to
measure poly-L-lysine dissolved in DyO buffer. This indicates that HoO solutions
could be measured at path lengths above 12-16 pm with a good signal to noise using
a QCL system.

The vast majority of FTIR transmission mode studies of live cells to date have
been done using a synchrotron, where a path length above 12.5 pm is not feasi-
ble. This necessitates the use of microfluidics, which is an active area of research
to improve the methodology of FTIR transmission mode imaging. The first IR-
transparent microfluidic system applied to live cell assays was demonstrated by
Vaccari et al. (2012a). An 8.5 um thick layer XARP 3100/10 photoresist was spin
coated onto a CaFy window, and channels were fabricated using UV lithography.

The device was then thermomechanically sealed with another CaF, window, and so
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could not be disassembled. Air chambers were built in so that background scans
could be periodically taken during experiments without moving the device. Later,
CaFy windows were modified with a thin layer of silicon to improve device sealing
(Grenci et al., 2012; Mitri et al., 2014).

Other innovations in microfluidic setups include the use of an open channel mi-
crofluidic device which allowed the long term monitoring of cell lines for as long as
7 days by micro-spectroscopy (Loutherback et al., 2015). Birarda et al. (2016) have
worked to lower the cost of microfluidic device fabrication by developing a method
involving embedding IR transparent windows in PDMS. Chan and Kazarian (2013a)
also developed a low-cost method of adding microfluidic channels to commercially
available optical flow cells. A mylar spacer was sandwiched between two windows
and a micro-drop system printed wax droplets directly on the bottom window to
form precise channels.

ATR-FTIR spectroscopic imaging avoids this problem as the effective path length
is not defined by the sample thickness. Instead the challenge for ATR measurements
is that cells must be in direct contact with the ATR crystal. This means in practice

that cells must be grown directly on the surface of the ATR element.

2.9.3 FTIR Spectroscopy Using a Synchrotron Source

As previously mentioned, live cell FTIR spectroscopy experiments are challenging
because of the high absorbance of water and the high spatial resolution requirements.
The high brilliance of synchrotron sources can help with these challenges and con-
sequently most FTIR spectroscopy of live cells has been done using a synchrotron
source.

Synchrotron sources have been mainly employed for micro-spectroscopy, where an
aperture and MCT detector are used in combination with a microscope. The infrared
beam size from a synchrotron is generally 10-20 pm and retains over 80% of its power
through a 10 pm aperture (Miller and Dumas, 2006). This means much better signal
to noise can be obtained compared to an incandescent source when illuminating very
small subsections of a sample. Good signal to noise can be achieved using a 3 pm
aperture with this configuration, allowing diffraction limited areas of a sample to
be measured. Once the diameter of the aperture increases above 70 pm, there is no
advantage to using a synchrotron source in terms of infrared throughput. This has
implications for spectroscopic imaging, where the area of the detector array chip is
2 mm? for a 64x64 array detector. The beam is not wide enough to illuminate the
whole detector array chip, and expanding the beam to do so would give no better

performance than a globar source.
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This has been addressed by combining multiple beams to increase the illumination
area (Nasse et al., 2011). Until more powerful sources become more widely used, it
is likely that the majority of transmission mode FTIR studies on cells will remain
at synchrotron facilities. A multibeam synchrotron source has also been combined
with ATR-FTIR spectroscopic imaging and demonstrated the ability to image live
cells (Mariangela et al., 2011). However, the most meaningful work on live cells
using ATR mode has been done using incandescent sources which will be covered in

section 2.11.

2.9.4 Effect of Chromatic Aberration from IR Transparent
Windows

Often transmission mode flow cells and microfluidic devices employ infrared trans-
parent windows such as CaFy. Unfortunately in a microscopy experiment light is
not travelling normal to the sample and refraction occurs upon entering the window.
This introduces chromatic aberration, and frequencies across the infrared region will
not focus at the same point within the sample. This reduces the quality of spectra
collected in micro-spectroscopy, and images collected in spectroscopic imaging.
Chan and Kazarian (2013b) overcame this issue by employing an additional CaFs
window acting as a solid state immersion lens. Solid immersion optics are usually a
single hemispherical or superhemisherical lens (Wu et al., 2000), but this additional
CaFy window was designed so that, in combination with the top sample window,

it formed a pseudo-hemisphere. With this configuration infrared light meets the

Lens
Cassegrain
objective

Window

Cassegrain

Sample condenser

Figure 2.12: Illustration of using an additional lens to remove chromatic aber-
ration. Section (A) illustrates chromatic aberration through an infrared trans-
parent window. Section (B) shows the addition of the lens to the top window,
forming a pseudo-hemisphere. This has the same effect as using a hemispherical
solid immersion lens. This increases the spatial resolution by 1.4x in addition
to removing chromatic aberration. Part (C) shows the setup for samples be-
tween two windows. A bottom lens is added to improve illumination from the
condenser
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window-air boundary normal to the interface, so no refraction occurs. An additional
benefit from this approach was a 1.4x increase in spatial resolution, corresponding
to the refractive index of CakF',.

This was then combined with a second window (Chan and Kazarian, 2013a) to
improve illumination from the condenser. Kimber et al. (2016) further developed

the methodology so that the lens could be used when mapping tissue samples.

2.10 Transmission Mode FTIR Spectroscopy and

Spectroscopic Imaging

2.10.1 Protein Conformation

As mentioned in section 2.1 of the literature review, cells are primarily composed of
proteins, lipids, nucleic acids, and water. These are also the source of the primary
spectroscopic bands we see in the infrared spectrum of a cell.

The strongest infrared bands seen from a cell are assigned to amide I and II at
1640 cm™ and 1550 cm™, which correspond to protein. It has been known for a long
time that the amide I band is sensitive to changes in protein’s secondary structure,
so the amide I band can be used to probe protein conformational change. Mitri et al.
(2015) used FTIR micro-spectroscopy to study the spectral changes induced in live
cells by heat shock. They found a common spectral signature of the heat shock
response in two cell lines. Using 2D correlation analysis, a persistent increase of
[-folded protein aggregate from 40 minutes to 2 hours was seen. Post-translational
modifications of proteins have also been studied. It was demonstrated that protein
phosphorylation could be detected during neuronal differentiation from a marked
increase in the intensity of the 1080 cm™ phosphate I band (Chen et al., 2012).

FTIR spectroscopic imaging using a multibeam synchrotron source has also been
used to study protein misfolding in live cells (Gelfand et al., 2015). CHO cells were
transfected to overexpress a mutant superoxide dismutase (SOD1) enzyme, which
included a fluorescent tag for identification. SOD1 is an important enzyme, and its
aggregation is involved in the disease amyotrophic lateral sclerosis. Cells producing
high-intensity fluorescence were selected and imaged for 24 hours. The high protein
regions of the cytosol were found to have a high antiparallel S-sheet structure consis-
tent with the structure of SOD1 protein. As the time course progressed the overall
proportion of parallel S-sheet increased in these regions, which has been previously

identified as a marker of aggregation in vitro.

52



2.10. TRANSMISSION MODE FTIR SPECTROSCOPY AND
SPECTROSCOPIC IMAGING

2.10.2 Cell Cycle

Boydston-White et al. (1999) first illustrated that the FTIR spectrum of a cell
varied depending on its phase in the cell cycle. Cells were sorted using fluorescence-
activated cell sorting (FACS) and dried before being measured by micro-spectroscopy.
This was an important insight and had implications for the results of previous stud-
ies. For example, experiments on exfoliated cells presented spectral differences be-
tween normal, dysplastic and neoplastic human cervical tissue (Chiriboga et al.,
1998). It became clear that it was the overall difference in distribution of cells in
each of the cell cycle phases that was being detected. Cell heterogeneity due to its
phase has been shown to cause difficulty discriminating diseased and non-diseased
cells, as well as drug-cell interactions and responses to radiation (Bedolla et al.,
2013).

Although there are now many studies illustrating spectral differences due to cell-
cycle phase, there is not an exact consensus. This is likely to be due to differences
in fixation or drying protocol, which are known to distort the spectra of cells. Cell
phase discrimination experiments were first done on live cells more recently (Whelan
et al., 2013; Bedolla et al., 2013). Bedolla et al. (2013) used the mitotic shake-off
method to select for cells in the mitosis phase of cell division. This ensured that all
cells being monitored had a roughly synchronised cell phase progression. The cells
were then monitored over a 21 hour period and spectral differences as a function of
time could be correlated to different cell phases. Whelan et al. (2013) analysed sub-
samples of B16 cells synchronised in GO phase, S phase, and asynchronised by both
flow cytometry and FTIR micro-spectroscopy. They found they could distinguish
cells into three groups G0/G1, S, and G2/M. They did this primarily on the intensity
difference in phosphate I and II at 1080 cm™ and 1230 cm™, respectively. They
showed in subsequent work that they could use this model to classify unknown B16
cells independently of flow cytometry (Bedolla et al., 2014). They also improved the
model to enable GO and G1 phase to be distinguished.

2.10.3 Spectral Changes from Exogenous Molecules

Direct drug detection has not been achieved so far in spectroscopic imaging of living
cells, although it has been achieved in fixed cells with a metal-carbonyl deriva-
tive compound (Mattson et al., 2013; Clede et al., 2012a; Quaroni et al., 2015).
However, studies have demonstrated that biochemical changes from exposure to ex-
ogenous molecules and other perturbations can be detected. Munro et al. (2010)

exposed cells to 100 pM solution of arsenic trioxide and observed spectral changes
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in the lipid region and phosphate bending modes within two hours. Effects have
also been reported from nanomolar concentrations of the well studied toxin 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) (Holman et al., 2000a). Spectral changes in-
duced from starvation (Kuimova et al., 2009), UV exposure (Lipiec et al., 2014),
and mechanical compression (Birarda et al., 0) have also been reported. It is also
worth mentioning that infrared imaging based on the photothermal effect has been
recently used to detect an exogenous lipid inhibitor with submicron resolution in a
living cell (Zhang et al., 2016).

2.11 ATR-FTIR Spectroscopy and Spectroscopic
Imaging

There have been much fewer attempts to apply ATR-FTIR spectroscopy to the study
of live cells present in the literature. Schmidt et al. (2007) first demonstrated that
ATR-FTIR spectroscopy could be used to examine live cells. Upon cell adhesion to
a diamond ATR crystal, infrared bands corresponding to cells could be observed.
The strength of infrared bands was related to cell morphology and coverage of the
ATR crystal surface. Kuimova et al. (2009) then applied micro ATR-FTIR spectro-
scopic imaging to live cells. SKOV cells were grown directly onto a diamond ATR
crystal and imaged using a Specac ATR imaging Golden Gate. They examined the
spectroscopic effects of cell starvation, observing a high reduction of a phosphate I
sub-band at 1020 cm™. One disadvantage of this sampling mode is that when cells
are put under stress they tend to become more rounded. This reduces their contact
with the crystal, and thus the absorption signal. This can be partially dealt with by
normalising the spectra relative to a spectral band known to be constant. Kuimova
et al. (2009) used this to show that the band at 1020 cm™ decreased much faster
than the amide IT band.

There have also been studies involving a related technique, infrared surface plas-
mon resonance FTIR (SPR-FTIR). It uses a similar setup to ATR-FTIR spec-
troscopy, using a continuous infrared source with a gold coated high refractive index
prism. It measures internal reflectivity as a function of wavelength, which exhibits
a sharp minimum during surface plasmon excitation at the metal surface. Changes
in the wavelength of minimum reflectance corresponds to changes in the sample’s
refractive index, which in some setups can be quantitatively determined (Zilber-
shtein et al., 2012). This technique has been used to detect changes in cholesterol
enrichment within the membrane of live cells (Ziblat et al., 2006). It has also been

used to detect glucose uptake (Golosovsky et al., 2009).
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Multiple-reflection ATR accessories have also been used to study live cells. Al-
though cell populations are studied rather than single cells, this sampling mode is
currently the only FTIR setup that has been able to directly detect drugs within
living cells (Chan and Fale, 2014). 5-fluorouracil was added to the medium of cells
adhered to a multiple-reflection ZnS crystal. Within 20 minutes accumulation of
the drug could be detected within the cell population. This methodology was also
employed with the drug doxorubicin in three cell lines (Fale et al., 2015). Although
the drug was not directly detected in this case, it was shown that amide intensity
correlated with cell viability, and it was demonstrated that the three cell lines had
different resistance levels to doxorubicin. PCA analysis also highlighted different
biochemical responses from the three cell lines, perhaps indicating different modes

of action.

2.12 Raman Spectroscopy

Whilst not the main subject of this literature review, it is important to note that
Raman spectroscopy, and its related nonlinear scattering techniques, have also been
used extensively to the study live cells. To detail this comprehensively would be the
subject of an entire literature review, and only a brief summary is presented here.

Generally the laser frequency used in Raman experiments is in the near infrared
or visible region, so it can achieve higher spatial resolution than seen in infrared
measurements. Spontaneous Raman micro-spectroscopy is able to distinguish the
nucleus, nucleolus, cytoplasm, membrane, and endoplasmic reticulum of a cell with-
out the use of Raman probes (Klein et al., 2012). Another advantage of Raman
spectroscopy is the low spectral contribution from water in the fingerprint region,
reducing the challenge of working in aqueous environments.

If a 532 nm laser is used, Raman micro-spectroscopy benefits from a resonant elec-
tronic transition in cytochrome C, present in mitochondria (Onogi and Hamaguchi,
2010). This allows cytochrome C to be studied directly in living cells (Kakita et al.,
2013; Yamakoshi et al., 2015). Raman spectroscopy has also been shown capable
of quantitative analysis of lipid metabolism (Zhang et al., 2017; Hosokawa et al.,
2014).

Spontaneous Raman micro-spectroscopy has also successfully visualised metal-
carbonyl complexes in live cells (Meister et al., 2010), as well as paxitol (Salehi
et al., 2013), and doxorubicin (Farhane et al., 2015). Surface enhanced Raman
spectroscopy (SERS) has been used to monitor drug metabolism within cells (Yang

et al., 2012), exploiting the signal enhancement in the cytoplasm from gold nanopar-
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2.12. RAMAN SPECTROSCOPY

ticles. Stimulated Raman scattering (SRS) has also been used to visualise tyrosine
kinase inhibitors in living cells. In conjunction with a lysosome specific fluorescence
marker, it was also determined that the inhibitors accumulated in the lysosome (Fu
et al., 2014).

Whilst Raman can be label-free, there has also been a lot of work developing Ra-
man probes, which typically have a lower molecular weight than fluorescent markers
(Palonpon et al., 2013). For example, the uptake and metabolism of allyne and
nitrile labelled drugs have been monitored in live cells with SRS (Tipping et al.,
2017; Yamakoshi et al., 2014). Stable isotope labelling can also be used to develop
Raman probes (Wei et al., 2016, 2013). Both SERS and resonance Raman probes
that localise in specific organelles have been developed (Kang et al., 2015; Kuzmin
et al., 2016).
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3 Experimental

3.1 Cell Culture Equipment and Reagents

HEK 293a cells were maintained in either T25 or T'75 tissue culture flasks using high
glucose Dulbecco’s modified Eagle’s (DMEM) medium with GlutaMAX™ (Thermo
Fisher Scientific). Cell medium was supplemented with 10% fetal bovine serum,
1% penicillin—streptomycin, and HEPES buffer to a concentration of 25 mM. The
cultures were incubated in a 5% COs environment at 37°C using a HERAcell in-
cubator. Where a sterile environment was required, a HEPA filtered Herasafe KS

Class II bio-safety cabinet was used.

3.1.1 Subculturing

Cells were subcultured once 70% confluency was reached. Cell medium was aspirated
from the flask and the cell culture was washed with PBS buffer. 1 ml of trypLE
was added to the flask, which was then incubated for 2 minutes to let the cell
culture dissociate. Cell medium was added to make a cell suspension of 5 ml,
which was transferred to a 50 ml centrifuge tube and centrifuged. The supernatant
was aspirated and the cell pellet was resuspended in 1 ml of new cell medium.
0.2 ml of the cell suspension was added to a new culture flask, previously filled
with cell medium, to make a final volume of 5 mL. The remaining suspension was
discarded or used for an FTIR measurement. Cells were not explicitly counted using
a haemocytometer unless their number was needed to calculate the seeding density

in an FTIR measurment.

3.1.2 Cell Freezing Protocol

Cells were subcultured as in section 3.1.1 using a T75 tissue culture flask. After
centrifugation, the cell pellet was suspended in 6 ml of freezing medium, and 1 ml
aliquots of this suspension were added to 6 Corning self-standing cryogenic vials.
The cell density in each vial was approximately 1.4 x 10% cell ml=! . The vials were

moved to a Nalgene Cryo 1°C Freezing Container, previously filled with isopropanol,
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and placed in a -80°C freezer for at least 12 hours. The vials were then moved to a
Stratebourne bio-10 Ny tank for storage, which was periodically topped up at least

once a fortnight with liquid nitrogen.

3.1.3 Cell Thawing Protocol

A cryovial containing frozen cells was thawed in a 37°C water bath for 2 minutes.
The vial was than transferred to the bio-safety cabinet, and the cell suspension was
added drop-wise to a 50 ml centrifuge tube containing 4 ml of cell medium. After
centrifugation, the supernatant was removed and the cell pellet was resuspended in
1 ml of cell medium. Finally, the 1 ml cell suspension was added to a T25 tissue
culture flask, prefilled with 4 ml of cell medium, to make a final volume of 5 ml, and
incubated. After 24 hours the medium is changed and, once 70% confluence was

reached, the cell culture was subcultured.

3.2 Multiple-Reflection ATR-FTIR Spectroscopy

Measurements

All single beam FTIR measurements were done using a Bruker IFS 66 spectrometer
with a Mercury-Cadmium-Telluride (MCT) detector. The detector was filled with
liquid nitrogen and allowed to stabilise for an hour before any measurements. The
spectrometer was set up to record between 900-4000 cm™. As previously mentioned
in section 2.4, the highest wavenumber the interferometer can digitise is defined by
the number of zero crossings counted before the spectrometer’s ADC is triggered.
This was set to 3, corresponding to a high wavenumber limit of 5266 cm™. The
interferometer speed was set to 60 kHz so that, combined with an electronic low
pass filter, no light of a higher wavenumber than 5266 cm™ would reach the detec-
tor, which would result in spectral distortions. The spectral resolution was set to 2
em™ so that the infrared bands corresponding to water vapour could be more effec-
tively subtracted. Unless otherwise stated, 512 coadded scans were taken during a
measurement.

Specac’s Gateway " multiple-reflection ATR accessory was used with a germanium
crystal. The accessory must be aligned for optimum signal before measurements can
be taken. Referring to figure 3.1, mirror 1 directs infrared light from the spectrom-
eter to the ATR crystal and mirror 2 directs light from the accessory to a parabolic
mirror just before the detector. The stage below the accessory has tracks so that

the accessory can be secured in the middle of the spectrometer sample chamber.
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3.3. MICRO ATR-FTIR SPECTROSCOPIC IMAGING

Figure 3.1: The Specac multiple-reflection ATR accessory. Infrared light travels
into the sample compartment from the right and hits mirror 1. Mirror 1 con-
trols the angle infrared light meets the ATR crystal. Mirror 2 aligns the path
from the accessory to the detector. Screw 1 fixes the accessory position in the
sample compartment. Dials 1 and 2 on the stage ensure the accessory is level.
(B) The same ATR accessory within the spectrometer’s sample compartment
and connected to a purged air supply.

Finally, the stage dials can be tweaked to ensure that the accessory is level.

Once the accessory has been aligned, the analog-to-digital converter (ADC) set-
tings are optimised. The ADC converts the voltage produced by the detector element
to a 16 bit number, resulting in a maximum range of -32767 to +32768. To max-
imise the dynamic range of the ADC, and thus the range of signal strengths that can
be detected, it must be ensured that the interferogram peak is close to this value.
In practice, the absolute value of the centerburst should not be higher than 28000
counts as spectral baseline distortions, due to detector response non-linearity, are
observed. In experiments with the multiple-reflection accessory, a 5 mm aperture
was used in combination with a gain setting of two. The accessory was also con-
nected to a dry air supply for at least two hours prior to any measurements. This
was to ensure that minimal water vapour was present in the infrared beam’s optical
path.

3.3 Micro ATR-FTIR Spectroscopic Imaging

Micro ATR-FTIR spectroscopic imaging experiments were done using an Agilent
670 spectrometer coupled with a Cary-620 microscope. The microscope is equipped
with both a single element MCT detector and a 128 x128 pixel MCT-FPA detector,
manufactured by Santa Barbra Focalplane. The microscope is also equipped with a
15x 0.62 NA objective with a slide-on germanium ATR accessory

The interferometer scanning speed was set to 5 kHz and the number of zero

crossings was set to 4, corresponding to a high wavenumber limit of 3950 cm™. An
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3.3. MICRO ATR-FTIR SPECTROSCOPIC IMAGING

Figure 3.2: Agilent’s germanium micro-ATR accessory. Picture (A) shows the
accessory inverted. Picture (B) shows the same accessory mounted on the
Agilent microscope objective.

3900 cm™ optical low pass filter was placed directly in front of the FPA to ensure
no higher frequencies of infrared light reach the detector.

To ensure the best image quality, the germanium ATR accessory must be periodi-
cally aligned. Although the FPA has 128 x 128 pixels, in ATR mode there is virtually
no illumination beyond a 64x64 pixel area. WinIR, Santa Barbra Focalplane’s soft-
ware, can be used to set which region of the detector array is active. Only using a
subset of the available pixels has the added advantage of allowing the FPA to work
at a higher refresh rate. When this particular system is properly aligned in ATR
mode, a 64x64 pixel window starting at row 8 and column 8 should be selected.

The Ge accessory must be aligned in the Z direction for optimum focus and in
the X-Y plane to ensure that the ATR image corresponds with the centre of the
visible image (i.e. when the crystal is removed from the objective). Referring to
figure 3.2, the focus is changed by rotating the threaded barrel in middle clockwise
or anticlockwise. In practice the best procedure is to optimise Z for maximum
illumination and then make sure the illumination hits the middle of the selected area
of pixels. Once this has been done generally only minor adjustments to the focus
and xy plane position are needed using an 1951 US Air Force (USAF) resolution
target. The desired area of the target should be aligned to the centre in the visible
microscope. Before lowering the ATR accessory, a non-uniformity correction must
be done, so it can be more easily seen when the crystal makes contact with the
sample. Figure 3.3 shows the ATR accessory in contact with the USAF target and
the corresponding image in the visible microscope when the crystal is well aligned.

As with single element MCTs, the FPA settings must be changed to optimise the
ADC. The FPA ADC is 14 bit, corresponding to number range of 0 to 16384. The
FPA frame rate should be set as fast as possible for the window size. The integration
time, gain, and offset can be used to optimise the ADC. Detector nonlinearity is seen

if any of the pixels have a reading above 8192 counts or below around 1000 counts.
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3.3. MICRO ATR-FTIR SPECTROSCOPIC IMAGING

When large numbers of scans are needed by this system, fluctuations in the source
intensity over time can lead to baseline distortions. This can be greatly reduced by

using the aperture required for for 2 cm™ spectral resolution.
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Figure 3.3: (A) Live view of the illumination of the FPA detector in ATR mode
when the germanium accessory is well aligned. (B) Settings to achieve the
maximum dynamic range from the ADC. (C) Live view of the FPA detector
while the germanium accessory is in contact with a USAF 1951 resolution
target, after a non-uniformity correction. (D) The corresponding visible image.
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3.4 Data Import

Due to the limited data manipulation and analysis offered by Agilent’s software
Resolutions Pro, data was exported to Matlab. For one spectroscopic image, Reso-
lutions Pro generates three files: the dat file which is the processed data, the seq file
which is the raw data (interferograms), and the bsp file which contains the informa-
tion needed for Resolution Pro to load the dat file. The simplest way to export the
file is to the use the ’export to ENVI" option in Resolution Pro. This generates a
hdr file which contains some of the information needed by Matlab to interpret the
dat file, which is a binary file. The hdr file also contains the wavenumber values.
Matlab’s multibandread function can then be used to import the dat file. The syn-

tax of the functions is

ImportedDataArray = multibandread(filename, size, precision, offset,

interleave, byteorder)

o®

filename — fullpath of the file dat file if not in the current

directory

o®

size — Three—element vector of integers consisting of [height,
width, N]. The values are can be found in the hdr file.
% height/samples — total number of rows (number of y pixels)
% width/lines — total number of columns (number of x pixels)
% N/bands — total number of bands (numbers of discrete

wavenumbers recorded)

o®

precision — how many bytes per number. Should be set to 'single'.

o®

offset — where the function starts reading. Can be found in the hdr
file

interleave — how the data is organised in the dat file. Should be

o®

set to 'bsq'

o®

byteorder — which direction the numbers are written in. Should be
set to 'ieee—le'

%sImportedDataArray = three dimensional number array

Importing Opus files from Bruker’s software is more straightforward. The open
source Matlab toolbox IRootlab (Trevisan et al., 2013) comes with an Opuslmport
function that can be used separately. This is a Matlab p function that can directly
import Opus files to Matlab arrays.
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Figure 3.4: Screen shot of the Matlab GUI developed for spectroscopic image
analysis. The GUI shows an integrated absorbance image on the right. By
clicking on a pixel of interest its spectrum is plotted in the graph in the middle.

3.5 Matlab GUI

Whilst Matlab is more flexible than Opus and Resolutions Pro, it does not have any
graphical data exploration tools suitable for spectroscopic imaging data. This lead
to the development of a Matlab graphical user interface (GUI) which can import
both Opus and Resolutions Pro data files and allows users to do routine univariate
analysis. The interface is shown in figure 3.4. Most of the preprocessing and data
analysis presented in this thesis was built using this GUI as a platform.

Two functions built into this GUI that were found particularly useful are the
ability to average a user defined region of pixels, and to reject pixels outside a user
defined area. Other functions built into this GUI are: vector normalisation, MSC,

EMSC, PCA denoising, vapour correction, gaussian filtering, box filtering.

3.6 Integration Methods

The most common univariate analysis method for spectroscopic imaging datasets is
integration of a particular peak across all of the pixels. There are several ways to
achieve this and the nomenclature found in the spectroscopy software Opus is used
in this thesis for consistency. The four main methods are illustrated in figure 3.5.
Method A simply integrates a specified band region, whereas method B does this
relative to a local baseline. Generally, method B integration generates better quality
absorbance images as it reduces the effects of baseline variation between pixels.
Unless stated otherwise, method B integration is used to generate the integrated

absorbance images in this thesis. Method R and P integration simply uses the
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Figure 3.5: Illustration of the four main different integration methods used in

univariate analysis of spectroscopic images.
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4 ATR Spectroscopy and
Spectroscopic Imaging of Live
Cells

This chapter presents the work undertaken to establish the methodology for micro
ATR-FTIR spectroscopic imaging of live cells, building on previous experiments
carried out in the Kazarian group. The methodology presented here is subsequently
used in both chapter 5, where HEK 293a cells are imaged after incubation with a
metal-carbonyl derivative compound, and chapter 6, where spectroscopic images of

live cells are subjected to disrelation mapping analysis.

4.1 Introduction

Micro ATR-FTIR spectroscopic imaging of live cells was first reported by Kuimova
et al. (2009) using an UMA 600 Agilent infrared microscope with a slide-on germa-
nium accessory. To do this cells were cultured directly onto the germanium crystal
surface. The microscope had an upright configuration, meaning that when the ger-
manium accessory is mounted on the microscope objective it is inverted, as shown in
figure 3.2. This is so it can be lowered into contact with traditional samples placed
on the microscope’s sample stage. This presented a challenge for the measurement
of live cells, as they must be maintained in an aqueous environment whilst the ATR
accessory is both upright and inverted.

To overcome this issue a chamber was glued onto the germanium accessory as
shown in figure 4.1B. The chamber diameter was small enough to ensure capillary
forces could hold cell medium inside the chamber whilst the accessory was inverted.
This meant cells could be seeded onto the surface of the accessory whilst upright and
the entire accessory could be placed inside an incubator. Once cells were properly
adhered to the ATR crystal, the accessory could be inverted, allowing measurements
to be taken. To encourage cells to adhere to the crystal, it was previously coated with

a thin layer of poly-L-lysine. Figure 4.1 shows the resulting integrated absorbance
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Figure 4.1: Reproduced from Kuimova et al. (2009). (A) A typical spectrum of
a cell from a germanium micro ATR-FTIR imaging dataset. (B) Pictures illus-
trating the chamber used to ensure cells were submerged in medium throughout
incubation and measurement. (C) Integrated absorbance images showing the
chemical distribution of amide II, phosphate I, and glycogen.

images generated using infrared spectroscopic bands centred at 1540 cm™, 1080

cm™, and 1023 ecm™. These correspond to amide II, phosphate I, and a sub-band of

phosphate I assigned to glycogen.

4.2 Methodology Development

4.2.1 Chamber

A new chamber was designed for this work by modifying the protective cap that
originally came with the ATR accessory. A polydimethylsiloxane (PDMS) mold was
fashioned that could be placed inside the cap. When the cap was placed on the
ATR accessory the PDMS device formed a chamber around the germanium crystal.
This chamber had the benefit of being convenient to remove as it did not require
glue, relying on pressure from the cap to form a seal. When the chamber was placed
inside the incubator, the top was sealed to minimise water evaporation during the
incubation period. To allow gas exchange inside the incubator, a small hole was

made through the side of cap and the PDMS device, as illustrated in figure 4.2B.
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Figure 4.2: Pictures illustrating the new chamber designed for ATR-FTIR spec-
troscopic imaging experiments on live cells. Picture (A) shows the chamber
mounted on the Ge accessory. Picture (B) shows the chamber inverted. The
needle illustrates a small hole in the side of the chamber. This was to ensure
gaseous exchange during incubation when the top of the chamber is sealed.

4.2.2 Experimental Procedure

The germanium accessory was mounted onto the objective, with the chamber at-
tached, and a background measurement was taken using the settings described in
section 3.3. After the background measurement, the ATR accessory was removed
from the objective and the chamber was filled with 150 pl of cell medium. HEK 293a
cells were then subcultured as detailed in section 3.1.1. A cell suspension was added
to the chamber to a final cell density of 1 x 10* cells ml~!. The whole accessory
was placed inside a CO, incubator for at least 16 hours. The accessory was then

remounted and the sample measurement was taken.

4.2.3 Water Vapour Removal

Due to experimental constraints, the background measurement was taken up to 20
hours before the sample measurement. This meant changes in the instrument’s
environment, such as temperature and local humidity, lead to distortions in the
sample’s absorbance spectrum. Another complication was that the removal and
replacement of the ATR accessory on the microscope objective allowed water vapour
to enter the instrument. This caused contamination of the sample’s absorbance
spectrum with water vapour bands, which particularly affect the amide I and II
region.

As the the level of water vapour could not be kept constant between the back-
ground and sample measurement, water vapour was instead subtracted from the
resulting absorbance spectrum during data processing. A modified version of spec-
tral length minimisation, first proposed by Kozlov and Besov (2011), was eventually

used to optimally subtract water vapour. Immediately after the spectroscopic mea-
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Figure 4.3: Plot (A) shows two spectra taken from the same FTIR spectroscopic
imaging dataset but different pixels. The blue and red spectra are typical of
cell medium and cells respectively. Plot (B) shows the same two spectra after
water vapour has been optimally subtracted

surements of cells, a water vapour spectrum was taken using the single element
MCT on the Cary 620 microscope. Water vapour was subtracted from each spec-
trum in the imaging dataset individually in an iterative fashion. The formula for

the subtraction of absorbance spectra is simply
Dir(7, k) = Ssample(V7) — k.Suw(D) (4.1)

where D;p is the difference spectrum, k is a real number, S;umpie(7) is the sample
spectrum, and S,,,(7) is the water vapour spectrum. The optimum k value is found
by the minimisation of an appropriate objective function. In the original spectral

length minimisation the following objective function is used

L(k,7) = > /(0 — 7n1)? + [Dir(0n, k) — Drg(in_1, k)] (4.2)

which is interpreted as the spectrum’s length. This objective function can be sim-
plified by noting

argmin L(k, 7) = argmin[L(k, 7)?]. (4.3)
k k

Equation 4.3 states that the value for £ that minimises the function L(k,7) will
also minimises L(k,7)?, meaning it is not necessary to compute the square root.
Equation 4.2 can be simplified further by imposing the constraint (7, — 1) = 1.

As the values for U are evenly spaced this amounts to a change of scale in the
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wavenumber dimension. This allows L(k, 7) to be simplified to
L(k,7) =m+ Y [Dig(Pn, k) = Dig(in-1, k)’ (4.4)

The m term is a constant and can be ignored as it will not affect the arg min. The

objective function is then
argmin > [Dir(im, k) = Drgp(tns, k)] (4.5)

which can be interpreted as the integral of the squared first derivative spectrum of
Digr(0,k). This objective function was minimised using a golden search. Figure
4.3 shows the absorbance spectrum of a cell and cell medium in the amide I and II

region before and after water vapour subtraction.

4.2.4 Surface Modification of Germanium Accessory

To attempt to improve cell adhesion, biological coating protocols were attempted.
After the background measurement, a poly-L-lysine solution was added to the cham-
ber for 15 minutes. The chamber was then washed with sterile water and either al-
lowed to dry prior to adding medium or medium was directly after washing. UV /o-
zone cleaning was also attempted. The germanium accessory was UV treated using

a Bioforce UV cleaner for 20 minutes. The background measurement was taken im-

Figure 4.4: Pictures illustrating the difference in surface wettability of a ger-
manium disk before (A) and after (B) UV /ozone cleaning. From the side on
view it can be seen that the contact angle has been reduced to zero in picture
(B) after UV /ozone cleaning.
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mediately after cleaning and then covered with cell medium. As can be seen in figure
4.4, there is a significant improvement in germanium’s surface wettability after the
UV treatment.

4.3 Results and Discussion

4.3.1 Spatial Resolution of Micro ATR-FTIR Spectroscopic
Imaging

As previously discussed, the USAF 1951 resolution target is an idealised sample and
is not a good indicator for the achieved spatial resolution in real samples. For this
reason, a polymer laminate was used to assess the spatial resolution of the Agilent
Cary-620 microscope in ATR mode, as published in Kimber et al. (2016).

The integrated area between 3251 cm™ and 3448 cm™ was taken to generate the
chemical image presented in figure 4.5. To assess the spatial resolution, one row of
pixels going through the interface was selected and the integrated absorbance was
plotted as a function of distance across the image, which was calculated using the
projected pixel size. A logistic function was then fitted to the absorbance profile,

which took the form I

f(x) = 1+ e—k(:c—mo)

where x( is the midpoint and k is the steepness of the curve. L + C' and C' define

+C (4.6)

the curve’s maximum and minimum value at the curve’s limits. The least resolvable

distance in this setting was defined as the distance between 5% and 95% of the
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Figure 4.5: Integrated absorbance image of a polymer laminate obtained using
micro ATR mode, adapted from Kimber et al. (2016). Plot (A) shows the in-
tegrated absorbance of one row of pixels extracted from integrated absorbance
image (B). A sigmoid function has been fitted to plot (A) to assess the spatial
resolution.

70



4.3. RESULTS AND DISCUSSION

curve’s maximum value. Using this framework, the microscope’s spatial resolution

was calculated as 3 pm in the 3251 cm™ to 3448 cm™ region, as shown in figure 4.5.

4.3.2 Cell Morphology on Germanium Surface

Initial tests indicated that cells would adhere and grow normally on a germanium
window without any biological coating or surface modification. However, when
cells were seeded onto the germanium ATR accessory they appeared rounded and
ultimately were never successfully detected with ATR-FTIR imaging.

Poly-L-ysine coating of the crystal was also attempted. Figure 4.6 illustrates HEK
293a cells on the Ge accessory surface 16 hours after seeding onto to the crystal.
Section A of the figure shows HEK cells 16 after seeding on a poly-L-lysine pretreated
surface. There was no observable difference in morphology as a result of coating and
cells were also not successfully detected with spectroscopic imaging.

UV /ozone cleaning was attempted to remove trace organic contaminants from the
Ge accessory and to improve the hydrophilicity of the crystal. As shown in section
B of figure 4.4, the contact angle of water was reduced to 0 ° after UV /ozone clean-
ing. Figure 4.6B shows the improved cell morphology 16 hours after seeding on a

UV /ozone pretreated surface.

Figure 4.6: Visible images of cells directly on the Ge ATR accessory 16 hours
after seeding. Both Images were acquired using a visible microscope in reflec-
tion mode. Image (A) shows the result of poly-L-lysine coating. Image (B)
shows the result of UV /ozone cleaning.
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4.3.3 Cell Detection Using the Amide IT Band
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Figure 4.7: Integrated absorbance images of amide II (A) and amide I (B).

To acquire spectroscopic images with sufficient signal to noise, it was found that
both good cell morphology, as shown in figure 4.6B, and 1024 coadded scans were
required. Figure 4.7 shows a plot of the integrated absorbance of amide I and II.
These are the strongest spectroscopic bands seen in cells and provide a good image
of the whole cell. It can be seen that the image of amide II provides better contrast
than amide I. This is because amide I overlaps with the OH bending mode of water.
Although amide I absorbance increases inside the cell, compared to the surrounding
cell medium, the concentration of water also decreases. This results in a lower overall
difference in integrated absorbance across the pixels.

The integrated absorbance of amide II band in combination with k-means cluster-
ing was found to be an effective method of separating cell spectra from cell medium
spectra. Figure 4.8C and D shows the results of k-means clustering on the amide II
absorbance. Not only can cell be distinguished from medium but the cell border can
be distinguished. It was found that the results of k-means clustering was greatly
improved if a 3x3 box filter was applied to the image before clustering. In figure
4.8C noise across the image can be seen to affect the classification accuracy of the
cell border from cell medium, which is not an problem in image D.

Figure 4.8E shows the average spectrum from all of the clusters found in figure
4.8D. It is important to note that the absorbance values obtained in these experi-
ments appear to be roughly four times lower than shown in Kuimova et al. (2009).
The absorbance values shown in Kuimova et al. (2009) are closer to values seen when

using a diamond ATR accessory rather than germanium as reported.

72



4.3. RESULTS AND DISCUSSION

o
5]
Integrated Absorbance
{1490-1580 cm™")

Absorbance
o
(=]
s

o

o

@
T

0.02

0.01F

L L L L L
1400 1300 1200 1100 1000

Wavenumber / cm’™

17‘00 16‘00 15‘00
Figure 4.8: Integrated absorbance images of amide II before (A) and after
(B) a 3x3 box filter was applied to the image. Image (C) and (D) show the
results of k-means cluster analysis of image (A) and (B) respectively. Each
colour represents membership to a different cluster. Plot (E) shows the average

spectrum taken from all of the clusters in image (D).
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4.3.4 Visualising the Cell Nucleus

To better visualise the cell spectrum, a spectrum of cell medium was subtracted
from the dataset. Using the k-means cluster analysis shown earlier, an average
medium spectrum could be obtained from the dataset directly. This ensured the
water present in both the sample dataset and medium spectrum were at the same
temperature. The medium spectrum was subtracted from each spectra in the imag-

ing dataset using the equation
Dir(0,k) = Ssampie(P) — k-Spedium (7). (4.7)

The k was value kept constant for each spectrum in the sample dataset. Using
arbitrary integration limits 7} and v, the integrated absorbance of a spectrum before

and after the subtraction is related by

/'Dm@¢ma:/ Suamte (9)di7 — C (4.8)

where

C:k/A%mW@Mi (4.9)

This means that each element of an integrated absorbance image generated after the
spectral subtraction would simply be linearly offset by C, allowing the comparison
of absorbance images whether or not a cell medium spectrum had been subtracted.
However, this approach had the disadvantage that contributions from cell medium
would not be optimally subtracted from each the spectrum in the spectroscopic
imaging dataset. The k value was chosen to avoid over-subtraction in the spectra

corresponding to cell. Figure 4.9 shows the result of the cell medium subtraction.
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Figure 4.9: Spectrum recorded from one FPA pixel before (A) and after (B)
cell medium subtraction.
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Figure 4.10: Integrated absorbance images of phosphate I before (A) and after
(B) a 3x3 box filter is applied to the image. Image (C) and (D) are (A) and
(B) respectively, with image area corresponding to cell medium discarded

As can be seen from figure 4.9, the absorbance of the phosphate I band at 1080 cm™
is the strongest band corresponding to nucleic acids, and is therefore the most likely
band to generate an integrated absorbance images with good signal to noise. Figure
4.10A shows the result of integrating phosphate I. The distribution of phosphate
I cannot be easily distinguished above noise. Figure 4.10B shows the phosphate I
integrated absorbance image after applying a box filter. Whilst now the chemical
distribution can be more easily seen there is still significant noise distorting the
image.

To avoid this problem, the image area known to contain cell was isolated by setting
the image area containing cell medium to zero. Cells near the border of the image
were also ignored. Figure 4.10D shows the improved visualisation of the nuclear
region once the image has been subjected to a box filter and cell medium spectra
are removed. There is no sharp border between the nucleus and the cytoplasm
or perinuclear area, which is expected to be because the phosphate I band has
contributions from both DNA and RNA. However, it is possible to see lineshape
variations in the phosphate I band in the nuclear region versus the cytoplasm. Figure

4.11 shows averaged spectra from two regions of the cell compared to an average
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Figure 4.11: Plot (A) shows spectra illustrating the difference in lineshape of
the phosphate I band in different regions of the cell. The yellow and blue
spectrum correspond to the cytoplasm and nucleus respectively. The green
spectrum was generated by averaging the whole cell. Image (B) shows the
integrated absorbance of phosphate I with the area known to correspond to
cell medium discarded. The blue and yellow squares indicate the area averaged
to generate the spectra seen in plot (A).

spectrum from the whole cell. The region proposed to be the nucleus has a strong
shoulder at 1050 cm™ but not at 1120 cm™, with good agreement to the spectra of
extracted nuclei presented in Zucchiatti et al. (2016). The strong band at 1050 cm™
is characteristic of double stranded DNA, whilst the band at 1120 cm™ was shown
to be mostly due to RNA. The averaged spectrum from the region proposed to be
the cytoplasm shows the reverse, a large absorbance at the shoulder 1120 cm™ and
a much lower absorbance at 1050 cm™. The averaged spectrum of the phosphate I
region from the whole cell also shows good agreement with average spectrum from
whole cells reported by Zucchiatti et al. (2016).

4.3.5 Visualising other Sub-Cellular Regions

Two methods have previously been reported to visualise other subcellular features
in FTIR spectroscopic imaging. The ratio between CH, at 2925 cm™ and CHj at
2960 cm™! has been reported to distinguish the nuclear, perinuclear, and cytoplasm
in cells (Sandt et al., 2013; Clede et al., 2014). This was attempted, as shown in
figure 4.12A, but no obvious distribution can be seen. As the depth of penetration
of the evanescent field is around 0.5 pm in this region, it is anticipated that the
signal to noise level isn’t sufficient.

The second method was proposed by Kuimova et al. (2009). The spectroscopic
band at 1023 cm™ was assigned to glycogen and it was noted that the endoplasmic

region is glycogen rich. Previous studies have also assigned glycogen to bands at

76



4.3. RESULTS AND DISCUSSION

Integrated Absorbance Ratio
CH QJCH y
(=]
Integrated Absorbance
{(1005-1040 cm™")

Absorbance

(=]
Integrated Absorbance
(1005-1040 cm™)

1150 1100 1050 1000
1

Wavenumber / cm”

x103

Figure 4.12: (A) Image of the integrated absorbance ratio between the CHj
and CHj bands. (B) Integrated absorbance image of the glycogen band at 1030
cml. Image (C) is identical to image (B), except the image area corresponding
to cell medium has been removed. (D) Average spectrum generated from the
red square indicated in image (C).

1028 cm™ (Gazi et al., 2003) or 1030 cm™ (Chiriboga et al., 1998). Figure 4.12B

I and

shows the integrated absorbance image generated using the limits 1005 cm”
1040 cm™, after a 3x3 box filter was then applied to the image. It can be seen
that noise from the outer edges dominates the image. Figure 4.12C shows the
same integrated absorbance image with the image area near the border or known to
correspond to cell medium discarded. The distribution of glycogen can now be seen,
with a high absorbance region adjacent to the nuclear area. Figure 4.12D shows a
spectrum generated from averaging the region within the red square shown in 4.12C,
illustrating a clear peak at 1030 cm™ not present to the same degree in figure 4.11.
In the data presented by Kuimova et al. (2009) no water subtraction was carried
out before the band assignment. In addition, a baseline distortion can be seen on
the left side of the spectrum shown in figure 4.1. It is likely that these two factors
are the cause of the different band position previously reported compared to what

is shown in this work.
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4.4 Conclusion

This chapter presents germanium ATR-FTIR spectroscopic images of live cells. It
was found not possible to repeat measurements of live cells by the method reported
in (Kuimova et al., 2009). Specifically, it was found not possible to generate images
with sufficient signal to noise to distinguish cells from cell medium with the number
of scans reported. The integrated absorbance images also required further image
processing to visualise the distribution of the phosphate I band between 1040-1140

I and the glycogen band at 1030 cm™. The absorbance from spectral measure-

cm
ments of cells presented in this chapter also appear to be about four times lower
than previously reported for micro ATR-FTIR imaging with a germanium accessory.

A number of improvements to the initial methodology have also been presented.
A PDMS chamber that does not require glue along with an efficient way to remove
spectral contributions from water vapour in the sample spectrum made experiments
more reproducible. Ozone/UV cleaning was also found to be an effective way to im-
prove the wettability of germanium, which improved cell adhesion to the germanium
crystal surface.

For the first time, it has been demonstrated from a single infrared spectroscopic
imaging dataset that different lineshapes of the phosphate I band at 1080 cm™ can
be seen across the cell. The nuclear region shows relatively low contributions of RNA
and high contributions of DNA, shown by a low absorbance of the shoulder at 1120
em™t and a high absorbance of the shoulder at 1060 cm™. Conversely, the cytoplasm
shows high RNA signal and low DNA signal, shown by a high absorbance of the
shoulder at 1120 ecm™ and a low absorbance of the shoulder at 1060 cm™. Results
also indicate that glycogen distribution can be used to visualise the endoplasmic
reticulum. A peak at 1030 cm™ was identified, which is in good agreement with

glycogen bands reported in previous works.
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5 ATR-FTIR Spectroscopy and
Spectroscopic Imaging for Drug

Detection in Living Cells

This chapter presents the application of both ATR-FTIR spectroscopy and spec-
troscopic imaging to detect a model drug within living cells. The drug chosen was
a rhenium tris-carbonyl derivative, which was synthesised and kindly provided by
Clotilde Policar’s group.

The first part of this chapter will describe the work undertaken to set up the
methodology for multiple-reflection ATR-FTIR spectroscopy of live cells, and then
its subsequent use to detect drug accumulation in a cell population. The last section
describes the investigation of the ability of micro ATR-FTIR spectroscopic imaging
to detect the same drug in a single cell, and the extent to which subcellular local-

isation can be observed. This section uses the methodology developed in chapter
4.

5.1 Introduction

Transition metal-carbonyl functional groups consist of carbon monoxide ligands
bonded with a transition metal atom. The bond between CO and the metal atom
involves a weak sigma bond and pi back-bonding. The CO ligand donates a lone
pair to form the sigma bond and the metal atom back donates from a d orbital to a
CO anti-bonding molecular orbital. The interaction with the anti-bonding molecu-
lar orbital of CO reduces the bond order of the CO ligand, and thus the vibrational
frequency of the CO stretching mode, v(CO). This means that infrared spectroscopy
can be used to determine the strength of pi back-bonding in transition metal com-
plexes. The v(CO) bands for most metal-carbonyl groups fall within the 2100-1700

! range, compared to 2148 cm™ for gaseous CO. There are very few infrared

cm”
vibrational transitions seen in this region.

Another advantage of using a metal-carbonyl derivative compound is that the
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v(CO) vibrational mode gives rise to some of the most intense absorbance bands
seen in infrared spectroscopy. As a consequence of pi back-bonding between the
CO ligand and the metal atom, the CO bond is both more polarised and has a
higher electron density than seen in a normal carbonyl functional group. This means
a particularly large change in molecular dipole moment is seen as a function of
the v(CO) mode, leading to a strong interaction with infrared light of the correct
frequency.

The convenient position of the metal-carbonyl v(CO) bands and their high molar
absorptivity lead to interest in their development as infrared probes. The first exam-
ple of this was the development of estrogen receptor assays, which were as sensitive
as the alternative radiolabelled assays (Jaouen et al., 1985). Metal-carbonyl labelling
of steroid hormone derivatives allowed the assessment of estrogen receptor number,
an important marker in breast cancer (Jaouen and Vessiéres, 1985). Quantitative
assays were developed later and metal-carbonyl labelled analytes dissolved in carbon
tetrachloride have been detected by infrared spectroscopy in concentrations as low
as 300 fM (Salmain et al., 1992, 1991).

Metal-carbonyl complexes have also been employed as infrared imaging probes.
Kong et al. (2007) first showed that water soluble metal-carbonyls could be detected
within dried cells by FTIR spectroscopic imaging. The Policar group has also devel-
oped a variety of metal-carbonyl derivatives for multimodal imaging studies (Clede
and Policar, 2015). Figure 5.1 shows one example of a rhenium tri-carbonyl deriva-
tive they developed, which will be referred to henceforth as compound 1. This
compound was kindly provided for the work undertaken in this chapter. In addi-
tion to the strong infrared signature of compound 1, it also has the advantage of
being luminescent (Cléde et al., 2012b). Fluorescence imaging showed that the drug
accumulated in the Golgi apparatus of cells. In the same study, compound 1 was
also detected in a single fixed cell by FTIR micro-spectroscopy combined with a
synchrotron source. More recently, FTIR spectroscopic imaging using a multibeam
synchrotron source also detected the same drug (Mattson et al., 2013). A similar
rhenium tri-carbonyl derivative, which was an analogue to the drug tamoxifin, has
also been detected in fixed cells by FTIR micro-spectroscopy using a synchrotron
source (Clede et al., 2012a) and with photothermally induced resonance infrared
(PTIR) mapping (Policar et al., 2011).

Although multiple-reflection ATR-FTIR spectroscopy has been successfully used
to detect drug accumulation in a living cell population (Chan and Fale, 2014), drug

detection by FTIR spectroscopic imaging in live cells has so far not been reported.

80
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ETRE
N

Figure 5.1: Schematic of the chemical structure of the metal-carbonyl based
compound, kindly provided by the Policar group. Referred to in the text as
compound 1

5.2 Multiple-Reflection ATR-FTIR Spectroscopy

5.2.1 Sample Preparation

HEK 293a cells were subcultured as detailed in section 3.1.1 until centrifugation.
The cell pellet was then resuspended in L-15 cell medium, which doesn’t require a
5% COy environment. Cells were counted using a haemocytometer to establish the
cell density. Compound 1 was dissolved in DMSO to a final concentration of 5 mM

to form a stock solution.

5.2.2 Instrument Setup

The instrument settings were optimised as detailed in chapter 3. A Specac Gateway™
ATR accessory equipped with a trough top-plate was used for these experiments.
The accessory was heated for two hours prior to the background measurement, after
which 1 ml of L-15 cell medium was added to the top plate and heated for 1 hour
to ensure the cell medium was at 37°C. Once the cell medium was at the correct
temperature a cell suspension was added to a final density of 2 x 10° cells ml~! and
covered. All infrared measurements coadded 512 scans at 2 cm™ spectral resolution.
16 hours after seeding, compound 1 was added to the medium. To do this, 200 pl
of medium was removed from ATR accessory, 5 pl was removed and then 5 ul of
compound 1 stock solution was added. The mixture was re-added dropwise to the

ATR accessory.
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Figure 5.2: Illustration of the two setups to heat the multiple-reflection ATR
accessory. Picture (A) shows the use of a heated aluminium lid. A PDMS
spacer is between the aluminium lid and the ATR accessory to create a seal.
A platinum temperature sensor is attached to the heater directly. Picture (B)
shows the setup to heat the accessory directly. Two 20 W heaters and the
temperature sensor were attached to the ATR top-plate. An acetate lid and
PDMS spacer was used to create a seal.

5.2.3 Heating System

An in house heating system was built for these experiments. The heater used a
PID controller with a thin film platinum resistance temperature sensor to control
enclosed heating elements. Two methods of heating the top plate were attempted,
as shown in figure 5.2. For the set up shown in figure 5.2B, the sensor and two 20
W heating elements were attached to the top plate with heat sink tape. To stop
medium evaporating away during the experiment, a PDMS spacer and an acetate
lid were made using a laser cutter. When downward pressure was applied using a
small weight, the trough was effectively sealed. In the other approach, illustrated
in figure 5.2A, an aluminium lid was used and the lid itself was heated using a 50
W heating element. The sensor was attached directly to the heating element. The
PID controller was set to the temperature that would ensure the cell medium in the
accessory’s trough was kept at 37°C. This was 60°C when heating the lid and 45°C
when heating the top plate directly.

5.3 Results and Discussion

5.3.1 Multiple-Reflection Accessory

It was found that when the top plate was heated directly the cell culture could not
be kept alive for the required time. Figure 5.3 shows that initially, upon seeding cells

onto the surface of the germanium crystal, cells could not be distinguished from cell
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Figure 5.3: Spectral kinetic illustrating the increase in absorbance of bands
corresponding to cells as the cell population adheres to the germanium ATR
crystal surface

medium, but as cells start to adhere to the surface, infrared bands corresponding to
cells can be seen. From 90 minutes onwards, no increase in amide II could be seen.
Cells were then left for 12 hours and the amide II absorbance decreased, as shown
in figure 5.4A. The accessory top plate was removed and cell viability was tested
using trypan blue. As can be seen from figure 5.4B, most of the cells in the field of
view of the microscope were found to be dead.

Figure 5.4 part C and D show that when the aluminium top plate was used cells
remained viable after 16 hours. However, the limited increase in amide II absorbance
from 90 minutes onwards indicates that the cell culture was not growing as normal.
This is expected to be a combination of the effects from using a different cell medium

and the surface properties of germanium.
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Figure 5.4: Spectral kinetic (A) and picture (B) show that cells were found to
be mostly dead after 16 hours when the ATR top-plate was heated directly.
Spectral kinetic (C) and picture (d) indicate that, although showing limited
growth, cells remained viable 16 hours when the heated top plate was used.

5.3.2 Cell Tolerance to DMSO

5-flurourical was the drug used to demonstrate that multiple-reflection ATR-FTIR
was capable of detecting drug accumulation in living cells (Chan and Fale, 2014).
This drug is relatively water soluble so the stock solution and subsequent dilutions
could be made using cell medium alone. However most drugs are not very water
soluble. In particular, compound 1 used for this work required dissolution in DMSO
before subsequent dilution into cell medium. Cells were first subjected to DMSO
only, so that effects due to DMSO exposure could be distinguished from compound
1. As can be seen from figure 5.5, upon addition of DMSO to a percentage volume
of 1%, there is an immediate reduction in the spectroscopic bands due to cells which
did not recover. Fortunately, when cell viability was tested, the majority of cells

were still found to be alive.
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Figure 5.5: (A) Spectra illustrating the reduction in spectral band absorbance
as a result of adding DMSO. Picture (B) shows cell exposure to trypan blue
after the experiment, indicating cells are still viable 4 hours after DMSO ad-

dition

5.3.3 Detecting the Cellular Uptake of Metal-Carbonyl

Derivative

Having setup the methodology for multiple-reflection ATR-FTIR spectroscopy of
live cells, a cell population adhered to the ATR crystal was exposed to compound
1. Within 10 minutes of adding compound 1, to a final concentration of 25 1M, a
doublet centred at 1915 cm™ and a singlet peak at 2015 cm™ could be detected, as
shown in figure 5.6. These have been previously assigned as the E-band and A;-

band, corresponding to the asymmetric and symmetric metal-carbonyl stretching

x107
—0 min
101 ——240 min
8.
[0)
2
g 6
2
o 4r
(2]
o)
< ot
0.
2oL

2000 1950
Wavenumber / cm’’

Figure 5.6: Spectral kinetic from a multiple-reflection ATR-FTIR experiment.
The increase in absorbance of metal-carbonyl bands can be seen, indicating an
accumulation of the metal-carbonyl derivative compound within cells.
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Figure 5.7: Integrated absorbance of amide II and the A;-band versus time.
The absorbance kinetics have been vector normalised to more easily view the
two profiles together.

mode, respectively (Clede et al., 2012b).

Upon adding compound 1, there is an immediate reduction in the absorbance
of spectroscopic bands corresponding to cells, as can be seen from figure 5.7 and
5.8, which is expected to be caused by DMSO. The DMSO concentration near
the germanium surface can then be seen to decrease, as it diffuses into the cell
medium bulk. From 20 minutes to 60 minutes there is a also subsequent increase in
spectroscopic bands due to cells. It is expected that the cell’s environment becomes
less stressful as the local concentration of DMSO decreases, and this accounts for
the slight improvement in cell adhesion between 20-60 minutes. From 60 minutes
onwards there is a continual decrease in the spectroscopic bands of cells and this is
probably caused by drug accumulation rather than DMSO.

As shown in figure 5.7, the absorbance of drug increases linearly until 150 minute,
where it plateaus. It is expected that drug continues to accumulate within the cell
population beyond this, but at 60 minutes the cell starts to show signs of stress due
to the accumulation of the drug itself. The decreasing contact of cells with the ATR
crystal surface could offset the increasing presence of drug within the cell. This is
further evidence that that the drug is accumulating within the cell and not on the
ATR crystal surface. The results seen also indicate the optimal parameters for a
spectroscopic imaging experiment. The optimal incubation time would be 2 hours
for the best chance of detecting the drug, however 1 hour would be the optimal

incubation time to detect the cell itself.
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Figure 5.8: Spectral kinetic illustrating the spectral band changes within the

first 60 minutes (A) and 60 minutes onwards (B)

5.3.4 Metal-Carbonyl Band Shift

Closer examination of the metal carbonyl bands indicates a shift to lower wavenum-

ber during the experiment. As can be seen from figure 5.9, a shift of around 5 cm™

can be seen in the E band. As compound 1 contains amine groups it is speculated

that the local environment of compound 1 is becoming more alkaline throughout

the experiment. This would lead to deprotonation of amine groups, increasing the
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Figure 5.9: Spectral kinetic illustrating the shift to lower wavenumber of the
metal-carbonyl bands

strength of pi back-bonding, and could potentially be the cause of the slight shift to

lower wavenumber (Anson et al., 1996).

5.4 Germanium ATR-FTIR Spectroscopic Imaging

5.4.1 Instrument Settings

As conducted previously in chapter 4, all measurements were carried out using 8
em™ spectral resolution and 1024 scans were coadded. The interferometer speed

was set to 5 kHz and each measurement took 20 minutes.

5.4.2 Experimental Setup

The method development behind micro ATR-FTIR spectroscopic imaging of live
cells is detailed in chapter 4. Cells were seeded onto the germanium crystal, after a
background measurement was taken, and left to incubate for 20 hours. Cells were
then imaged to determine if they could be detected spectroscopically, which often
was not the case. Cell medium was then aspirated from the chamber and replaced
with a 25 pM solution of compound 1 in cell medium. The accessory was then
incubated for between 40 minutes and 120 minutes before the sample measurement

was taken.
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5.5 Results and Discussion

5.5.1 Cell Detection

In addition to the markedly lower signal to noise compared to multiple-reflection
ATR-FTIR, spectroscopic imaging experiments had the initial difficulty of invert-
ing the accessory and mounting it onto the objective before measurements could
be taken. This disturbance became much more likely to dislodge cells once they
were under stress caused by the presence of compound 1 and DMSO. Cell cultures
incubated with compound 1 longer than 1 hour consistently detached from the ger-
manium crystal surface once the accessory was inverted. The maximum time cells
could be incubated with the drug and remain detectable on the germanium surface
was 40 minutes. Figure 5.10 shows amide II integrated absorbance images of cells
before incubation and 40 minutes after incubation. As the sample measurement it-
self takes 20 minutes the image represents cells exposed to compound 1 for between
40-60 minutes. As can be seen from the absorbance images, the cell morphology is
markedly different after incubation. Cells appear smaller and, as can be seen from
the scale in figure 5.10, the integrated absorbance is lower, indicating their contact
with the surface has decreased. In both images five cells can be seen, but it is not
certain if the cells from the right and left images are the same, as it is not known

how far cells would move in a 40 minute time frame.

Before Incubation 40 minutes after incubation

) I 5.5 um

Integrated Absorbance
(1500-1580 cm™")
Integrated Absorbance
(1500-1580 cm™)

Figure 5.10: Integrated absorbance image using the amide II band showing
cells (A) before and (B) 40 minutes after incubation with compound 1
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Figure 5.11: k-means clustering of the Amide II integrated absorbance image.
Each colour represents membership to a distinct cluster. The spectra in plot
(A) show the average spectrum from each cluster in image (B) of the corre-
sponding colour.

5.5.2 Drug Detection

To test for the presence of the drug, k-means clustering of the amide II absorbance
band was carried out to separate cell, cell border, and cell medium area of the image.
The average spectrum from each cluster was then taken. As can be seen from figure
5.11, there is no evidence of the drug present within the cell medium or the outer
edge of the cell. However, the A-; and E metal carbonyl band can both be seen

within the orange cluster, corresponding to the middle of the cell.

5.5.3 Sub-Cellular Localisation

As was demonstrated in chapter 4, isolating the pixels corresponding to one cell
near the middle of the image, where the illumination of the ATR crystal is best,
can greatly aid image analysis. It is known from previous work that compound 1
localises in the Golgi aparatus of cells. As there was no reliable infrared spectral
signature for the Golgi aparatus, this could not be verified directly with ATR-FTIR
spectroscopic imaging. However, it is possible to verify if the drug is accumulating
in the perinuclear region of the cell.

Figure 5.12 shows integrated absorbance images of the band corresponding to
metal-carbonyl E band and the phosphate 1 band of one isolated cell. The E-band
integrated absorbance image doesn’t show a clear distribution. However the nuclear
region of the cell can still be visualised with the phosphate 1 band integration. The

nuclear region indicated by the blue square in figure 5.12 was averaged and the cell
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Figure 5.12: Integrated absorbance images generated using the metal-carbonyl
E band (A) and the cell’s phosphate I band (B). The red and blue spectrum
in plot (C) shows the average spectrum from the red and blue marked regions
indicated in both images (A) and (B).

medium spectrum was subtracted. The medium spectrum was obtained by averaging
the image area known to correspond to cell medium. The same was done for the
region indicated in the red square, which is thought to be the perinuclear region.
The result is shown at the bottom of figure 5.12. As can be seen, the phosphate 1
band from the nuclear region spectrum shows a lineshape consistent with the nucleus
shown earlier in chapter 4. No presence of compound 1 can be seen in the infrared
transparent window. However compound 1 can be seen in the averaged spectrum
from the perinuclear region. The E-band can be clearly resolved, although the A;

band cannot be easily distinguished above the noise.
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5.6 Conclusion

This chapter demonstrates that ATR-FTIR-spectroscopic imaging is capable of de-
tecting drugs within living cells. Multiple-reflection ATR-FTIR spectroscopy of live
cells was shown capable of detecting accumulation of a metal-carbonyl derivative
compound within 10 minutes of exposure despite the negative effects of DMSO. The
drug was shown to start affecting cell contact with the surface of the crystal within
60 minutes. The maximum level of compound 1 was detected 120 minutes after the
initial addition to the cell medium. A small shift was also seen in the metal carbonyl
band, perhaps indicating a local change in pH in the Golgi apparatus, where the
compound is known to accumulate.

Micro ATR-FTIR spectroscopic imaging was also shown to be capable of detect-
ing metal-carbonyl groups within cells. It was found that cells could not be detected
if exposed to the drug for more than 40 minutes, and large distortions to the im-
aged cells’ morphology can be seen from the amide II integrated absorbance image.
K-means cluster analysis demonstrated that accumulation of the drug was not seen
in the cell medium or near the border of the cell. The nuclear region of the cell
also showed no signs of the presence of compound 1, whereas the perinuclear region
did. The signal to noise was found to be insufficient to generate a convincing in-
tegrated absorbance image of the metal-carbonyl distribution, but metal-carbonyl

bands could be seen when regions of pixels were averaged.
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6 Two-Dimensional Correlation
Analysis to Investigate Molecular
States of Water in Living Cells

This chapter presents the application of 2D correlation analysis to investigate the
extent to which different molecular states of water can be seen in living cells. This
form of multivariate analysis allowed further insight to be drawn from datasets
collected using the methods developed in chapter 4 and 5. Section 6.1 will summarise
the literature on the infrared band sub-structure of water’s OH stretching mode and
its sensitivity to hydrogen bonding. The procedure to calculate disrelation maps
from spectroscopic imaging datasets will also be discussed. In section 6.3.1 2D
correlation analysis is carried out to establish the synchronous and asynchronous
character of the dynamic infrared spectrum of water perturbed by temperature.
The same analysis of cell adhesion to a ZnSe crystal is carried out in section 6.4.
Finally, disrelation analysis and disrelation mapping of ATR-FTIR spectroscopic

images of live cells, similar to that published in (Shinzawa et al., 2017), is presented.

6.1 Introduction

Although hydrogen bonds cannot be directly detected in mid-infrared spectroscopy,
it is known that the OH stretching band of water is highly sensitive to its hydrogen
bonding environment (Brubach et al., 2005). One water molecule can engage in
between zero and four hydrogen bonds with its neighbours, and the restoring force
of the OH stretching vibration is weakened with the increasing number of hydrogen
bonds. This leads to a decrease in vibrational frequency with increasing participa-
tion in hydrogen bonding. The lineshape of water’s OH stretching band is often
interpreted as a superposition of 3 sub-bands, each reflecting a different hydrogen
bonding environment of water.

However, even when looking at pure water, studies have reached different conclu-

sions as to the correct number of sub-bands. Most infrared experiments investigating
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the effect of temperature on the infrared spectrum of water determine that the OH
stretching band is best decomposed into three gaussian components (Brubach et al.,
2005; Bergonzi et al., 2014). These are normally referred to free, intermediate, and
coordinated water, although the reported peak positions vary. Virtually the same
experiment using Raman spectroscopy reports 5 sub-bands (Sun, 2009), which has
been used in subsequent Raman studies (Choe et al., 2016).

Studies have also shown that infrared spectroscopy is capable of differentiating
bulk water from water associated with membranes (Binder, 2007), or inorganic sur-
faces (Yalamanchili et al., 1996). Generally these studies also determine that three
sub-bands best describes the overall OH stretching band’s lineshape, and simply
note different distributions of the three same gaussian components. Different sub-
bands can be observed when water is not the bulk solvent. For instance when water
is dissolved in ionic liquids, bands at 3640 cm™ and 3560 cm™ can be seen (Cam-
marata et al., 2001). The effects of salts in aqueous electrolyte solutions also give
rise to different molecular states of water (Kitadai et al., 2014).

2D correlation analysis has been used to investigate hydrogen bonding systems,
taking advantage of the increased spectral resolution to examine the sub-band struc-
ture. Hetero-correlation analysis was performed on mid-infrared with near-infrared
spectra of water (Boguslawa et al., 2005). This was done to examine the synchronous
and asynchronous changes seen in the dynamic spectrum of water as a function of
temperature. One advantage of 2D correlation analysis is that no prior assumption
of the number of sub-bands needs to be made. This study, along with 2D correla-
tion analysis of water diffusion into polymers, also reached the same conclusion of 3
sub-bands (Wu and Siesler, 2003).

To date there is a single study investigating the OH stretching band in live cells,
which used Raman micro-spectroscopy (Tiwari et al., 2013). By using non-negative
matrix factorisation (NNMF), they determined five distinct OH stretching band
lineshapes.

In infrared spectroscopy water’s OH stretching mode has a stronger absorbance
than the OH bending mode. In transmission mode experiments, even at path lengths
of 10 pm, the OH stretching region of the infrared spectrum is saturated. This is
normally overlooked as the fingerprint region contains the main spectroscopic bands
of interest. This means any information about the hydrogen bonding environment
of water is lost in these datasets. The advantage of infrared spectroscopic imaging
in ATR mode is the the OH stretching region of the spectrum is not saturated, and

thus can be recorded with much greater signal to noise.
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6.2 Methods

6.2.1 Sample Preparation

HEK 293a cells were subcultured as detailed in section 3.1.1 until centrifugation.
The cell pellet was then re-suspended in L-15 medium, which doesn’t require a 5%
COg environment. Cells were counted using a heamocytometer to establish the cell

density.

6.2.2 Experimental Setup

For multiple-reflection ATR-FTIR measurements, the instrument settings were opti-
mised as detailed in chapter 3. A Specac Gateway™ ATR accessory, equipped with a
trough top-plate, was used for these experiments. A ZnSe multiple-reflection crystal
was used and the accessory was not heated. 1 ml of L-15 cell medium was added
to the trough after a background measurement had been taken. Cells were seeded
onto the surface and measurements were taken every 10 minutes for 4 hours. In all
measurements 512 scans were coadded at 2 cm™ spectral resolution.

To obtain spectra of water at various temperatures the same multiple-reflection
accessory was used but with a germanium multiple-reflection ATR crystal. Water
was added to the crystal surface and covered by the heated top plate described in
chapter 5. Water was heated from room temperature to 40 degrees. Measurements
were taken every 2 minutes for 40 minutes. In all measurements 512 scans were
coadded at 2 cm™ spectral resolution.

The procedure for obtaining spectra of live cells using ATR-FTIR spectroscopic

imaging is detailed in chapter 4.

6.2.3 2D Correlation Analysis

The theory behind 2D correlation analysis is detailed in section 2.8, which describes
how to calculate the synchronous and asynchronous intensity, in discrete and contin-
uous perturbation space, between two spectral variables. Linear algebra allows one
to calculate the synchronous correlation between all frequencies with one equation.
The set of spectra first needs to be arranged into a single matrix, where each column
corresponds to a discrete wavenumber, and each row represents a sample measure-
ment. This is known as the dynamic spectrum Y. The synchronous spectrum is

then calculated by the following following matrix equation.

1 -~
db=—Y'Y 6.1
— (6.1)
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which denotes matrix multiplication of the dynamic spectrum with its transpose, and
then the division of each element in the resulting matrix by the number of samples
in the dynamic spectrum. The whole asynchronous spectrum can be calculated in
a similar manor

1 -~ ~
UV=—"Y'NY 6.2
p— (6.2)

where N is the Noda-Hilbert matrix, which has the following structure

— Nl

(6.3)

—_
(@)
(@) — N Wl

6.2.4 Disrelation Mapping

The disrelation spectrum is an approximation of the asynchronous spectrum. It
has the advantage of being easier to compute specific spectral variables of interest
without calculating the whole spectrum, as it avoids the use of the Noda-Hilbert
matrix. The disrelation intensity between the variance at two spectral variables can

be calculated directly from the synchronous spectrum.

A1, 1) = /O (11, 1) D1y, 13) — P2(vy, 1) (6.4)

which will equal zero on the diagonal elements of the synchronous spectrum and
close to zero if there is a synchronous relationship between the variance of v; and
vs.

Disrelation mapping, developed recently by Hideyuki Shinzawa (Shinzawa et al.,
2016), extends disrelation analysis to FTIR spectroscopic images. It can be concep-
tually viewed as an image convolution technique. Doubly correlated 2D correlation
analysis is applied to each element of the image with its neighbours, which are de-
fined by the size of the convolution window. Figure 6.1 illustrates the construction
of an image based on the disrelation intensity. High disrelation intensity within an
image element indicates 17 and vy vary out-of-phase with each other within a local

spatial area.
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Figure 6.1: Schematic showing the generation of disrelation maps from two
method P absorbance images.

6.3 Results and Discussion

6.3.1 2D Correlation Analysis of Water Perturbed by

Temperature

2D hetero-correlation analysis has been done to compare the effects of temperature
on the absorbance spectrum of water in the mid-infrared with the near infrared re-
gion. However, generalised 2D correlation analysis has not been done to characterise
this effect in the mid-infrared region.

Figure 6.2 shows the results of heating water from 22 to 37 °C. A baseline distortion
as a result temperature can be seen as the kinetic progresses. Fortunately, in this
region the baseline distortion is linear and can be removed by subtracting a constant.
A general decrease in the band’s intensity can be seen, except at the shoulder present
at 3600 cm™, which is increasing.

Figure 6.3 shows the synchronous and asynchronous spectrum generated from the
spectral kinetic of water. The synchronous spectrum allows the better visualisation
of the sub-band at 3600 cm™. The crosspeak at 3600/3260 cm™ has a negative sign,
indicating a synchronous relationship between the decrease at 3260 cm™ and the
increase at 3600 cm™. The sub-band at 3600 cm™ has been previously assigned to
free water so the increase of this band as a function of temperature is expected. The
asynchronous spectrum indicates that there are two more sub-bands at 3220 cm™
and 3400 cm™. We know that both of these bands are decreasing from the spectral
kinetic, however they are not decreasing with a conserved phase relationship. The
sign indicates that the band at 3220 cm™ is decreasing first followed by the band at
3400 cm™. The bands at 3220 cm™ and 3400 cm™ have been assigned to bound water
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Figure 6.2: (A) Illustration of the linear baseline distortion caused by the
change in temperature. (B) A spectral kinetic showing the changes in wa-
ter’s OH stretching band as a function of temperature, after a linear offset
correction was applied to the data.

and intermediate water, respectively. Bound water corresponds to water engaged
in four hydrogen bonds, whereas intermediate water is thought to be a mixture
of water engaged in 2 or 3 hydrogen bonds (Brubach et al., 2005). As water is
heated it is expected that water engaged in four hydrogen bonds could become
intermediately bound as well as free water. The intermediate water would tend to
become free water. This explains the synchronous relationship with the increase in
free water and the overall decrease in bound and intermediate water collectively. It
also explains why bound and intermediate water do not decrease synchronously.

The synchronous and asynchronous spectra indicate that a three sub-band pic-
ture best describes the dynamic spectrum of the OH stretching band perturbed by
temperature. This is in good agreement with previous studies (Brubach et al., 2005;
Bergonzi et al., 2014).
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Figure 6.3: Synchronous (A) and asynchronous (B) spectrum generated from
generalised 2D correlation analysis of the spectra presented in figure 6.2.
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6.4 2D Correlation Analysis of Cell Adhesion
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Figure 6.4: Spectra at 0 minutes and 4 hours after seeding cells onto the ZnSe
ATR crystal at room temperature. Although measurements were taken every
10 minutes for 4 hours, only the first and last spectrum are shown here.

To investigate the change in the OH stretching lineshape as a function of cell
adhesion multiple-reflection ATR-FTIR spectroscopy was first employed. It was
demonstrated in the previous section that temperature can affect the OH stretching
lineshape. For this reason the accessory was not heated for these experiments. To
maximise the signal in the OH stretching region, a zinc selenide crystal was used
instead of germanium. Zinc sulphide was also attempted but the absorbance of water
was found to be too great in the 3000-3700 cm™ region and saturation was reached.
Cells were not expected to adhere well under these conditions but, as can be seen
by figure 6.4, the presence of cells can still be detected. After initially seeding cells
onto the Zinc selenide crystal, cells were measured over a 4 hour period. Although
temperature variations during this time were minimal, baseline distortions did affect
the 2D correlation analysis. This was minimised in the OH stretching region with
an offset correction at 3700 cm™!

The results of the 2D correlation analysis can be seen in figure 6.5. The syn-
chronous spectrum in figure 6.5A captures the overall decrease in absorbance of the
OH stretching band. The crosspeak at 2925/3370 cm™ has a negative sign. This

illustrates that CH3 bands increase synchronously as the overall OH band is decreas-
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Figure 6.5: Part (A) and (B) show the synchronous and asynchronous 2D cor-
relation spectrum, respectively, of the OH stretching region from the spec-
tral kinetic shown in figure 6.4. Part (C) and (D) show the synchronous and
asynchronous 2D correlation spectrum from the same spectral kinetic in the
fingerprint region

100



6.5. DISRELATION MAPPING OF THE OH STRETCHING
REGION

ing. The CHj3 band is associated with the cell membrane, so it can be said that the
increasing presence of the cell population is synchronous with the decrease in the
OH stretching band. The decrease is expected as the concentration of water is lower
within the cell compared to cell medium.

The asynchronous spectrum in figure 6.5B shows a crosspeak at 3220,/3420 cm™,
similar to the one present in figure 6.3B. However, here the crosspeak is negative.
The interpretation using Noda’s rules is that the sub-band at 3420 cm™ is changing
before the sub-band at 3220 cm™ in this case. This crosspeak also implies the
distribution of water at 3220 cm™ and 3420 cm™ is essentially different between
cells and cell medium.

2D correlation analysis was also carried out in the fingerprint region after an offset
correction at 1750 cm™, which can be seen in figure 6.5C and D. The synchronous
spectrum shows the synchronous increase of the main bands associated with cells
in this region. The asynchonous spectrum shows a cross peak at 1640/1540 cm™
indicating amide I and II do not increase synchronously as the presence of cell in-
creases. This is expected to be due to the simultaneous decrease in absorbance of
water’s OH bending mode, which overlaps with the amide I band. Interestingly,
the asynchronous spectrum in figure 6.5D indicates the presence of two bands and
1030 cm™ and 1185 cm™ whose intensity is not correlated with either bands cor-
responding to protein or nucleic acids. The band at 1030 cm™ was assigned to
glycogen previously in chapter 4. The band at 1185 cm™ has been previously as-
signed to 2-phosphoglycerate, an intermediate in the glycolytic pathway, in other
studies (Quaroni and Zlateva, 2014). What can be said empirically is both peaks
were strongly asynchronous with protein bands, and weakly asynchronous with nu-
cleic acid bands at 1230 cm™ and 1085 cm™. As there is no asynchronous intensity
between the bands at 1185 cm™ and 1030 cm™, it is likely that the band at 1185

em! is at least strongly associated with the presence of glycogen.

6.5 Disrelation Mapping of the OH Stretching
Region

To examine the spectral differences in the OH stretching region between cells and
cell medium spectroscopic imaging was employed. One advantage of using a spectro-
scopic imaging dataset is that the effects due to temperature on the OH stretching
band can be avoided, unlike the multiple-reflection study described in the previous
section. To decide the best parameters for disrelation mapping a line of spectra

going through the interface between cell and cell medium was extracted as shown
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Figure 6.6: (A) Integrated absorbance image of amide II. The line illustrates the
spectra extracted for disrelation analysis. The plots below show the extracted
spectra after an offset-correction at (B) 3700 cm™ in the 3600 - 3000 cm™
region, and (C) 1750 cm™ in 1750 - 1450 cm™ region.

in figure 6.6 and the resulting spectra are shown in section B and C of the figure.
Figure 6.6 shows an increase in the OH stretching band in cell medium com-
pared to the cell, which is more striking than compared to the spectra obtained
from multiple-reflection spectroscopy. Another advantage of spectroscopic imaging
is that regions corresponding to cell and cell medium are spatially isolated, whereas
multiple-reflection experiments obtain an average spectrum from a mixture of cell
medium and cell in contact with the crystal. The disrelation analysis of the OH
stretching band from this line is shown in figure 6.7. As with previous analysis, the
synchronous OH autopeak in figure 6.7A captures the overall decrease of the OH
stretching band. The disrelation spectrum in figure 6.7B also shows a similar cross-
peak position to that seen in the previous 2D correlation analysis. This indicates
again that there is a disrelation in the variance of two sub-bands as a function of

distance through the cell border, which is not temperature dependent. This pro-
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Figure 6.7: Synchronous (A) and disrelation (B) analysis of the spectra ex-
tracted from the line illustrated in figure 6.6. Image (C) shows a disrelation
map generated from the disrelation intensity between 3220 cm™ and 3420 cm™.

vides further evidence that the change in the OH lineshape from cell to cell medium
cannot be explained simply from the change in concentration of water, and different
distributions of hydrogen bonded states of water are seen within cells.

To investigate the disrelation between the two sub-bands at 3220 cm™ and 3420
cm™ throughout the whole image disrelation mapping was employed. It was found
that comparing the disrelation between two method R generated absorbance images
gave much better results than using method P absorbance images, which disrelation
mapping initially used (Shinzawa et al., 2016). As mentioned in section 3.6, in

method R integrated absorbance images, a local linear baseline is drawn between
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6.6. DISRELATION MAPPING OF THE AMIDE/OH REGION

two user defined wavenumbers. The absorbance value at the desired point is then
modified by subtracting the value of the local baseline at the same wavenumber.
For both the method R absorbance images at 3220 cm™ and 3420 cm™, the baseline
was drawn between 3700 cm™ and 3100 cm™. Figure 6.7C shows clearly that there

is significant disrelation intensity mostly at the border of the cell with cell medium.

6.6 Disrelation Mapping of the Amide/OH Region

To investigate the cause of the disrelation between the OH stretching sub-bands
further, disrelation analysis was carried out between the fingerprint region and the
OH stretching region. As can be seen from figure 6.8A, disrelation intensity is
present between the amide bands and the 3420 cm™ sub-band, but not the 3220
cm™ sub-band. This implies an asynchronous relationship between the variation of
protein and intermediate water but not bound water. The disrelation map generated
using the 3420/1540 cm™ crosspeak, shown in figure 6.8B, also shows a very similar
pattern to the 3220/3420 cm™ disrelation map. The increasing presence of protein
is therefore correlated with the increasing ratio of bound to intermediate water. No
significant disrelation intensity is seen between either the phosphate 1 band at 1080
cm™, or the CHj band at 2930 cm™, with the 3420 cm™ sub-band as shown in figure
6.8C and D.

To compare this with the multiple-reflection ATR-FTIR experiments, 2D cor-
relation analysis was carried out on the 3700-2800 cm™ region with the 1800-950

! region, which is shown in figure 6.9. Here asynchronous crosspeaks between

cm
intermediate water and phosphate I can be seen, in addition to crosspeaks between
intermediate water and the amide bands. The x axis position of these bands is con-
sistent with the disrelation analysis in figure 6.7. The two slightly different results
regarding the phosphate I band can be explained by the lack of spatial resolution in
multiple-reflection ATR-FTIR spectroscopy measurements.

In the spectroscopic imaging data, spatially resolved spectra are being examined
across the boundary of a single cell that is already adhered to the surface. From
the disrelation map generated using the 3220/3420 cm™, it can be seen that the
disrelation mainly occurs at the cell boundary as opposed to further inside the cell.
The nucleus of the cell, where the strongest phosphate signal is present, is not at
the boundary of the cell with cell medium.

In the multiple-reflection ATR-FTIR measurements, much higher signal to noise
is seen but there is no spatial resolution. What is measured is the average increase

in the presence of cells as they adhere to the crystal. The correlation analysis of
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Figure 6.8: (A) Disrelation analysis of the amide region between 1750-1400
cm™! with the OH stretching region between 3000-3600 cm™'. The crosspeaks
at 3420/1640 cm™ and 3420/1540 cm™! show there is out-of-phase variation
between protein and intermediately bound water. The disrelation maps were
generated using the following crosspeaks: (B) 1540/3420 cm™, (C) 2930/3420
cm!, (D) 1080/3420 cm™. Significant disrelation intensity been be seen at the
cell/cell medium interface in image (B) but not in images (C) and (D).
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Figure 6.9: Asynchronous spectrum between fingerprint region and OH stretch-
ing region of the spectral kinetic presented in figure 6.4.

the fingerprint region shown in figure 6.5 also shows that there was no significant
disrelation between the evolution of amide I and II with phosphate I in the multiple-
reflection ATR measurements. This makes it unsurprising that there is asynchronous
intensity between intermediate water and phosphate I in the multiple-reflection ATR

measurements.
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6.7 Conclusion

This chapter presented 2D correlation analysis to investigate the presence of different
molecular states of water in living cells. First 2D correlation analysis identified three
main sub-bands under the water’s OH stretching band, in good agreement with
previous literature.

2D correlation analysis was then carried out to see the effects of cell adhesion on
the water’s OH stretching lineshape. Whilst bands at different frequencies were not
seen, the distribution of intermediate and bound water was found to be different
between cells and cell medium.

Finally, disrelation mapping was carried out on spectroscopic imaging data of a
single adhered cell. It was found that the 3420/3220 cm™ disrelation crosspeak was
strongly associated with the increasing presence of protein within the cell. Strong
disrelation intensity was seen at 1540,/3420 cm™ but not 1540/3220 cm™ | indicating
that the change in bound water was correlated with the change in protein.

This analysis highlights the importance of the OH stretching region for the analy-
sis of a cell’s internal environment, information that is not accessible from fixed cells
or currently by transmission mode infrared spectroscopic imaging. More generally,
this work demonstrates that the combination of spectroscopic imaging with 2D cor-
relation analysis can provide valuable insight not easily obtained with traditional

multivariate methods.
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7 Conclusion and Future Work

In this thesis, the methodology for micro ATR-FTIR spectroscopic imaging of live
cells was further developed. Subsequent studies were then done to explore whether
it was possible to detect a metal-carbonyl derivative compound in living cells. Fi-
nally, the recently developed analysis technique disrelation mapping was applied to

spectroscopic imaging datasets of live cells.

7.1 ATR-FTIR Spectroscopic Imaging of Live Cells

A considerable portion of this thesis was dedicated to improving the reproducibility
of micro ATR-FTIR spectroscopic imaging of live cells. Micro ATR-FTIR spectro-
scopic imaging can both achieve better spatial resolution than seen in transmission
mode and is able to work in bulk aqueous environments, making it a potentially
powerful tool to study live cells. A major technical challenge was found to be ensur-
ing good contact of cells with the ATR crystal. In practice the only way to achieve
this, whilst ensuring cells remained viable after the measurement, was to directly
seed and culture cells on the ATR crystal.

Effective cleaning of the crystal and the improved surface wettability from ozone/UV
treatment was found to be the most successful way of ensuring good cell adhesion.
Water vapour removal combined with box filtering of amide II integrated absorbance
images was found to be a robust method for the initial identification of cells on the
ATR crystal surface. By removing areas of integrated absorbance images known
to correspond to cell medium, the distribution of weaker spectroscopic bands cor-
responding to nucleic acids and glycogen could also be visualised within cells. The
nucleus, perinucleus, and cytoplasm was found to be distinguishable with univari-
ate analysis after this preprocessing. Different lineshapes of the phosphate I band
corresponding to DNA and RNA were also seen for the first time in a living cell.

This work demonstrates that micro ATR-FTIR spectroscopic imaging can be used

to examine living cells in bulk aqueous environments with subcellular resolution.
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7.2 Micro ATR-FTIR Spectroscopic Imaging for
Drug Detection within Living Cells

This thesis presents the first demonstration that micro FTIR spectroscopic imaging
is capable of detecting exogenous molecules directly within living cells. A metal-
carbonyl derivative was kindly provided by the Policar group for this work.

Preliminary studies were done using multiple-reflection ATR-FTIR spectroscopy.
This is the second example of direct drug detection with this methodology, and the
first time a drug was used that required the use of DMSO. Even at a 0.5% vol-
ume, the presence of DMSO in cell medium had an observable negative effect on
the spectra of live cells. Specifically, cells rounded due stress induced by DMSO,
reducing contact with the ATR crystal. In spite of this, the drug’s presence was
detectable within cells after 10 minutes. There were also signs that the pH environ-
ment of the metal-carbonyl drug changed during the experiment. This work shows
that multiple-reflection ATR-FTIR spectroscopy can be used to monitor dynamic
changes of live cell populations in response to exogenous molecules. In addition,
chemical modifications of the drug can be monitored simultaneously.

Spectroscopic imaging experiments to detect the same compound were much more
challenging. The stress induced by the addition of the DMSO and the drug itself
meant cell adhesion was inherently poorer. The maximum time cells could be in-
cubated with the drug and still successfully measured was found to be 40 minutes.
Amide II integrated absorbance images revealed significant phenotypic changes in
the cell’s morphology. It was also demonstrated that the drug could be detected
directly within a single cell, but not the cell’s outer extremity or the surrounding
cell medium. The drug was also shown to be present in the perinuclear region but
not the nucleus, in agreement with previous results.

This work shows micro ATR-FTIR spectroscopic imaging can be used to investi-
gate sub-cellular drug distribution within living cells. It can simultaneously provide

phenotypic information about the cell’s morphology.

7.3 Disrelation Mapping to Investigate Molecular
States of Water in Live Cells

A combination of generalised 2D correlation analysis, disrelation analysis, and dis-
relation mapping was applied to spectroscopy and spectroscopic imaging datasets of

live cells. For the first time different distributions of molecular states of water were
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observed in live cells with both methodologies.

2D correlation analysis was carried out to investigate the change in water’s dy-
namic spectrum as a function of heating. This indicated that three sub-bands best
describes the evolution of water’s OH stretching band, which were assigned to bound,
free, and intermediate water. Disrelation analysis of spectroscopic images of live cells
showed a similar cross peak to that observed in the water heating experiment. As
all the spectra within the spectroscopic imaging dataset were taken simultaneously,
it is not expected that significant variations in temperature would be seen across the
image. This implies different distributions of the three states of water are present
within cells compared to aqueous medium.

Disrelation mapping provided more striking evidence of this, showing a signifi-
cant disrelation intensity at the interface between the cell and the surrounding cell
medium. Disrelation analysis also provided a further insight, attributing the change
in molecular states of water to the strong increase of water associated with protein.

This work further illustrates that disrelation mapping of spectroscopic images is

a powerful tool to highlight subtle spectral differences in complex samples.

7.4 Overall Conclusions

A convenient method of conducting FTIR spectroscopic imaging measurements on
live cells, without the need of microfluidic technology, has been developed in ATR
mode. The increased spatial resolution combined with the ability to generate an
average spectrum from regions of interest proved particularly useful in the analysis
of spectroscopic images. DNA and RNA was found to be distinguishable using the
phosphate I band and an exogenous molecule was detected within a living cell for the
first time using FTIR spectroscopic imaging. A further benefit of the data generated
from this methodology is the high signal to noise of the OH stretching region, which
allowed the hydrogen bonding environment of water to be investigated. These results
show that ATR-FTIR spectroscopic imaging of live cells has great potential in the
fields of cell biology and early stage drug discovery.
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7.5 Recommendations for Future Work

Many of the challenges encountered in this work stem from the fact that the Agilent
ATR-FTIR microscope was not designed explicitly for imaging of live cells. Some
ideas to further the methodology for infrared spectroscopic imaging of live cells are

presented below.

1. The coupling of a quantum cascade laser to an infrared microscope capable
of ATR imaging mode is expected to greatly improve the quality of spectro-
scopic measurements. As quantum cascade lasers (QQCL) are discrete sources
of infrared, specific wavenumbers could be scanned. This would greatly im-
prove the measurement time in ATR spectroscopic imaging. The brilliance of
the source would also improve the signal to noise, allowing better utilisation
of the high spatial resolution seen in ATR spectroscopic imaging. A QCL
source would also improve transmission imaging as larger path lengths could
be utilised. In addition, transflection of live cells could be explored further.
As light would travel through the same cell twice a greater proportion of the
absorbance signal would come from cells, compared to transmission imaging

with an increased path length.

2. A heated micro ATR crystal would allow continuous monitoring of cells with
an infrared microscope. As seen in multiple-reflection ATR experiments, con-
tinuous monitoring greatly improves the ability to measure the kinetics of drug

accumulation within the cell and detect changes in both the drug and the cell.

3. A different ATR accessory design would greatly improve infrared spectroscopic
imaging of live cells. For example the ATR crystal should not be glued in
place, but designed to be held in place mechanically. This would allow more
effective cleaning and allow other forms of surface modification to be carried
out on the ATR crystal to improve the hydrophilicity of the surface. This
could also allow the use of Surface Enhanced Infrared Absorption Spectroscopy
(SEIRAS), which can increase the signal by 2 orders of magnitude (Ataka and
Heberle, 2007).

4. Ultimately, super-resolution techniques will be required for infrared spectroscopy
to properly investigate organelles smaller than the nucleus. Systems like this
have been developed but so far they have not been applied to live cells. This

would be a very interesting area to pursue.

5. Micro ATR-FTIR spectroscopic imaging is capable of distinguishing the nu-

cleus from cytoplasm. This is valuable information for the development of
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chemotherapy drugs, which often accumulate in the nucleus. This application
should be explored further. It is speculated that with the instrumentation
improvements suggested above other exogenous chemical groups, in addition

to metal-carbonyl derivatives, could be detected.

. Metal-carbonyl derivatives have been proven straight forward to detect by
multiple-reflection ATR spectroscopy of cell populations. There is great scope
here for live cell assay development using metal-carbonyl derivatives as probes.
One advantage of infrared spectroscopy over fluorescence is that it is more
straight forward to make quantitative measurements within cells, as fluores-

cence intensity of is affected by the local environment within cells.

. The combination of spectroscopic imaging with two-dimensional correlation
spectroscopy has proven very useful. Spectroscopic imaging is useful for high-
lighting areas of chemical heterogeneity within a sample area. Two-dimensional
correlation analysis, or disrelation mapping, can then be effectively utilised to
further investigate the spectral changes that occur across this boundary, which
are often not easy to characterise. It is expected that this method of analysis

will be very useful in a variety of applications of spectroscopic imaging.
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Appendices

Table 7.1: Table summarising the properties of the main label-free microscopy
techniques discussed in section 2.2.*Lateral resolution of infrared spectroscopic
imaging is typically 8 pm in transmission mode and 3 pm in ATR mode.

Technique Resolution | Advantages & Disadvantages

Advantages

o fast acquisition
Quantitative . _ .
_ 0.4 pm quantitative measure of optical thickness
phase microscopy .
Disadvantages

no chemical information obtained

Advantages

) optical sectioning without confocal setup
Second harmonic _ _ _ )
deep tissue imaging possible

generation mi- | 0.5 pm )
Disadvantages

CroSCcopy . .
non-centrosymetric symmetry required
high power pulsed laser system required
Advantages

Third  harmonic optical sectioning without confocal setup

generation mi- 0.4 pm Third order optical response seen in all media

CrosScopy Disadvantages
high power pulsed laser system required
Advantages
chemical information obtained
high resolution compared to infrared

) Disadvantages
Raman mapping 1 pm

high power laser required
long acquisition time
typically low sensitivity without use of SERS

probes
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Technique

Resolution

Advantages & Disadvantages

Infrared spectro-

scopic imaging

3/8% pm

Advantages

low risk of photo-damage

fast acquisition of spectroscopic images
Disadvantages

high absorbance of infrared light by water

relatively low lateral resolution

Nonlinear Raman

microscopy

1 pm

Advantages

fast acquisition of specific frequencies
chemical information obtained
Disadvantages

acquisition is slow if whole spectrum is re-
quired

nonlinear optical setup required

high power pulsed lasers are required
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