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Abstract

Protein aggregation and crystallisation play an important role in the development of
biopharmaceuticals and for structural proteomics but both processes are still poorly understood.
There is a demand for new methods to screen the extensive range of conditions that promote

crystallisation and aggregation as well as provide insight into the behaviour of the proteins.

Attenuated Total Reflection (ATR) — Fourier Transform Infrared (FTIR) spectroscopic imaging is a
powerful analytical tool which can be applied to study proteins. This technique combines ATR-FTIR
spectroscopy with an infrared array detector allowing for both spatial and chemical information to
be obtained from the sample. There are a range of imaging fields of view and spatial resolution
possible with ATR-FTIR spectroscopic imaging and this presents multiple opportunities for the study

of proteins.

The purpose of this research was to further develop the application of ATR-FTIR spectroscopic
imaging within the field of protein studies. ATR-FTIR imaging has been applied to study the effects of
different conditions for microbatch protein crystallisation in a high throughput manner, where many
samples can be analysed at the same time on the surface of a Macro ATR crystal by building a wax
grid with multiple wells for different samples. Additionally, Micro ATR-FTIR imaging was combined
with hanging drop protein crystallisation for high spatial resolution imaging of the growth of protein
crystals. The surface properties of Silicon ATR crystals were modified to create a gradient of
hydrophobicity allowing the effect of different surface properties on protein adsorption and
crystallisation to be studied in situ. The development of these approaches will advance the use of
spectroscopic imaging within the field of biopharmaceuticals, where it is has the potential to help
the optimisation of both biopharmaceutical drug discovery processes and structural proteomics

studies.
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Chapter 1 - Introduction

[. Background

Our understanding of protein structure and function has advanced dramatically over the last 20
years or so, at least in part, as a result of the time and effort spent on structural proteomic projects
(Chandonia and Brenner, 2006). Obtaining high-resolution 3D protein structures is essential to gain
insights into the mechanism of action of these important molecules, as well as to provide a potential
framework for rational and targeted drug design. X-ray diffraction is the most commonly used
method for determination of high resolution structures but obtaining well-diffracting protein crystals
can be both difficult and time consuming (Bolanos Garcia et al., 2009). As more and more structures
are solved the remaining uncharacterised proteins tend to be those that are the most challenging to
work with including multi-subunit complexes, unstructured proteins (Uversky, 2002), and integral
membrane proteins (Bill et al., 2011). Methods to provide efficient high-throughput screening of
conditions likely to yield diffracting protein crystals would greatly facilitate studies on the more
challenging protein molecules. In addition although X-ray crystallographic studies can reveal much,
such studies produce static snapshots of protein molecules and lack dynamic information key to

understand the conformational changes associated with function.

Many of the most challenging types of proteins are prone to aggregation and unfolding as a result of
the conditions used for isolation and final preparation (Gutmann et al., 2007). Similar problems are
known to occur in the case of biopharmaceuticals such as therapeutic antibodies and antibody
fragments (Shukla, 2005, Dengl et al., 2013). Whilst it is likely that increases in protein concentration
along with exposure to extremes of pH, temperature and ion concentration can result in protein
aggregation during processing (Arosio et al., 2011), the effects of the surfaces that proteins
encounter during isolation are far less well understood (Gerontas et al., 2013, Matheus et al., 2006).
A much better understanding of the effects of surfaces on protein behaviour has major implications
for the development of biomedical materials, clinical diagnostics and cellular adhesion (Ma et al.,
2007, Nakanishi et al., 2001, Chittur, 1998). One prominent field is the study of the effect of surface
properties on proteins which has major implications in the development of medical devices and
implants (Ma et al., 2007, Mei et al., 2005). The ability to understand the role that a particular

surface has on a protein conformation, in situ would be extremely valuable.

Infrared spectroscopy, in particular attenuated total reflection (ATR) Fourier transform infrared
(FTIR) spectroscopy and when coupled with a focal plane array detector for ATR-FTIR imaging, has

significant potential as an analytical technique to facilitate both protein crystallisation studies and

18



investigations on the effect of surface properties on protein behaviour as well as other key questions

related to protein structure and function.

II. Objectives
The full potential of ATR-FTIR spectroscopic imaging as a means of studying proteins is yet to be

realised; therefore, the main objective of this thesis was to develop the applications of ATR-FTIR

spectroscopic imaging within this field.
More specifically, the main objectives can be summarised as follows:

e The challenge of using ATR-FTIR spectroscopy with a diamond ATR crystal is possible band
shifts associated with the effects of anomalous dispersion. This could have repercussions for
the analysis of the amide bands in protein measurements. It is thought that by increasing
the angle of incidence of IR light to a sample, the effects of anomalous dispersion can be
reduced. One aim of this thesis was to carry out a study to determine if these band shifts
could be indeed overcome through the use of ATR-FTIR spectroscopic imaging with variable

angles of incidence.

e ATR-FTIR spectroscopic imaging, with its ability to provide both spatial and chemical
information from samples, can be applied to protein crystallisation studies. One of the main
objectives of this thesis was to further develop its application within this area by expanding
the use of Macro ATR-FTIR imaging to study a greater number of protein samples
simultaneously, providing a method of high throughput screening for successful

crystallisation conditions.

e Also within the potential applications of spectroscopic imaging to protein crystallisation
studies, one aim was to combine the use of Micro ATR-FTIR spectroscopic imaging with
hanging drop protein crystallisation. This would provide the opportunity to measure the
growth of protein crystals with a higher spatial resolution and could be applied to proteins

that are challenging to crystallise to the standard required for X-ray diffraction experiments.

e ATR-FTIR spectroscopic imaging is well suited to measure relatively thin surface layers of a
sample and is also inherently suited to high throughput applications. Another objective of
this thesis was to investigate the combination of gradient surface chemistry formed on the
surface of an ATR element and ATR-FTIR spectroscopic imaging to study the effect of

different surface properties on protein adsorption and crystallisation.
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[II. Outline of thesis
The work in this thesis presents the applications of ATR-FTIR spectroscopic imaging to different areas

within the field of protein studies. Chapter 2 provides a detailed literature review of the main
challenges within this field and introduces the fundamentals of both ATR-FTIR spectroscopy and
ATR-FTIR spectroscopic imaging. It also discusses the suitability of the technique to help overcome
some of the challenges faced in protein studies. Chapter 3 provides a brief introduction and

explanation of the main experimental equipment used to carry out this work.

The main experimental results are presented in Chapters 4 — 7. The application of ATR-FTIR
spectroscopic imaging with variable angles of incidence using a diamond Golden Gate accessory to
overcome the effects of anomalous dispersion is discussed first in Chapter 4 as this had some
implications on the choice of internal reflection element used for the rest of the work in the thesis.
Chapter 5 is divided into two parts showing the application of ATR-FTIR spectroscopic imaging to
protein crystallisation. The first part demonstrates the use of Macro ATR-FTIR spectroscopic imaging
for high throughput studies of microbatch protein crystallisation and the second part shows the
development of Micro ATR-FTIR imaging combined with hanging drop protein crystallisation for in

situ studies of protein crystallisation growth with high spatial resolution.

The combination of gradient surface chemistry with ATR-FTIR spectroscopic imaging was achieved
for high throughput studies on the effect of surface hydrophobicity on protein adsorption and

crystallisation. This work is presented in Chapter 6 of the thesis.

The conclusions from each of the different studies in this thesis are discussed separately at the end
of each chapter. However, a summary of the main conclusions obtained from the work of this thesis
are presented in the final chapter along with a discussion on recommendations for future work

within this field.
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Chapter 2 - Literature Review

[. Overview
The use of recombinant expressed proteins as drugs is a rapidly emerging field known as

Biopharmaceuticals. This requires knowledge of the function of the protein which can be
determined from its structure. The majority of target proteins are membrane proteins. These are the
proteins found within the membranes of all cells in the body and are responsible for a variety of

functions such as cell signalling for immune responses.

There are currently several methods employed to study the structure of proteins, each with their
advantages and disadvantages. The one that is most commonly employed is X-ray crystallography as
this can provide very high resolution structural information. However, this technique requires
proteins to be crystallised which has proved to be a major bottleneck in the structural determination
of proteins, particularly membrane proteins. Other methods of studying protein structure include
Nuclear Magnetic resonance (NMR), Circular dichroism (CD) and Fourier transform infrared
spectroscopy (FTIR). These methods are useful in that they allow for the study of proteins in a
variety of environments and are not limited to the study of crystalline proteins. These are most
commonly applied as complementary techniques to X-ray crystallography and offer valuable insight
into protein structure. However, efforts to improve the rate and ease of protein crystallisation

experiments for X-ray crystallography are still considered to be important for structural biologists.

One of the major issues with membrane proteins is their tendency to non-specifically aggregate in
solution which prevents the formation of protein crystals for X-ray analysis. This is overcome
through the use of detergents but with over fifty different detergents available, obtaining the
optimum conditions for crystallisation can be time consuming and expensive (Vergis et al., 2010). It
is also difficult to obtain large quantities of membrane protein through standard protein expression
methods meaning the ideal screening process for conditions should minimise the amount of protein
used. In view of the development of biopharmaceuticals, a major problem in the development of
this field is the tendency for the proteins to non-specifically aggregate at high concentrations
(Cromwell et al., 2006). This can affect the drug potency and the immune response of the body.
Given this, there is a demand to develop new ways in which to identify protein aggregation as early
as possible during the drug discovery process as well as methods to screen extensive ranges of

conditions that may reduce or prevent aggregation within samples.
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In addition to the challenges detailed above, the interaction of proteins with surfaces is also an
important area of research. During bioprocessing, understanding the role of surface interactions
during isolation processes, for example, with the protein is also necessary to reduce the risk of the
surface modifying the native protein conformation (Gerontas et al., 2013). This is equally true in
other areas of research, such as for the development of biomaterials. Gradient surfaces have been
shown to be an important tool in studying the effect of different surface properties in a high
throughput manner although the current methods of characterising the protein adsorption onto the

surface typically rely on the use of tags or dyes.

Attenuated total reflection (ATR) - Fourier Transform infrared (FTIR) spectroscopic imaging couples
an infrared spectrometer and an FPA detector to provide both spatial and chemical information
about the sample on the ATR crystal surface. This had been readily applied to the study of
pharmaceuticals, biomedical samples and for art conservation, to give a few examples (Kazarian and
Chan, 2013, Kazarian and Chan, 2010). It can be applied in a high-throughput manner, where several
samples are measured simultaneously on the imaging surface of the ATR crystal. In this project, the
high-throughput imaging capability of ATR-FTIR spectroscopic imaging has been further developed

for the study of proteins.

The purpose of this literature review is to introduce the challenges faced within protein research,
particularly within protein crystallisation studies, and consider how ATR-FTIR spectroscopic imaging

may be used to help overcome some of them.
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I[I. Proteins

i. Protein Structure
In simple terms, proteins are organic compounds composed of chains of amino acids folded into
complex structures. They play an important role in every aspect of life from the processes within
cells such as cell signalling and the immune response to the formation of muscle fibres. The field of
proteomics is devoted to characterising the structure of every protein within the human genome in
order to determine their functions, which has been shown to be dependent on the three
dimensional structure of the protein. The rapidly growing field of bio-therapeutics, where
recombinantly expressed proteins are used as drugs, also relies on accurate structural information in

order to develop new targeted therapeutics.

The structure of a protein molecule can be divided into four main components, illustrated in Figure
1. The primary structure is the sequence of amino acids within the molecule. Twenty different amino
acids can join in a particular order through peptide bonds to form a linear chain. This chain is then
folded into local sub-structures formed by hydrogen bonding between peptide groups. These local
3D structures define the secondary structure of the protein, the most common being the a-helix and
the B-sheet. Since the secondary structure is determined by the hydrogen bonding pattern between
Amide and carbonyl groups of the polypeptide chain, it is possible to have several different types of
secondary structural units within one protein molecule. The tertiary structure of the protein is
formed from the packing of secondary structure subunits of one protein molecule into one globular
unit and the quaternary structure is the interaction of several protein molecules into a single

structure.
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Figure 1 - Different types of protein structure.
(http://academic.brooklyn.cuny.edu/biology/bio4fv/page/3d_prot.htm)

Protein molecules have highly complex folding patterns which are dependent on the amino acid
sequence and on several environmental influences. The folding of proteins is one of the most
fundamental examples of self assembly in nature and the three dimensional structure along with

amino acid sequence ultimately determines its molecular function (Dobson, 2003, Branden and

Tooze, 1991).
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ii. Protein structural studies
High resolution structural information of proteins provides unparalleled insight into protein function.

This in turn can be used to understand the molecular basis of diseases and aid in the development of
novel drugs. Vast amounts of resources are spent both obtaining protein structures and developing

methods to rationalise and improve the structure determination process.

All structural analysis techniques require significant amounts of highly pure, stable and functional
proteins. This can be challenging for many proteins but is particularly tricky for membrane proteins.
Membrane proteins present within the lipid bilayer are classified as either peripheral or integral
depending on how closely they are bound to the membrane (Hames and Hooper, 2005). Integral
membrane proteins are amphiphilic and interact strongly with the hydrophobic core of the lipid
bilayer. These proteins are involved in many biological processes such as respiration, uptake of
nutrients and cell signalling (Alguel et al., 2010). Given the crucial role they play in cell function,
integral membrane proteins are considered important drug targets. For example G-protein coupled
receptors, which mediate cellular responses to a wide variety of biologically active molecules
including hormones, neurotransmitters and a wide range of drugs (Bertheleme et al., 2013),
represent a high percentage of all drug targets (Rask-Andersen et al., 2011). Aside from being drug
targets, membrane proteins make up approximately 15 — 30 % of the proteome (the total
complement of proteins present within a cell or cell type at a time) of organisms and hence in

structural proteomics, they represent a large area of study within the field (Vergis et al., 2010).

The Protein Data Bank (PDB) is a database containing the results from structural proteomic projects
worldwide. Despite constituting nearly half of a cell’s proteome, the number of membrane protein
structures present in the PDB is only about 1 % of the total number. As of September 2013,there
were 93970 protein structures in the protein databank (http://www.pdb.org/pdb/home/home.do)
of which 773 are membrane proteins (http://blanco.biomol.uci.edu/mpstruc/). Figure 2 is taken
from the PDB and shows a snapshot of progress in structure determination as of April 2011;
although this information is now out of date due to progress in the last two years, it does highlight

the poor attrition rate within the structural proteomics pipeline for all classes of proteins.
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Figure 2 - Summary of all Major Structural Genomics projects worldwide on April 21, 2011 (http://targetdb.pdb.org).
As of 21% April 2011, just over 186000 target proteins were successfully cloned, the initial stage in structural analysis.

From these proteins only 9300 structures were deposited in the protein data bank.

There are technical challenges present at each stage of the structural characterisation process for
proteins; from expression and purification through to structural determination (Bill et al., 2011,
Carpenter et al., 2008). For the majority of target molecules, the first stage is recombinant
expression of the protein which involves growing the protein often in a non-native source, for
example bacteria or yeast cells. Although this has proved very successful for the production of large
guantities of globular proteins, the same cannot be said for membrane proteins (Alguel et al., 2010).
One hypothesis on this issue is that membrane proteins are toxic to host cells, particularly when
bacteria are used (Wagner et al., 2008). This toxicity means that yields are often low. For every new
target protein several different expression systems have to be trialled to optimise the amount of
protein obtained or several homologues from different organisms are screened in order to identify
the most tractable protein. Following expression, the target protein has to be purified with the aim

of achieving a pure and stable protein, in a quantity suitable for structural studies.

X-ray crystallography is a key tool capable of providing high resolution structural images of proteins
molecules and as such is the most powerful analytical technique for structural biologists
(McPherson, 2004). X-ray radiation is directed at a protein crystal and is diffracted due to the
arrangement of atoms within the crystal. The repetitive nature of structural units within a protein

crystal produces a diffraction pattern, formed from the interference of the diffracted X-ray beams.
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This diffraction pattern allows a three dimensional image of the electron density within the crystal to
be generated and the position of atoms and chemical bonds within the structure to be determined.
Hence, the three dimensional structure of a protein can be deduced from its X-ray diffraction
pattern (Drenth, 1999). Obtaining well diffracting crystals is time consuming and expensive in terms
of protein and laboratory consumables and is seen to be a major bottleneck in protein structural

studies, especially for membrane proteins.

In order to crystallise a membrane protein, it must first be purified from the cells used to express the
protein and solubilised. Detergents are used to extract and solubilise membrane proteins from the
cell but also act to stabilise the protein in its native form in the absence of a membrane (Prive,
2007). The detergent molecules share the dual hydrophobic/hydrophilic characteristics of both the
membrane lipids and membrane proteins. Detergents disrupt the interactions between the
membrane proteins and the lipid bilayer and surround the hydrophobic regions of the membrane
proteins effectively shielding the protein from the aqueous environment (Prive, 2007). The
membrane proteins are then isolated using column chromatography techniques and if this is
successful the protein is concentrated prior to use in crystallisation trials. However even when
detergents are used the highly hydrophobic nature of the membrane proteins means they tend to
non-specifically aggregate in solution (Alguel et al., 2010). Formation of these insoluble aggregates
causes irreversible loss of protein during the solubilisation, purification and concentration processes.
In addition, the presence of large detergent micelles around the hydrophobic regions of the
membrane proteins significantly reduces the likelihood of forming crystals (Gutmann et al., 2007).

Even when crystals can be obtained they are often small and diffract poorly.

Another technique which is being applied increasingly to protein structural studies is solution state
nuclear magnetic resonance (NMR). This has the advantage that the protein does not need to be in
crystalline form to be analysed. However, it is generally limited to the study of small proteins, (<40
kDa) and often requires high temperature data collection (up to 50°C). Membrane proteins require
the presence of detergent to stay in solution and the resulting protein-detergent complexes are
generally too large for study using solution state NMR for all but the smallest (Tamm et al., 2003)
and most stable (Gautier et al., 2010) membrane proteins. Recent developments have also seen the
use of the femtosecond X-ray free-electron laser technique to obtain protein structural information
(Chapman et al., 2011). However, this still requires the growth of large numbers of perfectly formed
protein nanocrystals, albeit the requirement for perfectly formed crystals of a certain size is reduced
as it utilises nano-crystals. Furthermore, other spectroscopic methods such as Circular Dichroism

(CD) (Whitmore and Wallace, 2008) and FTIR can offer valuable insight into protein structure and
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behaviour; FTIR spectroscopy has many advantages for the study of proteins and will be discussed in

more detail in Chapter 2.111.

However, as of September 2013 X-ray crystallography is still the main method of determining high
resolution protein structures and accounts for 88.3 % of the 93970 structures deposited in the
protein data bank (http://www.pdb.org/pdb/home/home.do). As a result, efforts to facilitate
protein crystallisation for X-ray crystallography experiments are still considered to be very
important. This represents a key aim of this research; to develop ATR-FTIR spectroscopic imaging to
study protein crystallisation. It should also be noted that although the proteins used in this work are
well characterised soluble proteins due to ease of availability, there is great potential for ATR-FTIR
spectroscopic imaging to help address some of the challenges faced in the study of other more

challenging proteins including membrane proteins in the future.

iii. = Protein crystallisation
A major hurdle in the structure determination of proteins by X-ray crystallography is the production

of well diffracting crystals. Protein crystallisation is often referred to as a “black art” since it is very
difficult to predict the optimum crystallisation conditions for a particular protein (Chayen, 2004,
Bolanos Garcia et al., 2009). Factors such as pH, temperature and precipitant, as well as the
concentration of protein and of precipitant, all have to be optimised for every new protein being
characterised in order to obtain diffraction quality crystals. The choice of crystallisation method is

also important.

There are currently several crystallisation methods used in structural biology laboratories. The
traditional approaches employing vapour diffusion methods such as hanging or sitting drop are the
most widely used, however other methods including microbatch have been successfully used to
crystallise a number of proteins. Other novel methods, including the use of porous surfaces and
seeding technologies (Chayen et al., 2001, Bolanos Garcia et al., 2009)have been developed along
with significant progress in nanocrystallography (Bodenstaff et al., 2002) as well as specialized
techniques such as lipidic cubic phase (Cherezov, 2011) and bicelle crystallisation (Faham and Bowie,
2002) suitable for membrane proteins. Despite these exciting developments, hanging drop or sitting

drop are still the most commonly employed methods.

Crystallisation is a phase transition phenomenon and each crystallisation method can be
represented on a phase diagram (Figure 3). Protein crystals grow when the aqueous solution is
brought into supersaturation which can be achieved by varying pH, temperature and precipitant, as

well as the concentration of protein and of precipitant.
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Figure 3 - Protein crystallisation phase diagram. The four major crystallisation methods are represented: (i) microbatch,

(ii) vapor diffusion, (iii) dialysis and (iv) FID (Chayen, 2004).

There are four zones within the phase diagram, each representing different degrees of
supersaturation of the protein solution. In the zone of supersaturation, the protein will precipitate
out of solution without the formation of crystals. The zone of moderate supersaturation allows for
spontaneous nucleation of protein crystals, called the nucleation zone. Below this is the metastable
zone which will not allow for further nucleation but facilitates the growth of existing nuclei into well

ordered crystals. Finally, the undersaturation zone is such that the protein will remain in solution

and never form crystals.

Even within the nucleation zone, an energy barrier has to be overcome to create an interface
between crystal nucleus and solution. When the probability of this occurring is identical at any
position in the solution, this is termed homogenous nucleation. When some form of interface
already exists within the system, for example a surface of some kind, the nucleation is termed
heterogeneous. The likelihood of a nucleus forming on or around that surface is much higher than

elsewhere in the solution as the energy required to form the initial interface is much lower (Garcia-
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Ruiz, 2003). Homogenous nucleation is unlikely to occur under laboratory conditions as it will only

occur within exceptionally pure solutions with the correct supersaturation (Garcia-Ruiz, 2003).

Each crystallisation method outlined on the phase diagram (Figure 3) aims to achieve the growth of
crystals but through slightly different paths. The vapour diffusion approach is represented by path ii
on the phase diagram and it involves equilibrating the protein solution against a reservoir solution
containing crystallising reagents. A concentration gradient exists between the two causing the loss of
water from the protein drop to the reservoir. This increases the concentration of protein in the drop,
leading it into the nucleation zone and allowing the formation of protein crystals. The two main

methods of vapour diffusion are sitting drop and hanging drop, shown in Figure 4.

Microbatch crystallisation is less popular compared to vapour diffusion methods, but is no less
effective (Chayen, 2004). In this case, the formation of protein crystals takes place under oil. Unlike
vapour diffusion methods, where the system is dynamic and conditions change throughout, in
microbatch the protein and reagent concentration at start of experiment are such that upon mixing
supersaturation occurs allowing the formation of crystals (Path i on phase diagram). Qil is used to

prevent any evaporation from the system as illustrated in Figure 4.

Protein and reagentdrop Protein and reagentdrop Protein and reagentdrop

\ [

A 3

/ I

Reservair Reservoir Paraffin oil

1. Hanging drop 2. Sitting drop 3. Microbatch

Figure 4 - Common methods of protein crystallisation.

There are other crystallisation techniques that can be used including dialysis and free interface
diffusion but the most commonly applied are the vapour diffusion methods (Chayen and Saridakis,
2008). The main reason for this is that high throughput screening of crystallisation conditions can be
carried out on commercially available plates designed for hanging or sitting drop experiments.
However, despite this high throughput availability, the time to obtaining crystals has not been
significantly reduced (Chayen, 2004). Screening using commercially available plates relies heavily on

the use of optical microscopes to identify “hits”, that is to say conditions which have allowed the
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formation of a crystal. The “hit” conditions are then further optimised until well-diffracting crystals
of optimal size are obtained (Chayen and Saridakis, 2008). It is important to note that throughout
this optimisation process there is no effective way to distinguish between protein crystals and salt
crystals. Current methods of identifying whether a crystal is proteinaceous involve the use of
Coomassie Brilliant Blue dye or by means of a “crush test”(Chan et al., 2009). Both these methods
are invasive and result in the damage or loss of a potentially viable protein crystal. This means that
vast amounts of time could be spent optimising crystal conditions only to find at the very last stage

via X-ray diffraction that the crystal is in fact that of the precipitant rather than protein.

Another issue within protein crystallisation studies is that of amorphous precipitation. These
precipitates form when the protein crystallisation experiment is within the supersaturation zone of
the phase diagram. In comparison to a protein crystal, amorphous precipitates are formed of protein
molecules precipitated out of solution with a much less ordered structure; they cannot be used for
diffraction experiments. However, amorphous precipitates tend to maintain the native secondary
structure of the protein, in contrast to protein aggregates in which the protein is denatured through
change in secondary structure. As shall be discussed in subsequent chapters, infrared spectroscopy
can be used to obtain secondary structural information from protein systems. Therefore, one would
expect there to be little difference in the secondary structural information obtained from the IR
spectra of protein crystals and from protein amorphous precipitates. This does not negate the
advantages of this technique for use in protein crystallisation and other protein studies though,

which is discussed in more detail later.

Given the interest in facilitating the crystallisation process, there have been many developments in
this area. The automation of screening trials through the use of robotics has dramatically reduced
the drop volumes of protein solution (Ferrer et al., 2013, Santarsiero et al., 2002). Systems exist with
potential to deposit picolitre volumes of protein solution (Cherezov and Caffrey, 2006). There have
also been some exciting developments in the field of crystallisation using microfluidics (Li and
Ismagilov, 2010, Yu et al., 2012, Perry et al., 2013). Although this miniaturisation offers some
advantages for proteins that are hard to obtain in the quantities required for regular screening trials,
the reduction in drop volume has some impact on the rate of nucleation and the degree of
supersaturation often has to be higher (Bodenstaff et al., 2002). Also crystals grown under these
conditions are often too small for X-ray analysis even if a synchrotron radiation source is used
(Bodenstaff et al., 2002). Other areas, such as improving the rate and type of nucleation for growth
of ordered crystals, have also been the focus of recent research. Such techniques include the use of

seeding technologies and the use of porous Silicon surfaces, both of which act to control the
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nucleation of crystals within a protein solution (Bolanos Garcia et al., 2009). Molecularly imprinted
polymers (MIPs) are also increasingly being utilised to control the nucleation of protein crystals; the
use of template molecules to create cavities specifically tuned to a target protein molecule can

promote the formation of well ordered crystals for X-ray studies (Bergfors, 2003).

Even given these advances, challenges of protein crystallisation still remain and efforts to improve
the protein crystallisation process are still important. A way in which to screen for conditions whilst
distinguishing between different crystal types would be very advantageous to the facilitating of
crystallisation trials. Also despite the number of crystallisation studies occurring worldwide, there is
still a lack of understanding of the mechanisms of action of the precipitating agents with the protein
and despite the phase diagram, it is very hard to predict the optimum conditions required for crystal
growth because there is still a lack of understanding of the process kinetics (Chayen, 2004, Bolanos
Garcia et al., 2009). One analytical technique that could be used to aid in both these matters is ATR-
FTIR spectroscopic imaging. It can allow for the measurement of protein crystallisation in situ and is
chemically specific without the need for additional dyes or labels. This shall be discussed in more

detail in Chapter 2.1II.

iv.  Protein aggregation
As previously mentioned, protein molecules fold into complex structures in what can be viewed as

the most fundamental example of biological self assembly. This assembly is dependent on the
properties of the amino acid sequence and the protein’s surrounding environment. A protein in its
native environment is stable and able to fulfil the functions for which it was designed. The
fundamental mechanism of protein folding can be described by the Energy Landscape theory
(Stefani, 2008). A protein’s energy landscape contains all possible conformations along with their
corresponding free energy and entropy. In theory, a perfectly folded protein will occupy the
conformation with the lowest free energy. In order to reach this state it will search stochastically
through possible conformations meaning that at any stage in the folding process, misfolding could

occur leading to the formation of protein aggregates (Dobson, 2003).

Protein aggregation is a major area of study because its consequences are very far reaching. In vivo,
aggregation plays a role in many debilitating diseases for example Alzheimer’s disease, Parkinson’s
disease and Prion disease. In these cases, aggregation of proteins leads to the formation of amyloid
fibrils and inclusion bodies. In vitro, protein aggregation can be a hindrance to biological studies for
example in protein structural studies. Within the bioprocessing field, aggregation can be a major

issue for pharmaceutical companies where the manufacture and storage stability of therapeutic
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proteins is very important. This is especially true since protein therapeutics represents the fastest

growing sector within the pharmaceutical world (Jenkins et al., 2008).

This term, protein aggregation, refers to a wide range of folded states of the protein molecules that
can be caused by a variety of different interactions. They can be classified into many types, mainly
insoluble/soluble, covalent/non-covalent, ordered/disordered and native/denatured, depending on
nature of the protein, the environment in which it is being studied and the stability of the aggregate
(Cromwell et al., 2006). Covalent aggregates are the result of the formation of chemical bonds, for
example disulfide bonds while non-covalent aggregates can be the result of hydrophobic
interactions, hydrogen bonding or other electrostatic interactions. In vivo, amyloid fibrils are an
example of highly ordered aggregates which have a characteristic cross B-sheet structure where as

inclusion bodies are seen to be disordered (Fink, 1998).

The kinetics of aggregation are not fully understood and there are still key questions that need to be
answered in order to consistently prevent their formation during the production of biotherapeutics
or to aid in the development of treatments for protein deposition diseases (Dobson, 2003). These
include the nature of the species responsible for aggregation, the underlying mechanisms and
reaction kinetics as well as detailed structures of the aggregates, also why some folded
intermediates form ordered aggregates whilst others form unordered species (Fink, 1998, Dobson,

2003).

The need to control the aggregation of proteins during the production of biotherapeutics is
extremely important since aggregates are degradation products which affect the activity of the
protein and may cause undesirable immunogenic reactions within patients (Cromwell et al., 2006,
Rosenberg, 2006). They can occur at all stages of the manufacturing process from expression,
purification, storage and transport, where each step represents a potential risk of degradation in the
biological activity (Dengl et al., 2013, Arosio et al., 2011). This requires the use of accurate analytical
methods to detect the formation of aggregates at different stages of the process, as a form of
quality control. Without the use of such quality control measures, patients could be exposed to sub-
quality and even dangerous products. The default method used for detection is Size exclusion high
performance liquid chromatography (SE-HPLC) (Jenkins et al., 2008). However, results from this
technique often have to be confirmed with orthogonal methods due to potential inaccuracies. These
potential inaccuracies in the level of aggregation detected using SE-HPLC can arise from the
adsorption of aggregates within the column itself meaning they do not elute from the column and
from the formation or disassociation of aggregates during the sample run, for example (Carpenter et

al., 2010). This highlights the need for accurate, high throughput analytical methods for the study of
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aggregation in protein therapeutics as well as a need for greater understanding of protein behaviour
during throughout the different stages of bioprocessing; ATR-FTIR imaging and Raman spectroscopy

have good potential in this area.

v. The effect of surfaces on protein behaviour
Surfaces, both biological and synthetic can also have a major impact on the formation of aggregates.

The physicochemical properties of a surface can be very different from that of a bulk solution. This
may cause protein molecules to congregate on the surface and this increase in proximity or local
concentration could cause the formation of aggregates. Also, hydrophobic surfaces may induce
unfolding and aggregation; hydrophobic groups of a protein molecule which are normally hidden
within the folded native state interact with exposed hydrophobic functional groups on the surface
(Stefani, 2008). Understanding the effect of different surface properties on protein behaviour is an
important area of research for the development of biomaterials for use in biomedical applications
(Kim et al., 2008) and has far reaching implications within other areas as well, such as
nanotechnology and bioprocessing (Gray, 2004). Also, as discussed in Chapter 2.ILiii, the role of

surfaces in protein crystallisation experiments is also becoming increasingly important.

Given this importance, much time has been spent developing model systems and experiments
employing surface engineering tools to allow for the controlled study of the mechanisms of these
protein-surface interactions (Nath et al., 2004, Gray, 2004). The effect of wettability on protein
adsorption (Cha et al., 2008, Krishnan et al., 2006) is a key area of interest as it is an important factor
for biocompatibility and can greatly influence a protein’s conformation (Kim et al., 2008). The role of
surface properties on cell behaviour, such as proliferation and spreading is also of interest within the
field of bioprocessing and for the development of biomaterials (Lee et al., 1994, Ruardy et al., 19973,

Ruardy et al., 1997b, Kennedy et al., 2006).

There are several methods of modifying a surface such as PEG grafting and the use of self assembled
monolayers (SAMs) (Nath et al., 2004, Mrksich and Whitesides, 1996). SAMs can be applied to a
range of surfaces and desired surface properties can be obtained through the selection of the “tail
group” of the amphiphilic molecule. The ease and versatility of preparation as well as the extensive
range of functional groups that could potentially be deposited for study in a controlled way, makes
the use of SAMs well suited for fundamental studies on protein-surface behaviours (Mrksich and
Whitesides, 1996, Prime and Whitesides, 1991). Alkanethiols deposited on gold coated surfaces and

alkylsiloxanes on hydroxyl terminated Silicon surfaces are two of the most common SAMs systems.

In addition, the preparation of a gradient of surface properties, often using SAMs, has been shown

to be useful for such studies. These gradient surfaces allow for the variation of one property, such as
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wettability, along one direction of the surface and can be used to study the effect of the variable on
protein behaviour, in one study (Kim et al., 2008, Elwing et al., 1987, Mei et al., 2005). This can save
time and is more convenient than the preparation of separate surfaces with different properties

(Kim et al., 2008). Gradient properties can be achieved using standard SAM preparation techniques
such as vapour diffusion or solution deposition (Chaudhury and Whitesides, 1992, Ruardy et al.,

1997b). Where a thicker layer of functionalised material is required, the use of polymer brushes has
also been shown to allow for the formation of a gradient of surface properties, these can also allow

for more variation in surface topography (Morgenthaler et al., 2008, Neuhaus et al., 2011).

Analytical methods such as contact angle measurements, AFM, ellipsometry and SEM are used
extensively for the characterization of surface properties (Kim et al., 2008) but these provide limited
insight into protein conformation and behaviour. Fluorescence microscopy can also be used to
detect and quantify the presence of proteins, cells and other biological materials on the surface;
however, this typically requires the addition of tags or dyes to the protein molecules (Kim et al.,
2008). ATR-FTIR spectroscopy can offer insight into the behaviour of proteins on surfaces and has
been used to great effect in this area. This shall be considered in more detail in Chapter 2.ILviii
ATR-FTIR spectroscopic imaging has the potential to build on the advantages of traditional ATR-FTIR
spectroscopy for use within this field as it could allow for chemical imaging of the effect of gradient
surface properties on biological materials, such as proteins and cells to be studied simultaneously

and in situ.
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[II. Fourier Transform Infrared Spectroscopy
This section aims to provide a brief introduction to FTIR spectroscopy and the underlying principles
of the technique. The different sampling methods shall be discussed; its application to different
protein studies examined as well as recent developments in the field, such as surface enhanced
infrared spectroscopy (SEIRAS). Additionally, ATR-FTIR spectroscopic imaging shall be introduced and

discussed in detail.

i. Introduction
Fourier Transform infrared spectroscopy is a powerful and versatile analytical technique that can be
applied to a wide range of samples. It is based on the analysis of the interaction of infrared light with
matter. When infrared radiation is directed at a sample, it is absorbed due to the vibrations of
chemical bonds of the molecules. There is a correlation between the wavenumber at which samples
absorb IR radiation and chemical structure. Thus, from an IR spectrum both the chemical

components present in the sample and their molecular state can be determined.

In spectroscopic methods radiation is conventionally expressed as the reciprocal of wavelength,
wavenumber with the units’ cm™ as shown in Equation 1. Infrared radiation is in the range of 33 —
12800 cm™ and can be further divided into three types; near, mid and far infrared radiation, each
with their own advantages for spectroscopic studies (Atkins and de Paula, 2002). Mid IR

spectroscopy uses radiation from 400 — 4000 cm™ (Smith, 1996).

-1 Equation 1

Fourier Transform infrared spectroscopy was first made possible by the invention of the Michelson
interferometer by Albert A. Michelson in 1880. However, it wasn’t until the development of
computer processing power and the advent of the Fast Fourier algorithm by Cooley and Tukey in the
1960s that the technique became more widely used, as summarised by Griffiths (Griffiths and De
Haseth, 1986). Further technological developments now mean that is possible to obtain high quality
FTIR spectra from a sample in a matter of minutes or less. In addition, the wide variety of sampling
techniques means the FTIR spectroscopy is one of the most versatile and useful chemical analysis

methods available to scientists.
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ii. FTIR Spectrometers
The fundamental principles of infrared spectrometers have remained unchanged for decades
despite the improvements in data acquisition time. The typical arrangement consists of a source of
infrared radiation, an interferometer, a sampling device, a detector and some form of analysis

software.

Most common FTIR spectroscopy utilises the mid IR region, thus a spectrometer must have a source
that emits IR radiation with a wavenumber range of 400-4000 cm™. Two of the most common
sources are the Nernst filament and the Globar (Atkins and de Paula, 2002). A Nernst filament is a
ceramic filament of lanthanide oxide which is heated to between 1200 and 2000 K enabling the

emission of mid IR radiation. A Globar is a rod of Silicon carbide electrically heated to 1500 K.

At the heart of the infrared spectrometer is the Michelson interferometer. This optical device allows
the absorption of IR radiation by the sample to be calculated and can be represented by the
schematic in Figure 5. It typically consists of a source of IR radiation, a fixed mirror, a moveable
mirror and a beam splitter. An interferometer works by splitting the incoming IR beam into two
separate beams using the beam splitter which allows half of the radiation striking it to be
transmitted to the fixed mirror and half of it to be reflected to the moveable mirror. The beam
exiting the interferometer is a result of the two beams recombining with varying degrees of phase

difference dependent on the position of the moveable mirror relative to the beam splitter.

Moveable mirror

(—

Eeamsplitter

I
|
I
i
Light :
source

Fixed mirror

Detector

Figure 5 - Schematic of interferometer.
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When the moveable mirror and fixed mirror are equidistant from the beam splitter, the distance
travelled by each beam is the same. That is to say; there is zero optical path difference. The
moveable mirror is translated away from the beam splitter to introduce an optical path difference, 6.
The optical path difference is equal to twice the displacement of the mirror. The introduction of an
optical path difference means that the two beams will interfere either constructively or destructively
upon recombination because of the difference in phase between them. Constructive interference
occurs when the optical pathlength is equal to a multiple of wavelength, 6= nA. Whereas destructive

interference occurs when the beams are out of phase by half a wavelength, 6= (n+0.5)A.

The detector measures the variation of light intensity with optical path difference to produce an
interferogram. This is a plot of light intensity against optical path difference and is generated by
translating the moveable mirror back and forth once, in what is known as a scan. An interferometer
works on the principle that light of different wavelengths will undergo constructive and destructive
interference at different optical path differences producing their own unique interferogram.
Therefore, the interferogram measured by the detector is actually the summation of all these
individual interferograms, shown in Figure 6, and contains the intensity information for each
wavelength. Fourier transform is then used to decode this intensity information to produce a

spectrum based on the absorption of IR light by the sample being analysed.
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Figure 6 - Typical interferogram and transformation to spectrum (Smith, 1996).
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iii. = Quantitative analysis of FTIR spectra
FTIR spectrometers are typically single beam devices which means that in order to produce a
spectrum of absorbance from a sample the measured spectrum has to be ratioed with a background
spectrum (Smith, 1996). This background spectrum measures the distribution of infrared energy by
IR source and the absorbance of IR by environment such as atmospheric water vapour or carbon
dioxide. Thus, when a sample’s spectrum is ratioed against the background, it should remove any
influence of these environmental IR contributions from the sample’s spectrum. A drawback of this is
that during the course of a measurement the environmental conditions could change altering the
background spectrum; this may produce artefacts in the sample’s spectrum which could lead to the

wrong assignment of peaks or masking of sample peaks.

Once ratioed against a background spectrum, a transmission spectrum for the sample is generated
where the intensity of light transmitted through the sample (T) is calculated from:

T=— Equation 2
Iy

Where | is the measured intensity when sample is present and |, is the intensity measured when no
sample is in the beam path (taken from the background spectrum). This can be converted into an

absorbance spectrum using the equation:

A=logy,T Equation 3

Once a spectrum has been generated in absorbance units, it is possible to carry out quantitative
analysis using the Beer-Lambert Law (Smith, 1996). This law states that the absorbance of infrared
light by a component within a sample is proportional to the concentration of that component and

the pathlength of light within the sample (Equation 4).

Equation 4
A =gl

Where: A = absorbance, € = molar absorptivity, |= pathlength and c= concentration. The molar
absorptivity is dependent on the particular vibrational mode associated with the absorbance. This
relationship between concentration and absorbance adds to the versatility of FTIR spectroscopy by

allowing quantitative analysis to be carried out on the components within a sample.
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iv.  Spectral Resolution
The performance of a spectrometer is defined by its spectral resolution and the signal to noise ratio
achievable. The spectral resolution is the ability to distinguish between closely spaced spectral
features. It is dependent on the maximum retardation of the moving mirror within the
interferometer (Griffiths and De Haseth, 1986). As the optical pathlength increases, a spectrometer’s
ability to distinguish between features increases, that is to say its resolution is higher. There are
several ways of defining spectral resolution. The Rayleigh criterion states that in order for two peaks
of equal intensity to be just resolved, the valley between them must be 20 % lower than the tops of
the peaks (Smith, 1996). Whereas the Full-width-half-height (FWHH) approach looks at the width of
a band and states that for bands which are inherently narrow, the FWHH of the peak can be used to
measure the spectral resolution. A spectral feature is not resolved until the space between peaks is

greater than the FWHH of the peaks being studied (Griffiths and De Haseth, 1986).

Although the maximum spectral resolution is fundamentally dependent on the maximum optical
path length of the spectrometer it is possible to adjust the resolution by determining the number of
data points taken by the spectrometer to produce the spectrum, this is known as the instrumental
resolution. For example a spectrum measured at a resolution of 8 cm™ will contain a data point
every 8 cm™ which means for a spectrum of wavenumbers 400 — 4000 cm™ there will be 450 data
points on the spectrum. The retardation of the moving mirror is adjusted in order to achieve the

resolution required.

Despite having the advantage of being able to resolve close peaks, using high resolution
measurements will increase the noise of the spectrum. At lower resolutions, the optical path length
of the infrared beam is shorter and therefore, measures less noise than that at higher resolutions.
This has to be considered when selecting the resolution required for measuring the sample. High
resolution spectrum will contain a lot more information but will be noisier meaning the lowest
resolution possible should be chosen to enable spectral features to be resolved whilst keeping noise

to a minimum (Smith, 1996).

Angular divergence of the infrared beam also limits the maximum resolution that can be achieved.
The infrared beam passing through the interferometer is not perfectly collimated and as the
pathlength increases, it can spread out further. Since light at the centre of the beam and at the
edges will travel at different distances, destructive interference will occur as the beam travels to and
from the moving mirror reducing the intensity of the beam returning to the beamsplitter. This
increases the noise of the spectrum but is mainly applicable to resolutions above 4 cm™ in which

case an aperture can be used to overcome this problem (Griffiths and De Haseth, 1986).
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v. Signal to Noise
FTIR spectrometers have several advantages over dispersive spectrometers and it is necessary to
discuss these in order to understand signal to noise ratios. Dispersive instruments pass the IR beam
through a monochromator which splits the light into different wavelengths using a diffraction
grating or prism. The use of a slit decides which portion of these wavelengths passes through the
sample to the detector and the position of this slit is adjusted so that over the course of a
measurement each wavelength is detected. In this situation only a small portion of the IR beam is
being measured by the detector at a moment in time. In comparison with an FTIR spectrometer
which allows the entire IR beam to be incident on the detector at any one time; this is called the
Jacquinot advantage. The higher optical throughput reduces the noise level compared to dispersive
instruments. The second advantage is known as the multiplex or Fellgett advantage. The noise at a
particular wavenumber is proportional to the time spent measuring that wavenumber. Therefore,
since an FTIR spectrometer measure all wavenumbers simultaneously, more time can be spent
observing them, reducing the noise compared to dispersive instrument measuring individual

wavelengths within the same time frame.

The appearance of noise within a spectrum is the result of many variables such as the alignment of
the spectrometer and the detector used. The signal to noise ratio (SNR) is a measure of the noise in a
spectrum and is taken as the ratio between the heights of a component peak against a noise peak on
the baseline nearby. In order to be considered as a real feature, a spectral peak must be three times
the height of a noise peak. The SNR can be improved by several ways, one of which would be to
measure at lower resolutions as discussed in Chapter 2.1ll. iv and another through the co-addition of

scans which shall be considered below.

The multiplex advantage of FTIR spectrometers over dispersive instruments stated that noise was
proportional to the square root of time spent measuring a particular wavelength (Griffiths and De
Haseth, 1986). For a rapid scanning spectrometer with constant moving mirror velocity, this can be

expressed as:

SNR Ni Equation 5
Where: N is the number of scans. The co-addition of scans increases the possibility of random noise
within the interferogram being cancelled out. Therefore, increasing the number of scans increases
the signal to noise ratio. Although this suggests that increasing the number of scans will improve the
SNR indefinitely, this is not the case. There is a limit in the improvement in SNR achieved with

significantly larger number of scans due to the time it takes to obtain the measurement; over time
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there is more likelihood of noise being introduced into the system from environmental fluctuations

and from instrumental noise and vibrations which reduces the theoretical improvement in SNR.

vi. Sampling methods
The sampling method is the way in which the infrared beam is made to interact with the sample.
There are several methods available, each with advantages and disadvantages but this versatility in
sample analysis is one of Infrared spectroscopy’s greatest advantages as it enables the technique to
be applied to solids, liquids and gases. The multiple ways in which infrared light can be directed at
samples and the range of detectors available allows for the analysis of a wide variety of samplesin a

range of conditions.

The most traditional method of FTIR spectroscopy uses transmission, where infrared light is passed
through a sample; liquid and gaseous samples are sandwiched between two IR transparent
windows, shown in Figure 7a. Although straightforward and applicable to all types of samples, it has
some limitations. The sample thickness, for example is one. Since the beam is travelling through the
absorbing sample, this method requires short pathlengths of typically no more than 6 — 10 um
between the IR transparent windows, particularly in the case of aqueous samples. This is important
when aqueous samples are to be studied because water is a strong absorber of IR light; too long a
pathlength would result in all the IR radiation being absorbed by the sample and none reaching the

detector.

Reflectance infrared spectroscopy is where IR light is reflected off the external surface of a sample.
Two types of reflection can occur; specular reflection, which occurs when the angle of reflection is
the same as the angle of incidence of the IR beam and diffuse reflection, which results in the
scattering of IR light in all angles. Both types of reflected IR radiation can be used to obtain chemical
information from the sample although the method has several limitations. The use of reflectance
mode can be useful especially if only the surface of a sample is of interest but it can be limited to the
study of samples with polished surfaces. Diffuse reflectance FTIR has been found to be useful for the
study of samples which strongly scatter as opposed to absorb IR light such as solid particulates.
However, the sample often has to be ground into a non-absorbing medium such as KBr and since the
intensity of diffusely reflected IR light tends to be weak, long acquisition times are required to obtain

a good SNR.
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Figure 7 - Schematic showing the transmission sampling mode.

Attenuated Total Reflection offers an alternative sampling method that overcomes the pathlength
limitations of transmission. In this method the IR beam is directed at a prism made of IR transparent
material with a high refractive index known as an internal reflection element (IRE), such as Zinc
Selenide, Germanium or Diamond, Figure 8. The angle of incidence of the beam is greater than the
critical angle of the material and as such total internal reflection occurs. The critical angle (6., is
dependent on the refractive indices of the internal reflection element (n;) and the sample (n,),

according to Snell’s law (Equation 6).

sinf .y = —
et ny Equation 6

At the reflecting surface, a standing wave of radiation is established normal to the surface. This is
known as an evanescent wave and it decays exponentially with distance from the surface. This
evanescent wave interacts with the sample on the top surface of the ATR crystal as shown in Figure
8. The sample absorbs infrared radiation, attenuating the evanescent wave and its IR spectrum is

measured.
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Evanescent wave

IR Beam

Figure 8 - Schematic of infrared path through ATR prism where the angle of incidence of the IR beam (0,) is greater than

the critical angle (0).

The depth of penetration of the evanescent wave is the depth at which its electric field is decreased
to 1/e of its maximum value and is dependent on the wavenumber, refractive indices of both the

crystal and the sample and the angle of incidence of the IR beam, as shown in Figure 9 and Equation
7. Itis typically in the range of 0.5 -2 um although it should be noted that absorbance information is
obtained from the sample beyond this range, as the evanescent wave probes deeper than the depth
of penetration. Therefore, ATR measurements contain chemical information from approximately

three times the penetration depth (Kazarian and Chan, 2010). Table 1 shows the properties of some

ATR crystals and their typical depths of penetration.
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Figure 9 - Electric field of IR beam at ATR surface.

A
d, = — — )
P 2m(nisin?@ —n3)l? Equation 7

Since ATR-FTIR is inherently a surface layer technique in that the evanescent wave only interacts
with the several micrometer thick surface layer of the sample, it has advantages for protein studies
in particular. In comparison with transmission, it is much more amenable to the study of aqueous
samples and the sample preparation is generally much simpler. Additionally, it is a non destructive
technique in that samples can be deposited directly onto the ATR crystal with very little sample
preparation and removed again easily. This makes it applicable for a wide variety of samples and is
particularly useful where samples need to be measured using more than one technique. For the
study of proteins in solutions, particularly their behaviour at surfaces, ATR-FTIR spectroscopy is

commonly used, this is considered in Chapter 2.llLviii.
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Table 1 - Properties of ATR crystals (Pike Technologies).

Water
LWL, pH Hardness,
ATR crystal nl dp Solubility,
cm-1 Range Kg/mm2
g/100g
Diamond 2.4 525 1.66 Insoluble 1-14 5,700
Germanium 4 780 0.65 Insoluble 1-14 550
KRS-5 2.37 250 1.73 0.05 5-8 40
Silicon 3.4 1500 0.84 Insoluble 1-12 1150
ZnS 2.2 850 2.35 Insoluble 5-9 240
ZnSe 2.4 525 1.66 Insoluble 5-9 120

nl = refractive index of ATR crystal
LWL = long wave length cut-off
dp = depth of penetration in micrometers @ 1000 cm-1

(http://www.piketech.com/technical/crystal-selection-ATR.html)

One aspect that has to be considered during the analysis of FTIR spectra is the comparison between
spectra measured using different sampling techniques. For example, when comparing between ATR
and transmission spectra, the thickness of the sample measured in transmission does not equal the
depth of penetration of the evanescent wave in ATR mode. In order to determine the transmission
pathlength required to produce the same absorption as ATR, the effective pathlength of the
evanescent wave should be considered (Averett et al., 2008). However, when measuring in ATR
mode, the electric fields for parallel and perpendicular light in the sample medium are different,
meaning their effective pathlengths are different. Therefore, the effective pathlengths for both
polarizations of light must be calculated. This can be done from equations derived by Harrick,
Equation 8 and Equation 9 (Harrick, 1967). From these equations, the effective pathlength for an

unpolarized beam can be calculated as the average of the effective pathlengths.

Equation 8 - Effective pathlength for s-polarized IR light.
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Equation 9 - Effective pathlength for p-polarized IR light.
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In addition to this, when comparing between spectra measured in different sampling modes or

20.5

arrangements, anomalous dispersion (AD) should also be taken into consideration. Anomalous
dispersion results in a Z-shaped variation in the refractive index of a material with wavelength
compared to normal dispersion which shows a monotonic decrease in refractive index with
wavelength. It is much more apparent at angles of incidence closer to the critical angle for a system
(Harrick, 1967). As seen from Equation 8 and Equation 9, the effective pathlength for polarized light
is highly dependent on the refractive indices of the sample, the angle of incidence and the IRE. At
the higher energy side of an absorbance band, the sample’s refractive index is smallest meaning the
effective pathlength is smaller whereas at the other end of the band, the refractive index is largest
making the effective pathlength larger. As a result, an absorption band will shift towards lower
energy wavenumbers compared to transmission (Hancer et al., 2000, Harrick, 1967). This can be
particularly problematic if the ATR spectrum is to be used for qualitative and quantitative analysis
through comparison with transmission spectra and also when comparing with measurements taken
at different angles of incidence of IR radiation. A more detailed discussion of anomalous dispersion

and ways in which to overcome it shall be discussed in Chapter 4.
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vii.  FTIR Spectroscopy of Proteins
The use of IR spectroscopy to gain insight into protein structure and behaviour has been continually

developed since the first work on characterising the spectral features of different polypeptide
secondary structures and amino acids (Krimm, 1962, Byler and Susi, 1986, Miyazawa and Blout,
1961). The infrared spectra of proteins exhibit 5 characteristic bands, three of which are known as
Amide bands. The Amide bands are most commonly used in infrared protein studies. The Amide |
band, which has the strongest absorption of infrared light, is found between 1600-1700 cm™. It is
primarily caused by stretching vibrations of C=0 coupled weakly with C-N stretch and N-H bending.
The exact band position is determined by the backbone conformation and the hydrogen bonding
pattern within the protein molecule (Haris and Severcan, 1999). The Amide Il band occurs at 1500-
1600 cm™ and is mainly derived from the C-N stretch along with N-H in-plane bending. Lastly, the
Amide Ill band is found at 1200-1300 cm™. The vibrations responsible for this band are a complex
mix of N-H bending and C-N stretching along with deformation vibrations of C-H and N-H (Haris and

Severcan, 1999, Barth and Zscherp, 2002, Sarver Jr and Krueger, 1991).

Although all three bands can be useful to elucidate the secondary structure of a protein, the Amide |
band is the most sensitive to structural changes and is the most commonly used in secondary
structure analysis. Factors responsible for the conformational sensitivity of the Amide | band include
hydrogen bonding and coupling between transition dipoles, both inter and intra molecular, which
will impact the way in which a protein molecule interacts with IR light (Surewicz et al., 1993). From
the study of simple homopolypeptides of known single structure, the relationship between Amide |
band position and structure has been proposed allowing predictions about the secondary structure
of proteins to be made from IR spectra (Miyazawa and Blout, 1961, Barth and Zscherp, 2002).
Further analysis of the Amide Iband is required in order to obtain the types and amounts of
secondary structure present; this is achieved through Fourier deconvolution and second derivative,
curve fitting and spectral subtraction, for example and shall be discussed below. Multivariate
analysis and other statistical methods are also increasingly being applied to the analysis of protein
spectra because of their usefulness in interpreting the wealth and complexity of information
contained within the spectra (Shashilov and Lednev, 2010, Goormaghtigh et al., 2006, Trevisan et al.,
2012).

There are many examples in the literature of the assignment of protein secondary structure based
on the analysis of the Amide | band (Byler and Susi, 1986, Miyazawa and Blout, 1961, Haris and
Severcan, 1999, Surewicz et al., 1993, Dong et al., 1990). In general, a-helical structures have a band
peak at wavenumbers 1650-1658 cm™; B-sheet structures tend to have bands between 1620-1640

cm™ and between 1670 — 1695 cm™; random coil structures occur at around 1644 cm™ (Surewicz et
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al., 1993). It is even possible to assigh more complex structures such as an a-helix overlapped with
random coil which can absorbs IR radiation at 1654-1656cm™ (Haris and Severcan, 1999). Figure 10
shows an example of a protein spectrum, the inset shows curve fitting of the Amide | band for

different structural components (Sarver Jr and Krueger, 1991).

The study of aqueous protein samples is challenging because of the overlap of the water bending
mode with the Amide 1 band at 1600 cm™ . This could be overcome through the use of D,0; however
this can affect the native secondary structure of the protein. Current FTIR spectrometers allow for
accurate subtraction of the water band, although care should be taken to avoid over subtraction.
There are several papers with guidelines for this procedure but it is widely accepted that the
integrity of protein spectral data can be maintained by meeting two subtraction criteria; accurate
subtraction of water vapour bands between 1800 — 1500 cm™ and ensuring a straight baseline

between 2000 — 1750 cm™ upon water subtraction (Dong et al., 1990, Kong and Yu, 2007).
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Figure 10 - FTIR spectrum of a typical protein illustrating the Amide | and Amide Il bands at ~1650 cm™ and ~1540 cm'l,

respectively. (Inset) Expanded view of the Amide | band, which can be deconvolved into its secondary structure
components (Sarver Jr and Krueger, 1991).
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As discussed previously, proteins are complex structures consisting of many polypeptide segments
folded into different types of secondary structure. One single protein can contain segments with a-
helix, B-sheet and random coil structures. Therefore, the observed Amide | band can consist of many
overlapping bands representing each of the structural elements present within the protein sample.
From direct observation of the Amide | band the individual components cannot be easily identified
because the widths of component bands are greater than the separation between maxima of
adjacent peaks (Surewicz et al., 1993).Therefore, in order to carry out secondary structure analysis

on protein spectra, some form of spectral manipulation is required.

There have been several different types of spectral manipulation and analysis applied to the study of
protein secondary structure analysis in literature, mainly by taking the second derivative, band
narrowing through Fourier deconvolution, as well as pattern recognition and difference
spectroscopy. There is also potential to carry out quantitative analysis through the use of curve
fitting which allows the determination of the percent contribution from each type of secondary

structure present within the sample.

One of the most common methods of ascertaining the individual component peaks of the Amide |
band is by taking the second derivative of the spectrum. Second derivative analysis is a
mathematical means of enhancing the spectral resolution, by reducing the effect of gradual
curvature in broad peaks and increasing the contribution from sharp absorption features (Whitbeck,
1981). An example of the second derivative spectrum of the Amide | band of Cytrochrome c can be
seen in Figure 11. The number and position of downward pointing peaks indicates how many
overlapping peaks there are in a broad absorption band. Therefore, this allows for different
structural elements of the protein’s secondary structure to be identified from the second derivative
spectra. It should be noted however, that in taking the second derivative of the spectrum the SNR
can be reduced by approximately one order of magnitude (Griffiths and De Haseth, 1986) which will
increase the likelihood of misidentification of structural peaks. Therefore in order to carry out this
analysis, or indeed any secondary structure analysis, high quality spectra with good signal to noise
are required. Figure 11 also demonstrates the effect that inaccurate water subtraction can have on
the second derivative spectra (Figure 11a, which meets both water subtraction criteria showed the
most accurate secondary structure bands for Cytochrome C compared with Figure 11b and Figure

11c), highlighting why it is important to follow the subtraction criteria described above.
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Figure 11 - Spectra showing effect of different water subtraction criteria and corresponding second derivative spectra. a)
both subtraction criteria fulfilled, b) inaccurate subtraction of water vapour but with straight baseline between 2000 -
1750 cm™, c) accurate subtraction of water vapour but over subtraction of water, highlighted by non straight baseline
between 2000 — 1750 cm™ (Dong et al., 1990).

Fourier deconvolution is another form of mathematical resolution enhancement by decreasing the
band width of each component band and increasing the separation between them. This can then
allow each deconvolved band to be assigned a particular secondary structure based on theoretical
calculations or by spectra-structure correlations from proteins of known structure (Yang et al.,
1985). The application of this technique is fundamentally limited by the resolution of the instrument
used to measure the spectrum meaning there is a limit to the amount of deconvolution that can be
applied (Smith, 1996). Despite this, one still has to be careful not to over deconvolute as this may
create imaginary peaks and distort any conclusions made from the analysis (Surewicz et al., 1993).
Comparison with the sample’s second derivative spectra can aid in the prevention of over

deconvolution.

The deconvolution process involves carrying out reverse Fourier transform on a section of interest of
the spectrum. This generates what is known as a Cepstrum which is mathematically enhanced by a
factor of e, where a is the degree of resolution enhancement and x is the optical retardation. The

enhanced cepstrum is then Fourier transformed to produce the deconvolved spectrum (Smith,
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1996). Most spectrometer’s software packages allow the user to choose the degree of resolution

enhancement applied to a spectrum. Figure 12 shows an example of deconvolved Amide bands for a

predominantly a-helical membrane protein.
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Figure 12 - Absorbance (A), deconvolved (B) spectra of a predominantly a-helical membrane protein, the reaction centre

from R. sphaeroides, in H,0 phosphate buffer (Haris and Severcan, 1999).

Pattern Recognition can be compared to methods used for determining protein secondary structure
in Circular Dichroism. This method involves a series of mathematical manipulations based on a
calibration matrix of IR spectra of proteins with known structure. Any conclusions based on this
method are drawn from mathematical correlations and thus eliminate the subjectivity associated

with Fourier deconvolution. The most common approach uses a statistical method called Partial

Least Squares regression (Surewicz et al., 1993).

Another method for analysing protein behaviour is Difference Spectroscopy. As the name suggests,
this method is more useful for determining any changes that may have occurred within a sample
rather than direct structure information (Surewicz et al., 1993). The subtraction of spectra from two
different states of the sample will leave a spectrum displaying only the difference between the two
states. This can allow for small transitions such as changes in functional groups and hydrogen
bonding to be followed (Pinkerneil et al., 2012). As well as allowing the detection of small
differences between spectra, it can also eliminate water from the spectrum. This is particularly

useful for secondary structural analysis of proteins in solution.
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Potential exists to quantify the percent of each structure present within a protein through curve
fitting. The curve fitting procedure iteratively determines the fraction of the Amide | band associated
with each structure and this is assumed to represent the percentage of each (Byler and Susi, 1986).
This is most often applied to spectra that have already been mathematically enhanced, such as to

deconvolved spectra or second derivative spectra (Byler and Susi, 1986).

viii. = ATR-FTIR spectroscopy of surfaces and proteins
FTIR spectroscopy is a powerful tool for the study of proteins in any environment. The fact that

measurements can be taken in situ, particularly when using ATR approaches and that secondary
structural information can be obtained from IR spectra means that FTIR spectroscopy is well suited

to the study of protein structural changes such as crystallisation and aggregation.

Studies of heat induced aggregation of Lysozyme carried out by van de Weert et al. showed the
appearance of a new band at 1625 cm™ when second derivative manipulation was carried out on the
spectra. This is taken to be the characteristic band of non-covalent aggregates (van der Weert et al.,
2000). Whereas Clark et al followed the formation of a well defined Amide band at 1620 cm™ in five
different globular proteins at temperatures greater that 60 °C, without having to carry out spectral
manipulations. This was assigned to the anti parallel B-sheet structure associated with protein

aggregates (Clark et al., 1981).

The environment of a protein at an interface is very different from its environment in bulk solution
and is very dependent on the properties of the interface such as its charge or hydrophobicity. At
hydrophobic surfaces, proteins can unfold into non-native conformations without the energy
penalty of exposing their inner hydrophobic sections to water (Sethuraman and Belfort, 2005) . This
effect is known as surface denaturation and aggregation. ATR-FTIR is well situated to study this
phenomenon as it measures the IR absorption of a protein at the ATR surface which can then be
analysed to look at differences in secondary structure at the interface compared to the bulk solution.
The use of ATR-FTIR to study the effect of surface properties on aggregation offers several
advantages in that it can offer insight into the adsorbed structure of the protein, something that is

very difficult to obtain using X-ray diffraction or Circular Dichroism.

The study of the interaction of proteins with different surfaces is important for the design of
biomaterials, biomedical devices and for the production of biopharmaceuticals (Nakanishi et al.,
2001, Cha et al., 2008, Sethuraman and Belfort, 2005, Green et al., 1999, Sethuraman et al., 2004).

Both the surface chemistry and topography can play a major role in the behaviour of biological
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materials (Reynolds et al., 2013) . As described above, ATR-FTIR spectroscopy is a surface layer
technique where the absorbance is measured only from the portion of a sample in direct contact
with the ATR surface rather than from the bulk. The surface of an IRE (or ATR crystal) can be easily
modified making it well placed to study the effect of different surfaces on proteins without the need
for additional labelling (Chittur, 1998). It can also easily be coupled with other experimental
methods designed to induce changes within proteins such as photochemistry, heat and
electrochemistry (Rich and lwaki, 2007). Together with the variety of ATR crystals made from
different materials available, this provides many opportunities to study the effect of surfaces on the
sample. The sensitivity of measurements could potentially be increased by making use of multiple
reflection objectives; this increases the pathlength of the measurement (Pinkerneil et al., 2012,
Rigler et al., 2003). However, multiple reflection objectives cannot be used in FTIR imaging because
absorbances are measured at several different locations. This would create overlap in the images
which are based on absorbance values meaning for FTIR imaging single reflection objectives are

required (Kazarian and Chan, 2010).

There have been several investigations carried out using ATR-FTIR spectroscopy to study the effect
of polyelectrolyte multilayers on protein adsorption and on proteins within the layers (Salloum and
Schlenoff, 2004, P. Schwinté, 2001, Steiner et al., 2007). Figure 13 demonstrates the usefulness of
ATR penetration depth for examining the multilayer. BSA is adsorbed only into the positively charged
layer and as such will absorb infrared. Heat can be applied to the multilayer and the stabilising effect
on the protein against heat induced structural changes can be followed by examining the secondary

structure from the Amide | band (Salloum and Schlenoff, 2004).
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Figure 13 - Evanescent wave electric field amplitude (E) falls off exponentially away from the surface of the crystal. (A)
BSA adsorption on the negatively charged surface. (B) BSA adsorption on the positively charged surface. d,, represents
the penetration depth of the evanescent wave normal to the surface of the crystal, using Ge (n = 4.0) in contact with the
medium of n = 1.42 (Salloum and Schlenoff, 2004).
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Difference spectroscopy is a key tool in the analysis of proteins using ATR-FTIR spectroscopy.
Whereas absorption spectra can provide global information about the sample such as secondary
structure, difference spectroscopy can allow small changes in functional groups, hydrogen bonding
changes and chemical reactions to be followed in situ using ATR-FTIR spectroscopy (Pinkerneil et al.,
2012, Rigler et al., 2003). This allows for sensitive measurements to be made following subtle
changes in protein conformation and can be used to provide details of mechanisms of molecular
reactions. One method, demonstrated by Pinkerneil et al. shows the advantages of immobilizing
polyhistidine tagged proteins onto the surface of a multiple reflection ATR crystal by first preparing a
modified lipid bilayer containing nitrilotriacetic acid (NTA) groups on the surface (Pinkerneil et al.,
2012). Such immobilization is based on established immobilized metal ion affinity chromatography
where the selective binding of proteins is activated by the formation of transition metal ion
complexes (Rigler et al., 2003). Once proteins are immobilized on the surface, reactions induced by
changes in heat, pH for example, can be followed in situ by difference spectroscopy. This could be

potentially applied to any polyhistidine tagged protein of interest.

A study by Onodera et al. demonstrated the ability of ATR-FTIR spectroscopy to explore protein-
protein interactions by immobilizing antigens on a functionalised GaAS ATR element (Onodera et al.,
2007). The selective binding of a specific antibody can then be followed in comparison with a non-
specific antibody by comparing the secondary structures of the adsorbed proteins from the second
derivative spectra of the Amide | band. It was shown that the selective binding of IgG to the antigen
sensing layer resulted in spectra high in B-sheet content, consistent with known 1gG structure
(Onodera et al., 2007). However, the spectra of the non specific protein showed no significant Amide

peaks allowing the differences in specific and non specific binding to be distinguished.

Opportunities also exist to examine protein reactions and behaviour by functionalizing Germanium
or Silicon ATR elements (Schartner et al., 2013, Aamouche and Goormaghtigh, 2008). Schartner et al.
have shown that in combination with difference spectroscopy and by using multiple reflection IREs,
the functionalized Ge surface ensures sufficient binding of protein and SNR to probe protein
reactions at an atomic level and can be applied to both soluble and transmembrane proteins
(Schartner et al., 2013). This work is particularly exciting because it does not require the use of

SEIRAS, which shall be discussed below, to achieve spectra of monolayer levels of proteins.

A recent review by Rich and Iwaki highlights some of the key ATR-FTIR methods available to analyse
protein transitions. The authors describe the experimental set ups required and advantages of
combining ATR-FTIR with photochemistry, electrochemistry and perfusion to explore redox

reactions, ligand binding and conversions between catalytic intermediates (Rich and Iwaki, 2007).
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The useful combination of photochemistry and ATR-FTIR spectroscopy was also recently
demonstrated by Bouhekka & Biirgi (Bouhekka and Burgi, 2012). In this study, the effect of visible
light on BSA adsorbed onto TiO, particles was examined in situ using multiple reflections ATR-FTIR
spectroscopy. TiO, is of interest because it is regularly used as biomedical implant material (Dolamic
and Burgi, 2011). In situ measurements over time allowed structural transitions to be followed
through the curve fitting of the second derivative spectra, as shown in Figure 14. It was shown that
under visible light illumination the Amide | band of adsorbed BSA shifted from 1653 cm™ to 1648 cm’
! over an one hour time interval, indicating that the unordered structure within the protein had

increased; this is highlighted by the red dashed line labelled Time in Figure 14 (Bouhekka and Burgi,

2012).
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Figure 14 - Second derivative of Amide | region for corrected equilibrium adsorption spectrum of BSA on TiO, under
rinsing by water and irradiation with visible light (VL) for around 1 h. Intervals between spectra are around 10 min
(Bouhekka and Burgi, 2012).
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The study of protein behaviour using ATR-FTIR spectroscopy is fundamentally limited by the signal to
noise ratio that is achievable using current instruments. As such it is mostly limited to providing
information on a macromolecular scale (Wang and Jiang, 2012). This does not negate the advantages
such as the ease of sample preparation and the possibility for in situ analysis, making it a highly
valuable technique for protein conformational studies. It should be noted, however, that when
combined with difference spectroscopy, it does allow for an increase in sensitivity comparable with
SEIRAS, allowing molecular reactions to be followed (Pinkerneil et al., 2012, Rigler et al., 2003),

particularly when combined with chemically functionalized IREs (Schartner et al., 2013).

ix.  Surface Enhanced Infrared Absorption Spectroscopy
Recent developments in the area of Surface enhanced infrared absorption spectroscopy (SEIRAS)

overcome some of the limitations of sensitivity of detection presented by using traditional ATR-FTIR
spectroscopy to study proteins. Complimentary to surface enhanced Raman spectroscopy, this
technique utilises the surface plasmon effect from the interaction of light with metallic nanoparticles
(Aroca et al., 2004, Ataka et al., 2010, Osawa et al., 1986, Osawa and lkeda, 1991). These
nanoparticles, mainly silver or gold, are deposited onto the surface forming metal island films which
provide localised enhancement of IR absorption. It is important to note that unlike SERS, the effect
of enhancement in SEIRAS is not limited to gold or silver but has also been shown for other metals
(Heaps and Griffiths, 2006, Hartstein et al., 1980). It is thought that the main contributing factor to
the SEIRAS effect is the polarization of the metal island films by the incident IR radiation. This
induced dipole generates a local electromagnetic field and the coupling of the local electromagnetic
field with that of the incident IR radiation produces one that is stronger than the incident photon
field, in the vicinity of the metal islands (Nishikawa et al., 1993, Osawa et al., 1993). The dipolar
moment of molecules absorbed onto the metal islands is enlarged because of this, enhancing the
infrared absorption of the molecules. In addition the optical near field effect limits the enhancement
to the vicinity of the metal island films, thus there is little contribution from the bulk sample to the
measurement (Wang and Jiang, 2012, Osawa et al., 1993, Ataka and Heberle, 2007). Chemical
interactions also contribute to the SEIRAS effect (Merklin and Griffiths, 1997b). The enhancement
factor of the metal island films is highly dependent on the metal and on the morphology of the film
(Nishikawa et al., 1993, Merklin and Griffiths, 1997a); those islands with greatest enhancement
factors have been shown to be smaller in size than the incident radiation wavelength (Nishikawa et
al., 1993, Wang and Jiang, 2012). It should be noted, that one of the major drawbacks of SEIRAS can
be the loss of spectral intensity due to the metal film deposited on the IRE surface if, for example,

the film is too thick. Therefore, preparation of the metal island film is very important.
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Figure 15 - Experimental set up for SEIRAS (Ataka et al., 2010).

The signal enhancement of adsorbed protein achievable from SEIRAS is in the range of 2 orders of
magnitude greater than without enhancement (Ataka and Heberle, 2007). This technique was first
applied to proteins by Ataka et al in 2003 (Ataka and Heberle, 2003) and further developments since
have expanded its application to other protein studies (Ataka and Heberle, 2007, Ataka et al., 2010,
Jiang et al., 2008, Wang and Jiang, 2012). The high sensitivity of the technique provides information
from monolayer level and this is useful for examining the structure, function and assembly of
molecules at the ATR interface. As with traditional ATR-FTIR spectroscopy, measurements are
carried out in situ meaning that dynamic processes on a molecular level can be studied using SEIRAS
(Hirano-lwata et al., 2009). Figure 15 shows the set-up for a typical SEIRAS experiment (Ataka et al.,
2010). It is worth mentioning that the signal enhancement drops off rapidly within 10 nm from the
surface and as such it is necessary to ensure that the biological material being studied is attached to
the metal island film, often achieved through chemical modification of the film itself (Ataka et al.,
2010). Polarization modulation infrared reflection absorption spectroscopy (PMIRRAS) is also often
used to study biological monolayers, particularly lipid monolayers (Cornut et al., 1996, Damalio et
al., 2013). Whilst this method can provide information on orientation and structure of protein
monolayers, the technique lacks the sensitivity to detect minute structural changes that could occur

during functional studies, which is one of the main advantages of SEIRAS (Ataka et al., 2010).

Ataka’s group is leading the field in applications of SEIRAS to proteins having pioneered its use to the

study of membrane proteins in 2003 (Ataka and Heberle, 2003). They have shown the potential of
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this method to study the catalytic action of membrane proteins driven by redox potential, in
combination with electrochemistry (Ataka and Heberle, 2008). The use of difference spectroscopy
allows the changes in protein spectra to be observed following an induced perturbation. The SEIRAS
arrangement can be easily adjusted to allow an electric current to be applied directly to the
monolayer. The analysis of SEIRAS spectra is powerful in revealing the electron transfer mechanism

of redox proteins

SEIRAS has been applied increasingly to the study of membrane proteins because it has the
potential to provide molecular level information on the structure, function and orientation of the
membrane protein, often within the membrane itself (Ataka and Heberle, 2006, Jiang et al., 2008,
Ataka et al., 2010). Again by utilising difference spectroscopy, structural changes occurring in a self
assembled monolayer can be monitored and it can also be used to study hydrogen bonding
interactions in nucleic acids. Ataka et al were able to follow each step of the exchange of an
oriented, immobilised monolayer of detergent solubilised membrane protein into a lipid bilayer via
detergent substitution and then examine the protein funtionality, using SEIRAS (Ataka et al., 2004).
This could potentially be applied to the study of the reaction mechanism of any membrane protein,

particularly those which are medically and pharmaceutically important.

The development of biofunctional surfaces is a growing area because of their potential for use in
medical devices where ensuring the proper orientation and functionality of the protein is critical.
However, one of the major challenges within the design of the surfaces is the ability to assess the
functionality of the surface (Ataka and Heberle, 2007, Wang and Jiang, 2012). SEIRAS has the ability
to provide molecular information on proteins in monolayers and can be performed in situ preserving
the integrity of the monolayers. The orientation of proteins within the monolayer can be also

determined from the infrared spectra (Jiang et al., 2008).

One of the major advances in the use of SEIRAS is within the field of biosensing and immunoassays
to provide information on the binding mechanisms underlying biological function (Brown et al.,
1998, Xu et al., 2012, Wang and Jiang, 2012). The use of gold nanoparticles can allow for the
competitive adsorption of different molecules to be examined (Tsai et al., 2011). Following the
formation of the gold film, a monolayer of selected antibody or antigen is deposited to form a
biosensing layer. Xu et al. used anti rabbit antibodies (anti rigG) from goat to study the binding
mechanism of the corresponding antigen (Xu et al., 2012). A background measurement is taken after
the formation of the biosensing layer meaning only molecules that specifically bind to the substrate
can be detected in future measurements. SEIRAS successfully allowed the target rigG bound onto

the surface to be observed by molecular recognition (Figure 16), allowing in situ monitoring of the
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immunoreactions (Xu et al., 2012). From the absorption data gathered it is possible to determine the
reaction kinetics of the antigen-antibody binding. All of which can be achieved in situ without the
need for additional dyes or labels and as such this method shows considerable promise for real time

sensing of biomolecular bonding (Xu et al., 2012).
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Figure 16 - (a) Background spectrum of the goat anti-rlgG modified substrate in PBS. (b) SEIRA spectrum of chicken IgG

(0.3 pg/mL). (c) Hemoglobin (3 mg/mL), and (d) rigG (0.3 pg/mL) after 35 min immunobinding to goat anti-rigG surface.
Before each injection of protein solution, the chamber was rinsed with pure PBS buffer (Xu et al., 2012).

Gold nanoparticles have a number of uses within biomedical applications and in combination with
ATR-FTIR spectroscopy. In some cases, nanoparticles are used to introduce drugs into specific sites
because they have a particularly good uptake within cells (Lane and Seo, 2012). Another exciting
application presented by Lane and Seo demonstrated that ATR-FTIR spectroscopy can be used to
distinguish between cancerous and benign cells containing gold nanoparticles (Lane and Seo, 2012).
The presence of the nanoparticles within the cells allows an enhanced IR absorbance, similar to the
effect seen when the surface is modified as described above. This development further emphasises
the potential of ATR-FTIR spectroscopy for medical diagnostics and is not limited by the
reproducibility issues still present within SEIRAS studies. This approach does not depend on the
formation of metal island films, like in the SEIRAS approach, as the gold nanoparticles are present
within the cells themselves but the level of signal enhancement is dependent on the concentration
of nanoparticles (Lane and Seo, 2012). It is also possible to study cells using ATR-FTIR without the
use of gold nanoparticles, as shall be discussed below. However, the demonstration of the enhanced
IR absorbance achieved when the nanoparticles are present could have some interesting

applications, particularly to study the delivery of drugs within cells.
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Despite these exciting advances and the growing use of SEIRAS in protein studies, there is still
potential for further development. This mainly concerns the development of a reproducible method
for surface preparation and in turn, a greater understanding of the mechanism of SEIRAS (Wang and
Jiang, 2012). Once this has been achieved, SEIRAS could have a much greater impact within
proteomics studies and could be used more reliably within medical diagnostics. At present there is

still too much uncertainty for it to be used routinely in these areas (Xu et al., 2012, Tsai et al., 2011).

[V. ATR-FTIR Spectroscopic Imaging
Detectors normally used for FTIR spectroscopy are single element detectors and when used to

measure the absorbance of a sample they present a spectrum based on the average absorbance
across the whole sample, unless an aperture is used. Traditionally, if one wanted to analyse the
difference in absorbance throughout the sample a technique known as mapping was used. This time
consuming method involves point by point analysis of the sample using an aperture and a

computerised stage.

Spectroscopic imaging couples an FTIR spectrometer with an infrared array detector to allow for the
simultaneous collection of the infrared spectra of a sample from multiple locations within the
sample. This allows the generation of chemical images indicating locations of high absorbance at a
particular wavenumber for different components within a sample. Whereas, previously these
chemical images were generated by time consuming point by point mapping of a sample, the
development of infrared array detectors has rapidly improved the ability to obtain infrared images.
In particular, the advent of the Focal Plane Array detector enables spatially resolved chemical
information to be obtained from the sample by measuring thousands of spectra from different
locations within the sample simultaneously. Originally developed for military purposes, this type of
detector consists of a 64 x 64 up to a 128 x 128 grid of pixels meaning at least 4096 spectra can be
obtained in one single measurement. From these spectra an image of the sample can be build up
based on the distribution of the absorbance of particular spectral band of the sample, showing the

locations of high absorbance and hence high concentration of a particular substance (Figure 17).

Linear array detectors allow for an image to be obtained through rastering of rows of a sample in
comparison with focal plane array detectors that collect the infrared absorbance from all locations
within a sample simultaneously. Both approaches have advantages and disadvantages which are
discussed at length elsewhere (Steiner and Koch, 2009, Kazarian and Chan, 2010, Kazarian and Chan,
2013). The main advantage of using an FPA detector is that since all the data are acquired

simultaneously it is particularly suitable for the study of dynamic systems and multiple samples; this
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is not the case with the linear array detector (Kazarian and Chan, 2013, Joseph et al., 2010). It should
be noted, however, that linear array detectors have better signal to noise ratios and as such may be
more suitable for sensitive analysis (Kazarian and Chan, 2013). In both instances, it is possible to
obtain detailed chemical and spatial information from samples and the variety of sampling
arrangements available means that this chemical imaging approach has opened up some exciting

opportunities for protein studies.
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Figure 17 - Schematic demonstrating how ATR-FTIR images are obtained using an FPA detector. Figure adapted

from Kazarian & Ewing 2013 (Kazarian, 2013).

An FTIR spectrometer coupled with an FPA detector can be used with several different ATR
approaches to obtain chemical and spatial information from samples to varying degrees of spatial
resolution. These approaches are known as Micro and Macro ATR-FTIR spectroscopic imaging and

both are widely applicable to a range of sample types.
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i.  Micro ATR-FTIR Spectroscopic imaging
Micro ATR-FTIR combines a cassegrain type objective and an infrared microscope operating in
reflection mode, shown in Figure 18. The angle of incidence of the cassegrain objective is typically
30° meaning a Germanium ATR element (n = 4) is used to ensure total internal reflection of the IR
beam occurs. The high refractive index of the Germanium element combined with the IR microscope

means that spatial resolution of approximately 4 um can be achieved (Kazarian and Chan, 2010).

IR radiation
A

Ge ATR crystal

Sample

Figure 18 - Schematic of Micro ATR optics.

The spatial resolution of an imaging system using a microscope objective is diffraction limited and
can be described by the Rayleigh criterion (Chan and Kazarian, 2003) (Equation 10). This defines the

distance required between two points for them to be just resolved.

0.614

= Equation 10
NA

NA is the numerical aperture of the system and A is the wavelength of light. The minimum distance
for which two objects are fully resolved is 2r. The numerical aperture of the system can be described

by Equation 11:
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NA=nsin@ Equation 11

Where n is the refractive index of the objective and 8 is equal to half the angular aperture.
Therefore, from the above equations, it can be seen that the theoretical spatial resolution of a
system is dependent on the wavelength of infrared light, angle 6 and the refractive index of the IRE
material, since this is a factor of numerical aperture. However, in practice, the actual spatial
resolution achieved may be two to four times lower that the theoretical value because of optical

aberrations (Kazarian and Chan, 2010).

The field of view with this approach is limited and the size of the imaging area has been measured at
approximately 64 um x 64 um. Despite this small imaging area, Micro ATR-FTIR spectroscopic
imaging has great potential for the study of biomedical materials where it has been employed to
analyse cross sections of hair (Chan et al., 2005), aorta and arteries (Palombo et al., 2009) as well as
chemically image live cancer cells (Kuimova et al., 2009). It has also successfully been used to analyse

cross sections of paint for art conservation (Spring et al., 2008).

A recent review by Miller et al discussed the application of FTIR Microspectroscopic imaging to the
study of protein aggregation within cells (Miller et al., 2013). The method discussed in the review
mostly concentrates on operation in transmission mode and using a synchrotron source. Whilst the
use of synchrotron source can allow higher SNR to be achieved and can allow sub-cellular
information to be obtained from a sample (Nasse et al., 2011), it is still currently limited to use with
transmission mode, which, as previously discussed, requires a very short path length for aqueous
samples. Chan et al. showed that Micro ATR imaging can provide high spatial resolution without the
need for a synchrotron source by measuring a cross section of human hair (Figure 19) (Chan et al.,
2005). The spatial resolution achievable with Micro ATR-FTIR imaging is dependent on the numerical
aperture of the system and wavelength of light which, when combined with a Germanium ATR
crystal of high refractive index means that high spatial resolutions can be reached, in comparison
with transmission that uses objectives with lower numerical apertures (e.g. four times lower) (Chan
et al., 2005, Kazarian and Chan, 2010). Micro ATR-FTIR imaging has previously been demonstrated
allowing the measurement of live and fixed cells without the need for synchrotron source (Kazarian

and Chan, 2013, Wrobel et al., 2012).
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Figure 19 - ATR-FTIR images of cross section of human hair, generated by plotting absorbance at (A) 2925 cm™, (B) 2855
cm™ and (C) 1734 cm™; the colour scale bar shows the value of the integrated absorbance for each band. Image size is 50
x50 um2 (Chan et al., 2005).
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ii. Macro ATR-FTIR Spectroscopic Imaging
Macro ATR-FTIR spectroscopic imaging is performed without use of a microscope and instead it
couples an FTIR spectrometer, equipped with an inverted prism ATR accessory, with a focal plane
array detector. The detector size can be varied between 64 x 64 pixels up to 128 x 128 pixels
allowing between 4096 to 16384 spectra to be obtained from the sample in one measurement. This
imaging approach can be used with different ATR accessories which allows for a range of different
imaging areas and spatial resolutions. These ATR accessories are single reflection inverted prisms
which make them suitable for imaging and for easy sample handling; samples can be deposited
directly on the top surface of the inverted prism as required. Opportunities exist to combine
accessories with heated ATR crystals, allowing for in situ studies of the effect of temperature or for
more accurate control of temperature during experiments. The range of fields of view and spatial
resolution which can be achieved using different ATR-FTIR spectroscopic imaging accessories

combined with a 64 x 64 pixel FPA detector are summarised in Table 2.

The simplest Macro ATR imaging accessory (Figure 20) can be combined with a Zinc Selenide,
Germanium or Silicon IRE, depending on the sample being analysed. The optical design of this
commercially available Macro imaging sample compartment has a magnification of 1:1 meaning the
imaging field of view is the same size as the detector with an image distortion in Y-direction due to
geometry of the inverted prism IRE crystal. This image distortion occurs because the reflected light
is collected at an angle to the image plane but can be accounted for by multiplying the length of the
y-axis by a correction factor. For a collection angle of 45°, the y-axis should be multiplied by a
correction factor of 1.4 (Chan and Kazarian, 2003). Therefore, a 64 x 64 pixel FPA detector with a

pixel size of 40 um will have an imaging field of view of approximately 2.56 mm x 3.58 mm.

Table 2 - Summary of fields of view and spatial resolutions possible with different ATR-FTIR accessories (when using a 64
x 64 pixel FPA detector).

Field of view Estimated spatial
Accessory .

(mm x mm) resolution (um)
Macro ATR (Figure 20) 2.6x3.6 40
Diamond Golden Gate (Figure 21) 0.64 x 0.64 15 -20
Variable Angle accessory (VeeMax I
accessory) 3.9x5.5 150
Expanded field of view (Figure 22) 15.4x21.5 500
Micro ATR with Ge crystal ( Figure
18) 0.06 x 0.06 4-10
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Diamond offers some major advantages over other infrared transparent materials in that it is much
stronger and hence less easily damaged. However, until recently it was not used for Macro ATR
imaging because the cost of a large diamond prism compatible with the large sample compartment
would be excessive. Now, diamond ATR accessories, such as The Golden Gate, are commercially
available for imaging purposes. The Diamond Golden Gate accessory uses lenses to focus and collect
the IR light, shown in Figure 21, giving an imaging field of view of 640 um x 640 um and spatial

resolution in the range of 15 — 20 um (Kazarian and Chan, 2010).

d. Sample / IRE

~N 7

Mirrors

Figure 20 - Macro ATR-FTIR imaging accessory showing IR light directed into IRE using mirrors.

Macro imaging with a diamond accessory has been used extensively in pharmaceutical studies
where good contact is required for the analysis of tablet compaction and dissolution (Kazarian,
2013). It also offers the opportunity to carry out depth profiling of samples by varying the angle of
incidence and hence the depth of penetration (Chan and Kazarian, 2007, Frosch, 2010). This is
achieved by fitting an aperture to the lens, effectively blocking portions of the IR beam and

restricting the IR beam to a certain angle of incidence.
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Figure 21 - Diamond Imaging Golden Gate ATR accessory showing IR beam directed and focused into Diamond IRE using
mirrors and lenses.

The variable angle imaging accessory can also be combined with a Germanium, Silicon or Zinc
Selenide but consists of additional lenses allowing the angle of incidence of the IR beam to be
selected. This accessory is known as the VeeMax Il Pike accessory and due to the optics has a slightly
larger imaging field of view than with the standard Macro imaging accessory. The spatial resolution
achievable is also much lower at approximately 150 um. One can observe, from Table 2 that as the
imaging field of view increases there is a sacrifice in spatial resolution. For example, the expanded
field of view accessory, shown in Figure 22, has concave lenses to increase the area of illumination of
the IR beam hence increasing the field of view. In this set up the maximum achievable spatial
resolution is approximately 500 um. When spatial resolution is not a high priority, the accessories
with a large field of view can be very advantageous for high throughput studies, where a large
number of samples can be deposited on the surface for simultaneous analysis. However,
opportunities exist for high throughput analysis through the combination of Macro imaging and
mapping (Chan and Kazarian, 2008). This allows for an increase in the number of samples studied

but without the reduction in spatial resolution associated with larger accessories.
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Figure 22 - Expanded field of view Macro ATR imaging accessory showing IR beam expanded by lenses and directed at
IRE by mirrors.

iii. = High Throughput applications of ATR-FTIR spectroscopic imaging
ATR-FTIR spectroscopic imaging in its Macro and Micro modes has been applied across many

different areas of research, from pharmaceutical tablet analysis (Wray et al., 2008, Kimber et al.,
2011, Kazarian, 2013), art conservation (Joseph et al., 2010) through to understanding the fouling in
heat exchangers (Tay and Kazarian, 2009). It has also been applied in several biomedical studies such
as to the study of arthrosclerosis plaques in arteries (Palombo et al., 2009) and drug permeation
through skin (Andanson et al., 2009). The most relevant applications, which shall be highlighted
here, focus on the inherent capacity of this approach for high throughput (HTP) studies (Chan and
Kazarian, 2005, Chan et al., 2007). High throughput studies allow for the analysis of multiple samples
simultaneously. This can save both time and money by reducing the amount of sample required and
also the time spent on analysis, especially in optimisation trials. In the case of Macro ATR-FTIR
spectroscopic imaging, high throughput studies have been carried using either a PDMS or wax grids
defining multiple areas for sample deposition on the surface of an IRE used. The wax grid can be
printed directly onto the measuring surface of an IRE using a microdroplet system (Autodrop,
Microdrop, Germany). This system can also be used for the deposition of nanolitre volumes of
samples onto the surface. Chan et al successfully applied this method to study pharmaceutical
formulations without using a grid (Chan and Kazarian, 2005) and with a wax grid to study protein

crystallisation (Chan et al., 2009).
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This approach was applied to the crystallisation of proteins as a potential means of optimising
crystallisation conditions (Chan et al., 2009). Protein crystallisation is seen as an important step in
structural proteomics studies (McPherson, 2004) and the use of various high throughput approaches
to optimise this step have had major impact on the field (Saridakis, 2012). A common method of
protein crystallisation is microbatch crystallisation where the crystallisation occurs in aqueous
medium placed under oil. This method can be used directly on the surface of an inverted prism
where PDMS wells are used to contain the oil. A protein and precipitant sample can be deposited
prior to or after the oil is in place, since the protein/precipitant solution is less dense than the oil,
the drop of the solution will then displace oil on the surface of the ATR prism allowing it and not the
oil to be measured by ATR-FTIR imaging. For HTP studies, a wax grid was printed on the surface
allowing up to six different crystallisation conditions to be studied simultaneously. For multiple
samples, the protein solutions were deposited after the oil was in place to prevent evaporation from
the solution drops whilst the deposition takes place, although it does reduce the degree of control

one has for positioning the samples (Chan et al., 2009).

Figure 23a shows the crystallisation of Lysozyme within one drop of protein and precipitant solution
on a ZnSe ATR crystal where the location of crystals is determined from the plot of the distribution of
the integrated Amide Il band. When the optical image in Figure 23b is overlaid with the infrared
image, as in Figure 23c, it can be seen that the locations of the crystals in the ATR image correspond
almost entirely with those in the optical image, confirming that this technique is successfully
identifying protein crystals. The use of Macro ATR-FTIR imaging to optimise for protein crystallisation
conditions is advantageous as it allows one to determine if crystals formed are indeed protein rather
than salt crystals without moving or destroying the crystals, a common problem in crystallisation
studies (Chan et al., 2009). Possibilities exist to expand this to study to studies of many more
samples simultaneously and to proteins that are more challenging to crystallise and study, as shall be

discussed in Chapter 5.
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Figure 23 - (a) ATR-FTIR image (imaged area is approximately 2.5 x 3.6 mm?) of the protein crystal formed on the
measuring surface 20 h after the introduction of the crystallizing agent. Red represents high protein concentration. The
visible image (b) shows the protein crystals formed coincide well with the location of the red spots on the ATR-FTIR
image. (c) Result of overlaying images (a) and (b). Five out of 50 crystals (highlighted with arrows) were not captured in
the ATR-FTIR image and 3 crystals (circled) were mislocated (Chan et al., 2009).

Recent advances in the area have also seen the combination of Macro imaging and microfluidics
(Chan et al., 2010, Chan and Kazarian, 2012). Using a computerised wax printing device, microfluidic
channels can be printed either directly onto the surface of an ATR element or onto transmission
slides. This has been applied to the study of reactions (Figure 24) (Chan and Kazarian, 2012) and cells
(Chan and Kazarian, 2013). However as interest in protein crystallisation using novel methods such
as microfluidics continues to be explored (Yu et al., 2012, Li and Ismagilov, 2010), this method could
easily be adapted for this and given the advantages of allowing proteinaceous crystals to be
identified in situ without additional labels, this presents a future application for the field. Using
transmission FTIR, work has been carried out to study protein conformational changes due to pH in
microfluidic flows (Prim et al., 2011), there is potential for this to also be applied using FTIR imaging.
It should also be noted that studies of live cells in microfluidic devices in situ using FTIR
spectroscopic imaging in transmission mode has also became possible very recently due to new

developments in methodology (Chan 2013).
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Figure 24 - ATR-FTIR imaging results from a microfluidic device with a wide plain T-junction. (A) FTIR image showing the
concentration (wt %) distribution of benzoic acid in the channel. (B) FTIR image showing the concentration (wt %)
distribution of sodium benzoate in the channel. (C) FTIR image showing the distribution of water in the channel. Colour
represents local concentrations according to the scale shown on right of the images except water which has an arbitrary
colour scale. (D) An RGB image showing the overlapped images of panels A — C. Benzoic acid is presented in green,
sodium benzoate is presented in red and water is presented in blue (Chan and Kazarian, 2012).
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Chapter 3 - Experimental instrumentation

[. FTIR imaging system

The work presented in this thesis made use of FTIR spectrometers coupled with a Large Sample
Compartment. The majority of the work was carried out on a Varian 670-IR (Agilent) spectrometer
with a Large Sample Compartment for housing ATR imaging accessories and an FPA detector (Figure
25). Some experiments were carried out on similar Bruker instruments where such compartment is
called a Macro Chamber. The instrument used and the settings applied are specified in each chapter
to avoid confusion. All the spectrometers used were purged with dry air. This acts to reduce the
presence of water vapour and carbon dioxide within the instrument and is necessary to maintain
constant background levels which helps to preserve the quality of the spectra measured. The purge

dry air supply also powers the air bearings of the interferometer.

Figure 25 - Varian 670-IR with Large Sample Compartment. A Macro ATR imaging accessory with a ZnSe crystal is
shown in the Large Sample Compartment.
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FPA detectors were originally developed for military purposes but have been available for use in
civilian research for over 15 years (Figure 26). The maximum size of the FPA detector is 128 x 128
pixels but this can be changed to either 64 x 64 pixels or 96 x 96 pixels depending on the
requirements of the experiment and the imaged size used in the different areas of work presented in
this thesis is specified in each chapter. The detector is liquid nitrogen cooled and the ATR element in
the Large Sample Compartment is aligned to ensure optimum illumination of IR light on the

detector. The spectral range of the FPA detector is 4000 - 900 cm™.

Figure 26 - Focal Plane Array (FPA) detector.
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The alignment of the ATR imaging accessory in the Macro chamber is very important, care must be
taken to ensure the optics are focused and the illumination of the FPA detector is at a maximum.
Poor alignment will negatively impact the spatial resolution and quality of images as well as the S/N
ratio of spectra obtained. Alignment is achieved through the use of the live imaging window of
Agilent Resolution Pro software (or OPUS for Bruker systems) and by finely adjusting the optics of
the accessory being used. This program gives a live feed of the light reaching the detector and allows
for adjustments to be easily made regarding signal, illumination area and focus as well as to aid in
the deposition of samples. Figure 27 shows the live imaging window for 128 x 128 pixels FPA with
ZnSe in a Macro imaging accessory with a finger pressed onto the ZnSe surface to check the focus of

the system.
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Figure 27 - Live imaging display window of Agilent Resolution Pro software with finger pressed onto ZnSe crystal to
check focus.
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i.  Micro ATR-FTIR imaging system
The Micro ATR-FTIR imaging system consists of an infrared microscope attached to a standard FTIR

spectrometer (Figure 28a). The IR microscope consists of a cassegrain objective, a removable
Germanium ATR crystal mount (Figure 28b) and houses an FPA detector. The option also exists to
carry out singe spectrum measurements using the single element MCT detector, also present in the
IR microscope, as well as to carry out imaging measurements in transmission mode, although this
was not used in the work of this thesis. As discussed in section IV.i. of Chapter 2, the field of view in
this arrangement is 64 x 64 um” with a maximum spatial resolution of 3 —4 pm. In normal operation,
the area of interest within a sample is first located without the Ge crystal in place and the
microscope operating in visible light mode. Following this the Ge crystal slides into the ATR objective

and the stage is raised until good contact between the sample and the Ge crystal is obtained;

contact determined by observing the live imaging display window of Resolution Pro software.

Figure 28 - a) Varian 600 UMA IR microscope with b) removable Germanium objective.
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ii. ATR imaging accessories
The range of accessories along with the field of view and spatial resolution achievable with each one

was described in Chapter 2 section IV.ii. However a brief summary of the particular accessories used

within the work of this thesis shall be presented here.

The diamond imaging Golden Gate ATR accessory (Figure 29a) features only in the initial
investigation into the use of variable angle apertures to reduce the effects of anomalous dispersion.
An imaging field of view of this accessory ca. 640 x 640 pm?” and spatial resolution of ca. 15 pm is
achieved through the use of mirrors and ZnSe/Ge lenses that focus the light onto the diamond ATR

crystal. The size of the diamond crystal on the Golden Gate accessory limits its use to a FPA detector

size of 64 x 64 pixels.

Figure 29 - Macro ATR-FTIR imaging accessories used in this work, a) Diamond imaging Golden Gate, b) Macro ATR-FTIR imaging
accessory with ZnSe ATR crystal, c) Veemax Il variable angle accessory with Si ATR crystal.
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The Macro ATR-FTIR imaging accessory is shown in Figure 29b, this set up can be combined with
various large IRE’s such as ZnSe (shown in picture), Silicon and Germanium. Silicon and ZnSe were
employed in this work. The field of view with this accessory is determined by the size of the FPA
detector and the spatial resolution is limited by the pixel size, 40 um, because there are no focusing
optics involved. The Veemax Il variable angle accessory (Pike) is shown in Figure 29c. This accessory
allows the angle of incidence to be changed by turning the dial present on the front, which in turn
alters the position of the mirrors enclosed within. The field of view is slightly expanded because of
the expanding optics but again is also dependent on the number of pixels of the FPA detector and
the spatial resolution is lower at 150 um. The expanding optics results in the projected area for each
pixel being increased and also reduces the numerical aperture of the system, thus reducing the

spatial resolution achieved by this accessory.

I[I. Microdrop printing system
The Autodrop system (Microdrop, Germany) was used for experiments to print wax grids onto the

surface of ATR crystals, thus dividing the measuring area into well defined separate sample areas
and allowing for multiple samples to be studied simultaneously. The Autodrop system is an
automated dispensing machine (Figure 30a); it consists of a platform with capacity for four
dispensing heads (Figure 30b) and cameras which are used for positioning and drop size calibration
purposes. The dispensing heads (Figure 30c) consist of a sample chamber and nozzle, both of which
can be heated. The size of the drop deposited by the head is controlled by setting the voltage and
pulse width within the Microdrop computer settings. The voltage controls the speed at which a
droplet is forced through the nozzle and the pulse width controls the time over which this occurs,
thus the size of drop dispensed can be varied according to the application. The frequency at which
the drops are dispensed can also be selected. The nozzle head is 100 um in diameter and typical
drop volume is in the range of approximately 90 — 380 pl. The pattern of dispensing can be
controlled by programming the computer with a macro instructing it on the x, y, z — direction and

distances to travel.

78



Figure 30 - Autodrop dispensing system (Microdrop, Germany): a) The complete setup of the Autodrop system consisting of dispensing
platform, computer and heating system with screen for camera view, b) close up of dispensing platform, c) close up view of dispensing head
showing sample chamber and nozzle.

In addition to printing wax grids for high throughput studies, this system is increasingly being applied
in microfluidic research, primarily in Kazarian's research group where wax microfluidic channels can
be printed directly onto the ATR crystals and transmission slides (Chan et al., 2010). It can also be
used for the direct deposition of samples, where the use of multiple nozzles containing different

formulations allows for additional high throughput applications (Chan and Kazarian, 2005).
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Chapter 4 - Application of variable angle Diamond ATR-FTIR
imaging to reduce the effects of anomalous dispersion in
protein studies

[. Introduction
The diamond Golden Gate imaging ATR accessory has been extensively used across a range of

applications. It was considered for use within work in this thesis for applications to protein studies.
However, due to anomalous dispersion (AD), spectral band shifts can occur when using diamond as
an ATR element compared with the use of Germanium or measurements in transmission (Figure 31).
This section examines the use of movable apertures to increase the angle of incidence of IR light in

order to determine their effectiveness at reducing the effect of anomalous dispersion.
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Figure 31 - Transmittance spectrum and s-polarized diamond and Germanium ATR spectra of a B. mori silk fibroin film.
The spectra were normalized so that the peak heights of the Amide | bands were equal. The Germanium ATR spectrum
has been multiplied by 5.98 with respect to diamond ATR (Boulet-Audet et al., 2010).

As discussed in Chapter 2, the nature of ATR spectroscopy is such that the measured spectra can be
strongly affected by the anomalous dispersion of refractive indices (AD), causing a shift of spectral
bands. Anomalous dispersion results in a Z-shaped variation in the refractive index of a material as a
function of wavelength, this is shown in Figure 32 for poly(pheny methyl siloxane), compared to
normal dispersion which displays a monotonic decrease in refractive index as a function of
wavelength. The phenomenon of AD is much more apparent at angles of incidence closer to the

critical angle for a system (Harrick, 1967).
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Figure 32 - Variation in refractive index (n,) with wavenumber for poly(pheny methyl siloxane) (Averett et al., 2008).

As seen from Equation and Equation, derived by Harrick, the effective pathlength for polarized light
is highly dependent on the refractive indices of the sample and the IRE, the angle of incidence and
wavelength of light (Harrick, 1967). At the higher energy side of an absorbance band, the refractive
index of the sample is at its smallest value meaning the effective pathlength is shorter whereas at
the other end of the band, the refractive index is largest making the effective pathlength longer. As a
result, an absorption band will shift towards lower energy wavenumbers compared to transmission

(Hancer et al., 2000, Harrick, 1967). This effect is most noticeable for strong absorption bands.

Equation 8 — Effective pathlength for s-polarized IR light.

.
A n/ cos O
N

d,, = 0.5

81



Equation 9 — Effective pathlength for p-polarized light.
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The band shifts associated with AD have significant implications for quantitative and qualitative
analysis using the ATR spectrum. For example, for secondary structure analysis of the strong Amide |
band in a protein spectrum, because the shift in band position due to AD could lead to errors in

secondary structure assignment and possible misinterpretation of protein structure.

Diamond is an excellent material for use in ATR measurements but due to its relatively low refractive
index, its use may result in spectral distortions because of anomalous dispersion, particularly at
incident angles close to the critical angle. Boulet-Audet et al. demonstrated that under certain
conditions the Amide | band of measured protein shifts significantly compared to the actual position
of the band as a result of AD. The authors correct for these distortions by quantifying the distortion
through the mathematical determination of optical constants for silk worm fibroin protein (Boulet-

Audet et al., 2010).

However, since ATR spectra are much more affected by the effects of anomalous dispersion if the
angle of incidence is close to the critical angle, especially for strong absorbance bands (Harrick,
1967); theoretically, one could minimise spectral distortions caused by anomalous dispersion by

adjusting the angle of incidence of IR radiation to be further from the critical angle.

There are different ways to change the angle of incidence in ATR spectroscopy. The use of apertures
to change the angle of incidence for ATR measurements with a diamond Golden Gate accessory has
already been successfully applied in the Kazarian group for FTIR imaging with depth profiling of
samples (Chan et al., 2008a, Frosch, 2010). A moveable aperture can be fitted to the imaging optics
of the diamond Golden Gate accessory to restrict the angle of incidence to certain values, as
illustrated in Figure 33. Increasing the angle of incidence could, therefore, be an effective way of
removing distortion in protein spectra caused by AD. Therefore, the aim in this part of the thesis was
to determine if the increase of angle of incidence could be used to reduce the spectral shift of the

Amide | and Amide Il bands of Lysozyme when compared with its transmission spectrum.
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Figure 33 - The use of lenses with apertures to vary the angle of incidence in a diamond Golden Gate ATR accessory; a.
normal operation of diamond Golden Gate ATR accessory, b. large angle of incidence set up, c. small angle of incidence
set up.
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The angle of incidence at each aperture position can be calculated by determining the effective
pathlength experimentally by measuring a model sample and then using Equations 12 and 13 to find
the angle at which the known effective pathlength was equal to de = 0.5 (des + d. ), the average of
effective pathlength for s- and p- polarized light. The effective pathlength is defined as the
pathlength in transmission that produces the same absorbance as that in ATR mode. Therefore, by
measuring the increased absorbance with increasing pathlength in transmission mode, a calibration
curve of absorbance versus pathlength (and therefore effective pathlength in ATR mode) could be
generated allowing the effective pathlengths of ATR measurements on the diamond Golden Gate

accessory to be determined.

[I. Experimental
i.  Materials
Hexadecane and Lysozyme were used as purchased from Sigma Aldrich. To form Lysozyme films, a
concentrated solution of 60 mg/ml Lysozyme in distilled water was deposited onto either the
transmission windows or ATR crystals and left to dry overnight to ensure all water had evaporated

from the film.

ii. Transmission FTIR spectroscopy
Transmission FTIR spectroscopic measurements were carried out on a Bruker Equinox spectrometer

combined with a transmission window and a single element MCT detector. Barium fluoride windows
were used with various spacers (6, 12 and 25 um) to vary the pathlength. 100 scans were co-added
at 4 cm™ resolution and each measurement was ratioed against an air background with the same

number of scans and spectral resolution.

iii. =~ ATR-FTIR imaging measurements
ATR-FTIR spectroscopic imaging measurements were taken using a Bruker Equinox spectrometer

coupled with a Macro chamber for the diamond Golden Gate ATR accessory and a 64 x 64 pixel FPA
detector. Measurements were taken at 4 cm™ resolution and 100 scans were co-added for
comparison with the transmission spectra. An air background at 100 co-added scans and 4 cm™
resolution was taken prior to the hexadecane and Lysozyme film measurements at each different
aperture position. Apertures were used to vary the angle of incidence of the Diamond Golden Gate

accessory as described above.
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[1I. Results and Discussion

i.  Calibration of angles of incidence
There were three apertures available that could be fitted to the condenser lens of the diamond
imaging optics meaning there were 5 different angles of incidence depending on the position of the
aperture. The schematic in Figure 34 shows the positions of the three apertures mounted on the
lens. The angle of incidence with no lens was also recorded making the total number of different
angles 6. In order to determine the angle of incidence associated with each aperture and for the
accessory without any apertures, it was first necessary to calibrate them using hexadecane as
reference. It is important to use a model substance that has low volatility with distinct absorbance
bands; in addition the absorbance of these bands should be within the absorbance scale at longer

pathlengths in transmission.

O
O
®

Aperture 1 Aperture 2 Aperture 3

Figure 34 - Schematic of the three lenses used to give 5 different aperture positions and hence 5 varied angles of
incidence.

The absorbance of hexadecane in transmission at different pathlengths was measured to allow a
comparison with ATR measurements at different angles of incidence. The transmission spectra for
hexadecane at 6 um, 12 um and 25 um are shown in Figure 35. Measurements at each pathlength
were taken three times and the average integrated absorbance of the CH; bending band at 1300-
1400 cm™ was used to determine the relationship between pathlength and absorbance. This band
was selected because it was the smallest absorbance band and would allow more accurate
comparison of effective pathlength when measured using ATR mode. Also, as a weak absorbance
band, it is less affected by anomalous dispersion. The average integrated absorbance of hexadecane
against pathlength was plotted and is shown in Figure 36. As expected, from the Beer-Lambert Law,

as the pathlength increases, the integrated absorbance increases linearly.
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Figure 35 - Transmission FTIR spectra of Hexadecane at different pathlengths.
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Figure 36 - Plot of integrated absorbance of the CH; bending band at 1300-1400 cm™ of Hexadecane versus pathlength.
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This plot could then be used for comparison with the integrated absorbance of the same
hexadecane band measured using the ATR diamond Golden Gate accessory at different angles of
incidence, from which the effective pathlength for each aperture position could be calculated. The
angle of incidence at each aperture position could then be determined from Equations 8 and 9, also

knowing the refractive index of diamond (n = 2.4) and of hexadecane (n = 1.4).

ATR-FTIR imaging measurements of hexadecane on the diamond Golden Gate accessory were taken
at each aperture position and images were generated by plotting the integrated absorbance of the
CH; bending mode band at 1300 — 1400 cm™. Spectra were then extracted and averaged from the
entire region, in order for the absorbance at each angle to be compared with that of a single
element MCT detector. The integrated absorbance from this averaged spectrum allowed for the
effective pathlength to be determined from Figure 36. The effective pathlength and angle of
incidence at each aperture position are summarised in Table 3 and were shown to range from 37° to
45°,

Table 3 - Summary of integrated absorbance, effective pathlengths and calculated angles of incidence at different

aperture positions.

Integrated absorbance Effective Pathlength Angle of incidence
(1300-1400 cm™) (um) 6:(°)

No aperture 0.2482 3.96 41
Aperture 1 top 0.15592 2.49 45
Aperture 1 bottom 0.62239 9.93 37
Aperture 2 top 0.17362 277 44
Aperture 2 bottom 0.44513 7.09 38
Aperture 3 0.20576 3.28 42

87



ii. Comparison of Lysozyme spectrum in transmission with diamond ATR at different
angles of incidence
One of the major effects of anomalous dispersion is the band shift to lower wavenumbers at angles

close to the critical angle. This could be problematic for the analysis of the Amide | band which is
known to contain a vast amount of structural information based on the position of this band. The
objective of the study described here was to determine if the angle of incidence could be adjusted to
minimise the band distortion in ATR spectra of Lysozyme when compared with transmission spectra.
A reference spectrum of pure Lysozyme in transmission was measured at a pathlength of 25 um and
is shown in Figure 37. The locations of the Amide | and Amide Il peaks were recorded to be 1655 cm’

'and 1542 cm™, respectively from this spectrum.

1.8
1.6
1.4
1.2

0.8
0.6
0.4

0.2 ‘
0 .

-0.2
4000 2500 2000 2500 2000 1500 1000
Wavenumber {cm?)

Absorbance

Figure 37 - FTIR spectrum of thick film of Lysozyme measured in transmission with 25 pm pathlength.

A film of Lysozyme was formed on the surface of the diamond ATR crystal before measurements
were recorded at each of the different aperture positions using the same procedure described for
the hexadecane measurements. ATR-FTIR images were generated by plotting distribution of the
integrated absorbance of the Amide | band (1700 — 1600 cm™) shown in Figure 38. These indicated
that the film had not formed homogeneously on the surface, therefore spectra were extracted from
the area of highest protein concentration (the region marked by the black box in Figure 38),
averaged and are presented in Figure 39 for each angle of incidence. There are two points to note
about both the spectra and images obtained at different angles of incidence; the effect on the ATR

image itself and the position of the Amide bands.
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Aperture 3(427)

No Aperture (41°7) Aperture 2 Bottom (38 °) Aperture 1 Bottom (37 °)

Figure 38 - ATR-FTIR spectroscopic images of Lysozyme film on the surface of the diamond at different angles of
incidence. Images generated by plotting the integrated absorbance of the Amide | band (1600 — 1700 cm'l), spectra
extracted and averaged from region marked by black box in top image (as for each other image).

From the spectra in Figure 39, it can be seen that the Amide | band shifts towards higher
wavenumber as the angle of incidence is increased. This is summarised in Table 4. It is also
noticeable from Figure 38 and Figure 39 that the absorbance of the Amide bands decreases as the
angle of incidence increases; this is due to the decreased effective pathlength at higher incident

angles.
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Figure 39 - ATR-FTIR spectra of Lysozyme film at various angles of incidence.

Table 4 - Peak positions of the Amide | bands at different angles of incidence.

Amide | peak | Amide Il peak
Aperture 6 (°) P p
(cm™) (cm™)
Aperture 1 bottom 37.7 1636 1515
Aperture 2 bottom 38 1637 1511
No Aperture 41 1641 1529
Aperture 3 42 1644 1532
Aperture 2 top 44 1645 1535
Aperture 1 top 45 1645 1535

From Table 4, it can be seen that there is a shift in the Amide band position to higher wavenumbers
as the angle of incidence is increased. The critical angle for protein solution (approximately n = 1.33)
and diamond (n = 2.4) is 33.7 °, therefore according to the theory of anomalous dispersion, at angles
of incidence closer to this critical angle there will be a greater band shift to lower wavenumbers for
strong absorbance bands when compared to transmission spectra. This can indeed be seen in Table
4, where at the lowest angle of incidence the shift in Amide | band is 19 cm™ lower compared to the
Amide | band in transmission, which was observed at 1655 cm™ as discussed above. This significant
difference is reduced almost linearly as the angle of incidence is increased but there is still a
difference of 10 cm™ in Amide | peak position at the highest angle of incidence. Therefore, although
the spectral shift at greater angles of incidence was smaller, the effect of anomalous dispersion has

not been removed fully.
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IV. Conclusions
Analysis of protein secondary structure uses the assignment and interpretation of the corresponding

peaks of the Amide | band. Misinterpretation of the data is possible if peak assignments are made
solely based on the position of the corresponding peaks in transmission spectra because as
demonstrated here the position of the Amide | peak varies greatly with angle of incidence when the
ATR mode of measurement is used. It was hoped, that the application of a variable angle of
incidence for imaging of protein samples could remove these shifts in protein spectral bands
associated with anomalous dispersion by increasing the angle of incidence so that it was further

from the critical angle.

ATR spectra were measured at different angles of incidence and the resulting Amide band positions
were compared with their position in transmission mode. Investigating this confirmed that
increasing the angle of incidence reduced the effect of anomalous dispersion in the ATR spectra.
However, within the current arrangement it is not possible to achieve an angle of incidence great
enough to completely negate the spectral distortion present in ATR measurements. In addition, the
reduced absorbance of spectral bands, as a result of decreased effective pathlength at greater
angles, may also be a limitation. The diamond Golden Gate ATR accessory could be re-aligned to
increase the possible range of angles but in doing so the fraction of the diamond imaging surface
area illuminated by the IR light is affected. This, in turn can influence the quality of measurements
obtained. The intensity of infrared radiation directed at the surface is restricted by the aperture and
this reduces the SNR of the spectra obtained. Realighment to a greater range of angles of incidence
reduces the SNR further as the area illuminated on the surface was also reduced. In addition, the
spatial information could also be degraded as the focus of the image is changed with realignment.
This could affect the ability to carry out protein studies, especially secondary structure analysis
based on Amide bands which requires very high quality data. Therefore, it was decided not to carry
out realignment of the diamond Golden Gate accessory to increase the angle of incidence further

because of the degradation in spectral quality and spatial resolution.

Although some correction of the Amide band positions was observed using the variable angle of
incidence method, it is recommended that in order to reduce the possible misinterpretation of
protein spectra, the higher refractive index internal reflection elements such as Germanium or
Silicon should be used. Like diamond, ZnSe is also a material with a relatively low refractive index. It
is conventionally used in a Macro imaging accessory with a flat mirror fixed at 45° and as such the
degree of band distortion (particularly for less strong absorbance bands) will be less significant

compared with the diamond Golden Gate ATR accessory which uses lenses to focus the IR light and
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thus some distribution of angles of incidence. Therefore, ZnSe could potentially also be used for

protein studies.

Additionally, the assignment of the peaks in the Amide | band corresponding to secondary structures
of protein, measured by ATR-FTIR spectroscopy should not be based solely on the position of these
peaks in FTIR spectra measured in transmission, to avoid possible misinterpretation. One could also
consider quantifying the effect of AD on the Amide band positions using methods discussed in
literature, for each ATR accessory to be used, prior to secondary structure analysis. As this was not
carried out during these experiments, a quantified effect of AD has not been discussed but this may

be of more interest when the diamond Golden Gate ATR accessory is used for protein analysis.

92



Chapter 5 - ATR-FTIR spectroscopic imaging of protein

crystallisation

[. Overview
The crystallisation of proteins in order to determine their 3D structure has become an increasingly

challenging area of research, especially with the continuing development of structural proteomics
projects. A lot of time and effort is spent generating the target protein in sufficiently large amounts
(mg) and with suitable stability. The protein is then submitted to a large number of both preliminary
and optimisation crystallisation trials with the aim of gaining a 3D structure from X-ray
crystallography, the best available method for obtaining high resolution structural information
(McPherson, 2004). However, despite many efforts focussing on rationalisation, the crystallisation of
proteins is still largely an empirical process and involves a significant amount of trial and error
(Chayen, 2004). Even when protein crystals are formed, it is still very difficult to obtain ones that are
useful for X-ray diffraction (Chayen, 2004). Often protein crystals can be too small or slightly
imperfect, producing weak or poor quality diffraction patterns which can be difficult to interpret. In
addition to this, there is currently no easy way to distinguish between a protein and salt crystal
within the crystallisation drop meaning that time and resources are often wasted optimising
conditions, only to discover during final stages that the crystal is in fact not proteinaceous (Chan et

al., 2009).

Infrared spectroscopy has already been extensively used for the study of protein behaviours such as
surface adsorption (Sethuraman and Belfort, 2005) and in solution (Oberg and Fink, 1998).
Characteristic absorption bands for proteins are sensitive to protein conformation and there are
many examples in the literature for the assignment of protein secondary structure based on the
analysis of the Amide | band (Surewicz et al., 1993, Haris and Severcan, 1999, Barth and Zscherp,
2002). The recently developed techniques of ATR-FTIR spectroscopic imaging is an extremely
versatile analytical technique that allows for the measurement of chemically specific images of a
sample, without the need for additional dyes or labels. This means chemical imaging offers exciting

opportunities for the study of protein crystallisation in situ.
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The work in this chapter shows the progress in the application of ATR-FTIR imaging to the study of
protein crystallisation. The first section concentrates on the further development of high
throughput ATR-FTIR imaging for microbatch protein crystallisation as a means of screening for
crystallisation conditions. The second section demonstrates the use of Micro ATR-FTIR imaging to
study in situ hanging drop protein crystallisation which could potentially be used for in situ studies of

microscopic protein crystals that do not form crystals large enough for X-ray crystallography.
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[I. ATR-FTIR spectroscopic imaging for high throughput protein
crystallisation

i. Introduction
As mentioned above, the optimum crystallisation conditions for each protein are identified by
extensive screening. The development of new analytical techniques to screen for successful
crystallisation conditions and to explore crystallisation kinetics by measuring growth in situ would
greatly facilitate the development of rational crystallisation approaches. The chemical specificity of
infrared spectroscopy means that crystals can easily be identified as protein and the range of
imaging areas available with ATR-FTIR spectroscopic imaging have capacity for high throughput
experiments. The technique could also provide some insight into structural kinetics of crystallisation

through the use of secondary structure analysis of the protein spectra obtained from the crystals.

As outlined in section IV of Chapter 2, the application of Macro ATR-FTIR spectroscopic imaging to
the study of protein crystallisation in a high throughput manner was shown by Chan et al. (Chan et
al., 2009). This work demonstrated that ATR-FTIR spectroscopic imaging could be used to distinguish
between 6 different crystallisation conditions simultaneously using a Macro approach, where the
spatial resolution is limited to 40 um using a Zinc Selenide ATR accessory or 15 — 20 um with a
diamond accessory (Chan et al., 2009). A wax grid can be printed onto the surface of the ATR

element to create wells allowing for different samples to be deposited without cross contamination.

Microbatch crystallisation is less popular compared to vapour diffusion methods, but has been used
to great effect (Chayen, 2004). In this type of crystallisation, the formation of protein crystals takes
place in aqueous solutions covered by paraffin oil. Unlike vapour diffusion methods, where the
system is dynamic and conditions change throughout, in microbatch the protein and reagent
concentration at the start of the experiment should be such that upon mixing supersaturation
occurs, allowing the formation of crystals (Figure 3). Paraffin oil is used to prevent any evaporation
from the system. It is however, most suited for the combination with Macro ATR imaging as the

crystals can be grown directly on the ATR surface.

This section builds on the preliminary study of 6 samples of lysozyme by Chan et al (Chan et al.,
2009), expanding the use of ATR-FTIR spectroscopic imaging to up to 20 protein samples
simultaneously and applied to another model protein, Trypsin. It shows the use of this method to
determination of the minimum Trypsin concentration required to achieve crystallisation as well as
the effect of different concentrations of a precipitant, polyethylene glycol, within these experimental

conditions.
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ii. Experimental
ATR-FTIR spectroscopy measurements
All measurements were carried out using an Agilent 670 IR spectrometer equipped with a Large
Sample Compartment and a 128 x 128 pixel FPA detector. A single reflection ZnSe ATR crystal was
used and 64 scans were co-added at 8 cm™ resolution for each measurement. A background
measurement was taken each time prior to deposition of protein solutions, either before or after the
wax grid was printed. In this arrangement the imaging area is approximately 5 x 7 mm?and a spatial
resolution of 40 um. This is determined by the size and number of pixels on the FPA detector. The

measurement time to obtain one image was approximately 3 minutes.

Spectral analysis of the protein crystals was carried out by averaging the spectra within the specific
region and then subtracting water from the spectrum. This was achieved using a combination of
Agilent Resolution Pro software and Cytospec. The Cytospec software was used to average and

extract spectra from specific regions.

Visible images were obtained using an optical microscope (Varian FTS-7000 coupled with IR
microscope operated in visible light mode) with various magnifications depending on area being

examined.

Crystallisation conditions
Trypsin (T1426) and all the chemicals used in the reservoir solutions were obtained from Sigma-

Aldrich and used without any further processing. Various concentrations of Trypsin (mg/ml) were
prepared in 0.1 M Sodium Cacodylate pH 6.5 buffer with 0.2 M Ammonium Sulphate. The reservoir
solutions contained 15 — 32 % w/v PEG 8000 in the same buffer. A commercially available screening
solution was also used throughout the experiments containing 30% PEG 8000 w/v in 0.2 M
Ammonium Sulphate, 0.1 M Sodium Cacodylate pH 6.5 purchased from Hampton Research. These
solutions are used to determine the minimum protein concentration for screening experiments. The
screen conditions used are known to produce protein crystals at high protein concentrations based
on work by Jancarik & Kim (Jancarik and Kim, 1991). Protein concentration is a significant variable, so
being able to determine an appropriate initial concentration quickly is important. The use of the
screening solution is denoted by the term “screen” when describing the results of crystallisation
trials below. For all measurements the Trypsin solution was mixed in 1:1 ratio with reservoir
solution. The drop volume varied from 3 pL for 9 and 12 well trials, 2 pL for 15 wells and 1.5 pL for

20 well trials.
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Wax grid printing and crystallisation solution deposition strategy
A paraffin wax grid was printed onto the measuring surface of the ZnSe ATR crystals using the

microdroplet system (Autodrop Compact, microdrop Technologies). This was used to create square
wells of various sizes depending on the number of protein samples to be deposited. The

measurement of up to 20 samples is demonstrated in this section.

Microbatch crystallisation occurs under paraffin oil. To facilitate this, a PDMS well is placed onto the
ZnSe surface surrounding the wax grid. The PDMS forms a seal on contact with the surface,
preventing the leakage of oil. Once the PDMS well was filled with oil, protein solution and
precipitant solution were deposited into the individual wells outlined by the wax grid, as shown in
Figure 40. Filling the PDMS well with oil prior to depositing the protein samples ensures that no

evaporation occurs from the sample drops during the experimental set up of multiple samples.
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Figure 40 - Schematic of sample deposition strategy for micro batch protein crystallisation in situ on the ATR element.
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In order to ensure that the samples were deposited in the correct well and to prevent cross

contamination, the “live imaging window” of Agilent Resolution Pro software was used, as shown in

Figure 41. This allows the position of the wells to be observed whilst depositing multiple samples.
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Figure 41 - Live imaging display window in Agilent Resolution Pro software used to aid in sample deposition.
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iii. = Results and Discussion
Initially the experimental set up was limited to 9 sample wells to be imaged with Macro ATR-FTIR

spectroscopic imaging. This was achieved by increasing the size of the focal plane array detector to
128 x 128; this doubled the size of imaging field of view compared with the work carried out by Chan
et al. (Chan et al., 2009). Figure 42 shows the measurements taken for 9 samples with 2 different
Trypsin concentrations of 60 mg/ml and 30 mg/ml and three precipitant solutions: 15 % PEG, 20 %
PEG along with the screening solution, deposited according to the sample key presented in the

figure.

These conditions were selected as a starting point for the study of microbatch Trypsin crystallisation
using ATR-FTIR spectroscopic imaging where the aim, initially was to determine if Trypsin would
crystallise in the microbatch setup. It was decided to trial a midrange concentration of 30 mg/ml
protein and the 3 different precipitants, depositing two samples of each condition within the
imaging area. Then 3 high concentration protein samples, 60 mg/ml Trypsin were deposited but with
only the 20 % and 15 % PEG precipitant solutions as it was known that the screen solution would
cause protein precipitation at this high protein/PEG concentration. The arrangement of the different

samples is shown in Figure 42E.
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Figure 42 - ATR-FTIR spectroscopic images for 9 well Trypsin crystallisation, A) Wax grid is shown by the distribution of
integrated spectral band of wax , B) solution drops generated by plotting distribution of integrated absorbance of the
band of water bending mode at 1650 cm™, C) Trypsin protein crystals discovered by plotting distribution of the
integrated absorbance of Amide Il band at ca. 1540 ecmtat21h, D) Trypsin protein crystals discovered by plotting
integrated Amide Il band at ca. 1540 cm™ after 3 days, E) Sample Key showing protein and precipitant concentration in

each well.
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The presence of protein crystals is determined by plotting the distribution of the absorbance of the
Amide Il band. This is used rather than the Amide | band as this band overlaps with the water
bending mode at 1650 cm™. Immediately after the samples were deposited, Figure 42B shows that
from the distribution of the integrated band of bending mode of water, the position of the samples
can be seen. Also from the high absorbance of the 60 mg/ml sample with 20 % PEG solution, it
would seem that protein instantaneously precipitated out of solution onto the ATR crystal surface
suggesting that under these conditions the sample is within the precipitation zone of the
crystallisation phase diagram. After 21 h and 3 days, it can be seen that protein crystals have formed
at 2 different conditions; 30 mg/ml with the screen solution and 60 mg/ml with 15 % PEG. From the
ATR image these crystals are approximately 100 - 200 um in size. Also within the 60 mg/ml and 20 %
PEG sample, it would appear that based on the Amide Il absorbance a precipitate of protein has

formed.

It was decided to compare the infrared spectra from the precipitated region within the 60 mg/ml
Trypsin and 20 % PEG sample (bottom left sample in Figure 42) and that of a protein crystal in the
30 mg/ml and screen sample to determine if any denaturation had occurred as the protein
precipitated out of solution, which could prevent crystallisation. These spectra, shown in Figure 43,
were generated by averaging a small region with each of the areas and extracting the average
spectrum. Water was also subtracted from the spectra of proteinaceous areas to remove
interference of the water bending mode in the Amide | region. It can be seen in Figure 43 that there
are no noticeable differences in the spectra between the samples suggesting that no denaturation

had occurred.
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Figure 43 - FTIR spectra extracted from various regions of the crystallisation solutions in the 9 well trial.

Following the partially successful 9 wells crystallisation trial, the number of samples to be studied
simultaneously was expanded to 12. The range of protein concentrations studied was broadened to
20 mg/ml, 30 mg/ml and 60 mg/ml. Several samples were repeated in the same experiment. The
ATR images generated at different times are shown in Figure 44 and the sample key (Figure 44E)
shows the arrangement of samples. Again the presence of crystals was detected by plotting the
integrated absorbance of the Amide Il band. As per the previous experiment, the samples using the
screening solution produced multiple crystals and the two samples with 60 mg/ml Trypsin and 20 %
PEG produced a precipitate upon mixing. Also, examination of the average spectra revealed that
there is no detectable difference between the regions in the samples containing precipitated and

crystalline protein (Figure 45).

102



17

-2
6.9
h . ’

E

20mg/ml 20mg/ml 20mg/ml

Trypsin+ Trypsin+ Trypsin

3creen 3creen 20% PEC

20meg/ml  30meg/ml  30me/mi

Trypsin Trypsin Trypsin

20% PEG SCresn SCresn

I0me/ml  I0me/ml  BIme/mil

Trypsin Trypsin Trypsin

20% PEG 15% PEG 20% PEG

B0mg/ml 60mg/ml 60mg/ ml

Trypsin Trypsin Trypsin

20% PEG 15% PEG 15% PEG

SampleKey

Figure 44 - ATR-FTIR spectroscopic images for 12 well Trypsin crystallisation, A) Wax grid shown by distribution of integrated
absorbance of band at 2930 cm™ B) solution drops generated by plotting distribution of integrated absorbance of the water bending
mode at 1650 cm'l, C) Trypsin protein crystals discovered by plotting integrated absorbance of the Amide Il band at ca. 1540 em™?at
24 h, D) Trypsin protein crystals discovered by plotting the integrated absorbance of the Amide Il band at ca. 1540 cm™ after 65 h, E)
Sample key showing protein and precipitant concentrations in each well.
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Absorbance

In order to confirm that the crystals detected by ATR-FTIR imaging are indeed protein crystals, an

optical visible image was taken of each sample at 65 h. This was taken at the end of the experiment

to avoid disturbing the sample whilst crystals were forming and also to prevent misalignment with

the background spectra taken before the samples were deposited. The visible images are shown in

Figure 46 and it can be seen that the location of crystals in visible images do indeed match up with

locations of crystals in the ATR images for most of the samples. However, in the case of the 60

mg/ml and 20 % PEG samples the visible images show that the areas considered to be precipitates

by looking at the ATR-FTIR images are actually a large number of protein crystals (Figure 46).
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Figure 45 - IR spectra extracted from various regions of the crystallisation solutions in the 12 well trial.

This would explain why there are no significant spectral differences in that region compared with the

spectrum of a single crystal. In addition, from both the ATR images and the visible images, it could be

concluded that the high protein concentration, high PEG concentration samples follow a slightly

different crystallisation pathway to the other lower concentration samples in that the protein seems

to precipitate onto the surface of the ATR crystal upon mixing and then go on to form crystals rather

than forming discrete nuclei on the surface. Also in this case, the large number of crystals formed

within such a small region means that it was not possible to resolve them in the ATR image, hence

the larger area corresponding to the distribution of Amide Il absorbance.

104



Figure 46 - Visible images of Trypsin crystals from selected sample wells at 65 h showing that the
location of crystals within each drop is largely in agreement with the ATR-FTIR images.

From the 12 well images in Figure 44, it can be seen that there was still space to increase the
number of samples to 15 although this did require the drop volume to be reduced from 3 uL to 2 plL.
In this case, it was decided to decrease the protein concentration further to detect the minimum
protein concentration required for the screening solution to produce protein crystals. Therefore,
samples of 5 mg/ml, 10 mg/ml, 20 mg/ml, 30 mg/ml and 60 mg/ml were deposited as shown in
Figure 47. Again, crystals were detected by plotting the absorbance of the Amide Il band. The
experiment was stopped after 48 h in this case when it became clear that the minimum
concentration required for protein crystals to occur was 10 mg/ml Trypsin. Even with the screening

solution, no crystals were formed at 5 mg/ml.

Visible images were also taken after 48 h (Figure 48) and they largely agreed with the ATR images
produced. For the 60 mg/ml and 20 % PEG sample, again the visible images shows a large number of
crystals on the surface which could not be resolved individually by ATR imaging. This is in agreement
with the previous measurements. By increasing the number of samples studied simultaneously in
one experiment, the range of conditions analysed is much greater and can allow for the optimum
crystallisation conditions to be identified much faster. This is one of the advantages of high

throughput studies. Therefore, in this experiment, the range of protein concentrations studied was

105



increased and the minimum protein concentration required to crystallise Trypsin at these particular

microbatch conditions was identified.
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Figure 47 - ATR-FTIR spectroscopic images for 15 well Trypsin crystallisation, A) Wax grid shown by distribution of
integrated absorbance of band at 2930 cm™, B) solution drops generated by plotting distribution of integrated
absorbance of water bending mode at 1650 cm'l, C) Trypsin protein crystals discovered by plotting integrated absorbance
of Amide Il band at ca. 1540 cm™ at 24 h, D) Trypsin protein crystals discovered by plotting integrated absorbance of
Amide Il band at ca. 1540 cm™ after 48 h, E) Sample Key showing protein and precipitant concentration in each well.
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Figure 48 - Visible images of Trypsin crystals from selected sample wells at 48 h from the 15 samples experiment
showing the location of crystals in each crystallisation drop.

As previously mentioned, the advantages of high throughout studies are that a large number of
samples can be studied simultaneously. This can reduce the time and amount of protein solution
required to identify optimum conditions. ATR-FTIR spectroscopic imaging is an inherently suitable
method for high throughput studies. As a final stage of this study, the approach was modified
further to reduce the droplet volume further to 1.5 pL and increase the number of samples to 20
within one measurement. Another precipitant solution with 32 % PEG was used in addition to the
three already studied in previous trials above. The minimum protein concentration that produced
crystals was 10 mg/ml, based on the results of the 15 well experiment. Therefore, 20 different
samples with a protein concentration ranging from 10 mg/ml to 60 mg/ml and precipitant
concentration ranging from 15 — 32 % PEG plus the screen solution were studied simultaneously. The
results are shown in Figure 49 with Figure 49E showing the arrangement of samples. It was hoped

that this would allow the range of effective precipitant PEG concentration to be determined.
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Figure 49 - ATR-FTIR spectroscopic images for 20 well Trypsin crystallisation, A) Solution drops generated by plotting
distribution of integrated absorbance of water bending mode at 1650 cm?, B) Image generated from integrated
absorbance of Amide Il band at 1540 cm ™ C) Trypsin protein crystals discovered by plotting integrated absorbance of
Amide Il band at ca. 1540 cm™ at 21 h, D) Trypsin protein crystals discovered by plotting integrated absorbance of Amide
Il band at ca. 1540 cm™ after 3 days, E) Sample Key showing protein and precipitant concentration in each well.
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However, from the ATR images in Figure 49, it can be seen that crystallisation was not as successful
as in previous experiments. 10 mg/ml protein with the screening solution produced crystals in the
previous setup of measurements with a droplet volume of 2 pL (Figure 47); no crystals were
observed under the same conditions when the droplet volume was reduced to 1.5 pL. Also the
samples containing 20 % PEG at 60 mg/ml, 30 mg/ml and 20 mg/ml seemed to precipitate out of
solution and no crystals were formed in any of the solutions, contrary to expectations based on
previous results. There could be several reasons for the lack of the formation of protein crystals
under these conditions, for example the reduction in drop volume. However, this is unlikely to be
the case as proteins are known to form crystals in nanolitre droplets (Santarsiero et al., 2002).

Figure 49 does demonstrate the potential to study up to 20 samples simultaneously with Macro ATR-

FTIR spectroscopic imaging, which could be applied to the study of different protein systems.
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iv. Conclusions
The results presented here show the capability of Macro ATR-FTIR spectroscopic imaging to study

the crystallisation of up to 15 different protein samples simultaneously (when samples deposited
manually), with potential for this to be increased to 20. The use of high throughput screening of
crystallisation conditions established that the minimum concentration required for Trypsin
crystallisation was 10 mg/ml and that the optimum precipitant concentration was 30 % PEG,
available in the commercially available screening solution. These crystallisation conditions are in
agreement with literature (Jancarik and Kim, 1991) and the results here demonstrate the application
of ATR-FTIR spectroscopic imaging to study Trypsin crystallisation, a protein that has not previously

been studied by ATR-FTIR imaging.

Also, through the inherent chemical specificity of infrared spectroscopy, this method was easily able
to demonstrate that the crystals formed were proteinaceous. Comparison with visible images
confirmed the accuracy of ATR imaging in the majority of cases, with the main disagreements
occurring when a large number of overlapping crystals formed making resolution by ATR imaging
impossible. Analysis of spectra from regions containing protein that appeared to have precipitated
onto the surface of the ATR crystal revealed that the protein spectra was similar to that extracted
from protein crystal regions. This indicated that the precipitation was not the result of denaturation
of the protein. Further analysis of visible images showed that the precipitated regions contained a
large number of overlapping crystals that could not be resolved individually with ATR-FTIR imaging.
In this research, samples have been deposited manually but the opportunity exists for development
methodology of automatic deposition (for example, using a mcirodrop system) of much smaller
samples into the multiple wells on the surface of ATR crystals. This may significantly increase the

number of samples studied simultaneously using ATR-FTIR spectroscopic imaging.

Overall, this chemical imaging methodology could have enormous benefits for structural proteomics

projects and help to speed up the crystallisation optimisation process for new target proteins.
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I1I. Micro ATR-FTIR imaging of hanging drop protein crystallisation

i. Introduction

The previous section demonstrated the application of ATR-FTIR imaging to microbatch protein
crystallisation. In Macro configuration, the spatial resolution is limited to 40 um with a ZnSe ATR
element. However in many cases, it may not be possible to obtain protein crystals of this size and it
would, therefore, be useful to obtain chemical images of in situ protein crystal growth with a higher
spatial resolution. This section introduces the use of Micro ATR-FTIR spectroscopic imaging as a
method that can be used to study the in situ growth of protein crystals in a hanging drop

configuration

Micro ATR-FTIR combines a cassegrain type objective and an infrared microscope operating in
reflection mode, shown in Figure 50. The angle of incidence of this type of objective is ca. 30°
meaning a Germanium ATR element (n = 4) is used to ensure total internal reflection of the IR beam
occurs. The high refractive index of the Germanium element combined with the IR microscope
objective means that spatial resolution of approximately 4 um can be achieved (Kazarian and Chan,
2010). This enhanced spatial resolution has enabled the study of many samples previously excluded
from FTIR imaging analysis. The field of view with this approach is limited and the size of the
imaging area has been measured to be approximately 64 um x 64 um (Kazarian and Chan, 2010).
Despite this small imaging area, Micro ATR-FTIR spectroscopic imaging has great potential for the
studies of polymeric materials (Gupper et al., 2002, Gupper et al., 2004, Nagle et al., 2010, Eder et
al., 2012), cross-sections of paintings (Spring et al., 2008), and biomedical materials where it has
already been employed to analyse cross sections of hair (Chan et al., 2008b), breast cancer tissue
(Kazarian and Chan, 2010), aorta and arteries (Palombo et al., 2009) as well as to chemically image

live cancer cells (Kuimova et al., 2009).

The Micro ATR-FTIR set up is particularly amenable to the study of hanging drop protein
crystallisation. The Ge ATR crystal is removable, as reported previously by Chan et al. (Chan et al.,
2008b). Therefore, drops of protein solution and precipitant solution can be deposited directly onto
the Ge crystal and a reservoir can then be placed underneath the drop in exactly the same manner
as that which is applied in structural biology labs. Confocal Raman microscopy has also been applied
to the in situ measurement of hanging drop protein crystallisation to monitor the change in

concentration of protein within the crystallisation drop (Noda et al., 2007, Vongsvivut et al., 2008).
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Micro ATR-FTIR spectroscopic imaging is an imaging technique and thus requires shorter
measurement and sample preparation times to obtain the same number of spectra from a sample in
comparison with Confocal Raman microscopy. Also, despite the small imaging area of Micro ATR-
FTIR, it is possible to measure the growth of multiple crystals using this approach as demonstrated

below.

Figure 50 - Removable Germanium ATR objective.

This novel application of Micro ATR-FTIR opens up exciting opportunities for the dynamic study of
protein crystallisation by measuring the growth of crystals in situ. The high spatial resolution of the
technique allows measurement of the early stages of crystal growth through the detection of micro
crystals as well as imaging of their growth. This could facilitate the identification of conditions
optimal for crystal growth, quickly and easily without need to damage the crystal or move the drop.
It has potential to be further developed for the study of protein structure in proteins where it is very
hard to obtain X-ray standard crystals, through FTIR spectroscopic analysis of protein secondary
structure. This method could also be applied to other areas of research where crystallisation is a key
factor, for example within the pharmaceutical industry where crystal engineering plays an
important role in understanding the behaviour and role of active pharmaceutical ingredients

(Blagden et al., 2007).
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This section demonstrates Micro ATR-FTIR spectroscopic imaging of three different proteins.
Lysozyme and Thaumatin both crystallise readily and are, therefore, good model proteins with which
to develop a new technique. The third protein studied, Lobster a-crustacyanin has previously been
structurally characterised with a view to understanding the natural blue colouration of raw lobster
shells. This protein is more challenging to crystallise and produces a large number of poorly
diffracting crystals (Chayen et al., 2003). The results presented in this section were published by
Glassford et al. (Glassford et al., 2012b).

ii. Experimental
Materials
Three proteins, Lysozyme, Thaumatin and a-crustacyanin were studied, each with different

crystallisation conditions at 20 °C.

Hen egg-white Lysozyme (L 7651), Thaumatin from Thaumatococcus danielii (T 7638) and all the
chemicals used in the reservoir solutions were obtained from Sigma-Aldrich. Alpha crustacyanin was

provided by Peter Zagalsky of Royal Holloway University of London.

Crystallisation conditions
A solution of 40 mg/ml Lysozyme in 0.1M Sodium Acetate buffer, pH 4.5 was prepared. The

corresponding reservoir solution contained 6% w/v NaCl in 0.1 M Sodium Acetate buffer, pH 4.5.
Thaumatin solution at 30 mg/ml in 0.8 M Sodium Potassium Tartrate, pH 6.8 was crystallised using a
reservoir solution containing 0.1 M BIS-TRIS Propane (BTP) in the same buffer. a-crustacyanin
solution at 5 mg/ml in 28% w/v Polyethylene glycol monomethyl ether 2,000 was equilibrated
against a reservoir solution of 0.1 M BIS-TRIS pH 6.5.

All crystallisation drops were deposited on the Ge ATR element and equilibrated against 200 pL of

the appropriate reservoir solution. 2L drops each of Lysozyme and Thaumatin were set up in a 1:1

protein to reservoir ratio while a-crustacyanin was set up in a 2:1 ratio.

113



Micro ATR-FTIR spectroscopic imaging measurements
All ATR-FTIR imaging measurements were carried out on a continuous scan spectrometer (Varian

FTS-7000) coupled to an IR microscope equipped with a liquid nitrogen cooled focal plane array
detector (FPA). A removable Germanium ATR crystal (Refractive index, n = 4) was attached to a
cassegrain objective mounted on the IR microscope. The 64 x 64 pixels FPA detector has a measured
imaging area of 64 um x 64 um in the Micro mode. Each measurement consists of 250 scans co-
added at 8 cm™ spectral resolution and ratioed against a background spectrum measured prior to

protein deposition for each new sample. The time taken for each measurement was 7 minutes.

The crystallisation drop was deposited directly onto the measuring surface of the Germanium ATR
element which was then mounted onto the IR microscope objective. A small reservoir of solution
was placed beneath the crystallisation drop and the system sealed using Silicon grease, in a similar
manner to commercially available hanging drop crystallisation plates (Corning Life Sciences). This set

up is shown in Figure 51

Optical Images
Optical images for Lysozyme crystals were obtained using the 40 x objective on the IR microscope. In

the case of Thaumatin and Lobster a-crustacyanin, optical images were obtained using a Leica

optical microscope.

IR radiation

Proteinsolution Ge Crystal

Figure 51 - Schematic of the Micro ATR imaging optics with hanging drop protein crystallisation experiment set-up. The
protein crystallisation drop is placed directly onto the Ge ATR element and suspended above a reservoir solution.
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ii. Results and discussion

Lysozyme
Lysozyme was used as a model protein for the development of the Micro ATR-FTIR method since it is

readily crystallisable. ATR-FTIR imaging measurements were taken as soon as the trial was set up and
at subsequent forty minute intervals. Over time the growth of a Lysozyme crystal could be seen in
the bottom left corner of the image, shown in Figure 52. Spectra extracted from the region of the
protein crystal (Figure 53) show that growth of the protein crystal is marked by the appearance of
the characteristic Amide | and Il bands. The ATR-FTIR images were generated by plotting the
distribution of absorbance of the Amide Il band at 1540 cm™ within the imaging area. From the ATR-
FTIR images, the maximum size of the crystal measured can be approximated to 29 um, however it is

clear than this is only a part of a crystal as the crystal had partly grown outside the field of view.

Visible images of the measuring surface of the Germanium crystal were taken after 20 hours, shown
in Figure 54. Since optical images require the removal of the objective from the IR microscope, only
one image was taken during the whole trial in order to minimise disturbance to the crystallisation
drop. Moving the Germanium crystal can also affect the ratio with background spectra and hence
should be avoided as much as possible. Water vapour can be an issue with IR spectroscopy and
removing the objective exposes the spectrometer to the local environment through the gap in
equipment where the objective would be. This increases the amount of water vapour within the
spectrometer which interferes with the infrared light path, affecting the quality of spectral
measurements. Therefore, to minimise the effect of this and allow the system to return to
equilibrium, a time interval of 30 minutes was observed before taking a measurement each time the

ATR element was moved.
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Figure 52 - Micro ATR images of Lysozyme crystal growing on Ge surface. Images show distribution of Amide Il

band at 1540 cm™. C = 80 min, D =110 min, E =140 min, F=20 h.
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Figure 53 - Spectra extracted from the region of the protein crystal in Figure 52. A = 0 min, B = 40 min, C = 80 min, D
=110 min, E = 140 min, F = 20 h. Spectra A and B show absorption of the crystallisation solution prior to the
formation of protein crystals, therefore the main band at ca. 1640 cm™ is from the bending mode of water.
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From the visible image (Figure 54), the presence of multiple Lysozyme crystals can be seen, with an
approximate size of 50 um, indicating that half of one of these crystals was captured using Micro
ATR-FTIR imaging. This highlights the main limitation of this method; the limited imaging area.
Therefore, for proteins that grow rapidly to form big crystals, it may not always be possible to
capture their growth using Micro ATR-FTIR imaging. There is no guarantee that a nucleation site will
occur within the imaging area and hence there is still a degree of trial and error within this approach.
The exact location of the imaging area on the Germanium crystal is also not known precisely, the
black dashed box in the visible image shows an estimated position (from the shape and size of the
crystal on ATR image). Opportunities exist to overcome this limitation. If the exact location of the
ATR imaging area was known then it may be possible to ensure crystal growth in this area through

the use of surface modifications or seeding technologies, for example.

Figure 54 - Visible image of Lysozyme crystals on surface of Ge ATR
element. Dashed box shows approximate size of imaging area.
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Thaumatin
Thaumatin is another protein that is well characterised and crystallises readily, although crystals take

longer to grow than for Lysozyme. ATR-FTIR imaging measurements were taken at time =0, 24 and
28 h (Error! Reference source not found.) where the ATR images were generated by plotting the
istribution of the Amide Il band at 1525 cm™ within the imaged area. Spectra extracted from the
highlighted region are also shown as well as a visible image of the Thaumatin crystals on the
Germanium surface. After 24 hours several small crystals have grown within the ATR imaging area,
varying between 6 — 15 um in size. Then at 28 h, the size of these crystals has reduced to a maximum
of 6 um. This could suggest that as the crystals increase in size, the effect of gravity means that the
area of crystal in contact with the Ge surface decreases. Again an optical image was taken at the
latest stage of the trial to minimise disturbance to the sample. The image shows many protein

crystals across the Ge surface; however from the image it is hard to distinguish individual crystals.

Measurements of Thaumatin were repeated and ATR-FTIR images are shown in Figure 56 along with
spectra extracted from the highlighted region. The spectra appear to be noisier than the previous
measurements due to the presence of a larger amount of water vapour in the system. As before,
after 24 h several protein crystals can be observed in the ATR-FTIR image with a maximum size of
approximately 15 um, then after 48 h the number and size of Thaumatin crystals measured has
reduced; the biggest one was approximately 6 um. A visible image (Figure 56iii) of the Germanium
surface at 48 h shows Thaumatin crystals of approximately 20 um. This helps support the postulation
that as time increases and the crystals become sufficiently large, they are too heavy and less surface
area is in contact with the ATR element, however further investigation is needed to confirm this. The
measurements of Thaumatin crystallisation show that Micro ATR can provide information during the
initial growth of the crystals meaning that it is a technique suitable for the early stages of
crystallisation. Further analysis of the protein spectra obtained during this early, critical stage in the
process could yield information about crystallisation pathway. Additionally, this analysis has the

advantage of differentiation between salt and protein crystals.
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Figure 55 - i) Micro ATR images of Thaumatin crystals showing distribution of Amide Il band at 1525 em’™. ii) Extracted spectra from
region marked by box on the image: A = 0 h (spectra only), B = 24 h (crystal size 6 — 15 um), C = 28 h (crystal size < 6 um). Spectrum A
shows absorption prior to formation of protein crystals. iii) Visible image of Thaumatin crystals on surface of Ge ATR element.

119



1.5

0.2

0.15

2
=

0.05

Absorbance

0.05
2000 1300 1800 1700 1600 1500 1400 1300 1200 1100 1000 500

Wavenumber [cm™)

Figure 56 - i) Micro ATR images of Thaumatin crystals showing distribution of Amide Il band at ca. 1525 cm™. iii) Extracted
spectra from area marked by box on the image: A = 24 h (crystal size ~ 15 pm), B = 48 h (crystal size ~ 10 pm). iii) Visible
image of Thaumatin crystals on Ge ATR element.
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Lobster alpha crustacyanin
To determine if Micro ATR imaging could be applied to more challenging proteins, the hanging drop

crystallisation of lobster a-crustacyanin was studied. Crystallisation drops of lobster a-
crustacyanin normally result in the formation of a large number of small blue crystals which in

some cases may be too small for use in X-ray studies.

a-Crustacyanin is known to take approximately one day to crystallise under standard laboratory
conditions. ATR-FTIR imaging measurements were taken at 0, 48 h and 96 h, with ATR images,
generated from plotting the distribution of Amide Il band at 1540 cm™, shown in Figure 57 along
with spectra extracted from the highlighted area. After 48 h, a large amount of the protein has
aggregated onto the surface of the Ge element although several micro-crystals can also be detected,
shown by the small regions of higher protein concentration. A further measurement at 96 h shows
several large regions of high protein concentration. From the visible image (Figure 57) it can be seen
that the crystals did not grow bigger than 10 um, therefore these regions are most likely to be
several crystals overlapping (largest region from ATR images ~ 15 um). It should be noted that the
optical image obtained shows a larger area of the Ge element surface than the imaging area using
ATR-FTIR imaging therefore a direct comparison of crystals is not possible. Measurements were
repeated for a new crystallisation drop, at time 1, 21 and 48 h. ATR images and spectra from the
highlighted region are shown in Figure 58 along with an optical image of the protein crystals on the
Ge surface. These correlate with the previous trial; by 48 h a large amount of protein had aggregated

on the surface with several micro crystals present.

The measurement of the crystallisation of a-crustacyanin by this approach demonstrates the
applicability to proteins that are more challenging to crystallise and highlights the ability to detect
the formation of micro crystals. Previously in Macro ATR imaging studies, the spatial resolution was
such that protein crystals had to be much more significant in size before they could be detected. The
results presented here demonstrate that the Micro ATR-FTIR technique allows the study of proteins
that do not form crystals large enough or of high enough quality for X-ray diffraction studies as well
as detection of the crystals in the early stages of growth. The detection and growth of micro crystals
may be of increasing importance in the future as more researchers utilise the femtosecond X-ray

free-electron laser technique to solve structures of proteins (Chapman et al., 2011).
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Figure 57 - i) Micro ATR images of Lobster alpha crustacyanin crystallisation. ii) Extracted spectra from boxed area. A=0
h (spectra only), B = 48 h (Crystal size ~ 6 um), C = 96 h (Crystal size ~ 15 um). The ATR images show the distribution of
Amide Il band at ca. 1540 cm™. Spectrum A shows absorption prior to formation of protein crystals. iii) Visible image of
Lobster alpha crustacyanin crystals on surface of Ge ATR element.
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Figure 58 - i) Micro ATR images of Lobster alpha crustacyanin crystallisation. ii) Visible image of Lobster alpha
crustacyanin crystals on surface of Ge ATR element. iii) Extracted spectra from boxed area. A=1h,B=21h,C=48 h.
The ATR images show the distribution of integrated absorbance of band ca. 1540 em™, Spectrum A shows absorbance
prior to formation of protein crystals.
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iv. Conclusions
This section demonstrates the novel application of Micro ATR-FTIR spectroscopic imaging to the

study of hanging drop protein crystallisation. The deposition of a protein solution directly onto a
Germanium ATR objective means that the growth of protein crystals can be measured in situ without
the need for additional measures to identify them as actual protein crystals, during the initial stages
of crystal growth. The measurement of multiple protein crystals simultaneously has also been shown
to be possible. The high spatial resolution of Micro ATR-FTIR images has allowed the detection of
protein crystals approximately 6 um in size. The high spatial resolution measurement of crystal
growth in situ could offer exciting opportunities for the study of target proteins, especially those
which do not produce crystals of the size required for X-ray crystallography. It could also have
potential application within other areas of research where the understanding of crystallisation is

important such as drug development.
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Chapter 6 - ATR-FTIR spectroscopic imaging of proteins on a
wettability gradient surface

[. Introduction
Surface property gradients are an important tool in the high-throughput investigation of the effect

of surface chemistry on cell and protein adhesion (Mei et al., 2005). There has been great interest in
studying the interactions of materials on surfaces as a function of the surface properties, for
example the adsorption of protein (Cha et al., 2008, Krishnan et al., 2006, Buijs et al., 1996) and cells
(Lee et al., 1994, Ruardy et al., 1997a, Ruardy et al., 1997b, Kennedy et al., 2006) on hydrophilic and
hydrophobic surfaces. A widely applied method of modifying the properties of a surface is through
the use of self assembled monolayers (SAM) where the desired surface properties can be obtained
through the selection of a variety of different “tail groups” of amphiphilic molecules. In addition, it
has been shown that a gradient of surface properties can be achieved using SAM (Elwing et al., 1987,
Kennedy et al., 2006). The use of polymer brushes is also an established method for preparation of
thicker layers with gradient properties surfaces (Morgenthaler et al., 2008, Neuhaus et al., 2011, Pei
et al., 2011). However, typically the use of tags or dyes is required in order to detect and quantify
the presence of proteins, cells and other biological materials on the surface, independent of the

method used to prepare the surface.

Vibrational spectroscopic techniques such as FTIR imaging have a number of advantages for the
study of the effects of surface chemistry on cell and protein behaviour. This analytical technique
provides detailed chemical information about a sample and offers fast imaging rates (from
milliseconds to minutes depending on the spectral quality required) (Chan et al., 2011, Snively and
Koenig, 1999), without the need for additional labelling (Salzer et al., 2000, Kazarian and Chan, 2006,
Diem et al., 2004). FTIR imaging in ATR mode is particularly flexible in terms of imaging area and
spatial resolution as discussed in previous chapters and in numerous review articles (Kazarian et al.,
2009, Kazarian and Chan, 2013, Kazarian and Chan, 2010). It requires minimal sample preparations
with well defined sampling volumes. Each chemical imaging dataset typically contains ~4,000 to
16,000 spectra providing opportunities to study multiple components in a single set of
measurements. Spectra collected simultaneously are spatially resolved which leads to the possibility
of using the imaging system as a high throughput platform for parallel measurements of multiple

samples (Kazarian, 2007).
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This high throughput approach with ATR-FTIR imaging can be achieved by assembling a number of
different samples in the imaging field of view on the surface of the ATR element such that each pixel
(or a group of pixels) collects infrared spectra from an individual sample. This application has been
successfully demonstrated in catalyst studies (Stavitski and Weckhuysen, 2010, Snively et al., 2001),
diffusion of chemicals in skin (Andanson et al., 2009), protein crystallisation (Chan et al., 2009),
pharmaceutical formulations and dissolution (Chan and Kazarian, 2006). High throughput
approaches can reduce the time and cost of research, enabling optimisation of studied systems as

well as reducing experimental errors.

As described in section lll.viii. of Chapter 2, FTIR spectroscopy is an effective method for studying
protein adsorption (Salloum and Schlenoff, 2004), surface effect on protein conformations (Steiner
et al., 2007, Green et al., 1999, Ball and Jones, 1995) and protein aggregation (Oberg and Fink, 1998).
This chapter presents a new opportunity for high throughput chemical analysis through the
combination of ATR-FTIR imaging with chemical gradient surfaces. This will allow high throughput
spectroscopic studies of the effect of surface properties on various processes such as protein
adsorption and crystallisation. ATR-FTIR spectroscopy is often regarded as a low surface sensitivity
technique and thus not well suited for characterising gradient surfaces with limited spatial resolution
(Ruardy et al., 1997b, Jeong et al., 1996). However the development of multichannel detectors (e.g.
FPA) measuring many thousands of spectra in a short time provides a solution for improvement on
spatial resolution as well as sensitivity, by pixel averaging. ATR-FTIR spectroscopic imaging has also
been shown to be a suitable technique for studying polymer films with sub micrometer thickness

(Frosch, 2010).

The measuring surface of a Silicon (Si) based ATR-FTIR imaging system can be readily modified with
SAM such as chlorosilanes or thiols. When using a thiol based system, the measuring surface of the
ATR crystal first needs to be coated with a thin layer of gold. While the use of self assembled
monolayers is a well established system for protein adsorption studies (Prime and Whitesides, 1991,
Krishnan et al., 2006) this chapter describes a significant advance in their application showing that
the effect of the surface properties on the samples studied can be characterised in situ with
relatively high spatial resolution by ATR-FTIR spectroscopic imaging. The wettability was measured,
based on the variation in absorbance of the monolayer, across the imaged area and the effects of
the gradient surface properties on protein adsorption and protein crystallisation using Lysozyme as a
test protein was studied showing the applicability of ATR-FTIR spectroscopic imaging within these

types of studies. These results have been published by Glassford et al. (Glassford et al., 2012a)
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[I. Experimental

i. Selfassembled monolayer gradient surface
The measuring surface of the Silicon ATR crystal (Pike technology, USA) has a diameter of 20 mm.
The imaged area is a rectangle at the centre with dimensions of approximately 7 mm x 9.8 mm. The
surface was cleaned by immersing in hot Piranha solution (a 3:1 mixture of H,SO,and H,0, at 100 °C,
purchased from Sigma Aldrich, UK) for at least 30 minutes and was then thoroughly rinsed with
distilled water and air dried. This leaves the surface of the Si crystal terminated with OH groups and
with hydrophilic properties. A gradient of hydrophobicity can be created using a modified vapour
diffusion approach to prepare a self assembled monolayer on a Silicon surface, similar to that used
by Chaudhury and Whitesides (Chaudhury and Whitesides, 1992). In brief, a reservoir was created by
placing a rectangular PDMS ring (Sigma Aldrich) at one end of the ATR crystal which was then filled
with a solution of 0.5% Octyltrichlorosilane (OTS) (Sigma Aldrich) in hexadecane (Sigma Aldrich) as
shown in Figure 59. The surface of the ATR crystal together with the reservoir was then covered and
the OTS solution was left to evaporate for 1 hour. The surface of the Si that is closer to the reservoir
would be exposed to a higher concentration of OTS vapour and hence becomes more hydrophobic
than the areas that are further away. ATR-FTIR imaging measurements were carried out at 15
minute intervals during this time to monitor the growth of the monolayer on the Silicon surface.
Following this, the OTS reservoir was removed and the surface was rinsed with hexane to remove

non-reacted, excess OTS solution from the Silicon surface.

OTS reservoir

N

SiATR Element

FPAdetector

Figure 59 - Schematic diagram showing the experimental set up for creating the surface gradient properties on the Si
ATR element.
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ii. Contact angle measurements
Contact angle measurements (Easydrop FM40, KRUSS GmbH) were made along the gradient surface

by dropping 1 pl of water at distances of 0 mm, 2.6 mm, 5.3 mm and 8.6 mm from the edge of the
reservoir on the Si surface. Contact angles were estimated using the DSA software (version

1.90.0.14) tangent 2 method.

iii. =~ ATR-FTIR imaging measurements
All ATR-FTIR measurements were carried out on a continuous scan spectrometer (IFS66, Bruker

Optics, Germany), with a Silicon ATR accessory (VeeMAX I, PIKE technologies, USA) coupled with a
96 x 96 pixels FPA detector. Each pixel of such an array detector collects an infrared spectrum from
a specific location of the sample and each image contains 9216 spectra. In this arrangement the
imaged area is approximately 7 mm x 9.8 mm with a spatial resolution of ~ 80 um. For each
measurement, 200 scans were co-added at 4 cm™ spectral resolution in the spectral range between
3800 and 1000 cm™. Measured spectra were ratioed against appropriate backgrounds to give
absorption spectra for the monolayer of OTS and adsorbed protein. For the OTS gradient
measurements, a freshly cleaned Si ATR element was measured as the background. For the protein

adsorption measurements, plain buffer on the OTS gradient was used as background.

iv.  Protein adsorption and desorption
Lysozyme solution (Sigma Aldrich, 60 mg/ml and 40 mg/ml) was prepared by dissolving lyophilised

Lysozyme in sodium acetate buffer (50 mM, pH 7). A square PDMS boundary (~¥10 mm x 10 mm x 2
mm) was constructed on the ATR measuring surface to form a well to retain the solution on the ATR
surface during the measurement. A background was measured with buffer solution on the gradient
of OTS prior to the adsorption of protein. A 0.1 ml aliquot of Lysozyme solution was deposited into
the well which was then covered to prevent further evaporation. The solution was incubated at 22
°C on the ATR measuring surface for 1 hour for Lysozyme to adsorb on to the surface of the ATR
element. The Lysozyme solution was then removed and the surface was rinsed twice with buffer
solution to remove any non-adsorbed protein molecules. Fresh buffer was deposited on the surface
with the adsorbed protein and measurements were taken every 15 min for another hour to assess
desorption of protein from the surface. Since buffer solution on a newly prepared OTS gradient was
used as the background, any adsorbed protein on the surface would be revealed in the FTIR

spectrum.
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v.  Protein crystallisation
A supersaturated Lysozyme solution (60 mg/ml) was prepared by mixing equal amounts of protein

solution and buffer with 7% NaCl. The mixture was deposited on the ATR element surface which had
been modified to form a gradient of hydrophobicity. The deposited solution was incubated at 22 °C

for 2 days under oil to allow the protein to crystallise.

[II. Results and Discussion

i.  Gradient characterisation
Chaudhury and Whitesides used a modified vapour diffusion method to create a gradient of
hydrophobicity allowing “water to run uphill” (Chaudhury and Whitesides, 1992). It was decided that
this approach could be easily applied to Silicon ATR elements to allow for the in situ measurement of
the formation and analysis of the gradient SAM formed. Other methods used for SAM preparation
would have been difficult to apply directly to the ATR surface, for example solution deposition
(known as the diffusion method) where the monolayer is formed by immersing the surface into a
SAM solution (Ruardy et al., 1997b). The modified vapour diffusion approach also allowed for the
degree of gradient to be controlled by removing the reservoir solution after 45 min, which was
shown to be the optimum time from our measurements. The selection of the amphiphilic molecule
to be used was also important as it had to be volatile enough to deposit on the surface within a
reasonable time frame but not too volatile that no gradient was formed. Initial experiments were
carried out using Octadecyltrichlorosilane as it was hoped that the long hydrocarbon chain would
allow for easier detection with ATR-FTIR imaging. However, it was not possible to form a gradient
using Octadecyltrichlorosilane. It was thought that the long chain hydrocarbon was not volatile
enough to deposit effectively in the vapour diffusion method. Therefore, Octyltrichlorosilane was
used instead. It has a shorter chain length and is established in surface hydrophobicity studies (Wang

et al.,, 2011, Gnanappa et al., 2011).

The ATR-FTIR imaging data acquired during the exposure of the Si surface to OTS vapour is shown in
Figure 60. The image is generated by plotting the integrated absorbance of the OTS v,(CH,) band
with integration limits of 2940 cm™ and 2900 cm™. The formation of the gradient of monolayer can
be observed near the OTS reservoir (near top of image). Based on these images, it was difficult to
observe the OTS beyond 1 mm from the reservoir. Spectra extracted from these images showed that
the average peak to peak noise level of the spectrum from an individual pixel was approximately

0.0017 a.u., similar to the level of absorbance of the v,4(CH,) band from an OTS monolayer.
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Figure 60 - ATR-FTIR images showing distribution of OTS on the Si surface as a function of exposure time in the OTS
vapour. The OTS reservoir is at the top of the image. The integrated absorbance value of the OTS v,,(CH,) band is
indicated by the colour scale.

An improvement to the signal to noise level of the raw imaging data measured was therefore
needed. SAMs are often studied with multiple reflection ATR FT-IR spectroscopic measurements
using a single element MCT detector in order to increase sensitivity (Poda et al., 2010). In imaging
mode, however, it is not possible to employ multiple reflection ATR because of the degradation of
spatial resolution. Furthermore, the noise level from the FPA detector is generally higher than from
single element detectors due to the complexity in electronic design. Nevertheless, sensitivity of the
imaging measurement can be improved by increasing the number of scans collected with an

associated increase in the overall acquisition time.

Alternatively, improvement can be achieved by averaging spectra collected over a number of pixels.
Theoretically, the sensitivity (or signal to noise ratio, SNR) of spectral data is improved by the square
root of the number of pixels averaged if all spectra averaged have the same SNR. The effect of pixel
averaging on the noise level is demonstrated in Figure 61. This shows that the SNR of the spectrum
improves remarkably with pixel averaging and the noise level reduced to ~2 e™ a.u. when averaging
a 16 x 16 pixel block (256 pixels). However, after averaging pixels in 16 x 16 blocks, the spatial
resolution of the image is also reduced by 16 times to ~1 mm x 1.4 mm (each pixel has a projected
size of ¥60 um x 84 um). The pixel dimension is a rectangle because the image is projected from the

measuring surface to the detector at an angle of ~45°)(Chan and Kazarian, 2003).
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Since the gradient was prepared along the vertical direction of the imaging area and the OTS
concentration is nearly homogeneous along the horizontal direction of the image, pixel averaging
along the horizontal direction enables a gain in sensitivity with minimal loss in spatial resolution.
Each line along the horizontal axis has 96 pixels and the averaged spectra have shown a noise level
of 2.9 e” a.u. It is also possible to average several lines of pixels to further improve on the SNR of

spectra with a trade off in spatial resolution.
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Figure 61 - Extracted spectrum and averaged spectra from the imaging data where the measurement was made with a
clean Si ATR element.

By averaging each row of pixels in the imaging data, absorbance profiles of OTS on the surface of the
Si element at different times of the exposure can be plotted, as shown in Figure 62a. Representative
spectra are shown in Figure 62b. It is clear that the concentration, which is proportional to the
absorbance, of OTS on the Si surface increased as a function of time. The area nearer the reservoir
recorded a faster increase in OTS concentration than the areas further away resulting in a gradient
of concentration of OTS on the surface of Si. The measurements taken when the Si surface was
exposed in the OTS vapour for an extended period of time (until the reservoir is completely dried)
showed that the OTS monolayer saturates the Si surface up to 1.5 mm from the reservoir and the
vas(CH,) band integrated absorbance reached a maximum value of 0.022 cm™ with a peak height of
0.002 a.u. It was also shown that the OTS monolayer reached the saturation point near the reservoir
after 45 minutes exposure time and the gradient extends at least 5-6 mm beyond the reservoir
(Figure 62). Spatial resolution in the vertical direction is around 84 um with the optics employed in

this study.
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Figure 62 - a) The OTS absorbance profiles along the length perpendicular to the reservoir measured at different times
after exposure to OTS vapour. The absorbance is obtained by integrating the v, (CH,) band area between 2940 em™ and
2900 cm™ of the averaged spectrum of each row of the imaged pixels. b) Representative spectra in the v, (CH,) region
extracted from rows at different distances from the OTS reservoir.

Contact angle measurements were performed to confirm the presence of the gradient property

along the treated surface. The contact angles were measured at various distances from the edge of

the reservoir by depositing 1 pL of water on the surface (Figure 63). The contact angles at each

distance were estimated using the DSA software and are summarised in Table 5. They range from

95.6 ° at the distance nearest the reservoir to 25.5 ° at the furthest location.
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Figure 63 - Images of water droplet on the Si ATR surface with OTS gradient used to calculate contact angles.

Despite the small volume of water used in this measurement, the diameter of the drops span over

~1 -4 mm on the surface. This demonstrates that the spatial resolution in this contact angle

measurement set up is significantly worse than the spatial resolution of FTIR imaging used in the

method presented. Nevertheless, the measurement confirms the presence of hydrophobic-

hydrophilic gradient along the surface of the Si ATR element. Areas showing a greater absorbance of

OTS bands have a higher water contact angle than the area showing a lower absorbance of OTS

bands, as seen in Table 5.

Table 5 - Contact angle measurements of 1 uL of water on various positions on the Si ATR surface with OTS gradient.

Distance from the edge Drop Diameter (mm)
of OTS reservoir (mm)

Contact angles °

*Absorbance of
Vas(CH,) band (cm™)

0 1.15
2.6 1.77
5.3 3.95
8.6 4.19

95.6
40.0
29.8
26.5

0.018
0.0078
0.0048

*Averaged integrated absorbance values within the drop diameter
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ii. Protein adsorption on gradient surface
After obtaining and characterising the OTS gradient, Lysozyme solution was deposited onto the

gradient surface without moving the ATR element in order to demonstrate the effect of gradient
surface properties on protein adsorption. Since the ATR element was not moved, the same area was
imaged to facilitate direct overlay of the result from the OTS gradient measurement with the image
of adsorbed protein. The protein is characterised using the Amide Il band in the spectral region
between 1585 cm™ and 1505 cm™. The Amide Il band is used since the Amide | band overlaps with
water absorption which may interfere with the result. Although, in this case buffer solution was used
as background so the overlap should not be significant. The spectral absorbance measurements of
protein solution incubated on the surface of the ATR element were plotted against distance from the
reservoir as shown in Figure 64. These initial measurements were a combination of both the
dissolved protein in solution as well as the surface adsorbed protein and as such can be seen to be

constant along the surface of the ATR element irrespective of the measurement time.
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Figure 64 - Integrated Amide Il absorbance with distance along Si ATR surface with OTS gradient for Lysozyme solution.
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In order to measure only the adsorbed protein, the protein solution is removed and replaced with

buffer solution. However there is a possibility that as the protein solution is replaced, the surface

adsorbed protein will desorb into the buffer solution. By taking a series of measurements at 15

minute intervals for 1 hour after exchanging the protein solution with plain buffer and plotting the

integrated absorbance of the Amide Il band against distance along the surface (Figure 65), it was

shown that the surface protein concentration remains the same within the measurement time. This

suggests that the desorption process is insignificant within the time scale of our measurement. As

with the characterisation of OTS concentration on the ATR surface, the pixels along the horizontal

line of the imaging data were averaged (96 pixels) such that the imaging data becomes a column of

spectra along the line of the OTS gradient.
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Figure 65 - Integrated Amide Il absorbance with distance from reservoir taken at 15 min intervals after adding fresh

buffer solution to the surface.
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The plot of the Amide Il band absorbance (adsorbed protein) together with the surface OTS

concentration on the ATR element is shown in Figure 66a with representative spectra shown in

Figure 66b. The data indicated that protein concentration decreases with decreasing OTS

concentration on the surface of the ATR element. More protein adsorbed to the area where the OTS

concentration is higher demonstrating that proteins are more readily adsorbed to hydrophobic

surfaces than hydrophilic surfaces. This is in agreement with previous studies on protein adsorption

on hydrophobic and hydrophilic surfaces studied by other techniques (Krishnan 2006, Cha 2008) and

conventional ATR-FTIR spectroscopy (Jeon et al., 1994). Lysozyme is a known to have hydrophobic

regions and therefore it would be expected to adsorb more readily to hydrophobic surfaces (Haynes

and Norde, 1995, Prime and Whitesides, 1993). These results demonstrate the suitability of using

ATR-FTIR spectroscopic imaging to assess the effects of different surface properties on protein

adsorption, in situ and in a high throughput manner. This type of work was previously discounted as

ATR-FTIR imaging was thought to lack the sensitivity required to carry out such surface analysis.
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Figure 66 - a) Plot showing the amount of protein adsorbed on the surface of the Si ATR element as a function of
distance along the OTS gradient which is shown on the same plot. b) Representative spectra in the Amide | and Amide Il

region extracted from rows at different distances from the OTS reservoir.
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iii.  Protein crystallisation
Protein crystallisation is often initiated near the surface of a substrate and the surface properties can

play an important role in this process. A change in surface protein adsorption due to the gradient of
hydrophobicity may result in a change in protein crystallisation behaviour. The application and
advantages of ATR-FTIR spectroscopic imaging to study protein crystallisation has previously been
demonstrated by Chan et al. (Chan et al., 2009) and in the work of this thesis. The combination of
surface gradient and ATR-FTIR imaging provides a new opportunity to study the effects of surface

properties on protein crystallisation in a high throughput manner.

A new gradient of OTS with exposure time of 45 minutes was created on the Si surface and
characterised following the same procedures as described above. Lysozyme and precipitant solution
were then deposited directly onto the prepared gradient and crystallisation was allowed to proceed
under oil. The result is shown in Figure 67. The image is rotated and scaled such that it can be
compared to the OTS gradient on the surface of the ATR element shown under the FTIR image. The
FTIR image is generated by plotting the distribution of the protein-specific Amide Il band absorbance

across the imaged X-Y plane.
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Figure 67 - ATR imaging of Lysozyme protein crystals formed on the Si ATR element. Visible image is shown on the right
panel and the OTS gradient along the imaging surface is shown as a plot below the FTIR image.
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The advantage of ATR-FTIR imaging is that crystals are detected and identified as proteinaceous in
one single step. The protein crystals are shown by locations of highly localised Amide Il absorbance

on the image which removes any ambiguity that these crystals may have been salt crystals.

The result shows that after 2 days of incubation, many Lysozyme protein crystals are formed on the
surface of the ATR element. The sizes of the protein crystal were similar across the imaged area;
however, some protein crystals grew very close to each other and formed clusters. According to the
imaging result, more protein crystals were formed on the hydrophobic side of the gradient and
relatively few scattered protein crystals were formed on the hydrophilic side. This result suggests
that surface hydrophobicity does have an effect on Lysozyme protein crystallisation and was
demonstrated here by in situ ATR-FTIR imaging approach. Based on the protein adsorption result
shown in Figure 8, there is also the indication that higher protein adsorption on the surface may
facilitate protein crystallisation. As more protein is adsorbed onto the hydrophobic regions the
increase in protein concentration may increase the likelihood of the nucleation of protein crystals.

However, no significant effect on the protein crystal size is observed.

These findings provide more information on key biophysical properties which are advantageous to
protein crystallisation and it will be interesting to explore the application of this technique to
crystallisation of other more challenging proteins. It should be noted that Lysozyme was used as a
model protein in this study to demonstrate the feasibility of this ATR-FTIR imaging approach to the

study of the effect of surfaces on protein crystallisation.
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IV. Conclusions
The combination of ATR-FTIR imaging with gradient concentration of self assembled monolayers

(SAM) has shown to be a powerful method to study the effect of surface properties on protein
adsorption and protein crystallisation. The concentration of SAM on the surface of the ATR element
and the effects of this on both the amount of protein adsorbed and the number of protein crystals
formed have been characterised and spatially resolved information obtained using the imaging
system. More Lysozyme adsorbed to the hydrophobic side of the ATR element and more protein
crystals formed in the same region suggesting a correlation exists between surface protein

adsorption and protein crystallisation.

The spatial resolution achieved along the gradient is approximately 84 micrometers which could be
further improved by using different optical arrangements. The sensitivity of the measurement was
effectively enhanced by 6 fold by averaging the spectra measured in each row of the imaged pixels
(96 pixels). Further improvement in sensitivity by averaging more rows of pixels can be achieved;

this, however, would result in sacrificing the spatial resolution.

The purpose of this study was to demonstrate the development of a new technique to study SAMs
using ATR-FTIR imaging and how this technique may be applied for the study of the effect of surfaces
with gradient properties on biological materials simultaneously in one experiment, as shown using
Lysozyme as a model protein. The use of this approach to study other proteins may reveal different

behaviours depending on the properties of the protein.
It is anticipated that this technique can be applied to the high-throughput study of the effect of

gradient properties on adhesion of live cells, having the advantage of characterisation of both the

gradient materials and the cells without disturbing the natural environment of the system.
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Chapter 7 - Conclusions and Future Work

ATR-FTIR spectroscopic imaging is a powerful and versatile analytical technique which has great
potential to aid in protein studies, particularly protein crystallisation. Some of this potential has been
demonstrated and developed by the work carried out in this thesis. A detailed discussion of the
outcomes from each area of work has been included at the end of each chapter; therefore, the
overall conclusions are presented in this chapter along with future perspectives for the application

of ATR-FTIR spectroscopic imaging to study proteins.

[. Overall Conclusions
The key objective of this thesis was to develop the application of ATR-FTIR spectroscopic imaging to

protein studies. This has been achieved in three core areas; further development of the application
of Macro ATR-FTIR imaging to study microbatch protein crystallisation, the design and
implementation of Micro ATR-FTIR imaging as a new approach to study hanging drop protein
crystallisation and the development of a method combining wettability gradient surfaces with Macro
ATR-FTIR imaging to study the effect of different surface properties on protein behaviour in a high-

throughput manner.

Initially, a study was carried out to determine if the effects of anomalous dispersion on the bands in
ATR spectra could be countered by increasing the angle of incidence of IR light to a sample. The
angle of incidence was varied by fitting apertures to the lens in a diamond Golden Gate ATR
accessory and the position of the Amide | band at each different angle was compared with the
Amide | band position for a sample measured in transmission. Although some band shift towards the
transmission peak position was observed as the angle of incidence was increased, the use of variable
angle apertures did not completely negate the shift in band position caused by anomalous
dispersion. It was, therefore, concluded from this useful investigation that for protein
measurements, the use of a high refractive index internal reflection element should be used, for
example Germanium or Silicon, which was implemented in the research presented here. This is
particularly valid if one wishes to compare spectra measured in transmission with that measured in

ATR mode for secondary structure analysis.

Significant progress was made in the application of ATR-FTIR imaging to protein crystallisation by
expanding the number of samples studies simultaneously in Macro imaging as well through the
development of Micro ATR-FTIR imaging to study hanging drop protein crystallisation. This presents
the use of the imaging technique for studies using two of the most common crystallisation methods,

hanging drop crystallisation and microbatch crystallisation, and could have exciting benefits for
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structural proteomics projects as it allows for the identification of crystals as proteinaceous without
the need for additional dyes or labels. The high spatial resolution of Micro ATR-FTIR spectroscopic
imaging allowed for crystals approximately 6 um in size to be detected and allowed their growth to
be measured in situ. This could be particularly useful for the study of target proteins that do not
produce crystals of the size required for X-ray crystallography as well as within other areas of

crystallisation research, such as pharmaceuticals.

One of the key outcomes from the work in this thesis is the demonstration of the high throughput
capabilities of ATR-FTIR spectroscopic imaging to protein studies. This was shown through the study
of up to 20 different samples simultaneously to screen for Trypsin crystallisation conditions as well
as through the combination of gradient wettability surface with Macro ATR-FTIR spectroscopic
imaging. This presents good progress as high throughput studies have a range of advantages, namely
savings in time and money, especially within protein research and importantly, making such
measurements more reliable. Although, it should be noted that in terms of application to protein
crystallisation experiments, the use of Macro ATR-FTIR imaging should be viewed as an
complementary method of screening for crystallisation conditions, providing chemical information in
situ, in addition to the conventional high throughput capabilities in the structural biology field,
where thousands of samples can be screened simultaneously based on UV and visible light. It also
has potential application to other screening experiments outside protein crystallisation studies such
as within pharmaceutical studies for example, which has also been demonstrated within Kazarian's

research group (Chan and Kazarian, 2005).

The use of Macro ATR-FTIR spectroscopic imaging to study the effect of gradient surfaces on protein
adsorption and crystallisation represents a significant advance in the application of this imaging
technology within the field of protein studies. Pixel averaging effectively enhanced the sensitivity of
the measurements by 6 times, demonstrating that ATR-FTIR imaging with a FPA detector can be
used for such sensitive surface analysis. This also represents the development of a new
methodology to study self-assembled monolayers (SAMs) and demonstrates the application of such
surfaces to studies of protein behaviour. It has potential to be expanded to other systems, where the
effect of surface properties is important, such as adhesion of cells or understanding different stages

of protein interactions with surfaces during bioprocessing of biopharmaceuticals.

In general, the work presented in this thesis demonstrates the applicability of ATR-FTIR
spectroscopic imaging to a range of different protein systems and presents new and interesting
applications of ATR-FTIR imaging within this field. This could be built upon and expanded to the

study of different systems to provide chemically specific information, in situ and in a high throughput
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manner. Overall, this chemical imaging methodology could have benefits for structural proteomics
projects and continue to help speed up the crystallisation conditions optimisation process for new

target proteins as well as within the fields of biopharmaceuticals and bioprocessing.

[I. Future work
The methodologies developed in this thesis have introduced a platform for new research

opportunities to use ATR-FTIR spectroscopic imaging within the field of protein studies. This could
have exciting opportunities to further the understanding of protein behaviour in different
environments by providing chemically specific spatial information measured in situ.
Recommendations for future research can be split into two main areas — the application of the
methodologies developed in this thesis to different protein systems and the further development of
ATR-FTIR spectroscopic imaging for use within this field of studies. These recommendations are

outlined below.

- The high throughput capabilities of ATR-FTIR spectroscopic imaging are clearly beneficial and
these present significant opportunities. Within the area of protein crystallisation, the Macro
ATR-FTIR imaging of microbatch crystallisation could be applied to the study of target
proteins within proteomics studies, with the aim of reducing the time it takes to find
optimum crystallisation conditions for a protein of interest, in conjunction with techniques

already applied within structural biology labs.

- The potential to expand the number of samples studied simultaneously for microbatch
crystallisation studies could be explored further. For example, the use of the microdrop
system has previously been used for the deposition of pharmaceutical samples of different
concentrations directly onto the ATR crystal within Professor Kazarian’s group (Kazarian,
2007). This could be adapted for the deposition of multiple protein crystallisation samples.
Although, a limitation in this case may be the spatial resolution of the Macro imaging system
(spatial resolution for Macro imaging in high throughput is typically 40 um) as reducing the

drop volume is known to reduce the size of crystals grown (Bodenstaff et al., 2002) .

- The application of ATR-FTIR spectroscopic imaging to the study of protein aggregation is
evolving and could represent a significant advancement in the use of imaging to study
protein behaviour. The ability to study multiple samples simultaneously could allow for
conditions which promote or prevent protein aggregation, such as the effect of pH and

concentration, to be screened efficiently. Within the field of biopharmaceuticals to
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understand the effect of exposure to different conditions during processing or to screen for
the propensity of different protein variants to aggregation under similar processing

conditions would also be very useful.

The application of Micro ATR-FTIR imaging of hanging drop protein crystallisation
represented an exciting new use for this imaging technique. However, some advancements
could be made to further its use for protein crystallisation studies. One of the main
limitations of the methodology was that the location of crystal growth on the surface of the
Ge ATR element could not be controlled and this meant it was hard to ensure growth of a
protein crystal was captured within the imaging field of view, especially for quick forming,
large crystals. Such a limitation could be overcome through the use of surface modification
or protein crystallisation seeding technologies but first the location of the imaging field of
view on the Ge objective needs to be identified. Also the quality of some spectral data
obtained from the initial work presented in this thesis was not sufficiently high to allow for
further analysis of the Amide | band, which could yield secondary structural information.
This could be improved by making adjustments to the purge or sealing of the spectrometer
to reduce water vapour in the system, or by increasing the number of scans (although this
would increase time of measurement which would reduce applicability to fast dynamic
systems). The use of Micro ATR-FTIR imaging to study the formation of crystals with high
spatial resolution could also have a range of applications beyond protein crystallisation
studies, for example within the field of pharmaceuticals. The high spatial resolution and
infrared spectra obtained could provide more and valuable insight into the kinetics of crystal

formation by observing spectral changes in the system during the formation of crystals.

The combination of gradient surface properties with ATR-FTIR spectroscopic imaging for in
situ analysis of the effect of surface properties represents an exciting development and
there are lots of potential avenues for future research utilising this methodology. For
example, the study of competitive binding of antibodies and other proteins could be
investigated for immunoassay application. This has already been investigated with
traditional FTIR spectroscopy and with surface enhanced infrared spectroscopy (SEIRAS) but
the spatial information available from ATR-FTIR imaging provides additional insights into
these processes. It could also be applied to understanding the effect of surfaces on
antibodies during bioproccesing, such as how the proteins behave in contact with

chromatographic fixed bed adsorbers which are a key isolation process within the industry.
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Better understanding of what is happening as antibodies interact with the internal beads of
the columns could allow for more efficient use and design of such columns. Both of these
examples would require further analysis of the Amide bands to provide more information
about the effect of the surface on protein conformation. It is also expected that this
methodology could have applications to study the effect of different surface properties on
other biological materials such as cells, which is particularly relevant for the design of

biomaterials.

One potential limitation of ATR-FTIR imaging is the sensitivity, particularly for the study of
SAMs and their effect of protein behaviours. This is particularly important if secondary
structure analysis is to be carried out on the protein spectra. SEIRAS offers the potential to
increase sensitivity through coating the surface of the ATR element with gold nanoparticles
and could be combined with ATR-FTIR imaging. As discussed in section Ill.ix. of Chapter 2,
SEIRAS is increasing being applied to protein studies, particularly for the understanding of
antibody binding and for the study of membrane proteins. Preliminary results of surface
enhanced ATR-FTIR spectroscopic imaging were reported by Kazarian and Chan (Kazarian
and Chan, 2010) and it would be interesting to further develop this for applications to
protein systems. Another established surface modification methodology used Thiols
chemisorbed to gold surfaces, meaning the study of Thiol SAMs could be achieved with the

enhanced sensitivity of ATR elements coated with gold nanoparticles.

The advancements in the field of microfluidics combined with FTIR imaging (Chan et al.,
2010, Chan and Kazarian, 2012, Chan and Kazarian, 2013) present some exciting
opportunities for the study of proteins. This has potential to be used to gain greater
understanding of protein conformation under flow as well as to replicate conditions proteins

may be exposed to during processing.
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