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All we know is infinitely less than all that remains unknown.
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Thesis Summary

Bruises form with blunt trauma to the surface of the skin that ruptures vessels,
releasing blood which breaks down into biliverdin and bilirubin exhibiting a variety
of discolouration over time. Identification of bruise age is crucial in forensic
investigations into suspicious deaths, however current methods of gathering
information from the breakdown process of blood can be misleading. The original
contribution to knowledge in this thesis is the development of spectroscopic
(particularly far infrared) identification of differences in key indicators of a bruise's

age; haemoglobin breakdown components.

Analysis with an ASD FieldSpec®4 Hi-Res: high resolution spectroradiometer
coupled to a 150 mm integrating sphere has potential for mobile and rapid
preliminary scanning in the UV-Vis.-NIR region of the electromagnetic spectrum but
NIR sensitivity is low. A main concern is water, a physiological solvent, which was

found to strongly absorb in the IR region.

MIR and FIR out-of-vacuum ATR analyses at Flinders University and the Australian
Synchrotron (THz/FIR beamline) of samples in solid and liquid phase at various
concentrations (low to high) presented distinguishable spectra of biliverdin and
bilirubin. Different vibrations presented, some attributed to the presence or lack of
intramolecular hydrogen bonding in bilirubin, may be fundamental information for

identification of early to late stages of bruise breakdown, hence establishment of age.

Additionally, FIR transmission analysis of pure material, PE and KBr pellets
provided extended wavenumber range (with Siolo, Si:B and MCTn detectors on the
THz beamline) for key biliverdin and bilirubin differences. However, Diamond
Window Liquid Cells require further research and development as little to no
characteristic vibrations are detected when samples are analysed in dilute liquid
phase, possibly due to fundamentally different interactions in liquid phase as

compared to solid state.
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1 Introduction

1.1 The Bruise

Human skin is part of the integumentary system and is composed of three layers as
shown in Figure 1-1: (A); the outermost epidermis (approximately 0.2 mm thick),
dermis (1-4 mm) and innermost hypodermis or subcutaneous tissue (4-9 mm) [1, 2].
The hypodermis is semi-fluid, containing blood vessels that branch into the dermis
layer as well as adipose tissue (fat that acts as insulation and padding for underlying

muscle tissue) [1, 2].

Removed due to copyright restriction

Figure 1-1: (A) Illustration of the mammalian integumentary system [1] and (B) a photograph of
discolouration in a bruise [3].

The thickness of the skin may vary depending on sex, age and location on the body
[4]. For example, the supporting elastic tissue in the elderly is fragile [5, 6].

With blunt trauma or compression to the surface of skin [7, 8], blood vessels may
tear or rupture, causing the release of blood or bleeding into the skin layers [5, 6, 9],
while the epiderms and demis layers of skin remain intact [10, 11]. This may result in
visible discolouration of the skin surface as seen in Figure 1-1: (B) which is called a

bruise [3, 6, 11, 12].

This apparent discolouration is dependent on the incident light, age of the injured
person, a person’s tendency to bruise, temperature, medication, force of impact, skin

pigmentation, location of the bruise and depth of the blood in the skin tissue [6, 7,




10, 11, 13-22]. It can change with time due to the presence or lack of blood and its
derivatives as the blood in the tissue breaks down [6, 7, 10, 11, 13, 15, 18, 20, 22].

1.1.1 The Blood

Blood is a fundamental component of the cardiovascular system and is primarily

concerned with transport of nutrients and waste products [23-25].

RBC's 44%
Water 49.5%

WBC('s & Platelets 1%

Plasma Plasma Proteins | Organic Metabolites & Waste  Inorganic Compounds
Solutes 3.85% 1.1% 0.55%

Glucose
. . . NaCl
Serum albumin Amino acids .
. : Bicarbonate
Lipoproteins Lactate
. Phosphate
. Immunoglobins Pyruvate
Constituents o . MgCl,
Fibrinogen Ketone bodies
. . KCl
Prothrombin Citrate
. Na,SO4
Transport proteins Urea
L. CaCl,
Uric acid

Figure 1-2: Cellular and Plasma constituents of whole blood adapted from [2, 23, 25].

An average adult human being contains 5-6 litres of whole blood consisting of
approximately 55% plasma (see Figure 1-2) [2, 23, 25]. This is a clear-yellow liquid
that predominately contains water in which gases, inorganic compounds, organic
metabolites and waste constituents (See Table 1-1) are soluble [23]. Some of these

constituents are responsible for maintaining blood pH and osmotic balance [2, 23].

The remaining 45% of whole blood comprises cells and cell fragments with

specialised function; white blood cells (WBC’s), platelets and red blood cells



(RBC’s) [2, 23, 25]. WBC’s are produced in the bone marrow and although they
make up less than 1% of blood’s cellular component, they have significant purpose;
to recognise and neutralise pathogens as part of the immune response [2, 23]. There
are five main types of WBC’s having varying lifetimes from hours to years, but all of
which contain a nucleus and mitochondria [2, 23]. Some recognise specific
microorganisms to initiate an immune response, and others such as macrophages are

responsible for engulfing and breaking down pathogenic invaders [2, 23, 26, 27].

Red blood cells (erythrocytes) are the major cell component in whole blood [2, 23,
25]. Each person has 25-30 trillion RBC’s in their blood, which approximates to 5
billion erythrocytes in 1 mL of blood [2]. Similar to WBC’s, RBC’s are also
produced in bone marrow, however they possess an average lifespan of 120 days (70
days in a newborn) and lack a nucleus and mitochondria [23, 28]. During their
lifetime in blood, RBC’s transport oxygen (O2) and carbon dioxide (CO2) to and
from tissues in the body via passive diffusion of the gases in the lungs, as they

contain the oxygen-binding protein, haemoglobin [1, 2, 25].

1.1.1.1 Haemoglobin
A single red blood cell contains 250 million haemoglobin molecules, delivering the
potential to transport 1 billion molecules of oxygen [2]. This is only possible due to

the highly evolved structure and bonding of haemoglobin [2].

1.1.1.1.1 Structure and Bonding

Haemoglobin is a protein, which varies slightly between mammalian species, but the
basic structure is similar [1, 25, 29]. Proteins begin as amino acids (Figure 1-3),
which are compounds that contain a carboxyl and amine functional group attached to
the same carbon atom, differing only by the side chain, R-group [25]. Side chains
categorise amino acids into polar, nonpolar, aromatic, positively charged and
negatively charged groups, hence influence the solubility and electronegativity of the

overall amino acid [25].



R-Group Q Carboxyl
s
N )
| i _
Hy—"CH NH Amine

Figure 1-3: Chemical structure of an amino acid, histidine adapted from [25].

Two amino acids polymerise with the loss of a water molecule as in Figure 1-4,
forming a covalent backbone of -Ca-Cb-N-Ca-, where the Co-N bond is planar with
the oxygen bound to Cp in trans confirmation to the hydrogen bound to the nitrogen
(illustrated in red in Figure 1-4) [25]. There is free rotation about the Ca-Cb and N-Ca
bonds, allowing a variety of spatial arrangements concerning R-groups [25]. When
several amino acids polymerise with one another in a sequence, this is known as the

primary structure of the protein, a polypeptide chain [25].

R4 /—\ R R4 H R
| | | ]

HoN—C;—Cy—OH + HaN—C,—C—0H — HN—C—C;—N—C,—C—O0H + H,0

I |
o}

I I
H o H o H O

Figure 1-4: Amino acid polymerisation adapted from [25].

Protein structure is stabilised by thermodynamically favoured conformations having
the lowest Gibbs free energy, referred to as the native conformation [25]. Disulphide
bonding, hydrogen bonding, hydrophobic and ionic interactions may also contribute
to structure stability [25]. Although 4-30 kJ/mol is required to break the latter weaker
interactions compared to 200-460 kJ/mol for a single covalent bond, weaker bonds

tend to enhance stability farther due to larger quantities present in proteins [25].

Such bonding of atoms in a segment of a polypeptide, regardless of R-group
confirmations and other segments in the chain, give rise to a protein’s secondary
structure [25]. Common types of secondary structures include o helix, B

confirmation, B turn and undefined (random structure) [25].

An o helix arranges polypeptide backbone atoms (-Ca-Cb-N-Ca-) in a longitudinal

left-handed or right-handed spiral, where a single helical turn consists of on average



3.6 amino acids (see Figure 1-5: A) [25]. R-groups extend outward and hydrogen
bonding of almost every peptide bond in a turn to adjacent turns conserves the
structure; the hydrogen on the N atom hydrogen bonds to the carbonyl oxygen on the
Cvatom, 3 amino acids along the polypeptide chain [25]. Not all amino acids have an
affinity for the helical structure due to R-group steric bulk, restriction of rotation or

dipole characteristics [25].

Removed due to copyright restriction

Figure 1-5: Secondary structures of a protein (A) an alpha helix and (B) a beta sheet [25].

In contrast to the a helix, a B confirmation arranges polypeptide backbone atoms in a
zigzag series of sheets (B sheets, as shown in Figure 1-5: B), where adjacent
polypeptide segments hydrogen bond, keeping R-groups extended perpendicular to
the B sheets (Figure 1-5 (B) side view) [25]. B sheets can be formed with parallel
(similar amine and carboxyl alignments) or antiparallel segments close to one
another or further down the polypeptide chain [25]. Figure 1-5 illustrates an
antiparallel segment bonding in the top view. Like a helix arrangements, some amino
acids hinder the B confirmation as B sheets are layered close together, requiring

smaller R-groups [25].

A polypeptide chain can often turn 180 to reverse direction forming a § turn (Figure
1-6), which involves four amino acids, having the oxygen on the first amino acid’s
Cb atom hydrogen bond to the hydrogen on the fourth amino acid’s nitrogen [25].

Amino acids that are small and readily employ a cis- configuration are favourable for



particularly tight B turns [25]. In fact, a third of amino acids in globular proteins are 3
turns as they satisfy compactly folded structures [25].

Amino Acid 3 ﬁ Ry AminoAcid 4
RaN /Cb —N— C|a_§

o
H
N—H E
O0=0Gy E
| 0
PN

Re T—cb—ca—T—%

Amino Acid 2 H Ry H AminoAcid 1

Figure 1-6: A beta turn involving four amino acids adapted from [25].

The completely folded three-dimensional arrangement of a protein is called the
tertiary structure and is governed by the interactions between segments that are
otherwise far apart [25]. When this structure combines with another or more, it is
referred to as a subunit of a larger protein, the resulting confirmation being the

quaternary structure [25].

Proteins with quaternary structures can be classified as fibrous, where subunits
employ thread-like confirmation, or globular, where subunits utilise spherical
confirmation [25]. Fibrous proteins, such as collagen (found in connective tissue,
tendons, cartilage, bone and the eye’s cornea), provide support, shape and protection
[25]. However, the globular confirmation is exercised by enzymes and proteins
related to motor, immune, regulatory and transport functions, such as haemoglobin

[25].

Haemoglobin is almost 5.5 nm in diameter, with a total molecular weight of 64,500
g/mol and consists of two subunit pairs, each containing an ‘a’ (141 amino acids
long) and ‘B’ (146 amino acids long) polypeptide chain in adults [2, 25, 30]. Rather
than the ‘B’ subunit, a fetus contains a ‘y’ subunit, which has a higher affinity for

oxygen [25].

The ‘o’ and ‘B’ subunits in haemoglobin are related by twofold cyclic symmetry,

where one af} pair is superimposable on the other with rotation about one axis [25].
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The subunits in haemoglobin possess 70% a helices with intermittent B turns and
accommodate almost all R-groups within their centres, creating internal
hydrophobicity [25]. Each subunit incorporates a protoporphyrin that complexes a
ferrous ion (Fe*") via four nitrogens (Figure 1-7) [1, 25, 29, 31, 32]. This is referred
to as a protoporphyrin structure or prosthetic heme group (a compound required for
biological activity that binds to a protein but is not made of amino acids) [2, 25, 31,

33-35].

Removed due to copyright restriction

Figure 1-7: An illustration of the structure of haemoglobin (contains 4 subunits; 2 pairs of 1 blue & 1 grey
subunit) [25] and inset, the heme group embedded in the protein.

On one plane of the heme group, the ferrous ion is also coordinated by a nitrogen
(see Figure 1-8: A) on the imidazole side chain ring of histidine (histidine structure
in Figure 1-3), an amino acid attached to the subunit [25, 29, 32]. This sits in a

crevice where solvent access is restricted to prevent ferrous oxidation to Fe** [6, 25].

The rear plane of the ferrous ion is a binding site for a single diatomic oxygen
molecule that X-ray studies have found associates in a bent end-on orientation; an
Fe-O-0O angle of approximately 130° (See Figure 1-8: B) [2, 25, 29, 32]. A single

haemoglobin protein can bind and hence transport 4 oxygen molecules [2, 25, 32].

1.1.1.1.2 Oxyhaemoglobin, Deoxyhaemoglobin & Transport

Haemoglobin may be present in blood and a bruise in a deoxygenated (dark red) or
oxygenated (red) form [2, 6, 7, 13, 18, 25]. Haemoglobin is approximately 96%
saturated with oxygen when travelling from the lungs (pO2 = 13.3 kPa) to tissues

(pO2~= 4 kPa) and 64% saturated when travelling from tissues to the lungs. This is
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due to 2,3-Bisphosphoglycerate (BPG) regulation at sea level where oxygen
transported in blood and released to the tissues is maintained at 40% [2, 25, 32].

Deoxyhaemoglobin has a confirmation known as the tense state (T-state) when no
oxygen is present, stabilised by ion pairs primarily at the interfaces of the protein’s
subunit pairs [25, 32]. In deoxyhaemoglobin, the ferrous iron in a subunit heme has a
high spin electron distribution [31]. Thus, due to a single electron occupying the dx2-
y2 orbital, pointing directly at the protoporphyrin nitrogens, nitrogen lone-pair of
electrons are repelled [29]. This results in square pyramidal coordination geometry

between the iron and four protoporphyrin nitrogens as shown in Figure 1-8 (A) [29].

(A) T-State (B) R-State (C)

N N
N : N-
-1 —
I / Yo—N //\Fe/N
' /F.e / N=__'\ /
Fe N=—_\ -N

/ ‘N
= y.

Figure 1-8: Illustrations of (A) the square pyramidal coordination geometry of heme and (B) the
octahedral geometry of heme when bound to oxygen. (C) Coordination geometry of heme when bound to
carbon monoxide, adapted from [25].

When oxygen (O2) binds to the ferrous iron in haemoglobin’s T-state, this sixth
ligand alters the strength of the ligand field resulting in a low spin state of the iron,
where six d electrons now occupy dxy, dy- and dzx orbitals [25, 29]. With this, the dx>-
y2 orbital is empty and protoporphyrin nitrogen repulsions recede; the iron is planar

with the four protoporphyrin nitrogens, exhibiting an octahedral geometry as

illustrated in Figure 1-8 (B) [29].

With the ferrous ion movement to the centre of the porphyrin structure (a distance
difference of approximately 0.75 A), the imidazole ring is pulled also, hence
initiating conformational change to the histidine it is bound to as well as the rest of

the protein, to what is called the relaxed state (R-state) [25, 29, 32]. This involves the
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‘o’ and ‘B’ pairs of subunits rotating past each other, breaking ion pairs that stabilise
the T-state [32]. The bound oxygen creates stability via hydrogen bonding to a
Histidine amino acid on the subunit, otherwise too far to interact with the ferrous ion
in heme [25]. It is also possible for this histidine and other amino acids in
haemoglobin to rotate and flex for oxygen molecules to move throughout the protein

to reversibly bind to hemes [25, 32].

The initial binding of oxygen to deoxyhaemoglobin is weak; however, it increases
the affinity of subsequent oxygen binding to other subunits in the protein [25]. This
is referred to as cooperative ligand binding, is sensitive to ligand concentration and

can be quantitatively expressed by the equilibrium equation below [25]:

Removed due to copyright restriction Equation 1

Where P is a protein with » binding sites and L is an oxygen ligand. The affinity of

the ligands for the protein can be measured using an association constant (K,):

Removed due to copyright restriction Equation 2

Where k, is the rate of association (M™'s™!) and k, is the rate of dissociation (s™).
Hence a larger K, (association constant) corresponds to a larger affinity for ligand
binding [25]. This is better approximated by considering the fraction of binding sites
occupied by ligands on the protein (0):

Removed due to copyright restriction

Equation 3

Where K, (dissociation constant) is equivalent to the ligand molar concentration
when the protein is half-saturated [25]. Rearranging and taking the log of both sides
gives the Hill equation, Equation 4 (where K« = [L]gs) [25]. This can be adapted in
Equation 5 to show the degree of oxygen cooperativity with haemoglobin by

substituting [L] for the partial pressure of oxygen and K for P2y, , which when plotted
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in Figure 1-9, illustrates a positive slope for haemoglobin, corroborating the binding

of one ligand supporting subsequent ligand binding [25].

Equation 4

Removed due to copyright restriction
Equation 5

Removed due to copyright restriction

Figure 1-9: Hill Plot for Oxygen Interaction with Haemoglobin marked in red [25]. When Ny is greater
than 1, ligand binding is cooperative [25].
It is thought that the blood released into a bruise becomes deoxygenated [6, 36], but
previous work by Watchman et al (2009) has shown that deoxyhaemoglobin may
interconvert to oxyhaemoglobin through passive diffusion of oxygen into the skin in
post mortem conditions [19]. This may be relevant to bruises present after death [11,
19]. Although as diffusion of Oz through tissue is ineffective over distances of a few
millimetres [25], it may be that blood nearest the skin surface re-oxygenates, which

may subsequently affect the overall colouration of the bruise [13, 18].

Carbon dioxide (CO2) and hydrogen cations (H') are also transported by
haemoglobin in blood, as these are waste products of muscle tissue respiration [2, 25,
32]. CO2binds to an amine at the end of a polypeptide chain in haemoglobin (Figure

1-10) for transport to the lungs, forming carbaminohemoglobin and H" ions [25, 32].
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Figure 1-10: Binding of carbon dioxide to haemoglobin, adapted from [25].

H" ions can protonate amino acids in haemoglobin (HHb") for transport to the
kidneys [25]. COz2and H" ions stabilise the T-state of haemoglobin as they form salt

bridges and ionic pairs, respectively, with amino acids within subunits [25, 32].

Following the Bohr effect, high concentrations of H", thus environments with low
pH decrease haemoglobin’s affinity for binding oxygen following Equation 6 [2, 25,
32].

Removed due to copyright restriction Equation 6

Hence, oxyhaemoglobin readily releases oxygen in environments of acidic nature or
of high COz2 concentration to bind the waste products [25]. Another waste product,

carbon monoxide, may also bind to haemoglobin as described below.

1.1.1.1.3 Carboxyhaemoglobin

Oxygen bound to haemoglobin may be replaced with a carbon monoxide (CO)
molecule, binding with octahedral geometry as shown in Figure 1-8 (C) [3, 6, 25, 32,
37]. When this occurs, it is referred to as carboxyhaemoglobin (COHb) which
possesses a brighter red hue in comparison to oxyhaemoglobin (red) and
deoxyhaemoglobin (darker red) [3, 25, 36]. This is supported by an investigation in
2011 by Moretta, who converted oxyhaemoglobin to carboxyhaemoglobin and
injected various amounts of each into pig skin, generating ‘artificial bruises’ and

analysing the degree of redness created by carboxyhaemoglobin [36].

The binding of CO to haemoglobin is not favourable for heme as the linear geometry
of the CO molecule, although strong, is not stabilised as compared to the bent
geometry of O2 when bound, which as mentioned earlier is stabilised by hydrogen

bonding to a histidine on a subunit [25]. Nonetheless, CO has a 250-fold higher
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affinity to adult haemoglobin in comparison to oxygen; this affinity is amplified in

fetal haemoglobin [2, 25, 32].

For this reason, the binding of CO to haemoglobin eliminates available binding sites
for oxygen [25]. Even so, CO bound to one or two sites on haemoglobin influences
the remaining subunits; their affinity for oxygen is increased considerably, where
after binding oxygen, it is not released into tissues, depriving them of the molecule

3, 25, 37].

Carboxyhaemoglobin is naturally present in a healthy body at approximately 1%
saturation of total haemoglobin for regulating blood vessel contraction and relaxation
[3, 37], however this proportion is larger if the individual is a smoker or exposed to
CO for long periods of time [3, 25]. At levels between 10-50%, symptoms such as
headaches to respiratory failure may develop, where above 60% results in death [25,
37, 38]. The half-life of CO in the body is approximately 1 hour before it is breathed
out [3].

The relevance of carboxyhaemoglobin formation in bruises will be explored later in

Breakdown of Haemoglobin in a Bruise.

1.1.1.1.4 Sulfhaemoglobin

It is postulated that oxyhaemoglobin and carboxyhaemoglobin may decompose
irreversibly into sulfhaemoglobin, which has a green colour and exhibits a
characteristic wavelength at approximately 620 nm, depending on whether
conditions are anaerobic or aerobic; in anaerobic conditions the characteristic
wavelength is shorter [39-46]. To this day, the exact structure of sulfhaemoglobin

and mechanism of its formation is unknown [44].

Sulfur is present in pathological settings due to certain drugs, environmental
exposure or breakdown of some amino acids, which may occur in a bruise [42]. One
suggestion of sulthaemoglobin formation is that sulfur (from H2S) may bind within
the protoporphyrin structure clear of the central iron, perhaps adding across the

double bonded carbon attached to the pyrrole rings in heme via catalysis from
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reducing agents [40, 42-44].

Sulfhaemoglobin can be formed experimentally by exposure of haemoglobin to
sulfur-based chemicals and in some preparations, haemoglobin purification methods
are required for the binding of sulfur to occur [39-45]. Sulthaemoglobin can be
formed in situ as successfully carried out in 2006 by Fergusson [41], although

experimental preparations may be 75-90% saturated with sulfur [39].

It is reported that the affinity of sulfhaemoglobin for oxygen is poor due to sulphated
subunit influence on the overall protein, although sulphated subunits are indeed able
to reversibly bind oxygen [40, 44]. In addition, it can be observed that preparations
containing sulfhaemoglobin with excess sulfide readily oxidise when exposed to

oxygen [43, 45].

1.1.1.1.5 Methaemoglobin

In haemoglobin, the ferrous ion (Fe*") present in heme’s centre spontaneously
oxidises to a ferric ion (Fe**) in the presence of oxygen forming methaemoglobin
(orange-brown), following equation 7 [6, 7].

Fe?t — Fe3t + e~ Equation 7
xiaation

Haemoglobin naturally oxidises to methaemoglobin in the body at a rate of 3% per
day however is regulated to be less than 1% in red blood cells at any one time via
reduction by the enzyme, NADH-cytochrome b5-methaemoglobin reductase [6, 47,
48]. When haemoglobin is partially saturated with oxygen, the rate of

methaemoglobin production may increase [6, 47].

Oxidation to methaemoglobin may also occur as RBC’s escape blood vessels in the
case of a bruise as the heme groups are susceptible to oxidative stress [7],
particularly by neutrophils (first white blood cells to arrive at the site of an infection),
which can oxidise heme via cell-cell contact, without phagocytosing a red blood cell

[6, 49].

Once ferrous oxyhaemoglobin is oxidised to methaemoglobin, bound oxygen is
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either not released easily because the oxidation distorted the protein structure, or
oxygen is released as superoxide radicals, which may further react with
methaemoglobin yielding heme degradation [47, 48]. Hence at this stage, the protein

is no longer useful for oxygen transport [32, 48].

1.1.1.1.6 Breakdown of Haemoglobin in a Bruise

The breakdown of haemoglobin in a bruise begins when oxygenated blood (red) is
released into the skin [3, 6, 46]. This initiates an inflammatory response where
initially neutrophils (50-75% of WBC’s) arrive to attack via oxidation and then
macrophages (another type of WBC) in the blood and skin are attracted to the site of
the bruise activating phagocytosis (ingestion) of the red blood cells [2, 6, 18, 34, 35,
46, 50, 51]. Neutrophils will arrive within an hour at the site of a bruise, however the
largest accumulation of macrophages is reached at approximately 18-48 hours at

which stage neutrophils decrease in number [6, 11, 46].

Macrophages have a life span of a month to years depending on the amount of
material ingested as a limited amount of phagocytosis of material may occur before
its expiry [46]. Once activated for phagocytosis, macrophages are unstable hence
carry out breakdown only in the injured area such that any other cells are

safeguarded from attack [2].

The engulfing of a red blood cell stimulates lysosomal hydrolases contained in the
macrophage that liberate heme from the subunits of the protein, digesting the amino
acid structure [46]. An enzyme with a molecular weight of 32,000 g/mol, heme
oxygenase 1 (HO-1) is also present in macrophages (as well as in the skin) and is
induced by heme-responsive gene expression due to the previous digestion, to break
down the prosthetic heme group by oxidation as shown in Figure 1-11 [3, 6, 18, 34,
35, 37, 46, 52-55]. This is the rate-limiting step in the breakdown of haemoglobin
[35, 37]. HO-1 may also break down ferric methaemoglobin, but at a lower rate

compared to ferrous haemoglobin [7].
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Figure 1-11: Prosthetic Heme group breakdown to Biliverdin by heme oxygenase (HO-1), adapted from [3].

This results in an open porphyrin structure called biliverdin (green pigment),
releasing a single carbon monoxide molecule and an Fe*" ion [3, 6, 18, 22, 28, 37,
46, 56-58]. The oxidation reaction requires nicotinamide adenine dinucleotide
phosphate (NADPH or energy) and consumes 3 moles of Oz creating an anaerobic
environment in the bruise and generating hydrogen peroxide (H202) [3, 6, 46].
Anaerobic conditions inhibit nitric oxide (NO) production from the breakdown of
amino acids at the site of a bruise, reducing inflammation and reaction with H202

which may form detrimental reactive oxidising species [3, 31, 37].

As breakdown of haemoglobin releases CO and this diatom inhibits heme oxygenase,
CO acts as a regulator for HO-1 enzyme activity, although it may also be diffusely
taken up as waste by haemoglobin forming carboxyhaemoglobin (bright red) as

discussed in the Carboxyhaemoglobin section [3, 34, 37].

Free ferrous ions can inhibit HO-1 activity and promote the formation of hydroxyl
radicals that can damage DNA and other macromolecules [32, 34, 35, 37, 59] hence
these are taken up by ferritin, an iron-storage protein in macrophages, and converted

to Fe** [6, 25, 34, 37, 60]. Ferritin will be discussed in more detail later.

Biliverdin is rapidly converted to bilirubin (yellow) by biliverdin reductase; for 10
mg of protein, 0.25 umoles of bilirubin is formed per minute [3, 6, 18, 35, 46, 51, 52,
61]. This very interaction with biliverdin reductase enhances anti-inflammatory

responses [53]. Biliverdin and bilirubin will be discussed in more detail later.

The relationships between haemoglobin and its derivatives as described above are

presented in Figure 1-13.
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It is reported that HO-1 activity in the skin equilibrates to normal levels 2 weeks after
an injury has occurred [35]. The macrophage will eventually leave the bruise site and
transfer iron and bilirubin bound to albumin in the liver, where the bilirubin is

conjugated and becomes bile [34, 62].

Methaemoglobin
Fe’*
(Orange-Brown)
Proposed Oxidation
Irreversible Reversible
; Decomposition . Interconversion
Sulp(héfgﬁ%bbm <—— Oxyhaemoglobin < —5— > Deoxyhaemoglobin
Fe2+ ’ (Darker Red)
(Red)
CO F eZ+ '
+ Haemoglobin \Bmds k9
(Red) Biliverdin
(Green) Ferritin
Carboxyhaemoglobin Rapid Polymerisation
(Bright Red)
Bilirubin Haemosiderin

Figure 1-12: The various known forms of haemoglobin and its breakdown products [63].

1.1.1.1.7 Biliverdin and Bilirubin

Biliverdin (green pigment) is an open porphyrin structure (Figure 1-11) containing
pyyrole, amine and carboxylic acid functionality [35, 61]. It may exist as diketo,
keto-enol and dienol isomers as illustrated in Figure 1-13, where the diketo isomer is
calculated to be the most stable in gas and solid states, crystal packing having no
effect on the relative stability [28, 52]. Biliverdin is known to have an affinity for

collagen, a structural protein [64].
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Diketo Keto-enol

Figure 1-13: Three tautomeric isomers of biliverdin, adapted from [52].

The central C=C double bond in biliverdin may be reduced with biliverdin reductase
to give bilirubin (yellow compound) as shown in Figure 1-14 [6, 7, 35, 37, 53, 55,
61, 65].

Removed due to copyright restriction

Figure 1-14: The conversion of biliverdin to bilirubin via biliverdin reductase [61].

In the body, 300 mg of bilirubin is produced daily, 80% of which is a result of the
above conversion [62]. Bilirubin may exist as three isomers illustrated in Figure 1-
15; bilirubin III-a, bilirubin IX-a and bilirubin XIII-a [65]. This occurs when heme is
non-enzymatically cleaved [66]. Biliverdin is also reported to isomerise similarly

[56].
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Bilirubin Ill-a

Figure 1-15: Three constitutional isomers of Bilirubin, adapted from [65].

Bilirubin is naturally found in the IX-a isomeric form, although commercially it may
be a racemic mixture with small amounts of III-o and XIII-a isomers [65]. It is
possible to isolate biliverdin’s IX-a isomer under controlled conditions by
dehydrogenation of commercially available bilirubin with 2,3-dichloro-5,6-

dicyanobenzoquinone in dimethyl sulfoxide (DMSO) [56].

Bilirubin is present in the body at any one time to modulate the inflammatory
response, although at different concentrations dependent on age; 1.2x102M in adults
and 0.1 M in newborns [37, 62, 67, 68]. As such, its solubility is important for
human physiology [69]. Bilirubin formed by the breakdown of haemoglobin will be
bound to water soluble albumin (during which it is called unconjugated bilirubin) to
be transported to the liver to become bile and join its glucuronide derivatives
(conjugated bilirubin); bilirubin is conjugated in the liver by the enzyme, uridyl
diphosphate glucuronyl transferase [28, 35, 62, 66, 68, 69]. Total bilirubin refers to

the sum of unconjugated and conjugated bilirubin [62, 68].

Unconjugated bilirubin in its fully protonated form, particularly in its crystalline
state, may establish intra-molecular hydrogen bonds via carboxyl and pyrrole ring
amines on opposite sides of the molecule as shown in Figure 1-16 [66]. This occurs
due to the allowable rotation about the single-bonded carbon (denoted with arrows in
Figure 1-16), where in biliverdin possessed a double bond [66]. This carbon also acts
as the ridge in a ‘folded book’ three dimensional structure of the molecule, where the
two pyrrole rings on the left hand side of this carbon are on one plane and the two

pyrrole rings on the right hand side of this carbon are on another plane, at an angle of
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approximately 98 degrees apart [66].

Removed due to copyright restriction

Figure 1-16: Intra-molecular hydrogen bonding present in bilirubin [66]. Hydrogen bonds are presented
by dashed lines and arrows denote the carbon on the ridge of a folded-book 3D structure [66].

The 6 hydrogen bonds in this structure protect bilirubin’s carboxyl groups from
ionisation and provide enhanced rigidity in conformation hence stability [66].
However, as the majority of available polar groups in the molecule are utilised,
interaction with water is limited, rendering the molecule insoluble in solutions at
physiological pH; solubility of crystalline bilirubin is less than 1 nM at pH less than
7.0 [28, 66].

There are five structural variations of bilirubin that may inhibit this intra-molecular
hydrogen bonding. This includes constitutional isomerism (Figure 1-16), geometric
isomerism (polar groups are sterically hindered), tautomerism (Figure 1-14),
conformers (rotation of pyrrole rings about single bonds) and state of ionisation of

the molecule which is pH dependent [66].

The two carboxyl groups in bilirubin may ionise to monoanion and dianion forms;
the loss of one proton from one carboxylic acid at pH above 3.8 or the loss of two
protons, one from each carboxylic acid in bilirubin at pH above 6.8, respectively [66,
68]. These anions may further develop into dimers or aggregates where bilirubin
molecules stack parallel creating micelles of enhanced solubility [66]. This is
stabilised primarily by hydrophobic interactions [66]. The diacid, monoanion and
dianion forms are all soluble in this micelle, however the monoanionic form of
bilirubin is predominant in the micelle when the pH is 6-8 [66]. It is also likely that

the albumin bound form of bilirubin mentioned earlier is dianionic [66].
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It is possible for micelles of bilirubin to reach metastable supersaturation by
dissolving in alkaline solution and raising the pH dropwise to achieve physiological
pH of 7 [66]. In this instance, bilirubin is partially protonated yet maintained in the

open structure confirmation, increasing micelle solubility [66].

Elevated total bilirubin can occur when an individual has an obstruction in the bile
duct, hepatitis, cirrhosis, a haemolytic disorder, an inherited enzyme deficiency
(hyperbilirubinemia) or liver disease [28, 37, 62, 68]. Jaundice is a common
occurrence in newborns (50%) and is due to RBC haemolysis resulting in
accumulated unconjugated bilirubin in the blood serum (above double the
concentration compared to normal), where if not bound to albumin and untreated, the
pigment can cross the blood brain barrier and cause cerebral harm [37, 62, 68].
Additionally, the greater skin to body mass ratio in newborns (up to 1 week old), thus
higher rate of skin heme oxidation (HO-1 activity) may contribute to the
development of jaundice [35]. However, it is documented that exposure of bilirubin
to the blue region of visible light (phototherapy) converts it via photooxidation to
isomers, such as lumirubin (Figure 1-17), that possesses greater water solubility [6,

28].

Lumirubin

Figure 1-17: Structure of lumirubin, a photo-isomer of bilirubin, adapted from [70].
Bilirubin in its unconjugated form can also be found in black and brown gallstones
within the gallbladder, an organ responsible for concentrating bile solutes by
absorption of water and sodium, reducing bile volume by 80-90% [69, 70]. It is
reported that gallstones of this kind, where the only treatment is surgery, is an

increasing trend in children [70].
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1.1.1.1.8 Ferritin and Haemosiderin

Ferritin is produced by macrophages and is released into the blood. Normal ferritin
levels in the blood are 12-300 ng/mL for males and 12-150 ng/mL for females,
however these may increase when in the presence of oxidative stress such as in a
bruise [37, 71, 72]. The structure of ferritin consists of five a helix confirmations as
illustrated in Figure 1-18 (b), where 7 amino acids from four of the helices
participate in reversibly binding iron cores, 6-8 nm in size (Figure 1-18: ¢) [60, 73-

75].

Removed due to copyright restriction

Figure 1-18: (a) Polymerised form of ferritin, (b) ferritin structure and (c) the binding sites in a ferritin
molecule [73].

For this reason, free ferrous ions released from the breakdown of haemoglobin may
be taken up by ferritin, which can be found in the cytoplasm of macrophages as
mentioned in Breakdown of Haemoglobin in a Bruise [6, 25, 37, 60, 76]. Although in

ferritin, iron is primarily in the ferric state (Fe*") as hydrated ferric oxide (FeOOH)

cores [34, 74, 75, 77].

When the iron uptake rate exceeds that of ferritin production by a macrophage, up to
24 ferritins can act as subunits, polymerising to form the yellow-brown globular
protein, hemosiderin (see Figure 1-13: a) which can contain almost 4500 iron atoms
and be stored in macrophages [6, 34, 46, 55, 60, 73, 75, 77]. As an aggregate,
haemosiderin is amorphous, varying in shape as well as size, and it is suggested that

the slow conversion of the protein into crystalline mineral occurs in cells [60, 75].
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1.1.2 Establishing Bruise Age

As blood breaks down in the skin tissue, the colour of a bruise changes with time [6,
7, 12, 20]. As such, in a clinical forensic assessment, it may be used to infer
information about the age of the bruise and hence a timeframe of when the incident
that caused the mark took place [6, 7, 10, 12, 78]. With this, a bruise may be
significant evidence for forensic investigation such as that performed post mortem
(autopsy) to link an assault to an injury, provided they both occurred at the same time

[12,13, 18, 78].

Currently, the main methodology employed to determine the age of a bruise at the
Forensic Science Centre of South Australia (FSSA) is visual observation of the
degree of yellow discolouration (bilirubin formation) indicating a bruise is not recent
(it is more than 18 hours old), although as a standalone technique, visualisation can
be inconsistent due to perception [6, 8, 11, 17, 18, 20, 51, 55, 78]. For example, the
colour orange-brown could be a result of methaemoglobin formation which may
occur in the early stages of a bruise and reflected light scattering effects of melanin
and carotenes in adult skin can mask the perception of yellow [6, 14-16].
Additionally, post mortem hypostasis and bodily decomposition are factors that can

affect the colouration and hence perception of yellow in bruise marks [6, 11].

In fact, the perception of colour varies between observers and the sensitivity in
perceiving the yellow region of colour decreases with population age [6, 8, 10, 17,
18, 51, 79]. This is largely dependent on the condition of the eye’s colour receptors
(cones), which normally have the potential to identify the three primary colours red,
green and blue (RGB), and overlay of these in different ratios [6, 18, 55, 80].
Therefore, visual examination is limited by the physiology of the human eye-brain

system [6, 17, 51].

To compensate for the issue of human eye perception, digital images of bruises
accompanied by standardised colour scales or references (Figure 1-19), and
controlled lighting conditions are used and offer some objectivity in visual analysis
[6, 18, 78-80]. Colour data such as from images or colorimetry in conjunction with

the Commission Internationale d’Eclairage (CIE) L*a*b* (L* = luminosity, a* =
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green to red data points & b* = blue to yellow data points) colour model program can
assign values to respective colour data delivering further quantitative interpretation
of bruise mark colouration, however this technique is dependent on background
colour of the skin and is limited to a three dimensional colour space [6, 7, 16, 17, 51,

78, 80].

Removed due to copyright restriction

Figure 1-19: (A) A Munsell Color X-rite ColorChecker® standardised colour scale reference example (B)
corresponding RGB values for the standardised colour scale reference and (C) use of a standardised
colour scale reference for a bruise mark [18]

Visual observation is coupled with histology if further investigation is required at the
FSSA, where the structure of the bruised tissue cells is examined [6, 11].
Histological analysis of healthy tissue presents intact epidermis, dermis, hypodermis
and blood vessels [81]. Red blood cells are confined to the blood vessels [81]. Areas
of the connective tissue of the dermis predominately contain collagen fibres as well
as several fibrocytes and the hypodermis comprises consistent adipose tissue masses

[81].

Bruised tissue within 24 hours old can be stained with haematoxylin-eosin to show a
change in the hypodermis layer of skin only; extravasated red blood cells are present
in areas surrounding damaged vessels and infiltrate disfigured connective fibres and
adipose tissues [81]. Neutrophils and some macrophages are present in the boundary

of the bleeding area initiating the inflammatory response [11, 81].

Bruised tissue 3 to 7 days old stained with Pearls Prussian Blue, detects an
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accumulation of macrophages in all areas of bleeding and consequently haemosiderin
(dark blue coloured with the staining) and bilirubin particles (light brown coloured
with the staining) as the mononuclear cells carry out phagocytosis [11, 55, 81]. It is
possible to detect bilirubin as localised crystals (hematoidin), however rare as these
are frequently dissolved in the tissue processing methodology [6]. Macrophages are
observed at their greatest concentration in 5-day old bruises and red blood cells
permeate throughout fine connective fibres, enlarging them [81]. By day 7 of a

bruise, muscle tissue regeneration has commenced [11].

Removed due to copyright restriction

Figure 1-20: Histological thin section (x100 magnification) of human skin 5-day old bruise taken at autopsy

and stained with Pearls Prussian Blue. This thin section exhibits macrophage infiltration not seen in a fresh

bruise younger than 3 days, where they are now filled with haemosiderin. Hematoidin granules can also be
observed between some RBC’s. [81]

Enzyme histochemistry may be employed to detect changes in cellular enzyme levels
in bruises as early as 1 hour after the wound has occurred, however results are

greatly affected by age and the type of injury [11].

Another method for age determination of a bruise currently is the expression of HO-1
(heme oxygenase-1), an enzyme expressed in macrophages that breaks down heme
by oxidation releasing CO and biliverdin as discussed in section 1.1.1.1.6 [35, 37, 82,
83]. The enzyme has been investigated to be present in a bruise model at high levels
from 6 hours to 1-3 days of injury attributing the delay in bilirubin formation in a

bruise to macrophage migration to the bruise site [35, 37, 82, 83].
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Most of the above methods of bruise age determination are classified as invasive as
an incision of the skin as thin sections are analysed [84]. In contrast, spectroscopy is
a non-invasive avenue of establishing bruise age, allowing potential qualitative and
quantitative measurement at multiple regions on the electromagnetic spectrum [6].

This invites spectroscopy as a prospective technique to establish the age of a bruise.

A variety of spectroscopic methods have been used in literature for establishing
bruise age, notably the quantitative UV-Visible reflective spectra of bilirubin which
provides trend information; bilirubin concentration increases up to the 7 day after a
bruise injury, then decreases over a week period after day 7 [7, 55]. However
reflectance spectroscopy results exhibit large variation due to discolouration
variables as listed in section 1.1, particularly in relation to the age of a mark and

depth of the bruise in the skin [7, 55].

Mathematical models that predict photon propagation through layers of the skin
considering light scattering effects of melanin, index of refraction and error
associated with nonlinear absorbance attributed to the presence of H-bonds are
suggested to have the potential to monitor the breakdown of haemoglobin as a bruise
ages, however these models may require validation and reliability development [16,

851.

Furthermore, hyperspectral imaging in the infrared (IR) 920-2500 nm and 400-850
nm regions of the electromagnetic spectrum may prove useful in visual
characterisation of the early onset of bruises where accumulating fluids and
surrounding blood vessels are detected independent of skin pigmentation, however is

not useful for age determination [22].

1.2 Spectroscopy

Light or electromagnetic radiation may be described to behave like a wave, where
the type is defined by the frequency of the waves (wavelength) [86]. The various
types of light exist on an electromagnetic spectrum and include, from longest to
shortest wavelength, radio waves (1x10'> - 1x10° nm), infrared radiation

(approximately 1x10° - 800 nm or 10 — 12,500 cm™), visible light (approximately
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700 — 400 nm or 14,286 — 25,000 cm!), ultraviolet light (400 — 10 nm or 25,000 —
100,000 cm™), X-rays (10 — 0.005 nm) and gamma rays (less than 0.005 nm) [86].

Human eyes can identify visible wavelength ranges on the electromagnetic spectrum
between 400-700 nm [17]. A prism can disperse visible light into violet (400-450
nm), blue (450-490 nm), green (490-560 nm), yellow (560-590 nm), orange (590-630
nm) and red (630-700 nm) [17]. These wavelengths, similar to most other regions of
the electromagnetic spectrum, can be utilised and measured by a spectrophotometer

in spectroscopy [6, 86].

Spectroscopy is the study of emission (such as reflectance) or absorption when light
or radiation interacts with matter, developing the understanding of molecular

bonding and chemical composition [17, 87].

Chemical compounds resulting from Haemoglobin breakdown are responsible for the
discolouration in bruise marks [46]. Haemoglobin breakdown factors that may
contribute to this discolouration include ferritin and haemosiderin [46]. These
breakdown compounds are conjugated (coloured) and infrared (IR) active, hence
ultraviolet-visible (UV-Vis.) and IR light may be used to achieve transmission and

reflectance spectroscopic analyses.

1.2.1 Transmission vs. Reflectance Spectroscopy

Commonly referred to as the method of colorimetry [84, 88], transmission
spectroscopy utilises a light source and monochromator to produce incident light at a
particular wavelength that is then passed through a sample of low concentration

(dilute) as illustrated in Figure 1-21 [89].
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Figure 1-20: Schematic of sample absorbance in transmission spectroscopy.

The electromagnetic radiation can be absorbed by the analyte, and resultant diffuse
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transmittance signals are sensed by a detector, dependent on concentration and

pathlength, following the Beer-Lambert Law [89]:
A=¢eXbXc

Where A4 is absorbance, ¢ is the molar absorptivity (L.mol™!.cm™), b is the pathlength
(cm) and c is the analyte concentration (mol/L) [89]. This assumes that absorbance is
directly proportional to the concentration of absorbing analyte [89]. A disadvantage
of transmission spectroscopy is that the technique can be invasive and as such not

appropriately applied to the clinical forensic setting [84].

In contrast to detection of diffuse transmittance through a sample, reflectance
spectrophotometry operates based on the reflectance off of the surface of a sample to
which the radiation source is incident upon (see Figure 1-22); the radiation beam
passes from a denser to a less dense medium [89]. The angle of incidence and the
fraction of radiation reflected have a directly proportional relationship hence the
instrumental platform may be adjusted to produce a suitable signal and therefore

spectrum [89].

Incident
Light

Reflected
Light

Platform

Figure 1-21: Schematic of sample absorbance using reflectance spectroscopy.

Reflectance spectrophotometry has been forensically applied to the identification of
inks in pens [90-93] and car paint analyses [94-97]. It is also utilised in monitoring
jaundice and the assessment of bruises (see 1.1.2. Establishing Bruise Age)
considering that blue and red light may penetrate the skin 100 pm and 500-750 um
deep, respectively, keeping in mind that skin is a light scattering medium [6, 14, 98].

Hence, reflectance makes use of sample surfaces to produce spectra.
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1.2.1.1 The Integrating Sphere

To optimise spectra from sample surfaces, an integrating sphere can be used. This is
a spherical spectrophotometer accessory, internally coated with a highly diffuse
reflecting material [99]. As illustrated in Figure 1-23, incident spectrometer beam
light is directed into the sphere and onto the sample port, which is mounted

externally allowing for experimentation on small to large samples [99].

Removed due to copyright restriction

Figure 1-22: Birdseye view schematic of an integrating sphere accessory showing beam pathways [99].

Reflected light from the sample surface is scattered into the enclosed integrating
sphere (Figure 1-24), where it is continuously reflected, eventually being detected by
a photomultiplier tube (PMT) and thermoelectrically cooled lead sulfide (PbS)
photocell (or indium gallium arsenide) detector [99]. Hence the integrating sphere
increases signal detected by collecting scattered light that would otherwise be lost,

particularly from a surface that is uneven such as skin [99].

Removed due to copyright restriction

Figure 1-23: Scattering of reflected light from an opaque sample with incident spectrometric light [99].

The PMT detector can collect electromagnetic radiation in the wavelength range of
160-900 nm, and the PbS detector in the range of 800-3500 nm [99]. However, the
integrating sphere’s internal reflective coating limits measurement accuracy beyond

2500 nm [99].
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1.2.1.2  Attenuated Total Reflectance (ATR)

Attenuated total reflectance (ATR) extends sample measurements with
electromagnetic radiation beyond 2500 nm [85]. It does this by passing incident
infrared light through a prism with a high refractive index at an angle which
produces reflections within the prism at the surface the sample is in contact with as

illustrated in Figure 1-25 [100].

Prism

Incident Reflected
Light Light

Figure 1-24: Schematic of attenuated total reflectance (ATR), adapted from [101].

It is at this point of contact that penetration 0.5 — 5 p in the sample from infrared
light may occur [101]. Consequently, the energy from each reflection is weakened
(attenuated) and the resulting IR light exiting the prism is detected and generates a

characteristic infrared spectrum [100, 101].

1.2.2 The Australian Synchrotron

Sample measurements may be extended into the far-infrared (FIR) region of the
electromagnetic spectrum at the Australian Synchrotron (Figure 1-26; A). A
synchrotron creates intense beam of light by firstly producing a cluster of electrons

from a tungsten matrix cathode electron gun at point 1 in Figure 1-26 (B) [102].

Removed due to copyright restriction

Figure 1-25: (A) The Australian Synchrotron and (B) a schematic layout of a synchrotron numbering its
fundamental functional parts [102].
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These are then accelerated over a 10 m distance in a linear accelerator at point 2
increasing in energy in the booster ring (point 3) due to magnetic fields [102]. The
storage ring at point 4 stores accelerated electrons, keeping them at a beam current of
200 mA with lifetime of 20 hours using bent and straight magnets [102].
Electromagnetic radiation (ionising and non-ionising) is emitted when electrons are
deflected through the bent magnets in the storage ring, travelling along a beamline
under vacuum (point 5) towards a radiation-shielded enclosure or end station (point

6) for analysis using this customised light [102].

This light possesses a higher brightness intensity compared to conventional sources,
allowing analysis of weak absorbers, samples of low concentration [103] and
proteins that typically have a high absorbance [104]. Additionally, the light is
collimated to provide high spectral resolution, and polarised to reduce background
scattering and improve sensitivity [102, 103]. There are currently ten beamlines in
operation at the Australian Synchrotron that capture light emission from the storage

ring ranging from microwave to hard x-rays and including far-infrared [103].

1.2.2.1 Far Infrared (FIR) / Terahertz (THz) Beamline

The Far-infrared (FIR) or Terahertz (THz) beamline is one of the Australian
Synchrotron’s operational beamlines and produces light that is detected in the
wavenumber range of 10 - 5,000 cm™ (1,000,000 — 2000 nm) over a variety of

detectors [105]. The three detectors used in this project were Si Bolometer (10-370
cm™), Si:B Photodetector (300-1850 cm™!) and MCTn (700-5000 cm™).

The beamline is suitable to analyse molecules with rotational and oriented IR
absorbing bonds via transmission as condensed pellets (solid phase) utilising a
cryogen-cooled cryostat (Janis Research) accessory under vacuum (4x10° Torr)
[105]. To decrease sample absorbance, pellets may also be created using sample
homogenously mixed with compounds that exhibit low absorbance in the FIR region
of the electromagnetic spectrum, such as polyethylene [106]. More recently, the
beamline has employed transmission in the liquid phase by the means of diamond
window liquid cells, and reflectance via a fitted ATR accessory external to the

system under vacuum with a depth of penetration of 2-10 p dependent on
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wavenumber [107].

1.2.2.1.1 Diamond Window Liquid Cell (DWLC)

Transmission FIR analysis in the liquid phase has previously been performed at the
Australian Synchrotron using a metallic cell consisting of large polyethylene (PE)
windows, where incident light passes through one window, the liquid and the second
window to the detector as transmitted light, resulting in a spectrum for data analysis
[107]. However, the PE windows bend to a concave shape under vacuum due to their
surface area, effecting the cell pathlength hence transmission results [107]. Sample

leakage under vacuum is also an issue with this cell [107].

The diamond window liquid cell (DWLC) was developed by Dominique Appadoo,
the FIR / THz beamline scientist at the Australian synchrotron [107]. It utilises
strong and small diamond crystal windows that retain their structure in vacuum
conditions [107, 108]. Sample leakage is also decreased with the use of a spacer and
rubber seal, where the liquid sample is clamped in the cell between the two diamond

windows, spacer and rubber seal as illustrated in Figure 1-27 [107].

Removed due to copyright restriction

Figure 1-26: Photographs of (A) DWLC ready for sample prior to assembly, deconstructed DWLC (B) top
window (C) spacer of various sizes and (D) bottom flange window, & (E) DWLC ready for assembly [107].

Water in liquid and frozen states have been analysed by the DWLC system in
conjunction with cryogenic freezing of the sample compartment, finding that

transmission results may be affected by sample temperatures [107, 108]. This has
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potential for analysis of proteins as they can change structure when frozen,
particularly when hydrated as it is likely that the protein’s hydration layer stabilises

the structure from the interaction of water with amino acids [104].

2 Project Aims

Current methods of establishing the age of a bruise may be invasive and the
information presented in the breakdown process may be misleading. This project
aims to expand and build on previous studies and knowledge by optimising
analytical techniques for spectral identification of human haemoglobin (or Sheep if
human haemoglobin is unavailable) and its various breakdown derivatives,

individually and as mixtures, that contribute to the colour and spectrum of a bruise.

As bruise investigation in the laboratory is based on transmission and reflectance
measurements to eliminate bruise discolouration variables, this project will
specifically focus on spectroscopy of haemoglobin and its protoporphyrin’s
individual breakdown chemical products, particularly in the UV-Vis. region of the
electromagnetic spectrum. However, as there is spectral overlap, data will also be
collected in the more penetrative IR region (aiming to extend this beyond 2500 nm)
to search for unique inter- and intra-molecular interactions and characteristics that
may be used to identify and quantify the individual components. As there is a lack of
literature regarding this and FIR analysis of haemoglobin and its breakdown products
for this application, this thesis will be an original contribution to knowledge.
Investigation into appropriate solvents for sample preparation and analysis will be
carried out, particularly as bilirubin forms intra-molecular hydrogen bonds hence has
low solubility in physiological solutions. This may involve cryogenic analysis to
isolate differentiating chemical behaviours of analytes at different temperatures

which is novel.

Other techniques that may be used for identification and quantification of the
breakdown products in bruises such as Raman spectroscopy [59], hyperspectral
imaging [11], dual-photon imaging of skin [109], histology, math models, and HO-1

gene expression (immunohistochemistry) [6, 21, 81, 110, 111] have not been
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explored in this project due to impracticality and unavailability at the time the project

was initiated.

The identification of bruises may be crucial in an investigation into a suspicious
death. Hence, further scientifically rigorous analyses of bruise breakdown
components will aid in the successful detection of crimes, exoneration of falsely

accused related cases and improve our understanding of the process of development

and aging of bruise marks.

3 Materials and Methods

3.1 Materials

3.1.1

Commercial Materials

College of Science of Engineering Store of Flinders University = SCSEFU

Lab. stock, College of Science of Engineering, Flinders University = LCSEFU
Lab. stock, ANSTO, Australian Synchrotron = LAS

Applied Biological Products Management-Australia = ABPM

Compound # Purity Properties Supplier
Acid-citrate- . . Sheep,
dextrose | Ol ‘;‘;ttgfﬁggg Liquid, Red, ABPM
(ACD) blood Pathogen-free
Barnstead e- 00 i ) LCSEFU
pure water
Powder, Orange,
584.66 g/mole
91.49% Bilirubin
Bilirubin 03 > 98% IXa, 4.02% Sigma-Aldrich®
Bilirubin IIla,
3.33% Bilirubin
Xllla
:?)lliljlllugl:tlz May contain Powder, Orange-
X 04 | bilirubin 60- brown, 842.91 Calbiochem®
ditaurate, 80% by weight g/mol
disodium salt
Biliverdin 05 >95% Powder, Green, Santa Cruz
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hydrochloride 619.12 g/mol Biotechnology Inc.
Chloroform 06 >99.5 % quul(‘i,.wr[h Sigma-Aldrich®
stabiliser
. Clotting factors Sheep,
]zf)iq:?)r::;;‘(t)fid 07 | and fibrinogen Liquid, Red, ABPM
removed Pathogen-free
Dimethyl .
sulfoxide | 08 >og0, | Deuterated Liquid, gy Aldrich®
(DMSO-Dy) 84.17 g/mol
Dimethyl .
sulfoxide | 09 | >99.9% Hiquid, 75.13 LAS
(DMSO-Hg) £
Ethanol 10 >99.5 % Liquid LAS
Type I from Horse
L. . Spleen . . ®
Ferritin 11 | in 0.15M NaCl 44 mg/mL, Liquid, Sigma-Aldrich
Brown
Human > 96 %, Red-brown
haemoglobin 12 | Predominantly | Human lyophilized | Sigma-Aldrich®
(Hb) methaemoglobin powder
Hydrochloric 13 M : SCSEFU
Lithium . . Sheep,
heparin | 14 ‘;Iéttgfl;’;ggg Liquid, Red, ABPM
(LiHep) blood Pathogen-free
Methanol 15 >99.5% Liquid LAS
Sheep,
Neat blood 16 - Liquid, Red, ABPM
Pathogen-free
Paraffin oil 17 - Liquid LAS
Paraffin wax | 18 - Flakes LAS
PE bag 19 i Transparent, thin LAS
sheet
o | 20 : Powder SCSEFU
Polytetrafluoro
-ethylene 21 - Powder SCSEFU
(PTFE)
meI‘:ifis:‘(‘;(“]‘sr) 2 >99 % Powder, 119 g/mol SCSEFU
Potassium 0 Crystals, 74.5
chloride (KCI) | 2> 299 % g/mol SCSEFU
Potassium Powder
phosphate p
monobasic 24 - anhydrous, 136.09 LCSEFU
(KH;PO) g/mol
Sodium 25 >99.5 % Crystals, 58.44 SCSEFU
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chloride g/mol
(NaCl)
Sodium
hydroxide 26 > 98 % Solid, 39.9 g/mol LCSEFU
(NaOH)
. . Powder,
S"dl‘\‘l‘“l;'(‘)‘t“te 27 > 98 % pHO, SCSEFU
(NaNO) 69 g/mole
Sodium Powder
phosphate |4 98-100 % anhydrous, 156.01 LCSEFU
dibasic o/mol
(NaHPOy)
Ultrapure
milliQ water | 29 - Liquid LCSEFU, LAS
(Water)

The Animal Ethics Committee has acknowledged the use of scavenged blood for the

purposes of this research.

3.1.2 Prepared Materials
Preparation \ id Properties Ingredients
ACD blood dried | 30 Powder ACD blood (#01)
ACD blood in PE | 31 0.67 uL/mg of PE ACD blood (#01), PE (#20)
ACD blood plasma | 32 | Centrifuged, Filtered -
ACD b:ﬁ«(;: dplasma 33 Powder ACD blood plasma (#01)
e 37.5% BBC (#04) + 37.5% BB
e ooy welg 37.5% BBC + 18.75% BB +
43.75% PE
Bilirubin 0.012M 3.26x1072 g bilirubin (#03), few
(concentration in | 35 5 mL stock drops NaOH (#97), HCI (#89),
blood) pH7 PBS (#95)
Bilirubin conjugate 36 812~'15riiiogfr8g8/ﬁh Bilirubin conjugate (#04),
in blood ’ cach ©ME | defibrinated sheep’s blood (#07)
Bilirubin conjugate 37 1:2.5 & 2:1 ratios by Bilirubin conjugate (#04),
in paraffin wax weight paraffin wax (#18)
Bilirubin conjugate 38 25,37.5,50 % by Bilirubin conjugate (#04), PE
in PE weight (#20)
Bllll‘ll.blll conjugate 39 10 mg/mL Bilirubin conjugate (#04), water
in water (#02)
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Bilirubin in neat

Bilirubin concentration in blood

blood 40 0.019M (#35), neat sheep’s blood (#16)
Bilirubin in def Bilirubin (#03), defibrinated
blood 41 1.33 & 71 mg/mL sheep’s blood (#07)
Bilirubin in Bilirubin (#03), chloroform
chloroform 42 > & 10 mg/mL. (#06)
Bilirubin in e 1
DMSO-d, 43 65 & 160 mg/mL Bilirubin (#03), DMSO-ds (#08)
Bilirubin in Bilirubin (#03), DMSO-Hs
DMSO-H; 44 45 mg/mL (#09)
Bilirubin in e 1
ethanol 45 1.45 mg/mL Bilirubin (#03), ethanol (#10)
e e . 5% by weight & 100- e 1
Bilirubin in KBr | 46 fold dilution Bilirubin (#03), KBr (#21)
Bilirubin in e 1
methanol 47 6.4 mg/mL Bilirubin (#03), methanol (#15)
Bilirubin in o Bilirubin (#03), paraffin oil
paraffin oil 48 5% by volume (#17)
Bilirubin in ) . . Bilirubin (#03), paraffin wax
paraffin wax 49 | 1:90 ratio by weight (#18)
0
Bilirubin in PE | 50 1220 &30%by Bilirubin (#03), PE (#20)
weight
0.012 M, 20% & 50%
e e . 0.012 M by volume, | Bilirubin (#03), filtered plasma
Bilirubin in plasma | 511 1660 40 o lume, (#77), 0.1 M NaOH (#97)
Aqueous
o
Bilirubin in PTFE | 52 125, \?vse,lgl? ¢ %o by Bilirubin (#03), PTFE (#22)
Bilirubin slurry | 53 200 mg/mL Bilirubin (#(()ig’;))'l M NaOH
Biliverdin & 54 1:1, 1:3 ratios by Biliverdin hydrochloride (#05),
bilirubin in KBr weight bilirubin (#03), KBr (#22)
6.25% BV (#05) + 12.5% BB
Biliverdin & o . (#03) + 81.25 PE (#20)
bilirubin in PE | > 70 by weight 1.5% BV + 6.25% BB + 92.25
PE
Biliverdin o .
. 1.14x1072 g biliverdin (#05), few
(estimated | ;¢ 2.28 mg/mL, drops NaOH (#97), HCI (#89),
concentration in (5 mL stock) pH 7
PBS (#95)
blood)
e I ;| 520,400,250 & 140 | Biliverdin hydrochloride (#05),
6 mg/mL DMSO-ds (#08)
- - . Biliverdin hydrochloride (#05)
o ’
Biliverdin in KBr | 58 5% by weight KBr (#22)
Biliverdin in 59 250 mg/mL Biliverdin hydrochloride (#05),
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methanol methanol (#15)
Biliverdin in o Biliverdin hydrochloride (#05),
paraffinoil | 00|  10%byvolume paraffin oil (#17)
Biliverdin in ) . . Biliverdin hydrochloride (#05),
paraffin wax 61 1:9 ratio by weight paraffin wax (#18)
1.14, 2.28 mg/mL, Biliverdin concentration in
Biliverdin in PBS | 62 1:1000 dilution (1 blood (#56), PBS (#95)
uL/mL)
- . 12.5,25 & 30 % by | Biliverdin hydrochloride (#05),
Biliverdin in PE | 63 weight PE (#20)
Biliverdin in Biliverdin estimated
lasma 64 Aqueous concentration in blood (#56),
P filtered plasma (#77)
Biliverdin in 65 1:1 of 0.8 mg by Biliverdin hydrochloride (#05),
sheep’s blood weight, 17 mg/mL | defibrinated sheep’s blood (#07)
- . Biliverdin hydrochloride (#05),
Biliverdin slurry | 66 625 mg/mL 0.1 M NaOH (497)
Biliverdin with 67 1:1 approx Biliverdin hydrochloride (#05),
bilirubin + app bilirubin (#03)
Biliverdin with Biliverdin (#05) with bilirubin
bilirubin in blood 68 33 mg/mL (#03) 1:1 mixture, defibrinated
sheep’s blood (#07)
lﬁﬁ‘rvu‘gidn“; 1% BV (#05) + 3.75% BBC
bilirubin coniugate 69 % by weight (#04) + 3.75% BB (#03) +
I conjug 91.5% PE (#20)
in PE
Def blood airdried | 70 Powder Def sheep blood (#07)
Def blood airdried o . Def sheep blood (#07), KBr
in KBr 71 5% by weight (#22)
Def blood dried -
desiccator 72 0.67 uL/mg of PE Def blood (#07), PE (#20)
Def blood dried — | 5 Powder Def sheep blood (#07)
vacuum desiccator
Def blood dried o . Def sheep blood dried (#73),
(vacuum) in KBr | /+|  S70byweight KBr (#22)
Def blood in PBS | 75 6.7 uL/mL Def sheep b(l#";’;‘) (#07), PBS
Def blood in PE | 76 0.67 uL/mg of PE LiHep blood (#14), PE (#20)
Def blood plasma | 77 | Centrifuged, Filtered -
Def blood plasma
airdried 78 Powder Def sheep blood plasma (#77)
Def blood plasma
dried - desiccator 79 Powder Def sheep blood (#07)
Def blood plasma
dried — vacuum | 80 Powder Def sheep blood (#07)
desiccator
Ferritin dried 81 Powder Ferritin protein (#11)
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e s 5% by weight & 50- . .
Ferritin in KBr 82 fold dilution Ferritins dried (#11), KBr (#22)
Ferritin in NaCl 33 1.0x10™%, 0.88 & 44 Ferritins (#11), 0.15 M NaCl
solution mg/mL (#96)
Ferritin in PBS 84 Liquid Ferritin (#11), PBS (#95)
0
Ferritinin PE | 85 | > & 12523 &50% | o i dried (#81), PE (420)
by weight
Human Hb in Human haemoglobin (#12),
DMSO-ds 86 180 mg/mL DMSO-ds (#08)
Human Hb in ) . . Human haemoglobin (#12),
paraffin wax 87| 1:70 ratio by weight paraffin wax (#18)
Human Hb in Human haemoglobin (#12),
water 88 20 mg/mL water (#02)
Hydrochloric acid 0.10M
(HCI) 89 LOM HCI (#13), water (#02)
LiHep blood dried | 90 Powder LiHep sheep blood (#14)
LiHep blood in PE | 91 0.67 uL/mg of PE LiHep blood (#14), PE (#20)
LiHep blood 92 | Centrifuged, Filtered -
plasma
LiHep blood .
plasma dried 93 Powder LiHep blood plasma (#92)
Adueous Def sheep’s blood (#07), PBS
Methaemoglobin | 94 d (#95) or neat sheep’s blood
(#16), NaNOz2 (#27)
8 g NaCl (#25), 0.2 g KC1 (#23),
Phosphate buffered H74 1.44 g Na2HPO+4 (sodium
saline solution 95 p lL' phosphate dibasic, #28), 0.24 g
(PBS) KH2PO4 (potassium phosphate
monobasic, #24), water (#02)
Sodium chloride
(NaCl) 96 0.15M NaCl (#25), water (#02)
Sodium hydroxide
(NaOH) 97 0.10M NaOH (#26), water (#02)
Stored neat sheep's Refrigerated,
blood in PBS 98 4 uL/mL Blood (#16), PBS (#95)
3.2 Instrumentation
Instrument # Range Detector Parameters
Analytical Balance | 99 * 0'2001 - -
Australian 10-5000 SiBolometer 200 mA,
Synchrotron 100 cm™! (10-370 cm™) Cryogen-cooled
FIR/THz beamline, (2000- Si:B Cryostat, Diamond
Bruker IFS125HR 1,000,00 | Photodetector Window Liquid Cells,
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FTIR Spectrometer Onm) | (300-1850 cm™) GladiATR™Single
MCTnnarrow Reflection ATR
band (700-5000 Accessory,
cm™) OPUS™7.2.139.1294,
Lake Shore Temperature
Control,OriginPro
7.5,Aperture and
Scansettings as described
in Methodssection
5 mm 600 MHz 541-PP
Bruker TOPSPIN 3 101 C">’NMR i NMR tubes, automatic
600 MHz NMR H'NMR sample injection
Electronic pH 102 i i For solutions, calibrated
Meter at 20 degrees Celsius
Hand Pellet Press 103 - - 3 & 5 mm pellet moulds
12 Volts, 19 optic fibers,
ISP-REF 512 element 3 nm VNIR & 8 nm
Integrating sphere silicon array, SWIR resolution, pistol
coupled to ASD 350- Graded Index | grip accessory connected
FieldSpec® 4 Hi- 104 2300 nm InGaAs to integrating sphere
Res: High Photodiode Two (Spectralon® coated
Resolution Stage TE doped with Barium
Spectroradiometer Cooled Sulfate&10.32 mm
sample port aperture)
ISP-REF 1 nm resolution, 10.32
Integrating sphere . mm sample port
coupled to Ocean Toshiba aperture, Spectralon®
. 370-985 TCDI1304AP ’ .
Optics 105 om Linear CCD coated doped with
CHEMUSB4-Vis.- array Barium Sulfate, parallel
NIR desktop utilising
Spectrophotometer SpectraSuite software
Leica MZS55 106 ) ) Available at the
Stereomicroscope Australian Synchrotron
Mortar and pestle 107 i i Available at the
Australian Synchrotron
Nikon D50 Digital Munsell Color X-rite
SLR camera 108 - - ColorChecker 1mage
reproduction target
6Q Quartz Cuvette for
Perkin Elmer UV- Photomultiplicr Transmission, < 0.2 nm
Vis.-NIR Lambda 109 175- Tube (PMT) resolution for NIR & <
950 3300 nm InGaAs ’ 0.05 nm for UV/Vis,
Spectrophotometer 150 mm Integrating

Sphere Accessory for
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Reflectance, Scan
Intervals: 1-5 nm, Scan
Time: As Fast As
Possible, 0 A /100% T
ran with no
samples/references, auto
zeroed each analysis

Beamsplitter KBr, ATR
accessory, Ge window,
Reflectance mode, KBr

550- Beamsplitter, Gain 8
Thermo 6500 cm’ autogain, Optical
. . TM 9
FisherNicolet’ "Con |11, 115 182- | DTGS TEC velocity 0.5747-1.8,
tinuum'™ FT-IR
Microscope 1538 Aperture 37, screen
P nm) wheel open, Diagnostic
min and max -0.45-7,
scans 16, resolution 1-4,
experiment Smart Orbit
Connected to vacuum
Vacuum Desiccator | 111 - - pump, Available at the
Australian Synchrotron
. 6Q Quartz Cuvette,
Varian Cary 50 UV- 190- | 2silicondiode | Data Collection Time:
Vis. 112 :
1100 nm detectors Medium
Spectrophotometer

<1.5 resolution

Vortex Mixer 113 - - _

Water Bath at the

Australian 114 - - 40 Degrees
Synchrotron

Instrumentation was utilised according to safe operating procedures. Changes to
normal operating methodology is documented in Novel Instrumentation

Arrangements, below.

3.2.1 Novel Instrumentation Arrangements

3.2.1.1 Perkin Elmer UV-Vis.-NIR Lambda 950
Spectrophotometer

Samples and references pipetted on to filter paper were mounted to the 150 mm
integrating sphere accessory as shown in the below inset figure at 90° (perpendicular
to the workbench). Samples were mounted with a second filter paper layer as to

prevent seapage to the reflective reference covering the sample and reference ports.
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Figure 3-1: Perkin Elmer UV-Vis.-NIR Lambda 950 Spectrophotometer setup with the 150 mm integrating
sphere accessory. Inset: open sample compartment for 150 mm integrating sphere accessory showing the
vertical reference sample port.

3.2.1.2 ASD FieldSpec. with Integrating Sphere

Once switched on, the instrument warmed for 1 hour prior to beginning analysis. A
pistol grip accessory was connected to the fibre optic cable of the spectroradiometer
and held by foam and a bulldog clip approximately 2-10 mm apart from the fibre
optic cable of the ISP-REF Integrating sphere. Tape was used to secure fibre optic
cables in place. Fibre optic cables were connected to the integrating sphere’s (S)
SMC Connector and the integrating sphere was set to internal reflectance (I). This
novel arrangement in the figure below was utilised with laboratory lights off to

minimise light interference from the environment.

Fibre Optic Cable -"SP'REF
Integrating Sphere

Fibre Optic Cable

Pistol grip
accessory

Figure 3-2: Schematic of ISP-REF Integrating Sphere coupled to ASD FieldSpec® 4 Hi-Res
Spectroradiometer.
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Figure 3-3: ISP-REF Integrating Sphere shown here with the aperture upwards. Also sho shown is the
sphere’s fiber optic cable and bulldog clip utilised for the novel setup when coupled to the ASD FieldSpec.

3.2.1.3 CHEMUSB4-Vis.-NIR Spectrophotometer with
Integrating Sphere

An Apple MacBook installed with parallel desktop was used to run Ocean Optics XR
software, SpectraSuite. This produced spectral output received by USB from the
Ocean Optics CHEMUSB4-Vis.-NIR Spectrophotometer, which was connected to
the ISP-REF Integrating Sphere via fibre optic cable as shown in the figure below. A
large transparent Ziplock bag was utilised to contain the integrating sphere and
nitrogen inlet when required. This was sealed, leaving approximately 3 cm open for

nitrogen outlet.
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SRS CHEMUSB4-Vis.-NIR Fibre Optic
Spectrophotometer Cable

N; Outlet 4—

MacBook with
SpectraSuite

ISP-REF
Integrating Sphere

Ziplock Bag

Figure 3-4: Schematic of ISP-REF Integrating Sphere coupled to CHEMUSB4-Vis.-NIR
Spectrophotometer.

3.2.1.4  Far Infrared (FIR) / THz Beamline
Three machined diamond liquid window cells were available to use at the Australian
Synchrotron. These were labelled ‘A’, ‘B’ and ‘C’, having ‘A’ created as the

prototype and ‘B’ and ‘C’ together later.

A retainer was utilised on the ATR accessory for liquid samples.

Figure 5: Image of ATR Retainer taken at the Australian Synchrotron with bilirubin liquid sample.

3.3 Methods

3.3.1 Transport of Samples

Blood samples provided from the Forensic Science Centre of South Australia were

transported in a Styrofoam cooler box containing ice packs in an air-conditioned
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motor vehicle. Temperature and relative humidity during transport were reported by
the Weatherzone.com website as approximately 25 degrees Celsius and 54%,

respectively.

Samples transported to and from the Australian Synchrotron were also contained in a
Styrofoam cooler box with ice packs. The cooler box remained in checked bag
luggage until arrival at the facility where samples were stored at 4 and -15 degrees

Celsius.

3.3.2 Solution Preparations

Solutions were quantitively prepared with ingredients listed under the Prepared
Materials section, however particular methodology to note are reported below. A
vortex mixer was utilised to aid in mixing some solutions that appeared to have low

solubility.

3.3.2.1 Phosphate Buffered Saline Solution

PBS solution (#95) was quantitatively prepared using a known method [112] at a
volume of 1L by weighing each dry ingredient using an analytical balance (#99).
This provided a solution of pH 7.4 as tested using a pH meter (#102). The resulting

PBS solution was stored at 5 degrees Celsius.

3.3.2.2 Blood Plasma

Blood supplied (#01, 07, 14) involved several test tubes of red blood cells and small
urine containers of supernatant plasma; whole blood was centrifuged at the Forensic
Science Centre. Plasma was filtered using filter paper in a Styrofoam box containing
ice packs (prevent decomposition) at Flinders University to remove opaque proteins
that would hinder spectroscopy pathlength. Prepared plasma was stored both at 5 and

-15 degrees Celsius.

3.3.2.3 Methaemoglobin Formation
Sodium nitrite (#27) was added to blood (#01, 07, 14, 16), PBS (#95), and Plasma
(#32, 77, 92) or mixtures of these with agitation until all solid dissolved [113]. These
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preparations were stored at 5 degrees Celsius and some analysed 3 days later. In
some cases, filter paper samples were kept in a Styrofoam cooler box at standard
laboratory temperature and conditions over 3 days to analyse again. Filtered plasma
(#32, 77, 92) or PBS (#95) containing equivalent sodium nitrite amounts were used
as the baseline and stored in the same conditions. Refrigerated methaemoglobin

samples were not kept for longer than 12 days.

3.3.2.4  Biliverdin Solutions

A 2.28x107 g/mL solution of biliverdin (1/3 that of bilirubin expected concentration
in adult blood) was quantitatively prepared [63] by adding 0.1 M sodium hydroxide
(#97) dropwise to 1.14x102 g biliverdin (#05) with agitation until all solute
dissolved. PBS (#95) was added bringing the total volume to 2/3. 0.1 and 0.01 M
hydrochloric acid (#89) was used dropwise to adjust the pH to approximately 7. The

remaining quantitative volume was made up with PBS.

A 1:1000 dilution by volume of this biliverdin solution (#56) was prepared in PBS

solution.

Biliverdin solution (#56) was quantitatively pipetted into plasma (#77) for analysis in

this matrix. All solutions were stored at 5 degrees Celsius.

3.3.2.5 Bilirubin Solutions

A 0.012 M solution of bilirubin (expected concentration of bilirubin in adult blood)
was quantitatively prepared [63, 66, 68] by adding approximately 2.5mL of 0.1 M
sodium hydroxide (#97) dropwise to approximately 0.0350 g bilirubin (#03) with
vigorous agitation until all solute dissolved. PBS (#95) was added bringing the total
volume to two thirds. 0.1 M hydrochloric acid (#89) was used dropwise to adjust the

pH to approximately 7. The remaining quantitative volume was made up with PBS.

A 1:1000 dilution by volume of this bilirubin solution was prepared in filtered sheep
blood plasma (#77).

A 0.012 M solution of bilirubin in plasma was quantitatively prepared by adding
approximately 2mL of filtered plasma (#77) to approximately 0.0350 g bilirubin
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(#03) with vigorous agitation. 0.1 M added sodium hydroxide (#97) was then added
dropwise until all solute dissolved. 0.1 M hydrochloric acid (#89) was used dropwise
to adjust the pH to approximately 7. The remaining quantitative volume was made up

with filtered plasma. All solutions were stored at 5 degrees Celsius.

3.3.2.6  Ferritin Dilutions
Baseline solution for ferritin stock solution (#11) was sodium chloride solution

(#96). The ferritin stock solution was stored at -15 degrees Celsius.

A 1.76 and 0.88 mg/mL solution was quantitatively prepared from the thawed stock
solution and 0.15 M sodium chloride (#96). For analysis, sodium chloride solution

(#96) was used as the baseline.

The 0.88 mg/mL solution was then used to prepare a dilution at concentration 0.0001
mg/mL with PBS solution (#95). PBS solution was utilised as the baseline for this

preparation. All diluted solutions were stored at 5 degrees Celsius.

3.3.3 Sample Preparation for UV-Vis. Transmission
Spectroscopy

Prepared samples were pipetted into a 6Q Quartz cuvette for transmission analysis.

Respective solvents were used as references.

3.3.4 Sample Preparation for UV-Vis.-NIR Reflectance
Spectroscopy

Generally, approximately 1-3 drops of sample were pipetted on double layered filter
paper (90-110 mm, folded) for analysis. Appropriate solvents relating to the samples
were used as the baseline (1-3 drops on folded 90-110 mm filter paper). Photographs
were taken of some samples using a Nikon D50 Digital SLR camera with aid of a

Munsell Color X-rite ColorChecker® image reproduction target (#108).

3.3.4.1 Re-suspension of Dried Blood

Filter paper samples were dried by placing in a Styrofoam cooler box and leaving
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undisrupted at standard laboratory temperature and conditions. Humidity data was

collected from the website, Weatherzone.com.

Dried filter paper sample spotted with blood (#07) was dampened by pipetting 8
drops of water (#02) onto the blood spot. The process was repeated with the dried
reference sample. These were left for approximately 30-40 seconds to soak prior to

analysis. This analysis was duplicated.

The dried result of the previous re-suspension in water was dampened by pipetting 8
drops of plasma (#77) onto the blood spot. The process was repeated with the dried
reference sample. These were left for approximately 1 minute to soak prior to

analysis.

3.3.5 Sample Preparation for FIR / THz Beamline
3.3.5.1 Pellets

Pellets were created by grinding sample in a small mortar and pestle (#107), then
compressing approximately 1.5 mg (for 3 mm pellet size) in a hand pellet press
(#103). In the cases where compounds with low absorbance were used to dilute
analyte, a mixture at determined ratio of analyte and diluting compound was
homogenously crushed with mortar and pestle where approximately 1-1.5 mg of this
was compressed into a 3 mm pellet. In some instances, 7 mm pellets were pressed

with approximately 5-6 mg of ground sample.

3.3.5.1.1 Dried Blood and Ferritin

Blood and plasma samples (#01, 07, 14, 32, 77, 92) were airdried, dried in a
desiccator and dried with a vacuum desiccator (#111) overnight by pipetting 20 puL
each on to approximately 30 mg of diluting compound (#20). This was mixed as a

slurry with a spatula before allowing to dry.

Ferritins were dried overnight for pellet pressing as described above with a vacuum
desiccator (#111) available at the Australian Synchrotron. Salt (#25) dried in the

same way was used as baseline.
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3.3.5.2 Diamond Window Liquid Cells
Before use, the cell components were flushed with compressed nitrogen. During
assembly, vertical lines inscribed on the cell (windows components) were matched

such that window alignment was optimum.

Volumes of samples pipetted into cells were dependent on the cell spacer used as per

table below.
Spacer (um) | Volume (pL)
5 0.5
10 0.8
15 1.2
20 1.6
25 2.0
50 4.0
60 4.5

Table 3-1: Volumes of liquid samples pipetted into DWLC’s for analysis.

Cells were assembled with the aid of calipers such that compression was even for
both screws. Once assembled, cells were checked for air gaps under a microscope at

the Australian Synchrotron on the IR beamline when this was available to use.

Cells were mounted to the cryostat such that the flange side (Figure 1-26 (D)) was
directed towards the synchrotron beam. Hence flange side was in contact with the

cryostat finger.

For haemoglobin and protein-based samples, soapy water was used to clean diamond

windows after use.

3.3.6 Analysis using UV-Vis. Transmission Spectroscopy
For the Perkin Elmer UV-Vis.-NIR Lambda 950 Spectrophotometer, both the sample

in one cuvette and its respective reference in another cuvette were inserted into the

sample compartment.
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3.3.7 Analysis using UV-Vis.-NIR Reflectance
Spectroscopy

3.3.7.1 Perkin Elmer UV-Vis.-NIR Spectrophotometer

Samples and references were mounted in the integrating sphere accessory

compartment such that spotted samples were in the centre of the integrating sphere’s

aperture. Data collected was saved in *.CSV format to be reproduced with Microsoft

Office 365 Excele software. Sample analysis was repeated at least 3 times unless

being used for time studies greater than 5 days.

3.3.7.1.1 Spectra Smoothing

In the UV-WinLab — Run window of the spectrophotometer’s computer program
interface, the ‘Processing’ tab was selected. The ‘Smooth’ function was added to the
process settings with the following settings: Type: Triangular, Width: 13, 37, 49,
Range Selection: 2500-800. These were sent to the Data Processing Viewer (DPV)

where they could be then saved in .sp file format.

Smoothing algorithm types: Block Average — all points are weighted equally, giving
the maximum noise reduction for a chosen range; Triangular — the weighting
coefficients decrease linearly from the center of the smoothing range, causing less
broadening than Block Averaging but achieving less noise reduction; Savitsky-
Golav — uses least squares fitting a cubic polynomial to achieve minimum distortion

[114].

Various algorithm types (Block Average, Triangular and Savitsky-Golay) and
Widths (5, 9, 13, 19, 25, 37, 49 and 149) were explored for optimisation of the
smoothing function (smoothed the data enough but also didn’t lose too much spectral

information) [115].

3.3.7.2  ASD FieldSpec. with Integrating Sphere
White references were acquired every 10-15 minutes where applicable to prevent
drift in measurements. Spectral data was saved as .txt collated files and imported to

Microsoft Office 365 Excele for processing including normalisation.
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3.3.7.3 CHEMUSB4-Vis.-NIR Spectrophotometer with
Integrating Sphere

Analysis was carried out inside a fume hood in proximity of a nitrogen inlet. The
Ziplock bag containing the integrating sphere was flushed with nitrogen for 15
minutes before samples were placed in the bag and scans were initiated on the
MacBook. Integration time was adjusted in SpectraSuite to produce a reference and
dark spectrum with the least noise. Data was saved as .txt files which were later

imported to Microsoft Office 365 Excel® Software for processing.

3.3.7.4  FTIR Microscope with ATR Accessory

Approximately 5-10 mg of ground, homogenous sample was placed on the platform
and pressed with the diamond (anvil) on to the window. After analysis, the sample
was cleaned from the contact surfaces using mild soapy demineralised water with a
lint-free soft cloth. Spectral data was printed from OMNOC programming and saved
as SPA and CSV files. CSV files were imported to Microsoft Office 365 Excele for
processing including normalisation. Biliverdin and bilirubin sample experiments

were carried out in duplicate.

3.3.8 Analysis using the FIR / THz Beamline

3.3.8.1 Acquisition and Processing
For general spectra acquisition ‘Repeated Measurements’ was selected where the

following general parameters were adjusted from default settings:

Repeat the Measurement (Run) 10 times
Delay Between Measurements (Runs) | 0 sec
Sample Scan Time 100
Background Scan Time 20 Scans
Save Data From 0-1000 cm™!
Aperture Setting 2.5-3.5 mm
Resolution lcm!

Table 3-2: Default parameters set for spectral acquisition with the SiBolo detector from the FIR/THz
beamline at the Australian Synchrotron.

Amplitude and Position in OPUS software’s ‘Check Signal’ tab was optimised such
that the amplitude was at the highest and noted. Amplitude or ‘sensitivity’ varied
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depending on concentration of absorbing (IR active) analyte and thickness of sample,

particularly if in pellet form.

Each set of 10 repeated measurements were averaged. For overnight measurements,
the parameters, Repeat the Measurement, Delay Between Measurements and Sample
Scan Time were adjusted to suit and are documented in figure captions. Raw
synchrotron files from OPUS processing software were saved as .dpt format to be
viewed on Microsoft Office 365 Excels and OriginPro software for further
processing. Manual background subtractions, transmission to absorbance conversions
and vector normalisations (in frequency ranges of interest) were carried out using
OPUS software. In some instances, normalisation was carried out using Microsoft

Excel.

Sample blanks (synchrotron light only) were checked to amplitude of approximately
20000-24000.

3.3.8.2 Detectors
When the detector was changed to Si:B or MCTx, the sample scan time was adjusted

to 10 or 4, respectively, as required to account for speed and less spectral noise.

Detectors were replenished with liquid nitrogen every 4-6 hours and liquid helium

every 24 hours. Detector gain was adjusted to high when utilising liquid cells.

3.3.8.3 Diamond Window Liquid Cells
DWLC samples were mounted to the cryostat for transmission analysis on the top

and middle positions.

3.3.8.4 Cryostat Cryogenic Analysis

For cooling cycles of samples, the cryostat and hence samples were cooled with
liquid nitrogen to 78 degrees Kelvin, heated with a heater coupled to the cryostat to
298 degrees Kelvin, cooled again to 78 degrees Kelvin then heated to room

temperature. Some samples were not cooled twice.

A thermocouple connected to a Lake Shore Temperature Control program was used
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to monitor, set and control the temperature of the cryostat and hence the samples.
This was done by opening the Lake Shore software and creating a name for a
Microsoft Excel spreadsheet that would be generated once the analysis was
complete. Temperature was set at the maximum point of 298 Kelvin and a heater was
applied manually by the user of the program during analysis as required by selecting
‘Low’, ‘Medium’ or ‘High’ heating settings. Heating was set to ‘Off” when liquid

nitrogen was being poured into the cryostat during periods of cooling.

For acquisition, the repeat the measurement parameter was adjusted to 30 times as
each run was 30 seconds in duration. Once ‘Begin’ was clicked on the acquisition
software, 2-5 scans were taken before liquid nitrogen was poured into the cryostat
inlet whilst scans continued. After analysis, a heat gun was used to defrost and dry

the frozen cryostat if required.

Most cryogenic sample data produced in OPUS required processing of fringed
spectra as described below. OPUS runs were then allocated (via time parameters) to
respective time and temperature data generated as Excel spreadsheets from the

temperature control program.

3D colourmap surface contour plots do not contain temperature as an axis option as it

is not in ascending/descending order.

3.3.8.5 Processing Fringed Spectra

OPUS format files of spectral averages were opened in the OPUS software. The
inverse Fourier Transform of the spectra was taken by selecting ‘Inverse FT.” In the
pop-up window for this function, ‘Use file limits’ was selected and then ‘Get
Interferogram’ was clicked. The ‘Zoom In’ function was used to select a single
interference. ‘Straight Line Generation’ was then applied for this frequency range
when selecting ‘Get Display Limits,” followed by ‘Generate.” Using the ‘zoom Out’
function, more interferences could be selected to generate straight lines. To return to
Fourier Transformed version of spectra, ‘Interferogram to Spectrum’ function was
applied with parameters varying from default; Frequency first: 1000 and last: 0, and
Limit Data Resolution to: 1 and Phase 0.
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3.3.8.6 ATR Accessory

A retainer was employed for containment of most liquid samples which were
covered once they were transferred to the ATR window for the duration of analysis
unless drying was intended. A small desk fan was utilised to promote drying of
samples when required. The anvil was utilised for all solid (included powdered)
samples. Mild soapy demineralised water with a lint-free soft cloth was used to clean

the ATR diamond and anvil for haemoglobin and protein-based samples.

4 Results

4.1 Transmission Spectroscopy

4.1.1 Ultraviolet-Visible-Near Infrared (UV-Vis.-NIR)

4.1.1.1 Stored Blood

The spectrum of stored neat blood diluted in PBS contains oxyhaemoglobin (539 &
576 nm) and methaemoglobin (502 & 630 nm) peaks in the UV-Vis.-NIR region.
There is an additional absorption peak at approximately 983 nm. Below 450 nm and
above 1150 nm absorbance is saturated. The NIR spectral profile appears to be

similar to water and PBS (spectra in section 4.2.1.1.1).
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Figure 4-1: UV-Vis.-NIR spectrum of stored neat blood diluted in PBS (4 pL/mL) analysed on a Perkin Elmer

UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University in a quartz cuvette using PBS as a
baseline.

4.1.1.2 Methaemoglobin
An in vitro formation of methaemoglobin exhibited peaks at 520, 541, 555, 577, 590

and 629 nm.

Methaemoglobin In Vitro

0-8 Diluted Defibrinated Blood
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Figure 4-2: UV-Vis. Spectrum of methaemoglobin formation in a quartz cuvette (6.7 pL/mL with 294.1 mg
sodium nitrite), analysed on a Perkin Elmer UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders
University.

A colour change from red to brown was observed for formation of methaemoglobin

in vitro. Peaks and colour change are as expected as discussed in section 5.
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Figure 4-3: Images of defibrinated sheep’s blood in plasma (6.7 pL/mL) in a quartz cuvette before (left) and
after (right) addition of sodium nitrite (294.1 mg).

4.1.1.3 Biliverdin

Biliverdin diluted in PBS produces a green solution and broad absorption observed at
approximately 650 nm. Additionally, strong absorption peaks are evident at 378 and
975 nm. Absorbance is saturated below 200 nm and above 1150 nm. UV-Vis spectra
is similar to UV-Vis reflectance spectra. Additionally, NIR spectra is similar to that

of water and PBS as seen in section 4.2.1.1.1.
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Figure 4-4: UV-Vis.-NIR spectrum of biliverdin diluted in PBS (1 pL/mL) analysed in a quartz cuvette on
a Perkin Elmer UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.
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4.1.2 Far Infrared (FIR)
Beam current for beamtimes varied between 165-200 mA, giving a maximum

reduction of spectral intensity of 60%.

4.1.2.1 Pellets

4.1.2.1.1 Pure
4.1.2.1.1.1 BILIVERDIN

Peaks are observed at approximately 70, 92, 118, 140, 206, 262, 288, 300, 340 and

370 wavenumbers. Absorbance saturation occurs above 480 wavenumbers.
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Figure 4-5: FIR spectra of pressed biliverdin pellet (approx. 1 mg) analysed on the THz/FIR beamline at the
Australian Synchrotron using the SiBolo detector at an amplitude of 170.

4.1.2.1.1.2 BILIRUBIN

Attempts to pellet pure bilirubin were unsuccessful as the pellet crumbled after
compression with the hand pellet press.

4.1.2.1.1.3 BILIRUBIN CONJUGATE

Peaks are observed at approximately 220, 300, 350 and 395 wavenumbers, with
oversaturation occurring above 460 wavenumbers. Peaks are broader than those

observed in the pure biliverdin pellets.
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Figure 4-6: FIR spectra of pressed bilirubin conjugate pellet (approx. 5 mg) on the THz/FIR beamline at the
Australian Synchrotron using the SiBolo detector at an amplitude of 470.

4.1.2.1.1.4 FERRITIN

Amplitude for the first ferritin pellet (approximately 2 mg) was 40 and resultant
spectral acquisition saturated absorbance, hence no average was taken. A duplicate
pellet of this sample was too thin and fell out of sample holder due to internal sample

compartment vacuum.

4.1.2.1.2 Polyethylene (PE)
4.1.2.1.2.1 BLOOD

Small and weak peaks are observed across 60-360 cm™!, with a general increase in
absorbance towards larger wavenumbers. These are observed at 70, 91, 100, 110,
125, 135, 143, 160, 170, 185, 200, 222, 235, 245, 250, 262, 270, 285, 302, 310, 320,
340 and 360 wavenumbers, Airdried blood presents a broader band between 135 and

210 wavenumbers.
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Figure 4-7: FIR overlayed pressed dried defibrinated, LiHep and ACD blood samples in PE pellets (0.67

pL/mg, weights approx. 1 mg), normalised between 40 and 400 wavenumbers, analysed on the THz/FIR

beamline at the Australian Synchrotron using a SiBolo detector with amplitudes 2800 (Def), 3230 (LiHep)
& 6000 (ACD).

Airdried samples increased the wait time for the beamline instrument pressure to
drop to an appropriate range to perform analyses using synchrotron light, hence
samples dried using a desiccator and instrument vacuum compartment were

investigated below.
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Figure 4-8: FIR overlayed spectra of pressed variously dried defibrinated blood samples in PE pellets (0.67
pL/mg, weights approx. 1 mg), normalised between 40 and 400 wavenumbers, analysed on the THz/FIR
beamline at the Australian Synchrotron using a SiBolo detector with amplitudes of approximately 2800.
Overnight (8.86 hours) parameters in acquisition: ‘Delay between Measurements’ was set to 1200 secs &

‘Repeat the Measurement’ was set to 100.

62



0.9
0.8
— 0.7
0.6
0.5
0.4

Absorbance (a.u

0.3

—— Airdried Blood

0.2
Vacuum Dried Blood

0.1

35 60 85 110 135 160 185 210 235 260 285 310 335 360

Wavenumber (1/cm)
Figure 4-9: FIR overlayed spectra of pressed variously dried defibrinated blood samples in PE pellets (0.67
pL/mg, weights approx. 1 mg), normalised between 40 and 400 wavenumbers, analysed on the THz/Fir

beamline at the Australian Synchrotron using a SiBolo detector with amplitudes of 2800 (airdried) & 1450
(vacuum-dried).

Vacuum dried blood was also analysed overnight with parameters: delay between
measurements set to 1200 secs and Repeat the Measurement 100 times. As the result
of this was a series of spectra the same to that presented above, it is not included
here. Variance in drying methods was observed in general absorbance in the 100 —

300 wavenumber regions.

4.1.2.1.2.2 BILIVERDIN

Biliverdin mixed in a ratio of 1:1 with PE (50%) was attempted 4 times, however
when grinding samples in mortar and pestle, it became ‘sticky’ in consistency and
difficult to manage pressing into a pellet. Hence this ratio mix was abandoned, and

lower ratios attempted. The 30% biliverdin in PE sample is a rough dilution.

Peaks in three dilutions were observed at approximately 210 and 370 wavenumbers.

There is also a strong saturated absorbance at approximately 540 wavenumbers.
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Figure 4-10: FIR overlayed spectra of pressed biliverdin in PE at different concentrations (pellet weights
approx. 1 mg), normalised between 50 and 600 wavenumbers, analysed on the THz/FIR beamline at the

Australian Synchrotron using a SiBolo detector with amplitudes of 3300 (30% biliverdin), 7000 (25%
biliverdin) and 6500 (12.5% biliverdin).

4.1.2.1.2.3 BILIRUBIN

Peaks are observed at approximately 74, 188 (broad), 300, 321, 364, 384, 433 and

484, with saturated absorbance above 540 wavenumbers.
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Figure 4-11: FIR overlayed spectra of pressed bilirubin in PE pellets (weights approx. 1 mg) at different
concentrations, normalised between 40 and 590 wavenumbers, analysed on the THz/FIR beamline at the
Australian Synchrotron using a SiBolo detector with amplitudes of 2760 (50 % bilirubin), 3000 (25% bilirubin)
& 3760 (12.5% bilirubin).
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4.1.2.1.2.4 BILIRUBIN CONJUGATE

In the 50% bilirubin conjugate sample, peaks are distinguishable at approximately
200, 300, 357, 398, 461 and 531 wavenumbers. These become less evident with

decreasing concentration of bilirubin conjugate.
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Figure 4-12: FIR spectrum of pressed 50% bilirubin conjugate in PE pellet (weight approx. S mg), analysed
on the THz/FIR beamline at the Australian Synchrotron using a SiBolo detector with an amplitude of 4730.
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Figure 4-13: FIR spectrum of pressed 37.5% bilirubin conjugate in PE pellet (weight approx. 5 mg),

analysed on the THz/FIR beamline at the Australian Synchrotron using a SiBolo detector with amplitude
of 9470.
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Figure 4-14: FIR spectrum of pressed 25% bilirubin conjugate in PE pellet (weight approx. 5 mg), analysed
on the THz/FIR beamline at the Australian Synchrotron using a SiBolo detector with amplitude of 12480.
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4.1.2.1.2.5 BILIVERDIN, BILIRUBIN AND BILIRUBIN CONJUGATE
MIXTURES

Biliverdin and bilirubin mixture pellets appeared brown in colouration. Very weak
peaks are observed at 300, 329, 367, 388, 412, 434, 483, 537 and 558 wavenumbers,
which appear to correspond to peaks found in both biliverdin and bilirubin when

analysed individually.
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Figure 4-15: FIR overlayed spectra of pressed biliverdin and bilirubin in PE pellets (weights approx. 1 mg)
at different concentrations, normalised between 50 and 586 wavenumbers, analysed on the THz/FIR
beamline at the Australian Synchrotron using a SiBolo detector with amplitudes of 4420 (6.25% biliverdin
with 12.5% bilirubin) and 4900 (1.5% biliverdin with 6.25% bilirubin).

Peaks for bilirubin and bilirubin conjugate mixture 37.5 : 37.5 are observed at
approximately 190, 300, 324, 341, 358, 364, 390, 417, 430, 463, 476, 540
wavenumbers. These appear to correspond to peaks found in both bilirubin and

bilirubin conjugate when analysed individually.
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Figure 4-16: FIR spectrum of pressed 37.5% Bilirubin with 37.5% bilirubin conjugate in PE pellet
(approx. 5 mg), analysed on the THz/FIR beamline at the Australian Synchrotron using a SiBolo detector
with amplitude of 5030.

Peaks for bilirubin and bilirubin conjugate mixture 18.75 : 37.5 are observed at

approximately 190, 287, 300, 322, 341, 358, 364, 390, 417, 430, 463, 476, 534

wavenumbers.
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Figure 4-17: FIR spectrum of pressed 18.75% bilirubin with 37.5% bilirubin conjugate in PE pellet (approx.

5 mg), analysed on the THz/FIR beamline at the Australian Synchrotron using a SiBolo detector with
amplitude of 8880.

Peaks for bilirubin, biliverdin and bilirubin conjugate mixture 1 : 3.75 : 3.75 are
observed at approximately 190, 289, 300, 322, 340, 364, 390, 417, 430 and 470

(broad) wavenumbers. These appear to correspond to peaks found in biliverdin,
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bilirubin and bilirubin conjugate when analysed individually.
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Figure 4-18: FIR spectrum of pressed 1% bilirubin, 3.75% biliverdin and 3.75% bilirubin conjugate in PE

pellet (approx. 2 mg), analysed on the THz/FIR beamline at the Australian Synchrotron using a SiBolo
detector with amplitude of 5700.

4.1.2.1.2.6 FERRITIN
Oscillation was observed in the low ferritin concentrations. Broad and weak bands
are observed at approximately 100, 150, 175, 262 and 550 wavenumbers.
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Figure 4-19: FIR overlayed spectra of pressed vacuum-dried ferritins in PE pellets (weights approx. 1 mg) at
different concentrations, normalised between 50 and 600 wavenumbers, analysed on the THz/FIR beamline at
the Australian Synchrotron using a SiBolo detector at amplitudes of 9177 (12.5% ferritin), 11608 (6% ferritin)

& 14441 (3% ferritin).
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Figure 4-20: FIR overlayed spectra of pressed vacuum-dried ferritins in PE pellets (weights approx. 1 mg) at
different concentrations, normalised between 50 and 600 wavenumbers, analysed on the THz/FIR beamline
at the Australian Synchrotron using a SiBolo detector with amplitudes of 1258 (50% ferritin), 4700 (25%
ferritin) & 9177 (12.5% ferritin).

4.1.2.1.3 Polytetrafluorethylene (PTFE)
4.1.2.1.3.1 BILIRUBIN

Peaks observed to correlate between samples are at 68, 101, 111, 124, 132, 162, 300,
320, 340, 363, 387, 415 and 432 wavenumbers. A disturbance in the absorption
spectrum occurs at approximately 200 wavenumbers, hence the total FIR spectral

range is reported in two figures.
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Figure 4-21: FIR overlayed spectra of pressed bilirubin in PTFE pellets (weights approx. 1 mg) at various
concentrations, normalised between 50 and 190 wavenumbers, analysed on the THz/FIR beamline at the
Australian Synchrotron using a SiBolo detector with amplitudes of 5410 (50% bilirubin), 9600 (25%
bilirubin) & 3700 (12.5% bilirubin).
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Figure 4-22: FIR overlayed spectra of pressed bilirubin in PTFE pellets (weights approx. 1 mg) at various
concentrations, normalised between 225 and 450 wavenumbers, analysed on the THz/FIR beamline at the

Australian Synchrotron using a SiBolo detector with amplitudes of 5410 (50% bilirubin), 9600 (25%
bilirubin) & 3700 (12.5% bilirubin).

4.1.2.1.4 Potassium Bromide (KBr)
4.1.2.1.4.1 BLOOD

A single spectrum using the MCTn detector could not be averaged as sample
presented spectral change over time. There is a general broad and weak absorption
from 900-1050 wavenumbers. A small peak appears at 1214 wavenumbers from 2
hours and sharpens over time. Literature suggests this is indicative of protein nature
[116]. The peak was observed to be at its sharpest at 4 hours into analysis.
Additionally, overall spectral absorbance increases over time by a magnitude of
0.017 absorbance units. This spectral behaviour may be an indication of

deoxygenation or structural decay under the beamline’s vacuum.
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Figure 4-23: MIR overlayed spectra of overnight (4.79 hours) pressed 5% airdried defibrinated blood in
KBr pellet (weight approx. 1 mg), analysed on the THz/FIR beamline at the Australian Synchrotron using
an MCTNx detector with amplitude of approx. 20289. Delay between Measurements parameter in acquisition
was set to 900 secs and Repeat the Measurement was set to 100.

4.1.2.1.4.2 BILIVERDIN

Peaks using the Si:B detector are observed at 496, 530, 556, 587, 690, 710, 729, 759
and 770 wavenumbers, although the spectrum contains fringing. Unfortunately, this
fringing was a direct result from beamline issues unable to be troubleshooted by the
Beamline Scientist during that beamtime. It is noted that the absorbance peak
previously seen at approximately 550 wavenumbers (Figure 4-10) appears to have

either shifted or is more resolved when analysed in KBr as compared to PE.
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Figure 4-24: FIR spectrum of pressed 5% Biliverdin in KBr pellet (approx. 1 mg) analysed on the THz/FIR
beamline at the Australian Synchrotron using a Si:B detector with amplitude of 16000.

Analyses in the MIR range provided a greater number of resolved peaks as shown

below.
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Figure 4-25: MIR spectrum of pressed 5% biliverdin in KBr pellet (approx. 1 mg) analysed on the
THz/FIR beamline at the Australian Synchrotron using an MCTn detector with amplitude of 19400.
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Observed%’eaks (em’ Characterisation
714. 730 Alkene or aromatic C-H out-of-plane bend, C=C-H alkenes,
’ chloride C-X [89, 117]
745, 867, 897 Alkene or aromatic C-H out-of-plane bend, C=C-H alkenes
[89, 117]
770-773 Alkene or aromatic C-H out-of-plane bend, C=C-H alkenes,
neighbouring C-H (5, 4, 3 neighbours) [89, 117]
235 Alkene or aromatic C-H out-of-plane bend, C=C-H Alkenes,
neighbouring C-H (2 neighbours) [89, 117]
946-953, 994 C=C-H Alkenes, -CH=CH- Trans [89, 117]
1072, 11111951’ 172, Amine C-N, alcohol or carboxylic acid C-O [89, 117]
1212 Amine C-N, alcohol or carboxylic acid C-O, N"-O[89, 117]
. — —
1263, 1281 Amine C-N, alcohol or carboxylic acid C-O, -OH, N"-O
[89, 117]
1313, 1328 Amine C-N, -OH, C-NO2[89, 117]
1383 -OH [89, 117]

Table 4-1: Characterisation

designations to observed peaks for MIR analysis of pressed 5% biliverdin in

KBr pellet (approx. 1 mg) analysed on the THz/FIR beamline at the Australian Synchrotron using an

MCTN detector with amplitude of 19400.

4.1.2.1.4.3 BILIRUBIN

A mixture of 10 % bilirubin in KBr was produced, however did not form a pellet as

the sample exhibited a *

sticky’ consistency, pasting on to mixing apparatus.

Peaks using the Si:B detector are observed at 386, 415, 433, 480, 495 533, 556, 600,
628, 655, 664, 673, 699, 742 and 758 wavenumbers, although the spectrum contains

some fine fringing. Unfortunately, this fringing was a direct result from beamline

issues unable to be troubleshooted by the Beamline Scientist during that beamtime.
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Figure 4-26: FIR overlayed spectra of pressed Bilirubin in KBr pellets (weights approx 1 mg) at various
concentrations, normalised between 376-769 wavenumbers, analysed on the THz/FIR beamline at the
Australian Synchrotron using an Si:B detector with amplitudes of 17039 (5% bilirubin) & 21500 (100-fold
bilirubin dilution).

Analyses in the MIR range provided a greater number of resolved peaks as shown

below.
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Figure 4-27: MIR spectrum of pressed 5% bilirubin in KBr pellet (approx. 1 mg) analysed on the THz/FIR
beamline at the Australian Synchrotron using a MCTn detector with amplitude 25600.
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Observed Peaks (cm™)

Characterisation

718

Alkene or aromatic C-H out-of-plane bend, C=C-H
alkenes [89, 117]

758

Alkene or aromatic C-H out-of-plane bend, C=C-H
alkenes, neighbouring C-H (5, 4, 3 neighbours) [89, 117]

792

Alkene or aromatic C-H out-of-plane bend, C=C-H
alkenes, neighbouring C-H (3 neighbours) [89, 117]

828, 842

Alkene or aromatic C-H out-of-plane bend, C=C-H
alkenes, neighbouring C-H (2 neighbours) [89, 117]

870, 883, 936

Alkene or aromatic C-H out-of-plane bend, C=C-H
alkenes [89, 117]

993

Alkane C-H out-of-plane bend, C=C-H alkenes, -
CH=CH-Trans [89, 117]

1009

Alkane C-H out-of-plane bend, -CH=CH-Trans, amine
C-N, alcohol or carboxylic acid C-O [89, 117]

1054, 1099, 1111, 1127,
1158,1170, 1191

alcohol or carboxylic acid C-O, amine C-N [89, 117]

alcohol or carboxylic acid C-O, amine C-N, N"-O"[89,

1219 117]
- - - T
1251, 1300 alcohol or carboxylic ac[18d9Ci(1)7,]am1ne C-N, N"-O, O-H

Table 4-2: Characterisation designations to observed peaks for MIR analysis of pressed 5% bilirubin in
KBr pellet (approx. 1 mg) analysed on the THz/FIR beamline at the Australian Synchrotron using an

MCTN detector with amplitude of 25600.

4.1.2.1.4.4 BILIVERDIN AND BILIRUBIN MIXTURES

Spectra present similar peaks as biliverdin and bilirubin analysed individually. Main

discernible differences are observed at 458, 474, 488, 725, 741, 847, 917, 950 and

1275 wavenumbers. Spectra was reproduced in a duplicate which is presented in the

Appendix (Additional FIR Results).
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Figure 4-28: FIR overlayed spectra of pressed biliverdin and bilirubin mixtures in KBr pellets (weights
approx. 1 mg) at various concentrations, normalised between 385-760 wavenumbers analysed on the

THz/FIR beamlineat the Australian Synchrotron using a Si:B detector with amplitudes 23680 (1:1
dilution) & 23300 (1:3 dilution).

The above spectrum contains some fine fringing which was a direct result from

beamline issues unable to be troubleshooted by the Beamline Scientist during that

beamtime.
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Figure 4-29: FIR overlayed spectra of pressed biliverdin and bilirubin mixtures in KBr pellets (weights
approx. 1 mg) at various concentrations, normalised between 720-1350 wavenumbers analysed on the

THz/FIR beamline at the Australian Synchrotron using a MCTn detector with amplitudes of 19400 (1:1
dilution) & 26000 (1:3 dilution).
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4.1.2.1.5 Paraffin Wax

When mixing sample powders with paraffin wax flakes, the sample immediately
attached to the flakes and hence sample was non-homogenous, where local areas of
sample was observed when pelleted. Most pellets were also concave in shape when
dismounted from the cryostat post analysis. Some pellets experienced a hole in the

middle, where the pellet appeared to have popped.

4.1.2.1.5.1 HUMAN HAEMOGLOBIN

Weak, broad peaks are observed at approximately 308, 397, 510, 591 and 650
wavenumbers for the 298 K sample. These appear more resolved when the sample is
cooled to 78 K with more finer peaks arising, such as at 363, 466 and 480

wavenumbers.
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Figure 4-30: : FIR overlayed spectra of human haemoglobin in paraffin wax (1:70 mix ratio), pressed as a 7 mm
pellet, normalised between 200 and 600 wavenumbers, analysed at the Australian Synchrotron (THz/FIR
Beamline) using a SiBolo detector with amplitudes of 27000 for 298 K and 8600 for 78 K.

4.1.2.1.5.2 BILIVERDIN

Peaks are observed at 56, 65, 90, 114, 135, 155, 180, 201, 223, 247 (broad), 265,
318, 330, 363, 380, 405 (broad), 455, 530, 568, 587, 625 and 636 wavenumbers for
the 298 K sample. These appear more resolved when the sample is cooled to 78 K
with finer peaks arising, such as at 45, 290, 430, 478 and 556 wavenumbers. 298 K

duplicate refers to when the sample is heated again after being cooled to 78 K. This
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is included as it is different to its original spectral profile.
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Figure 4-31: Normalised absorbance overlayed spectra of biliverdin in paraffin wax (1:9 mix ratio), pressed as

a 7 mm pellet, analysed at the Australian Synchrotron (FIR Beamline) with SiBolo detector, normalised
between 200 and 600 wavenumbers. Amplitude 12000 for 298 K, 9139 for duplicate and 9600 for 78 K.

4.1.2.1.5.3 BILIRUBIN

Peaks are observed over a broad absorption band at 46, 65, 89, 110, 130, 146, 159,
171, 180, 202, 220, 246, 271, 298, 363, 381, 406, 430, 462, 515, 539, 566, 580, 624
and 651 wavenumbers for the 298 K sample. These appear more resolved when the
sample is cooled to 78 K with finer peaks arising, such as at 480 and 603
wavenumbers. Similar to the Biliverdin spectra in Figure 4-36, the reheated spectrum

is dissimilar to the original spectral profile at the same temperature.
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Figure 4-32: FIR overlayed spectra of bilirubin in paraffin wax (1:9 mix ratio), pressed as a 7 mm pellet,
normalised between 50 and 600 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline)
using a SiBolo detector amplitudes of 12000 for 298 K, 13800 for duplicate and 14000 for 78 K.

4.1.2.1.5.4 BILIRUBIN CONJUGATE

Peaks are observed at 209 (broad), 287, 310, 350, 394 and 467 wavenumbers. These
appear more resolved when the bilirubin conjugate concentration is increased, with
additional peaks observed at 417 and 430 wavenumbers. Saturation is experienced

above 480 wavenumbers and oscillation below 180 wavenumbers.
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Figure 4-33: FIR spectrum of pressed bilirubin conjugate in paraffin wax pellet (1:2.5 ratio mix), analysed at
the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitude of 1370.
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Figure 4-34: FIR spectrum of pressed bilirubin conjugate in paraffin wax pellet (2:1 ratio mix), analysed at the
Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitude of 3370.

4.1.2.1.6 Biliverdin and Bilirubin Pellet Comparisons
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Figure 4-35: FIR overlayed spectra of previously presented pressed biliverdin and bilirubin pellets in PE,

analysed at the Australian Synchrotron (THz/FIR Beamline) using the SiBolo detector, normalised between
50 and 450 wavenumbers.

81



Main differences in peaks occur at 165, 205, 229, 241, 251, 337 and 585

wavenumbers using SiBolo and Si:B detectors.
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Figure 4-36: FIR overlayed spectra of previously presented pressed biliverdin and bilirubin pellets,
analysed at the Australian Synchrotron (THz/FIR Beamline) using the SiBolo detector, normalised
between 50 and 450 wavenumbers.
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Figure 4-37: FIR overlayed spectra of previously presented pressed biliverdin and bilirubin pellets in KBr,
analysed at the Australian Synchrotron (THz/FIR Beamline) using the Si:B detector, normalised between 376
and 769 wavenumbers.
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Main peaks detected only in bilirubin using the MCTn detector were at 792, 842,
883, 936 (strong), 1009, 1009, 1127, 1158, 1220 and 1249 (strong) wavenumbers.
Biliverdin presented peaks not in bilirubin at 730 (weak), 771, 894 (strong), 950
(strong), 1070, 1213, 1260 (strong) and 1280 (strong) wavenumbers.
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Figure 4-38: FIR overlayed spectra of previously presented pressed biliverdin and bilirubin pellets in KBr,

analysed at the Australian Synchrotron (THz/FIR Beamline) using the MCTn detector, normalised
between 750 and 1300 wavenumbers.

4.1.2.2 Diamond Window Liquid Cells

An empty diamond window liquid cell (cell C) with a 50 um spacer was analysed
overnight with an amplitude of 22400 (Acquisition settings: Measurement Repeated
20 times, Delay Between Measurements of 1800 secs and Sample Scan Time of

100). No significant change between collective spectra was observed.

4.1.2.2.1 Solvents
4.1.2.2.1.1 WATER

In all cases, a broad absorbance is observed at 197 wavenumbers and absorbance
increases linearly above 300 wavenumbers. Increasing the spacer size, increased the
overall spectral absorbance as shown below. Additionally, the usable range is 60-
1000 wavenumbers (excluding the 720 wavenumber absorbance and shoulder dip in
absorbance) for the 5, 10 and 15 pum spacer, 60-480 wavenumbers for the 20 um

spacer and 60-360 wavenumbers for the 50 um spacer.
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Figure 4-39: FIR overlayed spectra of water in DWLC B with various spacers, normalised between 0 and

1000 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector,
with amplitudes 21900 (5 pm), 12200 (10 pm), 9600 (15 pm), 7100 (20 pm) & 990 (50 pm).

Variation between DWLC’s with varying spacer sizes was tested below. Little

variation is observed between cells when their 20 um spacer is used.
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Figure 4-40: FIR overlayed spectra of water in DWLC’s A, B and C with a 20 pm spacer, normalised
between 0 and 1000 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) using a
SiBolo detector with amplitudes of 3200 (Cell A), 7100 (Cell B) & 6400 (Cell C).

Although normalised, some variation is observed regarding absorbance between

DWLC’s when using their 10 um spacer.
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Figure 4-41: FIR overlayed spectra of water in DWLC’s A, B and C with a 10 pm spacer, normalised between
0 and 1000 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector
with amplitudes 5300 (Cell A), 12200 (Cell B) & 15000 (Cell C).

No significant variation is observed between DWLC’s when using their 5 pm spacer

as shown below.
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Figure 4-42: FIR overlayed spectra of water in DWLC’s A, B and C with a 5 pm spacer, normalised

between 0 and 1000 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) using a
SiBolo detector with amplitudes of 23300 (Cell A), 21900 (Cell B) & 20300 (Cell C).

DWLC’s come with their corresponding machined spacers. Using the spacer of Cell

B in Cell A and vice versa produced little variation as seen in the next figure.
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Figure 4-43: FIR overlayed spectra of water in DWLC’s A and B with swapped 20 pm spacer, normalised
between 0 and 1000 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) using a

SiBolo detector with amplitude 3200 (Cell A), 7100 (Cell B), 3700 (Cell A with B’s spacer) & 7100 (Cell B
with Cell A’s spacer).

However variation in absorbance is observed when swapping the 5 um spacer

between Cells A and C.
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Figure 4-44: FIR overlayed spectra of water in DWLC’s A and C with swapped 5 pm spacer, normalised
between 0 and 1000 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) using a

SiBolo detector with amplitude of 23300 (Cell A), 20300 (Cell C), 23500 (Cell A with C’s spacer) & 1600
(Cell C with Cell A’s spacer).
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4.1.2.2.1.2 DIMETHYL SULFOXIDE (DMSO)

Spectra produced utilising the 20 um spacer was observed to be the most resolved,

hence was utilised in most sample analyses.
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Figure 4-45: FIR spectrum of DMSO-d¢ in DWLC C with a S pm spacer, analysed on the THz/FIR
beamline at the Australian Synchrotron using a SiBolo detector with amplitude of 7300.
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Figure 4-46: FIR spectrum of DMSO-d¢ in DWLC C with a 10 pm spacer, analysed on the THz/FIR
beamline at the Australian Synchrotron using a SiBolo detector with amplitude of 6480.
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Figure 4-47: FIR spectrum of DMSO-ds in DWLC C with a 20 pm spacer, analysed on the THz/FIR beamline
at the Australian Synchrotron using a SiBolo detector with amplitude of 5420.
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Figure 4-48: FIR spectrum of DMSO-Hs in DWLC C with a 20 pm spacer, analysed on the THz/FIR
beamline at the Australian Synchrotron using a SiBolo detector with amplitude of 5080.

DMSO-ds Peaks | DMSO-Hg Peaks | Characterisation [118]
(cm™) (cm™)
90 90 Unidentified
265 : 5
305 310 O-S-C in-phase
340 340 O-S-C out-of-phase

88



- 390 S-C

530 530 §-C

Table 4-3: Characterisation designations to observed peaks for FIR analysis of DMSO analysed on the
THz/FIR beamline at the Australian Synchrotron using a SiBolo detector.

DMSO was duplicated multiple times in various cells with various spacers on
various days during analysis. Similar characteristic spectra were achieved, hence are

not reported here.

Peaks during cryogenic analysis are observed at 89, 151, 190, 247, 278, 301 and 348
wavenumbers. The first peak (89 wavenumbers) appears to be resolved compared to

the warm run and the last three appear to be shifted peaks with different ratios.
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Figure 4-49: FIR overlayed spectra of DMSO-d¢ in DWLC C with a 20 pm spacer when cooled for the first

time, analysed at the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with starting
amplitude 4900.

The peak at 150 wavenumbers arises in run 9, however it took 5 mins into cryogenic
analysis (42 secs per spectrum % 7 runs = 294 secs) before it appeared. It disappears

between 283 and 297 Kelvin (9.85 and 23.85 degrees Celsius).
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Bl Run 0 (298.14)
B Run 4 (298.18)
Bl Run 5 (278.82)
I Run 6 (233.62)
B Run 7 (226.93)
Il Run 8 (205.48)
B Run 9 (188.77)
B Run 12 (170.95)
Bl Run 13 (155.59)
B Run 14 (129.11)
I Run 15 (82.626)

| I Run 18 (79.273)

Figure 4-50: 3D Ribbon Plot of FIR absorbance spectra for DMSO-ds in DWLC C using 20 pm spacer,
when cooled (to 78 K) for the first time, analysed at the Australian Synchrotron (THz/FIR Beamline) with
SiBolo detector.
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Figure 4-51: 3D Colourmap Surface Contour plot of FIR absorbance spectra for DMSO-ds in DWLC C
using 20 pm spacer, when cooled (to 78 K) for the first time, analysed at the Australian Synchrotron
(THz/FIR Beamline) with SiBolo detector.
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Figure 4-52: 3D Colourmap Surface Contour plot of FIR absorbance spectra for DMSO-ds in DWLC C
using 20 pm spacer, when cooled (to 78 K) for the first time, analysed at the Australian Synchrotron
(THz/FIR Beamline) with SiBolo detector.
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Figure 4-53: FIR overlayed spectra of DMSO-ds in DWLC C with a 20 pm spacer when heated (to 298 K) for
the first time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector.
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Bl Run 24 (85.732)
B Run 25 (116.23)
B Run 27 (163)
B Run 29 (203.2)
B Run 31 (239.31)
B Run 32 (256.45)
B Run 33 (274.02
B Run 35 (304.53)
B Run 36 (300.23)
I Run 37 (299.63)

Figure 4-54: 3D Ribbon Plot of FIR absorbance spectra for DMSO-ds in DWLC C using 20 pm spacer, when
heated (to 298 K) for the first time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector.
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Figure 4-55: 3D Colourmap Surface Contour plot of FIR absorbance spectra for DMSO-ds in DWLC C
using 20 pm spacer, when heated (to 298 K) for the first time, analysed at the Australian Synchrotron
(THz/FIR Beamline) with SiBolo detector.
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Figure 4-56: Overlayed FIR spectra of DMSO-d6 in DWLC C with a 20 pm spacer when cooled (to 78 K)
for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector.

It is noted that when cooled for the second time, peak at 354 wavenumbers decreases

in absorbance whereas peak at 144 wavenumbers increases.

I Run 39 (299.95)
B Run 41 (300.27)
I Run 50 (300.8)

B Run 51 (299.7)

B Run 53 (248.03)
B Run 55 (201.95)
B Run 56 (185.45)
B Run 57 (179.47)
I Run 58 (170.05)
B Run 59 (147.8)

B Run 60 (121.71)
I Run 61 (85.403)
I Run 62 (80.993)

" I Run 63 (80.028)

Figure 4-57: 3D Ribbon Plot of FIR absorbance spectra for DMSO-d6 in DWLC C using 20 pm spacer, when
cooled (to 78 K) for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector.
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Figure 4-58: 3D Colourmap Surface Contour plot of FIR absorbance spectra for DMSO-ds in DWLC C
using 20 pm spacer, when cooled (to 78 K) for the second time, analysed at the Australian Synchrotron
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Figure 4-59: FIR overlayed spectra of DMSO-ds in DWLC C with a 20 pm spacer when heated (to 298 K)
for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector.

It is noted that when cooled for the second time, peak at 354 wavenumbers decreases

in absorbance whereas peak at 144 wavenumbers increases.
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I Run 67 (109.33)
I Run 68 (135.26)
I Run 69 (157.25)
I Run 70 (177.35)
B Run 71 (197.16)
I Run 72 (215.26)
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Figure 4-60: 3D Ribbon Plot of FIR absorbance spectra for DMSO-ds in DWLC C using 20 pm spacer, when
heated (to 298 K) for the second time, analysed at the Australian Synchrotron (Thz/FIR Beamline) with
SiBolo detector.
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Figure 4-61: 3D Colourmap Surface Contour plot of FIR absorbance spectra for DMSO-ds in DWLC C
using 20 pm spacer, when heated (to 298 K) for the second time, analysed at the Australian Synchrotron
(THz/FIR Beamline) with SiBolo detector.
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Figure 4-62: Left: Image of assembled DWLC C using 20 pm spacer containing DMSO-ds, after cryogenic
analysis (two cooling cycles). Right: Image of DWLC C using 20 pm spacer containing DMSO-ds, after
cryogenic analysis (two cooling cycles), loosened then tightened again.

Microscopic circular shapes observed in DWLC after cryogenic analysis. When the
cell is loosened then tightened again, most of the circles disappear and analysing this

(at room temperature only) produced the below spectrum.
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Figure 4-63: FIR spectrum of DMSO-ds in DWLC C with a 20 pm spacer after cryogenic analysis at the

Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitude 5400. The cell was
loosened and then tightened before this analysis at room temperature.

Cryogenic analysis for DMSO-ds was triplicated and presented similar results as the
original duplicate except for an additional peak when frozen at approximately 115
wavenumbers as seen below. Detailed results can be found in the Appendix

(Additional FIR Results).
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Figure 4-64: Left: Image of DMSO-d¢ in assembled DWLC C with 20 pm spacer before analysis. Right:
Image of DMSO-d¢ in DWLC C using 20 pm spacer, after exposure to analysis sample compartment
vacuum (9x10~° mBar).

Peaks during cryogenic analysis for non-deuterated DMSO are observed at 98, 123,
148, 164, 258, 307, 329, 389 and 440 wavenumbers. The first peak (89

wavenumbers) appears to be resolved.
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Figure 4-65: FIR overlayed spectra of DMSO-H¢ in DWLC C with a 20 pm spacer when cooled for the first
time, analysed at the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with starting
amplitude of 5660.
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Figure 4-66: FIR overlayed spectra of DMSO-Hs in DWLC C with a 20 pm spacer when heated for the first
time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector.

1.4

—381K
—301/K

1.2

Absorbance (a.u.)
o
00 [

o
o

o
N

0.2

40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640
Wavenumber (1/cm)

Figure 4-67: FIR overlayed spectra of DMSO-Hs in DWLC C with a 20 pm spacer when cooled for the
second time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector.
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Figure 4-68: Left: Image of assembled DWLC C using 20 pm spacer containing DMSO-Hgs, before cryogenic
analysis. Right: Image of DWLC C using 20 pm spacer containing DMSO-Hs, after cryogenic analysis (two
cooling cycles).
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4.1.2.2.1.3 CHLOROFORM
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Figure 4-69: FIR spectrum of solvent blank, chloroform in DWLC C with a 20 pm spacer, analysed at the
Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitude of 6690.

Spectrum exhibits undulating waves. Droplets are observed under a microscope on

the inside of the DWLC windows.

Figure 4-70: Image of assembled DWLC C using 20 pm spacer containing chloroform, after analysis at room
temperature.

4.1.2.2.1.4 ETHANOL

A single sharp peak is observed at 435 wavenumbers. Absorbance increases linearly
from 510 wavenumbers. Additionally, undulating waves are observed below 310

wavenumbers.
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Figure 4-71: FIR spectrum of ethanol in DWLC C with a 20 pm spacer, analysed at the Australian Synchrotron
(THz/FIR Beamline) using a SiBolo detector with amplitude of 6300.

4.1.2.2.1.5 METHANOL

Methanol dried quickly when pipetting the small volume (1.2 pL) into the DWLC,
forming droplets on the internal windows. Spectra produced from these samples

exhibited undulating waves hence are not presented here.

Figure 4-72: Image of assembled DWLC C using 20 pm spacer containing methanol, before analysis at room
temperature.

4.1.2.2.2 Human Haemoglobin

For the 10 um spacer analyses, a large peak is observed at 63 wavenumbers which is
replicated. Fringing is also observed throughout spectra. The 10 um spacer analysis
was replicated as signal channel was also observed to increase during analysis,

however provided similar results. For the 20 pm spacer analysis, a broad peak is
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observed at 150 and 413 wavenumbers.
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Figure 4-73: Normalised overlayed absorbance spectra of 20 mg/mL Human Haemoglobin in water using
DWLC’s with 10 and 20 pm spacers, normalised between 150 and 450 wavenumbers, analysed at the

Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitudes of 9900 (10 pm, Cell
B), 10200 (duplicate) & 1200 (20 pm, Cell C).

Approximately 3.8 mg was observed not to dissolve in up to 14 ul. DMSO-ds
solvent, even with vortexing. However, the sample dissolved in 20 pL of solvent

(concentration of 180 mg/mL).

Figure 4-74: Left: Image of human haemoglobin in DMSO-d¢ (180 mg/mL) preparation in a test tube,
before analysis. Right: Image of human haemoglobin in DMSO-d¢ (180 mg/mL) in DWLC C using 20 pm
spacer, before analysis.

Human haemoglobin in assembled DWLC C appeared to contain a globule, darker in
colouration to the remaining area on the window. No significant peaks were observed
in the spectrum for this sample, apart from an inverted DMSO-ds spectrum. After

analysis, there appeared to be many regular globular structures in the DWLC.
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Figure 4-75: FIR spectra of human haemoglobin in DMSO-ds (180 mg/mL) in DWLC C using 20 pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitude of 5170.

Figure 4-76: Image of human haemoglobin in DMSO-de (180 mg/mL) in DWLC C using 20 pm spacer, after
analysis at room temperature.

After cooling and heating the sample twice in the DWLC, absorbance spectra

returned to original on the last run.
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Figure 4-77: Overlayed absorbance spectra of previous human haemoglobin in DMSO-ds (180 mg/mL) sample
above in DWLC C using 20 pm spacer, analysed at the Australian Synchrotron (FIR Beamline) with SiBolo
detector. Amplitude 7700.

It was noted that once the heating on the Lake Shore program was set to Medium, it
took approximately 15 minutes to rise from 78 to 110 degrees Kelvin. Spectra
presents inverse solvent peaks with no significant absorbance peaks attributed to
human haemoglobin, hence 3D plots were not generated. After cryogenic analysis,

the DWLC with sample appeared under microscope to contain bubbles.
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Figure 4-78: FIR overlayed spectra of human haemoglobin in DMSO-ds (180 mg/mL) in DWLC C with a 20
pm spacer when cooled for the first time, analysed at the Australian Synchrotron (THz/FIR Beamline) with
SiBolo detector.
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Figure 4-79: FIR overlayed spectra of human haemoglobin in DMSO-ds (180 mg/mL) in DWLC C with a
20 pm spacer when heated for the first time, analysed at the Australian Synchrotron (THz/FIR Beamline)
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Figure 4-80: FIR overlayed spectra of human haemoglobin in DMSO-ds (180 mg/mL) in DWLC C with a 20
pm spacer when cooled for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline)

with SiBolo detector.
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Figure 4-81: FIR overlayed spectra of human haemoglobin in DMSO-ds (180 mg/mL) in DWLC C with a 20
pm spacer when heated for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline)
with SiBolo detector.

Figure 4-82: Image of human haemoglobin in DMSO-ds (180 mg/mL) in DWLC C using 20 pm spacer, after
cryogenic analysis.

The solubility of haemoglobin lyophilised powder (human) [119] in water is 20
mg/mL. 20 mg/mL = 0.02 mg/pL / 0.5 pL = 40 pg in DWLC.

4.1.2.2.3 Blood
A broad absorbance is observed at 190 wavenumbers and absorbance increases

linearly above 300 wavenumbers. Similar spectral profile to water is observed.

106



——10um
2.5 ——20um
S
s
ol
c
[5°]
o)
s 15
3
<
1
0.5

40 90 140 190 240 290 340 390 440 490 540 590 640
Wavenumber (1/cm)

Figure 4-83: Normalised FIR absorbance overlayed spectra of defibrinated sheep’s blood in DWLC’s using
various spacers, normalised between 100 and 500 wavenumbers, analysed at the Australian Synchrotron
(THz/FIR Beamline) using a SiBolo detector with amplitudes of 15000 (10 pm, Cell A) & 9000 (20 pm, Cell C).

4.1.2.2.4 Biliverdin
Peaks observed at 60, 100, 307, 388 and 448 wavenumbers, although spectra present

oscillations.
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Figure 4-84: Normalised FIR absorbance overlayed spectra of 2.3 mg/mL biliverdin in PBS in DWLC’s using
various spacers, normalised between 200 and 400 wavenumbers, analysed at the Australian Synchrotron
(THz/FIR Beamline) using a SiBolo detector with amplitudes 15300 (10 pm, Cell C) & 5900 (20 pm, Cell C).

Weak and broad peaks are observed for the slurry at 60, 117, 180, 200, 242, 264,

330, 410 and 490 wavenumbers. It is noted that absorbance slopes down from 50 to

490 wavenumbers.
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Figure 4-85: FIR spectrum of biliverdin slurry with 0.1 M NaOH (625 mg/mL) in DWLC C using 20 pm
spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) using a SiBolo detector with amplitude
of 4400.

Diamond liquid cell C was observed to crack when assembling the cell for this

analysis. Analysis was carried out with the cracked cell.
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Figure 4-86: Normalised FIR overlayed spectra of biliverdin in various matrices, normalised between 100 and
350 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) with a SiBolo detector.
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Figure 4-87: FIR absorbance spectrum of biliverdin in DMSO-ds (140 mg/mL) in DWLC A using 20 pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 4500.

No significant peaks observed, only inverted solvent peaks. Same is expected for

non-deuterated DMSO hence biliverdin not analysed in DMSO-He.
3.5mg/25 pL =0.14 mg/pL x 1.6 pL = 0.22 mg in DWLC

14% biliverdin sample and 86% solvent, thus 20 pm x (86 % / 100 %) = 17.2 ym
spacer (20 pum spacer) for background analysis required to subtract solvent

absorbance from spectrum.

ETr T

Figure 4-88: Left: Image of biliverdin in DMSO-ds (140 mg/mL) in DWLC A using 20 pm spacer, after
analysis. Right: Image of biliverdin contamination in glue in dismantled DWLC A.

Some fibres are present on the cell windows post-analysis. Biliverdin contamination
was observed in the glue of the cell windows after cleaning the cell. Less was

observed on the flange cell window (see Appendix, Additional FIR Results).
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Powdered biliverdin in the DWLC presents peaks at 60, 118, 139, 194, 257, 288,
307, 340, 371, 416, 436, 497 wavenumbers. Absorbance saturates above 510

wavenumbers.
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Figure 4-89: Absorbance spectrum of powdered biliverdin (0.5 mg) in DWLC A using 0 pm spacer, analysed
at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 1300.

When the cell was assembled and tightened, a crack noise was heard. When the cell
was observed under microscope, cracks were apparent in one window (non-flange
side). Similarly, another crack noise was heard when mounting the cell to the

cryostat. After analysis, the cell was observed again under microscope, where cracks

were apparent in both windows of the DWLC.

Y

4

Figure 4-90: Left: non-flange side image of powdered biliverdin in DWLC A using 0 pm spacer, before
analysis. Right: Flange side image of powdered biliverdin in DWLC A using 0 pm spacer, before analysis.
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Figure 4-91: Left: non-flange side image of powdered biliverdin in DWLC A using 0 pm spacer, after
analysis. Right: Flange side image of powdered biliverdin in DWLC A using 0 pm spacer, after analysis.

e .

Figure 4-92: Left: non-flange side image of DWLC A after cleaned. Right: Flange side image of DWLC A
using 0 pm spacer after cleaned.

Figure 4-93: Image of assembled cracked DWLC A using 20 pm spacer containing DMSO-de.

When solvent was prepared in DWLC A, the assembled cell was observed under the
microscope, where liquid appeared to leak from the cracks forming a droplet on the

external surface of the window. This left less sample in the assembled cell (shown as
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a circle in the centre of the above photograph). There also appears to be green local

areas near cracks.

A 3.9 mg biliverdin sample in 5 pL DMSO-ds (780 mg/mL) was prepared however
was a viscous and lumpy consistency, hence was not used for analysis and further

diluted.
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Figure 4-94: FIR absorbance spectrum of biliverdin in DMSO-ds (520 mg/mL) in DWLC C using 20 pm
spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude
of 5240.

Shoulder peak at 370 wavenumbers is present in dry biliverdin samples. Another

peak is also observed at approximately 560 wavenumbers.

Figure 4-95: Left: Image of biliverdin in DMSO-ds (520 mg/mL) preparation in a test tube, before analysis.
Right: Image of biliverdin in DMSO-ds (520 mg/mL) in DWLC C using 20 pm spacer, before analysis.
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Sample was observed to crystallise during analysis in the test tube. Crystallisation
was also observed in the DWLC. However, no crystallisation was observed pre- or

post-analysis for a duplicate (500 mg/mL).

Figure 4-96: Left: Image of biliverdin in DMSO-ds (520 mg/mL) preparation in a test tube, after analysis.
Right: Image of biliverdin in DMSO-ds (520 mg/mL) in DWLC C using 20 pm spacer, after analysis.
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Figure 4-97: FIR absorbance spectrum of duplicate biliverdin in DMSO-d¢ (500 mg/mL) in DWLC C using

20 pm spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and
amplitude of 5480.
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Figure 4-98: FIR absorbance spectrum of biliverdin in DMSO-ds (400 mg/mL) in DWLC C using 20 pm

spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and an
amplitude of 5421.

The 400 mg/mL analysis was duplicated and presented similar results as reported in

the Appendix (Additional FIR Results).
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Figure 4-99: FIR absorbance spectrum of biliverdin in DMSO-ds (250 mg/mL) in DWLC C using 20 pm
spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude
of 5300.

The 250 mg/mL analysis was duplicated as liquid helium was topped up in the
SiBolo detector, however presented similar results (see Appendix, Additional FIR
Results). Cryogenic analysis of the 200 mg/mL sample provided no additional
information. Biliverdin in DMSO-ds at a concentration of 400 mg/mL was also

cryogenically analysed however provided similar results hence are not reported here.
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Figure 4-100: FIR overlayed spectra of biliverdin in DMSO-ds (250 mg/mL) in DWLC C with a 20 pm
spacer when cooled for the first time, analysed at the Australian Synchrotron (THz/FIR Beamline) with
SiBolo detector and starting amplitude of 5000.
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Figure 4-101: FIR overlayed spectra of biliverdin in DMSO-ds (250 mg/mL) in DWLC C with a 20 pm spacer
when heated for the first time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector.
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Figure 4-102: FIR overlayed spectra of biliverdin in DMSO-ds (250 mg/mL) in DWLC C with a 20 pm spacer
when cooled for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector.
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Figure 4-103: FIR overlayed spectra of biliverdin in DMSO-ds (250 mg/mL) in DWLC C with a 20 pm spacer
when heated for the second time, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector.

Figure 4-104: Image of assembled DWLC C using 20 pm spacer containing biliverdin in DMSO-ds (250
mg/mL), after cryogenic analysis (two cooling cycles).
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Figure 4-105: FIR absorbance spectrum of biliverdin in DMSO-Hs (500 mg/mL) in DWLC C using 20 pm
spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude
of 5740.

A peak at 458 wavenumbers appears in the 500mg/mL sample. It is noted that the
cryostat was colder than previous assemblies when mounting the DWLC containing
500 mg/mL biliverdin that experienced some crystallisation before analysis as local
dark green areas were observed. Crystallisation was also observed after cryogenic
analysis as thin fibre-like structures. Spectrally, results were like those presented

from cryogenic analysis of biliverdin in deuterated DMSO, hence are not presented

here.

Figure 4-106: Left: Image of biliverdin in DMSO-Hs (500 mg/mL) in DWLC C using 20 pm spacer, before
analysis. Right: Image of biliverdin in DMSO-Hs (500 mg/mL) in DWLC C using 20 pm spacer, after
cryogenic analysis.
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Figure 4-107: Left: Image of assembled DWLC C using 20 pm spacer containing biliverdin in methanol (250
mg/mL), before cryogenic analysis at the Australian Synchrotron using SiBolo detector. Right: Image of
assembled DWLC C using 20 pm spacer containing biliverdin in methanol (250 mg/mL), after cryogenic

analysis at the Australian Synchrotron using SiBolo detector.

Biliverdin at a concentration of 130 mg/mL in methanol was observed to be

inhomogeneous suspensions of sample in solvent alike 250 mg/mL sample.

The biliverdin in paraffin oil was a rough dilution of 10% sample and no discernible
peaks were observed spectrally although a large amount of fringing and oscillation

was present.

Figure 4-108: Left: Image of biliverdin in paraffin oil preparation in 1.5 mL centrifuge tube. Right:
Photograph of assembled DWLC C using 20 pm spacer containing Biliverdin in paraffin oil before analysis
at the Australian Synchrotron using SiBolo detector.
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4.1.2.2.5 Bilirubin

A broad absorbance is observed at 197 wavenumbers and absorbance increases
linearly above 300 wavenumbers in all dilutions with water. Spectra is similar to that

of solvent water.
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Figure 4-109: FIR overlayed spectra of 0.012 M bilirubin in plasma in DWLC’s using various spacers,
normalised between 100 and 600 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline)
with SiBolo detector and amplitudes of 13500 (10 pm, Cell B) & 6000 (20 pm, Cell B).
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Figure 4-110: FIR overlayed spectra of 0.012 M bilirubin in plasma in DWLC’s using 10 pm spacer, normalised

between 100 and 500 wavenumbers, analysed at the Australian Synchrotron (THz/FIR Beamline) with a SiBolo
detector and amplitudes of 16500 (50%, Cell C) & 12200 (20%, Cell A).
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Figure 4-111: FIR spectrum of bilirubin slurry with 0.1 M NaOH (200 mg/mL) in DWLC C using 20 pm
spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector. Amplitude 6600.

A thicker slurry (higher concentration) of bilirubin in 0.1 M NaOH was prepared to
reduce spectral contribution of water and smeared on cracked diamond window
liquid cell C (from biliverdin slurry), however spectra exhibited fringing when

analysed hence was not processed further.

Particles of bilirubin were observed in the centre of the cell for a 65 mg/mL bilirubin
sample preparation. Peaks were observed at 413, 431, 478, 533, 558 and 627
wavenumbers. These were not as distinct when the sample was incubated, although a

greater amount of noise is observed.
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Figure 4-112: FIR spectrum of bilirubin in DMSO-ds (65 mg/mL) in DWLC C using 10 pm spacer, analysed
at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 5500.
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Figure 4-113: FIR spectrum of incubated (40 degrees Celsius water bath) bilirubin in DMSO-ds (65 mg/mL)
in DWLC C using 10 pm spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector and amplitude of 4920.

Double the concentration and pathlength presented distinguishable peaks at 435, 485,
538, 560 and 620 wavenumbers, although some interference is observed. Particles of
bilirubin were also observed in the cell. Spectra taken using a 50 pm spacer

presented saturated absorbance, hence is not reported here.
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Figure 4-114: FIR spectrum of incubated (40 degrees water bath) bilirubin in DMSO-ds (160 mg/mL) in

DWLC C using 20 pm spacer, analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo
detector and amplitude of 5070.

No significant change was observed for the overnight sample, apart from the last run
exhibiting noise and fringing. Pressure at beginning of analysis was observed to be

higher than pressure before completion of analysis.
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Figure 4-115: FIR overlayed spectra of incubated (40 degrees water bath) bilirubin in DMSO-de (160
mg/mL) in DWLC C using 20 pm spacer, analysed overnight at the Australian Synchrotron (THz/FIR
Beamline) with SiBolo detector. Amplitude 4010.

Figure 4-116: Images of incubated (40 degrees water bath) bilirubin sample in DMSO-ds (160 mg/mL) in
DWLC C using 20 pm spacer, before analysis (left) and after analysis (right) at the Australian Synchrotron
(THz/FIR Beamline) with SiBolo detector.

The overnight run was replicated 4 times (the last with adjusted time between
measurements of 10 seconds) and showed similar results (see Appendix, Additional
FIR Results). Although an isosbestic point was observed at approximately 410
wavenumbers which was reproducible only in the replicates of the same sample over
time. This is shown in the below. Spectra in this duplicate changed within the first 14

minutes of analysis.
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Figure 4-117: FIR overlayed spectra of incubated (40 degrees water bath) bilirubin in DMSO-d¢ (160
mg/mL) in DWLC C using 20 pm spacer, analysed with 10 sec delay between runs at the Australian
Synchrotron (THz/FIR Beamline) with a SiBolo detector.

As chloroform background spectrum was oscillating, beam light alone was used to
subtract from bilirubin sample in chloroform spectrum. As a solution, small particles
are observed as suspended in solvent. When pipetted onto window of DWLC,

chloroform rapidly disappeared, leaving behind these particles.
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Figure 4-118: FIR spectrum of bilirubin in chloroform (10 mg/mL) in DWLC C with a 20 pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 7030.
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Figure 4-119: FIR spectrum of bilirubin in chloroform (5 mg/mL) in DWLC C with a 20 pm spacer, analysed
at the Australian Synchrotron (THz/FIR Beamline) with a SiBolo detector and amplitude of 6690.

Figure 4-120: Left: Image of assembled DWLC C using 20 pm spacer containing bilirubin in chloroform
(10 mg/mL), before analysis at the Australian Synchrotron using SiBolo detector. Right: Image of
assembled DWLC C using 20 pm spacer containing bilirubin in chloroform (5 mg/mL), before analysis at
the Australian Synchrotron using SiBolo detector.

Bilirubin in ethanol presented similar spectra to samples with chloroform solvent
below 400 wavenumbers. Above 400 wavenumbers is non-informative and appears

to be the inversion of an ethanol spectrum.
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Figure 4-121: FIR spectrum of bilirubin in ethanol (1.45 mg/mL) in DWLC C with a 20 pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) with a SiBolo detector and amplitude of
5600.

Figure 4-122: Left: Image of bilirubin in ethanol (1.45 mg/mL) preparation in 1.SmL centrifuge tube.
Right: Image of assembled DWLC C using 20 pm spacer containing bilirubin in ethanol (1.45 mg/mL),
before analysis at the Australian Synchrotron using SiBolo detector.

Observed local areas of suspended sample powder as well as local areas of solvent.
This was also observed when methanol and paraffin oil were used as solvents.
Bilirubin appeared to have more local particles of powdered sample for methanol
samples. After the first cooling cycle of bilirubin in methanol, spectra exhibited large

oscillation and did not change, hence the spectra are not presented.
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Figure 4-123: Left: Image of assembled DWLC C using 20 pm spacer containing bilirubin in methanol (6.4
mg/mL), before cryogenic analysis at the Australian Synchrotron using SiBolo detector. Right: Image of
assembled DWLC C using 20 pm spacer containing bilirubin in methanol (6.4 mg/mL), after cryogenic
analysis at the Australian Synchrotron using SiBolo detector.

Figure 4-124: Left: Image of bilirubin in paraffin oil preparation in 1.5 mL centrifuge tube. Right: Image
of assembled DWLC C using 20 pm spacer containing bilirubin in paraffin oil before analysis at the
Australian Synchrotron using SiBolo detector.

Observed some peaks for bilirubin in paraffin oil, hence carried out cryogenic
analysis, however large oscillation in spectra was observed hence is not reported
here. A large number of bubbles in the DLWC was also observed post-cryogenic

analysis.
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Figure 4-125: Image of assembled DWLC C using 20 pm spacer containing bilirubin in paraffin oil after
cryogenic analysis at the Australian Synchrotron using SiBolo detector.

4.1.2.2.6 Bilirubin Conjugate

For a 10 mg/mL dilution, a broad absorbance is observed at 40 and 140
wavenumbers where absorbance decreases steadily after 150 wavenumbers. In a 82.5
mg/mL preparation, spectra is heavily dominated by noise, however a peak at

approximately 540 cm™ is noted, although the spectral profile is suspected to be that

of water.
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Figure 4-126: FIR spectrum of blirubin conjugate in water (10 mg/mL) in DWLC C with a § pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 12100.
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Figure 4-127: FIR spectrum of bilirubin conjugate in blood (82.5 mg/mL) in DWLC C with a 20 pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 7000.

For an 800 mg/mL sample, local areas of sample in the DWLC were observed under
the microscope prior to analysis. Weak peaks are present at 188, 385, 431, 468 and

530 wavenumbers.
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Figure 4-128: FIR spectrum of bilirubin conjugate in blood (800 mg/mL) in DWLC C with a 5 pm spacer,
analysed at the Australian Synchrotron (THz/FIR Beamline) with SiBolo detector and amplitude of 9700.
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4.2 Reflectance Spectroscopy
4.2.1Ultraviolet-Visible-Near Infrared (UV-Vis.-NIR)

4.2.1.1 Perkin Elmer UV-Vis.-NIR Spectrophotometer

Samples containing water solvent were damp when placed in the sample
compartment for analysis, however when the sample dried (after approximately 1
minute), a slight concavity of the filter paper where the sample was pipetted was

observed.

4.2.1.1.1 Solvents
Peaks for water are observed at 1460 and 1951 nm. Notably, there is a slight slope of

the baseline. Solvent spectra couldn’t be overlayed as PBS solution was analysed

with 5 nm intervals whereas water and ethanol were analysed at 1 nm intervals.
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Figure 4-129: Smoothed (width 37) NIR reflectance spectrum of water (reference: filter paper), generated
using the UV-Vis.-NIR Lambda 950 Spectrophotometer software at Flinders University. Please refer to
the Appendix (Additional FIR Results) for a non-smoothed version.

PBS solution gives a similar spectrum with peaks at approximately 1455 & 1955 nm.
Spectral data past 1850 nm exhibits a large amount of noise. Sloping baseline as

solvent dries, seeming instrument scans from large to small wavelengths.
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4.2.1.1.2 Blood
42.1.1.2.1 OXYHAEMOGLOBIN

Spotted blood on filter paper seeps through the first filter paper layer and outwards.
Neat blood that was previously refrigerated produces saturation of oxyhaemoglobin
Soret peak at approximately 400 nm confirming porphyrin presence. Other
oxyhaemoglobin peaks are observed at 545 and 575 nm. The NIR region exhibits

regular oscillating noise, however appears similar to that of water observed above.
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Figure 4-130: UV-Vis.-NIR reflectance spectrum of previously refrigerated neat sheep’s blood (reference:
centrifuged serum), analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders
University.

Smoothing was applied to the NIR region providing clearer peaks.
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Figure 4-131: Smoothed (width 13) NIR reflectance spectrum of previously refrigerated neat sheep’s
blood (reference: centrifuged serum), generated using the UV-Vis.-NIR Lambda 950 Spectrophotometer
software at Flinders University.
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Observed Peaks (nm) Characterisation

950 Broad, -CH2 [117]
1540 (1695 & 1730 Broad, shoulder peaks may be due to contributing CH,
shoulder peaks) -CH: and -CH3 functionality [117, 120]
1930 CONHz2, R-CO2-R [117]

-CONHz, R-OH, R-NH2, C-C, or saturation of one
2065, 2130, 2415, 2170 large absorption peak due to H>O, C-H [117]

Table 4-4: Characterisation designations to observed peaks for NIR analysis of previously refrigerated
neat sheep’s blood, analysed at Flinders University.

Frozen neat sheep’s blood received on 28 November 2013 from the Forensic Science
Centre of South Australia (FSSA) produced spectra containing oxyhaemoglobin
peaks at 414, 541 and 576 nm, as well as methaemoglobin absorption at 633 nm.

This was used for methaemoglobin preparations.
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Figure 4-132: UV-Vis. reflectance spectrum of previously frozen neat sheep’s blood received on 28 Nov.
2013 from FSSA, analysed on 29/11/2013 using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders
University.

131



Defibrinated sheep’s blood is a darker red colouration in comparison to ACD and
LiHep blood and defibrinated blood peaks appear to saturate the detector. The soret
peak is dissimilar between the three types; 449 nm for defibrinated blood, 441 nm for
ACD blood and 431 nm for LiHep blood. Oxyhaemoglobin peaks at 540 and 575 nm
are the same between the different blood types. NIR spectra appear to contain the
spectral profile of water as observed earlier.
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Figure 4-133: UV-Vis.-NIR normalised reflectance spectra of sheep’s blood types (defibrinated, contains
acid citrate dextrose or contains lithium heparin), analysed using a UV-Vis.-NIR Lambda 950
Spectrophotometer at Flinders University.
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Figure 4-134: UV-Vis. normalised reflectance spectra of sheep’s blood types (defibrinated, contains acid
citrate dextrose or contains lithium heparin), analysed using a UV-Vis.-NIR Lambda 950
Spectrophotometer at Flinders University.

Analysis of blood drying over time was duplicated and provided in the Appendix
(Additional UV-Vis.-NIR Results). It is noted that each acquisition run was

approximately 1.5 minutes.
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There is an overall decrease in absorbance of the two characteristic oxyhaemoglobin

peaks at 540 nm and 577 nm by a factor of at least 1 a.u. There is also an increase in

absorbance at approximately 630 nm, which takes definition within 6 hours of

analysis. The trough between 540 nm and 577 nm shallows and the soret peak shifts

to higher energy wavelengths.

Run Humidity (%) (]())eljgt:ei\gse rCr:lsmi?l.s) (DeLg:EeZETlI;.ius)
1 (0 min) 39 234 22
41 (342 mins) 32 254 23
42 (4284 mins) 73 19.9 20
43 (7359 mins) 58 21.6 21
44 (40 days) 51 18.6 21

Table 4-5: Humidity and temperature data during analysis of blood as it dries, taken from

weatherzone.com with analysis commencing on 14 March 2014.
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Figure 4-135: UV-Vis. normalised reflectance spectra of defibrinated sheep’s blood as it dries, analysed

using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.

When the 40-day old sample was resuspended in water, the blood mark

circumference was observed to travel further outwards into the filter paper than the

original spot.
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Figure 4-136: UV-Vis. normalised reflectance spectra of dried defibrinated sheep’s blood resuspended in
water then once dry resuspended in plasma (16 drops), analysed using a UV-Vis.-NIR Lambda 950
Spectrophotometer at Flinders University.

When resuspended in water then plasma, the 630 nm peak intensely re-emerges, and
a 500 nm peak becomes more prominent. The 540 and 577 nm peaks decreases in
intensity, shifting to 534 and 564 nm with water. The 540 and 577 nm peaks are not
distinct with plasma, however a peak at 590 nm develops. Resuspending the dried
droplet in water was difficult due to the increased surface tension caused by the dried

blood on the filter paper.

The peak at 630 nm was formed at similar time intervals in all types of blood.
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Figure 4-137: UV-Vis. normalised reflectance spectra of sheep’s blood containing lithium heparin as it
dries, analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University. At zero
minutes, humidity was 38-51% & temperature in the lab was 16 degrees Celsius. After 20 days, humidity
was 84% & temperature in the lab was 16 degrees Celsius.
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Figure 4-138: UV-Vis. normalised reflectance spectra of sheep’s blood containing acid citrate dextrose as it
dries, analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University. At zero

minutes, humidity was 30-35% & temperature in the lab was 24 degrees Celsius. After 29 days, humidity
was 38% and temperature in the lab was 16 degrees Celsius.

4.2.1.1.2.2 METHAEMOGLOBIN

Solutions required agitation to dissolve sodium nitrite additions. When sodium nitrite
was added to the blood samples, the solution exhibited an immediate colour change

from red to burgundy-brown.

The 411 nm peak is still intact, however the only other peaks detected are at 535 and
364 nm.
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Figure 4-139: UV-Vis. reflectance spectrum of methaemoglobin preparation from defibrinated sheep’s blood

(100 pL blood, 1 mL PBS & 294.1 mg sodium nitrite), analysed using a UV-Vis.-NIR Lambda 950
Spectrophotometer at Flinders University.
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When attempted in filtered sheep blood plasma, characteristic oxyhaemoglobin peaks

shifted slightly to the left.
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Figure 4-140: UV-Vis. reflectance spectrum of methaemoglobin preparation from defibrinated sheep’s

blood (300 pL blood, 1 mL filtered sheep blood plasma & 586.4 mg sodium nitrite), analysed using a UV-
Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.

Methaemoglobin was also attempted in blood containing acid citrate dextrose and
lithium heparin, however produced similar results and is not reported here (see
Appendix, Additional UV-Vis.-NIR Results). It is noted that when sodium nitrite
was added to blood containing ACD and LiHep in PBS and swirled, a fine, white

precipitate formed in solution (less in LiHep blood sample).
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Figure 4-141: UV-Vis. reflectance spectrum of methaemoglobin preparation from sheep’s blood containing

LiHep (300 nL blood, 1 mL filtered sheep blood plasma & sodium nitrite addition in a 4:1 with blood ratio
by weight), analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.

136



4.2.1.1.3 Biliverdin

Solutions prepared appeared transparent green to dark green in PBS preparations. A

broad peak is observed at 665 nm.
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Figure 4-142: Biliverdin at 2.28 mg/mL in PBS (volumetric flask), diluted in PBS (beaker) and a
reflectance sample of the 2.28 mg/mL biliverdin in PBS solution (circular filter paper).
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Figure 4-143: UV-Vis. reflectance spectrum of biliverdin in PBS preparation (2.28 mg/mL), analysed using a
UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.

Diluted biliverdin exhibits a shifted peak at approximately 650 nm, with greater

noise. The NIR spectral profile is similar to that of water observed earlier.
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Figure 4-144: UV-Vis. reflectance spectrum of dilute biliverdin in PBS preparation (1.14 mg/mL), analysed
using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.
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Figure 4-145: Smoothed (width 49) NIR reflectance spectrum of biliverdin in PBS preparation (2.28
mg/mL), generated using a UV-Vis.-NIR Lambda 950 Spectrophotometer software at Flinders
University.

4.2.1.1.4 Bilirubin

Bilirubin pH shifted solution preparation is a deep red colour and opaque. When the
last few drops of acid were added, bilirubin fell out of solution before slowly re-
dissolving with agitation. Resulting solution is red-brown and opaque, containing a
small amount of particulate bilirubin that has fallen out of solution at the bottom of

the flask. Spectrum exhibits a sloping baseline between 400 and 575 nm with a peak

observed at approximately 434 nm.
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Figure 4-146: UV-Vis. reflectance spectrum of bilirubin in pH shifted preparation in PBS (1.2x102 M,
expected concentration in blood), analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at
Flinders University.

Bilirubin in sheep blood solution is particulate and over time (1-2 days) bilirubin
precipitated. Analysis of the prepared solution gave a peak at 470 nm. The NIR

spectral profile is similar to that of water observed earlier.
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Figure 4-147: UV-Vis.-NIR reflectance spectrum of bilirubin in pH shifted preparation in sheep’s blood
(1.9x102 M), analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.
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Figure 4-148: Smoothed (width 49) NIR reflectance spectrum of bilirubin in pH shifted preparation in
sheep’s blood (1.9x102 M), analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders

University.
Observed Peaks (nm) Characterisation
1470 H:0, -OH, -CONH-, -CONH2[120, 121]
1930 H:20, -OH, -COO-, -CONH2 [120, 121]

Table 4-6: Characterisation designations to observed peaks for NIR analysis of bilirubin in blood,
analysed at Flinders University.

4.2.1.1.5 Ferritin
Ferritin solutions at the concentration 1.0x10% mg/mL were colourless and
transparent, although increasing concentrations of ferritins (0.88 and 1.76 mg/mL)

demonstrate an increase in apparent yellow-brown colour.

The reflectance spectrum in the UV-Vis. region shows a broad sloping absorbance
from 400 to 650 nm, after which absorbance plateaus. Two small absorbance signals
are detectable at 481 and 515 nm. Ferritin at concentration 0.88 mg/mL produces
concave spectra and at concentration 1.0x10* mg/mL, exhibits a large amount of

noise.
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Figure 4-149: UV-Vis. reflectance spectrum of ferritins in 0.15 M NaCl (44 mg/mL), analysed using a UV-
Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.

Absorbance (
© o o
o o o
N (o)} [0%]

©
o
o

o
I

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4-150: UV-Vis. reflectance spectrum of ferritins in 0.15 M NaCl (0.88 mg/mL), analysed using a UV-
Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.
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Figure 4-151: UV-Vis. reflectance spectrum of ferritins in 0.15 M NaCl (1.0x10** mg/mL, concentration in
blood), analysed using a UV-Vis.-NIR Lambda 950 Spectrophotometer at Flinders University.

141



4.2.1.2 ASD FieldSpec.® 4 Hi-Res Spectroradiometer
with [ISP-REF Integrating Sphere

The fibre optic cable is sensitive to movement, where spectral noise is produced if

the cable is moved. Every 100% scan was completed in 4 seconds.

4.2.1.2.1 Blood
Dried spot of defibrinated blood appears brown after last run. The starting NIR

spectral profile is similar to that of water observed earlier. This is in line with the loss

of these peaks as the reflectance sample dries over time.
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Figure 4-152: UV-Vis.-NIR spectra of defibrinated blood droplet on filter paper as it dries (white

reference: filtered plasma), analysed using an ASD FieldSpec. 4 coupled to an ISP-REF integrating sphere
at Flinders University.
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Figure 4-153: UV-Vis.-NIR spectra of water droplet on filter paper (white reference: filter paper), analysed
using an ASD FieldSpec. 4 coupled to an ISP-REF integrating sphere at Flinders University.

4.2.1.2.2 Biliverdin

UV-Vis spectral profile is similar to that observed in transmission and reflectance
spectroscopy results previously. Interestingly, there is no peaks observed in the NIR

region. Hence ASD appears to be better at subtracting a liquid-based background.
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Figure 4-154: UV-Vis.-NIR spectrum of dry biliverdin in PBS (2.28 mg/mL) stored in fridge (white

reference: PBS and NaOH), analysed using an ASD FieldSpec. 4 coupled to an ISP-REF integrating sphere
at Flinders University.
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4.2.1.2.3 Ferritin
A steady increase in absorbance is observed to 558 nm, then saturates for the entire

region of interest. Interestingly, there is no peaks observed in the NIR region. Hence

ASD appears to be better at subtracting a liquid-based background in this instance as

well.
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Figure 4-155: UV-Vis.-NIR spectrum of ferritin in 0.15 M sodium chloride (0.88 mg/mL, white reference: 0.15 M
NaCl), analysed using an ASD FieldSpec. 4 coupled to an ISP-REF integrating sphere at Flinders University.

4.2.1.3 Ocean Optics CHEMUSB4-Vis.-NIR
Spectrophotometer with ISP-REF Integrating

Sphere

4.2.1.3.1 Blood
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Figure 4-156: UV-Vis. overlayed spectra of defibrinated sheep's blood (methaemoglobin) as it dries (light &
dark reference: filter paper) in nitrogen atmosphere, analysed using a CHEMUSB4-Vis.-NIR
Spectrophotometer coupled to an ISP-REF Integrating Sphere at Flinders University.
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Figure 4-157: UV-Vis. overlayed normalised spectra of defibrinated sheep's blood (methaemoglobin) as it
dries (light & dark reference: filter paper) in nitrogen atmosphere, analysed using a CHEMUSB4-Vis.-
NIR Spectrophotometer coupled to an ISP-REF Integrating Sphere at Flinders University.
Oxyhaemoglobin deoxygenation attempted in low volume solutions prior to analysis
presented darker blood with greater viscosity. It is noted that bubbling nitrogen in
less than 5 mL of blood produces over aeration, where sample escapes the reaction
vessel. Analysis using this instrument produced noisy spectra regardless of
integration optimisation — technique is best suited for real time, fast-throughput

analysis.
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4.2.2 Mid Infrared (MIR)

4.2.2.1 Thermo FisherNicolet™ Continuum™ FTIR
Microscope with ATR Accessory

Workable range for the ATR microscope was approximately 650-4000

wavenumbers.

4.2.2.1.1 Blood

Raw spectra are reported in the Appendix (Additional MIR Results). Additional fine
peaks that were designated wavenumbers by software approaching the 500 c¢cm’!
regions are not presented here. When cleaning sample from the ATR contact surface,

brown colouration was observed.

Observed .
Peaks (cm) Characterisation
3973 Amine or amide N-H stretch, -CONH- or -CONH?:- in solid state,
carboxylic acid -O-H, H-bonded -O-H [89, 117]
2957 Carboxylic acid -O-H, alkane C-H stretch [89, 117]

C=N, amine or amide N-H bend, amide C=0, amides in solid state,

1642 alkene C=C, aromatic C=C, aldehydes or ketones with
intramolecular H-bonds [89, 117]

N=0 (R-NO2), N-H bend, conjugated cyclic -C=N-, amides in solid

1530 state or solution [89, 117]
1451 Aromatic C=C, alkane C-H in -CHj3 bend, -N-N=0 [89, 117]
1386 N=0 (R-NO2), alkane C-H in -CH3 bend, -C(CH3)3, -O-H [117]
1301 S=0 (sulfates), -O-H [89, 117]

S=0 (sulfates), amine C-N, carboxylic acid C-O, -C=S, -SO [89,
1165

117]

1104 Amine C-N, carboxylic acid C-O, -C=S [89, 117]

Table 4-7: Characterisation designations to observed peaks for ATR analysis of vacuum dried
defibrinated sheep’s blood, analysed using an ATR-FTIR Microscope at Flinders University.
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4.2.2.1.2 Biliverdin
The full FTIR spectrum is reported in the Appendix (Additional MIR Results); here

it is split into two regions before and after detector change. The 4000-2000 region

exhibits a strong, broad absorption between 3583-2299 cm’!.
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Figure 4-158: ATR-FTIR spectrum of biliverdin hydrochloride powder, analysed using an FT-IR
Microscope with ATR accessory at Flinders University.

Observed ..
Peaks (cm™!) Characterisation
3371 Amine or amide N-H stretch, =NH, carboxylic acid -O-H, H-
Bonded -O-H [89, 117]
3176 Amine or amide N-H stretch, carboxylic acid -O-H, aromatic C-H
stretch, -CONH2z- or -CONH- in solid state [89, 117]
3045 Carboxylic acid -O-H, aromatic C-H stretch, alkene C-H stretch, -
CONHz2- or -CONH- in solid state [89, 117]
2605 Carboxylic acid -O-H, -NH2" [89, 117]
2921, 2950 Carboxylic acid -O-H, C-H alkane stretch [89, 117]

Table 4-8: Characterisation designations to observed peaks for ATR analysis of biliverdin hydrochloride,
analysed using an ATR-FTIR Microscope at Flinders University.
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Figure 4-159: ATR-FTIR spectrum of biliverdin hydrochloride powder, analysed using an FT-IR
Microscope with ATR accessory at Flinders University.

Observed Peaks (cm™) Characterisation
1740 C=0, ester, acid chlorides [89, 117]
Imine and oxime C=N, alkene or aromatic C=C, amide
1667. 1649 C=0, C=C-C=N-, -C=C-0O-, ketones with
’ intramolecular H-bonds, unsaturated ketones, amides in
solid state [89, 117]
1577, 1503 Amine or amide N-H bend, conjugated cyclic -C=N-
[89, 117]
1412 Aromatic C=C, alkane C-H bend in -CHs3 [89, 117]
1375 Amine C-N, alkane C-H bend in -CH3, -O-H [89, 117]
1327 Amine C-N, -O-H [89, 117]
1278, 1259, 1207, 1170, Alcohol or carboxylic acid C-O, amine C-N [89, 117]
1113, 1051
981,943, 710 Aromatic or alkene C-H out-of-plane bend [89, 117]
393 Aromatic or alkene C-H out-of-plane bend, 1 isolated
aromatic C-H [89, 117]
770 Aromatic or alkene C-H out-of-plane bend, 3
neighbouring aromatic C-H [89, 117]
759 Aromatic or alkene C-H out-of-plane bend, 3 or 4

neighbouring aromatic C-H [89, 117]
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Aromatic or alkene C-H out-of-plane bend, 4 or 5
neighbouring aromatic C-H [89, 117]

689, 531 Chloride C-X [89]

Table 4-9: Characterisation designations to observed peaks for ATR analysis of biliverdin hydrochloride,
analysed using an ATR-FTIR Microscope at Flinders University.

728

4.2.2.1.3 Bilirubin
The two jumps in absorbance at 3452-3324 cm-1 and 1745-1471 cm-1 present

changes in refractive indices.
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Figure 4-160: ATR-FTIR spectrum of bilirubin powder, analysed using an FT-IR Microscope with ATR
accessory at Flinders University.

Observe(_llPeaks Characterisation
(cm™)
3398 H-bonded or carboxylic acid Q-H, amine or amide N-H stretch,
=NH, -CONH2- in solution [89, 117]
3297 H-bonded O-H, amine or amide N-H stretch, -CONHa2- or -
CONH- in solid state [89, 117]
2910, 2480 Carboxylic acid -O-H, alkane C-H stretch [89, 117]

Table 4-10: Characterisation designations to observed peaks for ATR analysis of bilirubin, analysed using
an ATR-FTIR Microscope at Flinders University.
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Figure 4-161: ATR-FTIR spectrum of bilirubin powder, analysed using an FT-IR Microscope with ATR

accessory at Flinders University.

Observe(_llPeaks Characterisation
(cm™)
Imines and oximes C=N, amide C=0, -C=C-0O-, alkene C=C,
1687 unsaturated ketones or carboxylic acids, amides in solid state
[89, 117]
Imines and oximes C=N, amide C=0, alkene C=C, conjugated
1642 cyclic -C=N-, amine or amide N-H bend, ketones with
intramolecular bonds, amides in solid state [89, 117]
1606 Amine or amide N-H bend, alkene C=C, aromatic C=C,
conjugated cyclic -C=N-, -C=C-CO-, carboxylate ions [89, 117]
1566 Amine or amide N-H bend, -C=N-, carboxylate ions [89, 117]
1499 Aromatic C=C, -C=N- [89, 117]
1439, 1404 Aromatic C=C, alkane C-H bend in -CHaz- or -CH3 [89, 117]
1364 Amine C-N, alkane C-H bend in -CH3, -O-H [89, 117]
1345 Amine C-N, -O-H [89, 117]

1300, 1121‘;% 1216 Alcohol or carboxylic acid C-O, amine C-N, -O-H [89, 117]
982’198325’56663’ Alkene C-H out-of-plane bend, -CH=CH- trans [89, 117]
R40. 826. 695 Alkene or aromatic C-H out-of-plane bend, 2 neighbouring

’ ’ aromatic C-H, 1 isolated aromatic C-H [89, 117]
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790 Alkene or aromatic C-H out-of-plane bend, 3 neighbouring
aromatic C-H [89, 117]

757 Alkene or aromatic C-H out-of-plane bend, 3 or 4 neighbouring
aromatic C-H [89, 117]
749 Alkene or aromatic C-H out-of-plane bend, 4 or 5 neighbouring

aromatic C-H [89, 117]
Table 4-11: Characterisation designations to observed peaks for ATR analysis of bilirubin, analysed using
an ATR-FTIR Microscope at Flinders University.

4.2.2.1.4 Biliverdin & Bilirubin Mixtures

There were many observable differences in characteristic biliverdin and bilirubin
MIR spectra above, hence mixtures of the two related compounds in various ratios
were analysed. Samples appeared green as it was cleaned from the contact surfaces.
Peaks where there are distinct differences between biliverdin and bilirubin: 3398,
3227, 3176, 1740, 1667, 1649, 1577, 1566, 1412, 1404, 1375, 1363, 1345, 1327,
1300, 1278, 1259, 1246, 1216, 1207, 943, 932, 893, 840, 826, 770, 728 & 710 cm™.
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Figure 4-162: ATR-FTIR spectrum of biliverdin & bilirubin (1:1 mixture), normalised between 2350-4400
cm’, analysed using an FT-IR Microscope with ATR accessory at Flinders University.

151



°
o

©
)}

Absorbance (a.u.)
o
SN

0.2 Bilirubin
—Biliverdin
0 ——1:1 Bilirubin:Biliverdin

1750 1650 1550 1450 1350 1250 1150 1050 950 850 750 650 550
Wavenumber (cm™)

Figure 4-163: ATR-FTIR spectrum of biliverdin & bilirubin (1:1 mixture), normalised between 1750-550 cm™,
analysed using an FT-IR Microscope with ATR accessory at Flinders University.
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Figure 4-164: ATR-FTIR spectrum of bilirubin & biliverdin (1:2 mixture; 1.5 mg bilirubin & 0.6 mg biliverdin),

normalised between 2350-4400 cm™', analysed using an FT-IR Microscope with ATR accessory at Flinders
University.
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Figure 4-165: ATR-FTIR spectrum of bilirubin & biliverdin (1:2 mixture; 1.5 mg bilirubin & 0.6 mg
biliverdin), normalised between 1750-550 cm!, analysed using an FT-IR Microscope with ATR accessory at
Flinders University.
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Figure 4-166: ATR-FTIR spectrum of bilirubin & biliverdin (1:4 mixture; 0.6 mg bilirubin & 2.6 mg

biliverdin), normalised between 2350-4400 cm!, analysed using an FT-IR Microscope with ATR accessory at
Flinders University.
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Figure 4-167: ATR-FTIR spectrum of bilirubin & biliverdin (1:4 mixture; 0.6 mg bilirubin & 2.6 mg
biliverdin), normalised between 1750-550 cm!, analysed using an FT-IR Microscope with ATR accessory at

Flinders University.

4.2.2.1.5 Ferritin
Raw spectra are reported in the Appendix (Additional MIR Results).

Observed ..
Peaks (cm) Characterisation

3977 Amine or amide N-H stretch, carboxylic acid -OH, H-bonded -OH, -
CONH?2- or -CONH- in solid state [89, 117]

2955 Carboxylic acid -OH, aldehyde C-H, Alkane C-H stretch [89, 117]

Amine or amide N-H bend, -NH>, Amide C=0, Alkene C=C,
1637 conjugated cyclic -C=N-, -C=C-CO-, aldehydes or ketones with
intramolecular H-bonds, amides in solid state [89, 117]

1537 N=0 (R-NOz), -N=N*-O", C-N=0 amine or amide N-H, conjugated
cyclic -C=N-, amides in solid state [89, 117]

1403 N=0 (R-NO2), alkane C-H in -CHz- or -CHj3 bend, -O-H [89, 117]

1078 Amine C-N, alcohol or carboxylic acid C-O [89, 117]

Table 4-12: Characterisation designations to observed peaks for ATR analysis of vacuum dried ferritins,

analysed using an ATR-FTIR Microscope at Flinders University.
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4.2.3 Far Infrared (FIR)

4.2.3.1 ATR

4.2.3.1.1 Blood

Previously, blood has been analysed in pellet form, however the spectra varied with
different drying methods. Hence in these analyses, wet and dry blood was analysed.
Peaks are observed at 325, 351, 374, 411, 441, 456, 520 and 618 wavenumbers. The

peaks at 325, 351 and 441 wavenumbers are not discernible in the wet samples.
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Figure 4-168: FIR-ATR overlayed spectra of defibrinated sheep's blood in liquid and solid states, analysed at
the Australian Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes of 5200 (no retainer),
5400 (with retainer), 12500 (dried) & 13500 (overnight).

There appears to be no significant differences in the characteristic spectra of

defibrinated, ACD and Lithium Heparin blood types as shown below.
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Figure 4-169: FIR-ATR overlayed spectra of defibrinated, ACD and lithium heparin sheep's blood in solid
state (dried), analysed at the Australian Synchrotron (THz/FIR beamline) with SiBolo detector and
amplitudes of 5200 (Def), 13300 (LiHep) & 14000 (ACD).

4.2.3.1.2 Methaemoglobin

Presents similar peaks to blood spectra — no discernible difference between

haemoglobin and methaemoglobin using this analytical method.
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Figure 4-170: FIR-ATR overlayed spectra of fresh (Wet — liquid state & Vacuum Dry — solid state) and old
(From 2016 & Older than 2016 — liquid states) defibrinated sheep's blood, analysed at the Australian
Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes of 5400 (Fresh) & 5200 (from & older
than 2016).
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4.2.3.1.3 Human Haemoglobin
Peaks are observed at 294, 400, 450, 516, 618 and 655 wavenumbers for both

samples.
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Figure 4-171: FIR-ATR overlayed spectra of defibrinated sheep's blood (aqueous) and human

haemoglobin in plasma (1:2 ratio by weight) analysed at the Australian Synchrotron (THz/FIR beamline)
with SiBolo detector and amplitudes of 5400 (blood) & 5180 (human Hb in serum).

Peaks for ground human haemoglobin are observed at 324, 415, 440, 463, 522, 622
and 658 wavenumbers (duplicated as reported in the Appendix, Additional FIR
Results), which are not discernible in the sample when in flake form. Additional

peaks at 355 and 374 were observed in dry sheep blood.

0.9
0.8
0.7
0.6

.u.)
©
(0]

Absorbance (a
o
~

o
w

——Dry Sheep Blood

0.2 Ground Human Hb
0.1 ——Human Hb
0

200 250 300 350 400 450 500 550 600 650
Wavenumber (1/cm)

Figure 4-172: FIR-ATR overlayed spectra of dried defibrinated sheep's blood, human haemoglobin
(flakes) and human haemoglobin (ground) analysed at the Australian Synchrotron (THz/FIR beamline)
with SiBolo detector and amplitudes of 16600 (human Hb ground), 21300 (human Hb flakes) & 12500
(sheep blood).
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4.2.3.1.4 Biliverdin
Peaks are observed at 63, 100, 135, 179, 191, 266, 294, 298, 340, 371, 440, 494, 535,
558, 586 and 640 wavenumbers. These are in line with those found when biliverdin

is analysed in PE, KBr and in DWLC’s.
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Figure 4-173: FIR-ATR overlayed spectra of biliverdin (powdered) samples, analysed at the Australian
Synchrotron (THz/FIR beamline) with a SiBolo detector and amplitudes of 18000 & 19800 (duplicate).

It is noted that the biliverdin in blood sample was not completely dissolved even
after vortex mixing. Peaks are observed from this sample at approximately 161, 290

and 434 wavenumbers.
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Figure 4-174: FIR-ATR overlayed spectra of biliverdin and biliverdin in defibrinated sheep’s blood
(aqueous) at a 1:1 ratio (0.8 mg of each), analysed at the Australian Synchrotron (THz/FIR beamline) with
a SiBolo detector and amplitudes of 18000 & 5200 (biliverdin in blood).

The spectral profile of dried blood with biliverdin appears like that of dried blood.
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Figure 4-175: FIR-ATR overlayed spectra of biliverdin in defibrinated sheep's blood (17 mg/mL) as it dries,

analysed at the Australian Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes of 5200 (first
run) & 18000 (biliverdin powder).

4.2.3.1.5 Bilirubin

Main peaks for bilirubin are present at 93, 102, 131, 146, 162, 230, 298, 330, 364,
387, 418, 435, 479, 493, 545, 558, 598, 624, 660 and 663 wavenumbers. A minimum
amount of 0.8 mg bilirubin powder is detectable exhibiting the same spectrum as
bilirubin sample with unknown amount on the ATR crystal. Bilirubin peaks are
detected in blood at 161, 290, 322, 360, 386, 406, 430, 475, 534, 556, 588, 615 and

654 wavenumbers, although the spectrum exhibits noise. The strong peak at 131
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appears to have shifted to 117 wavenumbers. At a greater concentration in blood and

when dry, the spectrum appears to be a summation of dried blood and bilirubin.
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Figure 4-176: FIR-ATR overlayed spectra of defibrinated sheep's blood (liquid), bilirubin and bilirubin in
defibrinated sheep's blood (1.33 mg/mL), analysed at the Australian Synchrotron (THz/FIR beamline)
with SiBolo detector and amplitudes of 5400 (blood), 5070 (bilirubin in blood), 21000 (0.8 mg bilirubin) &

18100 (bilirubin).
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Figure 4-177: FIR-ATR overlayed spectra of bilirubin in defibrinated sheep's blood (71 mg/mL) as it dries,
analysed at the Australian Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes 18100
(bilirubin) & 5000 (first run).

The above analysis was conducted such that drying occurred overnight (without a
fan) and presented similar results, which are reported in the Appendix, Additional

FIR Results.
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Bilirubin in solvent spectrum appears to be a summation of the individual spectra.
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Figure 4-178: FIR-ATR overlayed spectra of bilirubin (powdered), DMSO-Hjs (liquid) and bilirubin in

DMSO-Hgs (45 mg/mL), analysed at the Australian Synchrotron (THz/FIR beamline) with SiBolo detector
and amplitudes of 17700 (DMSO-Hg), 17800 (bilirubin in DMSO-He) & 18100 (bilirubin).

4.2.3.1.6 Bilirubin Conjugate

There is strong absorption at approximately 725 wavenumbers and below 210
wavenumbers. Peaks are observed at 298, 348, 397, 420, 435, 468, 525, 617, 691,
797, 856, 964 and 989 wavenumbers.
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Figure 4-179: FIR-ATR overlayed spectra of bilirubin conjugate (powdered), analysed at the Australian
Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes of 13900 & 14200 (duplicate).
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Compared to bilirubin, the conjugate compound peaks that don’t match are at 444,

461, 520 and 570 wavenumbers.
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Figure 4-180: FIR-ATR overlayed spectra of bilirubin conjugate and bilirubin, analysed at the Australian
Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes of 18100 & 13900 (conjugated
bilirubin).

Bilirubin conjugate in blood gives peaks at approximately 164, 291, 392, 439 and
505 wavenumbers. These appear to be bilirubin conjugate peaks that have shifted to

the lower wavenumbers.
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Figure 4-181: FIR-ATR overlayed spectra of bilirubin conjugate, defibrinated sheep’s blood (aqueous) and
bilirubin conjugate in dried sheep’s blood at a 1:1 ratio (0.8 mg of each), analysed at the Australian
Synchrotron (THz/FIR beamline) with SiBolo detector and amplitudes of 13900 (bilirubin conjugate), 5400
(blood) & 14800 (bilirubin conjugate in blood).

Bilirubin conjugate peaks reduce in intensity when the compound is exposed to a

nitrogen atmosphere, particularly the one at 380 wavenumbers.
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Figure 4-182: FIR-ATR overlayed spectra of bilirubin conjugate in a nitrogen atmosphere, normalised

between 40 & 60 wavenumbers, analysed at the Australian Synchrotron (THz/FIR beamline) with SiBolo
detector.

4.2.3.1.7 Biliverdin & Bilirubin Mixtures

The spectrum for mixtures of biliverdin and bilirubin appears to be a summation of
individual spectra. For some peaks, intensity is reduced as compared to the
individual spectra due to the halved concentration of the individual compound when

in a mixture, for example the bilirubin peak at 300 cm™ and the biliverdin peak at

530 cm.
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Figure 4-183: FIR-ATR overlayed spectra of biliverdin, bilirubin and the two combined in an approximate 1:1

ratio (0.5 mg biliverdin and 0.9 mg bilirubin), analysed at the Australian Synchrotron (THz/FIR beamline) with
a SiBolo detector and amplitudes of 18000 (biliverdin), 18100 (bilirubin) & 22500 (mixture).
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Biliverdin and bilirubin in blood was analysed however the first run as been excluded
from the overlay spectra due to large noise observed, although this is presented in the
Appendix, Additional FIR Results. Peaks observed in the individual spectrum of
bilirubin are detectable in the blood, however biliverdin peaks appear weakly and are

difficult to distinguish.
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Figure 4-184: FIR-ATR overlayed spectra of biliverdin and bilirubin (1:1 ratio) in defibrinated sheep's

blood (33 mg/mL) as it dries, analysed at the Australian Synchrotron (THz/FIR beamline) with a SiBolo
detector and amplitudes of 18000 (biliverdin), 18100 (bilirubin) & 5100 (mixture in blood).

4.2.3.1.8 Ferritins

Weak and broad peaks are observed when ferritin is dried at approximately 180, 330,
405, 460 and 580 wavenumbers. These are less apparent when the protein is in
aqueous form. There is a strong absorbance at approximately 80 wavenumbers in the
aqueous sample as well as greater overall absorbance intensity, however the spectral

profile appears to exhibit similarity to that of water solvent.
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Figure 4-185: FIR-ATR overlayed spectra of ferritin (from stock solution of 44 mg/mL in NaCl) as it dries,
analysed at the Australian Synchrotron with SiBolo detector.

5 Discussion and Conclusions

The age of a bruise is based on the breakdown process of haemoglobin and is
currently established using UV-Vis. transmission and reflectance measurements as
well as expert observation. However, information from the breakdown process may
be misleading as spectral characteristics of individual components in bruises overlap.
Other methods of establishing the age of a bruise age include: Raman spectroscopy
[59], hyperspectral imaging [11], dual-photon imaging of skin [109], histology, math
models, and HO-1 gene expression (immunohistochemistry) [6, 21, 81, 110, 111].
These methods are less common and have not been explored in this project due to
impracticality and unavailability at the time the project was initiated. Accurate bruise
age is crucial in forensic investigations into suspicious deaths and assaults of silent
victims including the young, elderly or deceased. Thus, optimisation of UV-Vis-NIR
and THz/FIR analytical methodology and techniques for identification of
haemoglobin and its various breakdown derivatives will improve understanding of

the process, development and aging of bruise marks.
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5.1 UV-Vis. Spectroscopy

This project successfully produced individual reflectance spectra for haemoglobin
(sheep and human), methaemoglobin, biliverdin, bilirubin, bilirubin conjugate and
ferritin. Previously this was achieved for sheep blood, biliverdin, bilirubin and
ferritin using a Varian Cary 5G UV-Vis.-NIR spectrometer with DRA-CA-50M
diffuse reflectance accessory at Flinders University [63], for example Figures 4-13
and 4-14 in the Appendix (Additional UV-Vis.-NIR Results). In comparison, the
Perkin Elmer UV-Vis.-NIR Lambda 950 spectrophotometer with 150 mm integrating
sphere produces spectra with higher resolution (less noise) and greater signal
intensity by at least 0.6 units for same solutions of same concentration (Figures 4-
152 & 4-155). This gain of spectral signal detection is due to most reflections from
incident light being captured internally by the integrating sphere, rather than lost to
the environment. The sloping baseline for these spectra may be due to the drying of
solvent on filter paper, considering the spectrophotometer took over 1 minute to scan

from the longest to shortest wavelength analysed in this project.

In these spectra, biliverdin in buffer solution is characterised by a broad peak at 650
nm [11, 53, 55, 56, 64], which is detected at a concentration as low as 1.14 mg/mL in
Figure 4-153, less than 16% of the concentration expected of bilirubin in adult
human blood (0.012 M) [122] as shown visually in Figure 4-151. This is a significant
finding as biliverdin rapidly converts to bilirubin affording difficulty in identification
of small amounts of the pigment in a bruise. Bilirubin in blood (Figure 4-156) is
characterised by a peak at 470 nm [7, 56] and oxyhaemoglobin’s characteristic peaks
are confirmed at approximately 539 and 576 nm [7, 11, 21, 22, 55] as shown in
Figures 4-1 and 4-141, regardless of whether anticoagulants such as acid citrate

dextrose (ACD) or lithium heparin (LiHep) have been added as seen in Figure 4-143.

In contrast, deoxyhaemoglobin [7, 21, 22] presents a peak at 564 nm in Figure 4-166
when utilising an Ocean Optics CHEMUSB4-Vis.-NIR spectrophotometer with ISP-
REF integrating sphere in the presence of nitrogen. This is observed in real time over
84 minutes (Figure 1-165) by the shallowing of the trough between characteristic

oxyhaemoglobin peaks, indicative of oxygen loss and hence the formation of
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deoxyhaemoglobin. There is also a reduction in signal intensity due to the
evaporation of water. These conclusions are supported by the partial deoxygenation
of oxyhaemoglobin in defibrinated blood (Figure 4-144), ACD blood (Figure 4-147)
and LiHep blood (Figure 4-146) using the Perkin Elmer UV-Vis.-NIR Lambda 950
spectrophotometer with integrating sphere when dried over a period of at least 20
days. Notably, these samples did not completely deoxygenate, even after 40 days in

the case of defibrinated blood as the samples were not kept in a nitrogen atmosphere.

Oxidised haemoglobin (methaemoglobin) presents characteristic peaks [7, 21] at 500
and 635 wavenumbers (Figure 4-2). Although this is a transmission spectrum of
dilute methaemoglobin produced in vitro. The addition of sodium nitrite to a solution
of sheep’s blood in PBS or plasma produced partially oxidised forms of
oxyhaemoglobin as observed in Figures 4-148 and 4-149, respectively. The addition
of sodium nitrite in excess or when left for a day for oxidation reaction to complete
as shown in Figure 4-150 also only partially oxidised blood. This may be due to
excessive blood concentration or that haem is inaccessible for oxidation by sodium
nitrite. It is considered that some red blood cells may still be intact after refrigeration
and freeze-storage, which may affect the oxidation reaction of ferrous iron with
sodium nitrite in comparison to exposed haemoglobin. Resuspending dried partially
oxidised blood in water and then plasma (Figure 4-145) intensifies methaemoglobin
peaks detected by spectroscopy and produces an unidentifiable peak at 590 nm. Due

to the difficulty in methaemoglobin formation, it was not investigated any further.

For haemoglobin-related samples in reflectance analysis, a sloping baseline between
400 nm and 600 nm is commonly witnessed and is postulated to be on account of the
presence of ferritin as this protein produces an exponentially increasing absorbance
in this region of the electromagnetic spectrum towards 400 nm (Figure 4-158).
Increasing the ferritin protein concentration gives a more apparent yellow-brown
colouration, where absorbance of incident light is proportional to ferritin
concentration. Such is observed from Figures 4-158 to 4-160, where signal intensity
increases with increasing ferritin protein concentration. A normal ferritin
concentration in the blood that falls into the range of both male and female sex is 100

ng/mL or 1.0x10* mg/mL, which is colourless and hence may yield no visible
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colouration to contribute to a bruise. Although it is feasible that ferritin molecules
may congregate to the area of a bruise when it occurs, to bind and store released iron
atoms as oxyhaemoglobin breaks down in the skin tissue [11]. With the local
increase in ferritin concentration, the proteins may polymerise to hemosiderin, which
may further add to a bruise mark’s apparent colour. This notion challenges the

conception of bilirubin presence in the later stages of bruising [11].

Considering the collection of individual spectra from oxyhaemoglobin,
deoxyhaemoglobin, methaemoglobin, biliverdin, bilirubin and possibly ferritin
components in the bruise environment, it can be appreciated that amalgamated
spectra overlays and creates a large, broad absorbance across the UV-Vis.
wavenumber region. For this reason, longer wavelengths of the electromagnetic

spectrum nearby UV-Vis. (near infrared) were employed in the investigation.

5.2 NIR Spectroscopy

Near infrared (NIR) transmission spectra of stored sheep’s blood (Figure 4-1) and
biliverdin (Figure 4-4) produced a strong absorbance at approximately 980 nm,
however analysis was restricted to below 1150 nm as signal became saturated. Using
reflectance spectroscopy, this was extended to 2200 nm and provided additional
absorption at 1450 and 1950 nm wusing the Perkin Elmer UV-Vis.-NIR
Spectrophotometer for the stored blood (Figure 4-140) as listed in Table 6 and
characterised as water, which is confirmed in Figure 4-136. These peaks are
analogous to that in Defibrinated, LiHep and ACD blood (Figure 4-142) as well as
biliverdin (Figure 4-154) and bilirubin (Figure 4-157) when analysed on the same
instrument. Above 1950 nm will not be considered due to excessive spectral noise

(observed in Figures 4-137 & 4-139), which may invalidate smoothed peaks.

The noise may be attributed to the detector for the NIR region reaching its limitation.
Such is also seen for the UV-Vis. region detector in the form of the peak at 880 nm.
This was able to be overcome by increasing integration time to 4 times the amount,
at the expense of run time (approximately 2 minutes), which is a concern for analyses

involving drying of blood (time-sensitive analyses).
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Blood (defibrinated) as it dries (Figure 4-161) was analysed in the NIR region using
an ASD FieldSpec. 4 Hi-Res Spectroradiometer with ISP-REF integrating sphere and
presented water in the NIR region which decreased in absorbance over time,
indicative of water evaporation from the sample (Figure 4-162). Water was used as
the background, but still contributed to absorbance at half the maximum units, which
may be due to either additional water in red blood cells in the sample or that the

reference was drier than the sample.

Interestingly, biliverdin (Figure 4-163) and ferritin (Figure 4-164) analysed using the
ASD FieldSpec. produced spectra with no peaks in the NIR region, demonstrating
the instrument’s lower sensitivity or improved ability to subtract a liquid-based
background. However, analysis time per run was 4 seconds compared to previous
results using the Perkin Elmer spectrophotometer. Hence the ASD FieldSpec
instrument demonstrated potential for a rapid preliminary scanning method for any

size sample.

5.3 MIR Spectroscopy

Ultimately only water was detected in the NIR region of the electromagnetic
spectrum, which consequently leads to spectral exploration utilising mid infrared
radiation. This was carried out using ATR and presented significant differences in
spectra between dried defibrinated blood, biliverdin, bilirubin and dried ferritins,

particularly between 550-1800 cm'.

Vacuum dried defibrinated blood and vacuum dried ferritin both contain proteins,
thus ATR spectra offered similar signals representative of their complex structure
characterised in Tables 4-9 & 4-14 with amine or amide in solid state, carboxylic
acid, alkene and carbon to nitrogen functionalities, as well as intramolecular
hydrogen bonding. Ferritin is observed to contain dissimilar alkane, amine, alcohol
or carboxylic acid functionality as peaks 1403 and 1078 ¢cm™ which may indicate
diverse molecular bonding in its structure compared to haemoglobin [117, 123].
Although, haemoglobin possesses peaks at 1451, 1386, 1301, 1165 & 1104 cm’,

which are representative of a variety of aromatic alkene, alkane methyl bending,
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amine and carboxylic acid vibrations unlike in ferritin [117, 123]. Such reflects the
protein’s distinct three-dimensional structure suiting a specific function. It should be
noted that ATR of dried blood samples may contain methaemoglobin as when
cleaned from the ATR crystal, brown colouration was observed; oxidation may have
occurred during analysis, where results are representative of both haemoglobin and

methaemoglobin.

ATR of biliverdin (Figures 4-167 & 4-168) exhibits broad salt absorption behaviour
between 2400-3400 cm! as it is in salt form (biliverdin hydrochloride) [56]. This is
not observed for bilirubin (Figure 4-169) which is in its isomeric carboxylic acid
form. Regardless, biliverdin and bilirubin essentially differ by the lack or presence of
a double bond about the central carbon atom in the compound structure (Figure 1-
14). Therefore, it is a significant finding that the MIR spectra of the individual
pigments are unique. Particularly as biliverdin is reduced to bilirubin, hence

detection of the green pigment could indicate early stages of a bruise.

For example, biliverdin contains peaks at 3176, 3045 and 2605 cm™ that are not
present in bilirubin. Conversely bilirubin contains peaks at 3227 and 2480 cm™! that
are not evident in biliverdin. Such indicates that not only are there a greater amount
of amine or amide vibrational signals in biliverdin compared to bilirubin, but also
that these groups are protonated, having the implication that bilirubin is
unconjugated; it contains intramolecular hydrogen bonds due to allowable rotation
about the single-bonded carbon where in biliverdin possessed a double bond [117,
123]. As such, possible bilirubin vibrational modes are restricted, and it is reasonable

that less signals are observed for this pigment.

Additionally, peaks in biliverdin observed at 728 & 1577 cm! represent an amine or
amide bend [70] that doesn’t appear in bilirubin as the nitrogen groups in bilirubin
are involved in intramolecular hydrogen bonding as discussed. Emphasising this are
the peaks in bilirubin spectra at 1566 & 1606 cm™ indicative of an amine/amide
bend, alkene, -C=N- or carboxylate ion vibration not present in biliverdin [117, 123].
The 618 cm™ peak in bilirubin may be on account of the additional C-H functionality

about the central single-bonded carbon in between 4 pyrrole rings (in biliverdin this
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carbon possesses a double bond) as a result of reduction by biliverdin reductase [117,
123]. Biliverdin also contains peaks at 531, 689 & 1740 cm™' implying carbonyl or
chloride presence [64], although this is expected considering biliverdin is in salt form
[117, 123]. These results provide a variety of options, from which single peaks can

be a focus when identifying a pigment.

There are instances in Figures 4-168 & 4-170 where peaks denote similar
functionality, but the signals are observed at dissimilar wavenumber. This suggest
different vibrations occur in each molecule due to diverse bonding or different
symmetry in molecular structure. For example, the vibrations attributed to
imine/oxime, amide carbonyl in solid state, alkene or unsaturated ketones/carboxylic
acid functionality by peaks in biliverdin at 1649 cm™ and 1687 cm™ in bilirubin
where there is a 20 cm’! difference [117, 123]. Likewise, alkene/aromatic out-of-
plane bending C-H vibrations with 1 or 2 neighbouring aromatic C-H functional
groups is observed at 893 cm™! in biliverdin and 840 as well as 826 cm’! in bilirubin
[117, 123]. Similarly, 4 or 5 neighbouring aromatic C-H vibration signals are

observed at 728 cm’! in biliverdin and 742 cm™! in bilirubin [117, 123].

An added significant finding for ATR measurements in MIR is biliverdin and
biliverdin mixtures in various ratios (Figures 4-171 to 4-176), revealing summation
spectra of the individual compounds, with absorbance intensity dependent on the
concentration of the individual component. Although it is noted that the pigments
may not possess the same signal intensity characteristic, in fact bilirubin was
observed to provide stronger absorbance bands in comparison to biliverdin; for
example, in Figure 4-176 bilirubin is at the lowest concentration but does not appear

a quarter of the pure compound’s signal intensity.

54 FIR Spectroscopy

The large amount of spectral difference in bruise components in the mid infrared
region of the electromagnetic spectrum, particularly between biliverdin and bilirubin
whose purity is confirmed in NMR analysis (see Appendix) [53, 56, 69, 124, 125],

justifies further examination of the compounds by means of far infrared (FIR)
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radiation. Such instrumentation for this was unavailable at the home institution,
hence six successful applications (4 days beamtime each) to use the Australian

Synchrotron FIR/THz beamline provided an avenue for this study.

5.4.1 Pellets

Initially, transmission analysis was available and utilised to analyse 3-7 mm in
diameter pellets, pressed by a hand pellet press. Pellets from pure materials provided
spectra for biliverdin (Figure 4-5) and bilirubin conjugate (Figure 4-6) between
specific wavenumber ranges as above and below these regions was either saturated
or exhibited substantial noise. Strong signals observed between 0-50 cm! are not
valid as they may be due to beamline mechanical, pump and electrical noise which is
expected to occur below 50 Hz [126]. Nonetheless, spectral information that is
available from Figure 4-5 displays crystal lattice or amide VII vibrations (peaks
between 10-200 cm™) [127, 128], aliphatic chain C-C vibrations (peaks between 250-
400 cm™) [129] and amide C-C=N or C=0 vibrations (peaks above 400 cm™) [130,
131]. These vibrations are in line with that expected of the pigment’s open porphyrin

structure.

Similar vibrations are also observed in bilirubin conjugate, save crystal lattice
signals, although absorbance occurs at unique wavenumbers. Bilirubin conjugate is
not a compound likely to be present in a bruise as conjugation is performed by the
liver, though is utilised in this FIR study to investigate and overcome solubility
difficulties experienced with bilirubin, which will be discussed later. Pellets for pure
bilirubin and dried ferritin materials proved unsuccessful due to physical issues

creating the pellet (staticity) and saturated absorbance signal, respectively.

Polyethylene (PE), polytetrafluoroethylene (PTFE) and potassium bromide (KBr) are
diluting materials that can be used for pelletising compounds of interest [117] in
cases where pure pellets of the analyte could not be formed. Each diluting compound
used in this project was chosen due to it being common, readily available and having
a workable wavelength and wavenumber range suited to the variety of analyte the
project presented, i.e. PE is recommended in the lower wavenumbers [117]. PTFE

has an interference peak at approximately 200 cm™ where in instances such as in
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analysis of bilirubin, spectra was split into two separate figures (Figures 4-22 & 4-
23). Nonetheless, crystal lattice or N-H amide (VII) vibrations (peaks from 68-162
cm) [127], aliphatic chain C-C vibrations (peaks from 300-387 cm™) [129] and an
amide C-C=N vibrations (peak at 432 cm™") [130] were observed. The peaks at 415 &

476 cm™! are unidentified.

These results for bilirubin are similar when it is in PE at various concentrations
(Figure 4-12), however less peaks are observed, peaks that are observed are less
resolved and there is no interference at 200 cm™ on account of the diluting matrix.
Instead there is a strong and saturated absorbance at approximately 540 cm! that can
be attributed to PE [117] which is carried through all spectra containing this matrix.
Biliverdin in PE at various concentrations (Figure 4-10) presents similar spectra to
bilirubin in that its only resolved spectral peaks at 210 and 370 (from aliphatic chain
C-C vibrations) overlay (see Figure 4-41 and Tables 4-1 & 4-2 for comparisons).
This implies that the concentration of biliverdin may be too low for comparison
against bilirubin at the same concentration. Such is substantiated by Figure 4-42,
where the two pigments can be easily differentiated by several characteristic peaks
possibly originating from different N-H amide VII (peaks at 165, 205, 229, 241 &
201 cm™) [127, 128] and aliphatic chain C-C (peak at 337 ¢cm!) vibrations [129].
These results are significant as the concentration of biliverdin in early to late stages
of bruise breakdown may provide fundamental information regarding age

determination.

It is noted that as low as 12.5% biliverdin and bilirubin can be detected in PE,
although peaks become less distinguishable with lower concentration as expected,
which is particularly reflected in the concentration mixtures created to generate
Figure 4-16. Such is also the case for bilirubin conjugate (Figures 4-13, 4-14 & 4-15)
and ferritin at various concentrations in PE (Figures 4-20 & 4-21), where any
distinguishable features attributed to analyte may be lost to oscillation or diluting
matrix contributions to the spectra. These results imply that mixtures of the analytes
as they would be found in a bruise would be indiscernible at very low concentration

i.e. when they begin to form at the site of a bruise, using these methods of analysis.
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Bilirubin conjugate in PE presented similar spectra to that of its pure pellet with an
additional strong peak observed at 461 ¢cm’!, which was saturated in the pure pellet
spectrum. This may be indicative of a unique C=O vibration attributed to the
glucuronide component of the molecule [131]. Interestingly, bilirubin conjugate may
be differentiated from bilirubin/biliverdin when in PE as shown in Figures 4-17, 4-18
& 4-19, where mixtures in various ratios represent proportional summation spectra to
concentration of each analyte. In this case, the peak at 300 cm™! (aliphatic chain C-C

vibrations) is the only common point.

Ferritin in PE (Figures 4-20 & 4-21) exhibited a broad absorbance at approximately
175 cm’!, and a steady absorbance across wavenumbers between 300-600 cm™'. This
is consistent with free iron(IIl) [74] or may imply crystal lattice, aliphatic chain C-C
[129], metal-oxygen, N-H amide (VI, VII) [127, 132] or amide C-C-N [130],
carbonyl or C-N-N [131] vibrations. Although legitimacy of peaks at lower
concentrations of ferritin is questionable considering they may be exhibiting

oscillation. In addition, the absorbance peak at approximately 175 cm’!

appears to
shift to lower wavenumbers, which is contrary to results of pigments at lower
concentrations, though this pattern may be exclusive to the different types of bonding
in the protein. Complicating ferritin analysis is the possibility that salt absorbance
contributes to spectra as salt was not added to PE to subtract as a background.
However, the results presented in this thesis appear to emphasise the protein’s
numerous interactions involved in its complex three-dimensional structure which
may be dependent on the proteins state of matter, symmetry and degrees of freedom

suiting it to a specific function [85], also explaining why detector amplitude is low

and absorbance becomes saturated with higher concentrations of the protein.

This inference is comparable to various types of dried sheep blood in PE (Figure 4-7)
in the sense that due to the complexity of the structure of haemoglobin, not only is a
large steady absorbance observed, but also many vibrational modes (indicative of
crystal lattice, N-H amide VII, metal-oxygen and aliphatic chain C-C vibrations)
[117, 123, 128]. Other fine vibration signals are unidentified; however, it is reported
in literature that acoustic phonons, torsion of the peptide backbone and skeletal

deformation may be responsible for low frequency vibrations (below 300 cm™) [85].
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Absorbance appears to be influenced by the method of drying the protein as seen in
Figures 4-8 & 4-9, although it should be considered that the protein structure may
vary with the mechanics of dehydration and that the protein may interact with PE

when wet and during the drying process [85].

It is considered that biliverdin and bilirubin in PE present similar signals in analysis
at low concentration for this region of the electromagnetic spectrum. For this reason,
Si:B and MCTn detectors may be utilised to explore wavenumbers just above 400
cm™!, such that biliverdin and bilirubin may be differentiated. Potassium bromide
(KBr) is used as the diluting compound and supporting matrix in these analyses as it

is IR inactive in this region [117].

Bilirubin in KBr is shown in Figure 4-30 to produce spectra with resolved peaks at a
concentration of 5% analyte (also in Figure 4-31) and when diluted 100-fold.
Biliverdin in KBr also revealed resolved peaks at a 5% concentration (Figures 4-28
& 4-29) albeit with a large amount of fringing. Hence low concentrations of the
pigments are detectable using the Si:B and MCTn detectors. When compared as
overlayed spectra taken using the Si:B detector (Figure 4-43), biliverdin’s peak at
585 cm™ (an N-H amide VI vibration not present in bilirubin [116, 127, 128]) is
notable and accentuates previous findings regarding intramolecular hydrogen

bonding in bilirubin.

On this note, when compared using the MCTn detector in Figure 4-44, biliverdin and
bilirubin both present O-O (peaks at 897, 842 & 883 cm™) and aliphatic chain C-C
(peaks at 946-953, 936, 1072, 1009, 1099, 1127, 1158, 1212, 1219, 1251, 1263 &
1281 cm!) vibrational modes responsible for a variety of characteristic peaks (897,
946-953, 1072, 1212, 1263 and 1281 cm™ in biliverdin) [116, 129]. Although
bilirubin exhibits a greater number of these modes; carbonyl electrons may be shared
in intramolecular hydrogen bonding and bilirubin contains less double bonded
carbons. Importantly, differences also exist in the form of peaks 730 & 770-773 cm’!
in biliverdin and 792 cm™ in bilirubin. It is possible that the vibrations responsible
for the 770-773 & 792 cm’! signals are N-H amide (IV/V/VI) functionality [127, 131,
132], however of key interest is the 730 & 792 cm-1 peaks as these may be
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vibrations from amide O=C-N and R-CO-NH-R functionality, respectively [128,
131, 132]. This further strengthens the postulation that the carbonyl groups in
bilirubin are involved in intramolecular hydrogen bonding, however it is also
considered that the PE windows in the sample compartment may contribute between

700-750 cm™ [126].

Biliverdin and bilirubin mixtures in KBr analysed with Si:B (Figure 4-32) and MCTn
(Figure 4-33) detectors appear to be a summation of combined individual spectra,
confirming previous mixture analyses by ATR in MIR and PE pellets in FIR. Greater
sensitivity compared to the SiBolo detector is noted, however extensive oscillation is
experienced for these samples when using the Si:B detector. Unfortunately, this was
a direct result from beamline issues unable to be troubleshooted by the Beamline

Scientist during that beamtime.

Analysis of dried defibrinated blood in KBr using the MCTn detector (Figure 4-25)
exhibited change in spectra over time (4.8 hours), where a peak at 1214 cm’
develops, indicative of protein nature [116]. This spectral behaviour may be an
indication of deoxygenation or structural decay under the beamline’s vacuum. As
such, the pellet sample preparation method may not be appropriate for haemoglobin
FIR analysis. Additionally, spectra exhibit fringing which may be from a resonance
effect due to the protein structure, particularly when dried. This may also explain the
greater absorbance and less distinct peaks for proteins containing iron. Otherwise, the
spectra could reflect a large amount of vibrational possibilities as discussed

previously.

5.4.2 Paraffin Wax Pellets

Compounds mixed in paraffin wax (transparent in FIR as discussed with the
beamline Scientist) flakes then pressed into a pellet are thought to reduce interaction
with water, however preparations presented physical problems; the wax is malleable
and escapes the steel sleeve when compressed by the pushing rod. This creates
inhomogeneous pellets as samples °‘stick’” to the wax rather than become
incorporated. Analyses presented questionable spectra (Figures 4-36 to 4-40) as

oscillations and inconsistencies were observed; when samples were reheated to 298
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K after freezing, they did not return their original spectral profile. It is deduced that
this is due to either alteration to the pellet’s orientation in the sample compartment
under vacuum during analysis, or an effect of cryogenic analysis where the wax may
cool, become brittle and contract. Both are confirmed as pellets were concave and
popped, forming a crack, when surveyed after analysis. In this condition, synchrotron
light interacts with the interfaces of the pellet and is reflected internally, which may
have contributed to the spectra results. It should also be considered that the duplicate
may represent the sample when still chilled due to the programmed temperature
control delay, which will be discussed later. Comparing to pure pellet results, no
characteristic peaks were observed for biliverdin when using paraffin wax, however
some expected peaks for bilirubin and bilirubin conjugate are exhibited. Notably,
bilirubin conjugate needs to be at a concentration of 2:1 (sample:wax) or greater to

observe the characteristic 300 cm™ peak also seen in its pure pellet form.

5.4.3 Diamond Window Liquid Cells

The concentrations of samples analysed in pellets provided an indication of the
amount required for a diamond window liquid cell (DWLC). DWLC’s were
employed as an alternative method for analysing samples in liquid phase as this may
be more appropriate for a biological setting, such as a bruise. The engineering of the
cells is such that varying the spacer, varies the pathlength and hence amount of liquid
can be encompassed. As the spacer volume is increased from 5 pm to 50 pm, the
absorbance of solvent also increases (Figure 4-45), hence volume and absorbance are
proportional [104]. Technically a sample concentration at 50:50 ratio analysed in a
10 um spacer should require a background subtraction from the appropriate solvent
analysed with a 5 um spacer. A random user error that needs to be considered in this
is pipetting volume variation. Supplementary information gathered from these
spectra is that each spacer has a workable wavenumber range, for example if using
the 50 um spacer, the wavenumber range for usable analysis is approximately 60-360

cm! as absorbance of water saturates the detector above 360 wavenumbers.

The spacers that show suitability over the largest range of wavenumbers is the 20 pm

spacer (60-480 cm™!) and the 5 pm spacer (60-1000 cm™). Analysis of DWLC’s A, B
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and C with their respective 5, 10 and 20 um spacers (Figures 4-46 to 4-48) shows
that the greatest variation is present when using the 10 um spacer and the least
variation is observed when using the 5 pm spacer. However, the 5 um spacer volume
is very small (0.5 uL from Table 3-1) and hence volatility and characteristics of
solvent and sample needs to be considered. Also, variation in absorbance, hence
volume between cells was observed when swapping their respective 5 pm spacers
(Figure 4-51), whereas this isn’t seen for the 20 um spacers (Figure 4-50), rather
spectra is consistent given the cell’s windows are the same. This may be due to

difficulty in pipetting into a 5 pm spacer as compared to one with larger volume.

Samples in water produced water absorbance, where any contribution to the spectra
from the sample was quenched [133]. To remedy this, dimethyl sulfoxide (DMSO) is
an organic solvent that was utilised in DWLC analyses, also for cases where non-
polar samples have difficulty dissolving in water-based solvents [66]. The 20 pm
spacer was also shown to be the most suitable for this organic solvent (Figures 4-52
to 4-54). DMSO-Hs (non-deuterated) peaks that are confirmed by literature are at
390, 340 and 310 wavenumbers [118]. Two of these are shifted in DMSO-ds
(deuterated DMSO) indicating deuterated bonding instead of to hydrogens, where
peaks exist at 265, 305 & 340 cm™! (see Table 4-3 for comparisons) [134].

Cryogenic analysis of DMSO-ds presents additional peaks at 151, 190 & 247 cm’!
(Figures 4-56 to 4-59). DMSO-ds has a melting point of 20.2 degrees Celsius, boiling
point of 190 degrees Celsius and its triple point (the point at which it is in solid,
liquid and gas phase) is 18.4 degrees Celsius [135, 136]. As DMSO-ds would be
deduced in a phase diagram to be denser as a solid compared to as a liquid [1], the
extra peaks when cooled in vacuum may be attributed to additional interactions
between molecules when in proximity during liquid to solid phase change. For
example, as a peak at approximately 150 wavenumbers arises in Figure 4-56, we

could be seeing instant liquid to solid transformation.

This concept is strengthened by the peak disappearing when it reaches melting point
(liquid state) of approximately 24 degrees Celsius when warmed, returning to

original spectral characteristics (Figures 4-60 to 4-62), corroborating the concept of
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molecular interaction when cold. Another cycle of cooling and heating generally
produced similar results (Figures 4-63 to 4-68). Similar results are gathered from
cryogenic analysis of DMSO-Hg (Figures 4-72 to 4-74), however additional peaks
are observed at 98, 123, 148, 164, 258, 307, 329, 389 & 440 cm’'. Thus, spectra
generated during the cryogenic process is highly dependent on temperature. This
offers the ability to investigate characteristic differences between analyte molecular
interactions, however as discussed later these were not found in haemoglobin and its

derivatives.

Bubbles were observed in the cell post-cryogenic analysis (Figure 4-49) which didn’t
affect spectra if the cell was loosened to release the gas, then tightened and re-
analysed (Figures 4-69 & 4-70). Sample compartment vacuum is not a cause as
investigated and shown in Figure 4-71. Bubbles were present for all DLWC samples
analysed cryogenically (eg. Figure 4-75). It is considered that the bubbles could be
dissolved gases in liquid and their appearance is susceptible to vacuum and changing

temperatures, where they do not redissolve in solution.

Relating to cryogenic analysis, a temperature control reading delay of several
minutes is observed, where the sample takes time to equilibrate to the temperature
reading output by the thermocouple. There is also an interruption in temperature
profile data when ice becomes stuck in the funnel feeding liquid nitrogen into the
cryostat during cooling. Hence it is appreciated that cryogenic cycles require regular

attention during analysis, contributing to the tribulations of analysis using DWLC’s.

Other solvents explored considering variable sample solubility in DWLC analysis
were chloroform, ethanol and methanol. The spectrum of chloroform (Figure 4-76)
presents large oscillations likely due to a sample change during analysis that is
solvent evaporation. This is confirmed by the droplets observed on the inside of the
DWLC in Figure 4-77. It is noted that assembly of the cell takes time which allows
for evaporation of solvent. Methanol and ethanol presented similar results to

chloroform (Figures 4-78 & 4-79), although methanol evaporated faster than ethanol.

Human haemoglobin in water analysed in a DWLC exhibited inconsistent spectra

with change in spacer (Figure 4-80). This may be due to undissolved haemoglobin or
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relaxing of the protein in solution within the DWLC during analysis as the signal
channel was observed to increase. Such may also be the case for human haemoglobin
in DMSO-ds. Interestingly, a globule was observed in the DWLC for human
haemoglobin in DMSO-ds (Figure 4-81). A spectrum of this sample (Figure 4-82)
produced the inverse of solvent absorption as the background subtracted may contain
more vibrations causing these peaks in the background compared to the sample. That
is there is larger solvent volume in the cell hence more solvent absorbance from the
blank than from the sample. Regular globules observed after analysis (Figure 4-83)
may be from interactions with solvent, however these were not reflected in spectra
during cooling and heating cycles (Figure 4-84). In fact, cryogenic analysis did not

present any significant peaks when excluding inverted solvent (Figures 4-85 to 4-89).

DWLC analysis of defibrinated sheep’s blood (Figure 4-90) exhibited water
absorbance even though this background was processed to be removed from the
spectra. Such is also the case for biliverdin in PBS when analysed in a DWLC using
a 20 um spacer (Figure 4-91). However, some peaks were observed when using the
10 pum spacer, such as the 380 cm™! peak of which may be a shifted peak observed in
the pure pellet (370 cm™ in Figure 4-5), possibly representing a sample-solvent

interaction.

No significant peaks were observed from the spectrum of biliverdin in DMSO-ds
(Figure 4-94), perhaps due to biliverdin being completely solvated or biliverdin
signals are masked by the solvent, as the concentration analysed (140 mg/mL) should
yield results (see Figure 4-95 for visual spread and colour of sample in DWLC). The
peak at 560 cm™! may be present on account of sample compartment windows or
synchrotron light [126] and was later observed in other biliverdin spectra. However,
the peak could also be from a vibration attributed to pyrrole groups [137], although
shifted possibly due to a combination of this functional group in one molecule and
electronegativity of additional C=O functionality in biliverdin, or because it is in

liquid phase.

Biliverdin slurry with sodium hydroxide (Figure 4-92) produced a spectrum with

weak and broad biliverdin signals observed in the pure pellet (see Figure 4-93 for
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comparisons), which may be due to interaction of biliverdin with solvent. Although it
is considered that the spectrum may possess an undertone of large oscillation

masking possible peaks.

Powdered biliverdin in a DWLC cracks the windows as shown in Figure 4-97.
Further cracking is probable when mounting the cell to the cryostat for analysis as
illustrated in Figures 4-98 to 4-99. A biliverdin spectrum was produced from this
nonetheless (Figure 4-96) matching all peaks visualised from the pure pellet analysed
(Figure 4-5). Although this analysis is successful in producing biliverdin spectra, it
may represent biliverdin when in solid state, hence is not reflective of biliverdin in

solution.

Solution analysis cannot be carried out in cracked DWLC’s as previous sample
residue in cracks may cause contamination. Also, the cell may leak solution through
the cracks, particularly under vacuum conditions such as that in the sample
compartment. See Figure 4-100 for an example of both circumstances. A cell with a
crack in the window may also create internal reflection and/or diffraction from the
cracked edges of diamond, which may shift beam reflection upon exit from the cell
in a different direction to that of incident radiation and not be detected by the
detector. Ultimately, this could increase the effects of any fringing that may occur
due to differences in refractive indices between the material and diamond windows.
With relation to fringing, some spectra were corrected by applied computational
algorithms, although it is noted that there is loss of information with smoothing

functions.

Another cell was employed to continue investigation of biliverdin solvation and the
amount required to produce characteristic peaks. Biliverdin at concentration of 520
mg/mL in DMSO-ds was examined (Figure 4-101) providing a peak at 370 cm™,
which is also present in the pure pellet. Examination of the DWLC containing
sample after analysis revealed crystallisation (Figures 4-103) that was not present
prior to analysis (Figure 4-102). Hence the 370 cm™! peak may represent a vibration
due to solid state only, an attribute from excessively high concentration, and the

spectrum may represent a combination of solvated as well as crystallised sample. It
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should be considered that a cause of crystallisation is solvent evaporation over time
in the sample test tube, cooling the sample which lowers energy required for

interactions hence vibrations, or that recrystallisation occurred in vitro.

Crystallisation in biliverdin solutions of concentrations below 500 mg/mL (Figures
4-105 & 4-106) is not observed, even with or during cryogenic analysis (Figures 4-
107 to 4-111) possibly due to the lower concentration, hence reduced chance of
molecular interaction to cause crystallisation. Crystallisation also did not occur in
duplicate analysis (Figure 4-104) but is observed in a triplicate analysis (Figure 4-
113), although no significant peaks were detected (Figure 4-112). It is possible that a
crystal growth phenomenon may have ensued in the original and triplicate sample
where a single crystal was present to initiate a recrystallisation process, transpiring at
different times during analysis. This rationalises the lack of the 370 cm™ peak in the

triplicate, although the peak was also not observed during cryogenic analysis.

Preparations of biliverdin in methanol (Figure 4-114) and paraffin oil (Figure 4-115)
provided inhomogeneous suspensions of sample in solvent and presented no
significant spectral peaks on account of this sample inhomogeneity. This was also
experienced by the bilirubin in methanol (Figure 4-130) and paraffin oil (Figure 4-
131) preparations. Cryogenic analysis also appeared to dry the DWLC’s of methanol
and create a large amount of bubbles with paraffin oil (Figure 4-132) which
translated to large spectral oscillation. It is noted that sample compartment pressure
didn’t appear to fluctuate, only decreased over time as expected, hence change to
sample composition or behaviour such as evaporation and escape of solvent from the
cell is not reflected. However, it is possible that solvent inside the cell congregates to
the rubber O-ring seal, away from the central windows to escape the cell under
vacuum. The loss of solvent from the beam path may also justify inverted solvent

peaks observed in analyses during this thesis.

Due to the volatility of chloroform and ethanol, spectra of bilirubin preparations in
these solvents produced noise or undulating oscillations (Figures 4-125, 4-126 & 4-
128). A remedy attempted was an increase in solvent concentration and lower sample

concentration, however the preparations present inhomogeneity, where in
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chloroform, a circle of particles is observed (Figure 4-127) and in ethanol bilirubin is

a suspension in solvent (Figure 4-129).

Bilirubin in plasma at various concentrations including that expected in the blood
and a slurry, presents spectra of water (Figures 4-116 to 4-118), which masked any
peaks associated with this molecule. Bilirubin is also shown not to be transparent
when in liquid phase when analysed in DMSO-ds (Figure 4-119) which presented
characteristic bilirubin peaks between 400-640 cm™' when the pigment is analysed in
solid state, inferring bilirubin is in solid state; it may not be fully solvated. Incubation
(40 degree Celsius) of bilirubin in DMSO-ds to relax the compound into solvent
presented a spectrum with a large amount of noise (Figure 4-120), where peaks are
difficult to distinguish. This was overcome by doubling the spacer size and sample
concentration (Figure 4-121) where characteristic bilirubin peaks between 400-640
cm! were detected again. Leaving the solution overnight presented no spectral

change (Figure 4-122).

Cryogenic analysis of bilirubin in deuterated DMSO-ds shows an isosbestic point
(Figure 4-124) indicating sample change within the first 14 minutes of analysis time,
which may be assigned to either the sample relaxing in or precipitating from
solution. This is supported by the branched structures observed in the cell post-
analysis (Figure 4-123), where it appears bilirubin in solvent has formed rivers
between vacuum gaps. As postulated earlier, solvent may escape the cell or
congregate to the O-ring in the cell, which may also be the case here hence the

unique sample change behaviour.

In many instances where bilirubin was analysed in a DWLC, the solutions appeared
to be suspended particles of pigment in solvent rather than dissolved. This leads to
the investigation of bilirubin conjugate in similar solvents, based on the
understanding that in a bruise, bilirubin will be in a soluble form. Bilirubin conjugate
in water presented water absorbance (Figure 4-133). Significantly, characteristic
bilirubin conjugate peaks observed in pellets were detected as very weak and broad
vibrations (Figure 4-135) and this needs to be achieved with high concentrations

(compared to Figure 4-134), although it is noted that Figure 4-134 may contain the
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similar 540 cm™ peak as observed at higher concentration (Figure 4-135). These
results may validate the notion that solvated or dissolved compound may not be
identified due to interactions with solvent, the vibrations for which are unclear in the

FIR region of the electromagnetic spectrum.

5.4.4 ATR-FIR Spectroscopy

ATR at the Australian Synchrotron could be carried out on the FIR/THz beamline
external to the instrument’s vacuum, which proves suitable for samples in solid and
liquid phase. Some considerations for this novel technique in analysis of bruise
components is that the angle of incidence is set with one reflection, and the depth of
penetration at 100 cm™ is approximately 200 pm, as compared to 20-30 um at 500
cm’! where wavelength is proportional to depth of penetration; wavenumber and
depth of penetration are inversely proportional. These analyses are qualitative hence
refractive index corrections (to reduce divergence of synchrotron beam focus thus
apparent saturation and fringing) are not applied and standards to measure against are
reliable. Additionally, strong absorption at 725 wavenumbers due to the PE window

in the beamline [117].

ATR-FIR haemoglobin-based samples exhibit saturation or noise at lower
wavenumbers although these are explored when blood is in PE pellet form. In Figure
4-177 liquid blood provides similar spectra with or without the use of a retainer.
Although it is evident that greater resolution is acquired with dried blood samples.
Whether blood is dried overnight or with fan assistance spectra is alike (Figure 4-
177) and there is also little variance between various blood types (Figure 4-178).
Additionally, human haemoglobin in plasma produces analogous spectra to that of
sheep blood (Figure 4-181). Notably, human haemoglobin flakes (as supplied in
purchased materials) require grinding to fine powder to achieve spectral resolution
(Figure 4-182) as this increases surface contact with the ATR crystal (flake surfaces

may create diffraction).

As mentioned earlier in this discussion, methaemoglobin formation in vitro produced
partially oxidised samples, hence stored blood samples from 2016 that exhibited

oxidation breakdown were analysed giving Figure 4-180. Alike human haemoglobin,
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methaemoglobin samples also present comparable spectra to that of sheep’s blood
(oxyhaemoglobin). Such is indicative of the oxidative state of iron in haemoglobin
possibly being spectrally transparent or masked by a variety of other protein

vibrations attributed to components in blood in this analysis [138].

Haemoglobin displays aliphatic chain C-C (peaks at 325, 351, 374 & 618 cm™),
metal-oxygen (peaks at 325, 351, 374, 411, 441 & 456 cm!), S-S (peaks at 441, 456
& 520 cm™), amide a-helix (520 cm™ peak), amide IV/V/VI (peaks at 520 & 618 cm’
1) and -CH2CONH- (618 cm™! peak) vibrations [127-132]. The broad character in
spectra of blood and human haemoglobin is prominently reflected in ferritin spectra
(Figure 4-195). This spectral signature is consistent with that reported in literature for
globular proteins, which states amino acids may be responsible for many distinct
vibrations (such as the torsion of the peptide backbone and skeletal deformation) that
all contribute to the broad absorptions observed [128, 138]. This is also in line with
the very low amplitude readings, hence high absorbance of synchrotron radiation

when analysing haemoglobin and ferritin.

ATR-FIR of biliverdin (Figure 4-183) presented crystal lattice/amide VII (peaks at
63, 100, 135, 179 & 191 cm™'), aliphatic chain C-C (Peaks at 266, 294, 298, 340, 371
& 640 cm™), amide C=0 or C-N-N (440 cm™! peak), amide IV/V/VI (peaks at 535,
558, 586 & 640 cm™) and in-plane amide I-IV (640 cm™ peak) vibrations [127-132].
Bilirubin (Figure 4-186) gave crystal lattice/amide VII (peaks at 93, 102, 131, 146,
162 & 230 cm™), aliphatic chain C-C (Peaks at 230, 298, 330, 364, 387, 624, 660 &
663 cm!), amide C-N-N (435 cm™! peak), amide IV/V/VI (peaks at 545, 598, 624,
660 & 663 cm), in-plane amide I-IV (peaks at 624, 660 & 663 cm™) and -
CH2CONH- (624 cm™ peak) vibrations [127-132]. From this, the main difference
between the two pigments observed is the 440 cm™ peak in biliverdin indicating that
it contains carbonyl functionality bilirubin lacks, suggesting hydrogen bond presence
in bilirubin. Other functionality is shown to be similar although the vibrations
occurring at discrete wavenumbers can be attributed to variation in intra- or

intermolecular bonding.

Bilirubin conjugate analysed using ATR in the FIR region (Figure 4-189) presents
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saturation below 210 cm™! which can be attributed to a refractive index correction not
being applied. This compound exhibited aliphatic chain C-C (peaks at 298, 348, 397,
& 617 cm™), amide C-C-N (435 cm™! peak), S-S (435, 468 & 525 cm™! peaks) and
amide IV/V/VI () vibrations [127, 130]. These were reduced in intensity when
bilirubin conjugate is exposed to a nitrogen atmosphere (Figure 4-192), which may

be due to the hygroscopic nature of the compound [139].

ATR-FIR spectral profiles of biliverdin, bilirubin and bilirubin conjugate (Figure 4-
189) confirm those created from pure (biliverdin) and PE (bilirubin & bilirubin
conjugate) pellets (Figures 4-13 & 4-42), however extend the range of analysis,
resolve peaks (in the case of bilirubin conjugate) and do not require dilution.
Biliverdin and bilirubin (Figure 4-193) as well as bilirubin and bilirubin conjugate
(Figure 4-190) mixtures were hence undiluted and analysed to provide equivalent, if

not enhanced results as seen previously with pellets.

Peaks for biliverdin in blood (Figure 4-184) appear to have shifted to lower
wavenumbers as compared to the dry sample of biliverdin. This may be due to
hydrogen bonding stabilisation of secondary nitrogen functionality by plasma from
blood, hence interaction with plasma [131]. This is also observed for bilirubin
conjugate in blood (Figure 4-191). In contrast, when biliverdin is in blood at a lower
concentration and left to dry, only peaks attributed to dried blood are identified
(Figure 4-185). Hence the peak shift may only be observed with larger pigment
quantities, possibly because larger amounts of material in a set volume promotes

interaction.

ATR-FIR of bilirubin (Figure 4-186) shows that 0.8 mg bilirubin is detectable should
it be fully in contact with the ATR diamond window. This is the minimum amount
that could be weighed and transferred to the window. The bilirubin in blood sample
presented characteristic bilirubin peaks, meaning that at least 0.8 mg was detected by
the instrument when bilirubin is in blood, although this is dependent on the contact
the pigment has with the crystal surface. It needs to be considered here that the
spectrum of bilirubin in blood may be a summation of bilirubin and blood rather than

that of solvated bilirubin in blood. Such is also the case for when bilirubin in blood is
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dried (Figure 4-187).

Spectra of dried biliverdin and bilirubin in a 1:1 ratio in blood (Figure 4-194) appears
to be a summation of characteristic biliverdin and bilirubin peaks previously
identified, but also contains a broad absorbance from 300-600 cm™' which may be
attributed to blood protein contribution to the spectrum. This indicates that at the
concentrations of pigments tested in this scenario, solvation was not reflected.
Bilirubin in DMSO-He (Figure 4-188) also presents this behaviour, although it is
noted that this is the first spectrum of bilirubin at a low concentration to be detected
in DMSO. Such tests the idea of unobservable peaks when compounds are in solvent,
however it may be that bilirubin peaks are detected in DMSO in this instance due to

solution saturation.

5.5 Concluding Remarks

Overall, the project has provided a greater depth in chemical understanding, through
spectroscopic investigations at Flinders University and the Australian Synchrotron
(THZz/FIR beamline) utilising pure materials, PE, PTFE and paraffin wax pellets,
DWLC’s and out-of-vacuum ATR of blood and its breakdown products likely to be
present in a bruise. MIR and THz/FIR spectroscopy can differentiate the key
components responsible for bruise colouration, biliverdin and bilirubin. However, the
intermolecular interactions between these compounds with ions and organic material
also likely to be present in a bruise environment offer an intermixing physiological
process. Alas, there is much concerning the complexities of the molecular

environment in a bruise that remains unknown.
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6 Future Studies

Issues were experienced when attempting to oxidise fresh blood. Thus, it is
suggested that the blood be deoxygenised prior to the addition of sodium nitrite to
investigate methaemoglobin formation from undiluted blood samples. In conjunction
to this is further investigation of interconversion cycles between oxyhaemoglobin to
deoxyhaemoglobin utilising the ISP-REF integrating sphere coupled to the
CHEMUSBA4-Vis.-NIR spectrophotometer. This set up could also be used to
qualitatively and if possible, quantitatively examine the biliverdin to bilirubin

conversion with biliverdin reductase in a controlled environment.

The ISP-REF integrating sphere could be coupled to a spectrophotometer of greater
resolution to detect minor peaks in the NIR region otherwise saturated by water
absorbance and has the potential to be utilised as a portable setup. Scanning time for
one spectrum using the sphere setup is also considerably fast, hence the novel
apparatus combination may be used as an initial screening technique for mixtures of
the variety of compounds analysed in this project, for example a combination of
blood, ferritin in solution and bilirubin, to investigate spectral deconvolution. In this

sense, there is potential for optimisation for and analysis of real case bruises.

Future analysis at the Australian Synchrotron could be undertaken with beam current
higher than 200 mA as to increase spectral quality, and further research and
development of the diamond window liquid cells (DWLC’s), including solvent
suitability (FIR transparent) for biological analyses and reproducibility with spacers
and assembly method (sometimes cells needed to be assembled 3 times before
analysis as bubbles from uneven clamping are observed), is required for liquid phase
analysis progression. Deconvolution of pigments in blood matrices using ATR-FIR is
another potential suggestion, where the pigment-solvent interaction is investigated.
Modelling and DFT calculations could also be carried out for the pigments to

confirm understanding surrounding intramolecular bonding.

Optimisation of cryogenic analyses at the Australian Synchrotron is recommended to

improve the delay between thermocouple temperature measurements and true sample
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temperature (physically further from the thermocouple) as this may be significant
regarding identification of molecular interactions of compounds in frozen forensic
samples otherwise not observed. Moreover, crystallisation of compounds in saturated
solvent with freezing could be further studied as to investigate liquid to solid state

molecular mechanisms.

The analysis of smaller molecules, possibly protein subunits, polypeptide chains,
amino acids (eg. Melanin) or iron-containing porphyrins could be attempted to focus
on functionality groups and molecular interactions, then compare these results to
more complex or convoluted spectra of mixtures of blood with biliverdin and
bilirubin, or even other larger proteins such as ferritin. A quantitative approach for
this future suggestion is commended. Also, it needs to be considered that vibrational

interactions may vary with solvation.

To confirm validation of MIR analyses, it is suggested that ATR analyses be carried
out on biliverdin and bilirubin in the same form; either salt or unconjugated. This
may involve stability testing of bilirubin as a salt where bilirubin is solvated in an
alkali solution, then acid is added to balance out the counterion on bilirubin and
precipitate a salt for comparison against biliverdin hydrochloride. Refractive index
corrections applied in these analyses would also reduce time processing spectra,
however this insinuates a study regarding refractive indices of the breakdown

components in a bruise.

Additionally, the study of biliverdin destruction when exposed to UV light over time

and if this influences visualisation of haemoglobin breakdown is proposed.

It was anticipated that the novel spectroscopic techniques and resultant spectral
information acquired in this thesis be applied to bruised human tissue. Unfortunately,
this thesis did not reach this goal, however this work has the potential to contribute to
the greater understanding of the behaviour of chemical components that may be
found in and contribute to the apparent colour of a bruise, ultimately assisting in

determination of the process of compound breakdown and hence bruise age.
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