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Thesis Abstract

After death, the human body undergoes a series of biochemical processes as part
of decomposition. These processes eventually result in the release of fluids,
containing a mixture of water, protein, lipids, carbohydrates and minerals from the
tissues into the surrounding environment. Due to their hydrophobicity, lipids are more
resistant to harsh environmental conditions than the other constituents of the
decomposition fluids. As such, lipids have been a target of archaeological
investigations for many years as a means to reconstruct the history of human
civilizations across the globe. This has been achieved by analysing the many matrices,
clothing in particular, that contain these target lipids and consequently mapping their
patterns of degradation. In a forensic context, clothing is commonly recovered at the
scene of a crime as physical evidence. Therefore, the application of these
archaeological methods could provide an excellent resource for investigators,
particularly when faced with complex death investigations, to aid in the reconstruction

of events, or most importantly, time since death.

In order to investigate post-mortem lipids in textiles, pig and human remains
were clothed and placed on the soil surface at the Australian Facility for Taphonomic
Experimental Research (AFTER) and allowed to naturally decompose. Clothing
samples were collected in-field and first analysed using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy as a preliminary method for the
detection of post-mortem lipids. The samples were then extracted and analysed using

a method adapted from previous archaeological works using gas chromatography
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tandem mass spectrometry (GC-MS/MS) for further elucidation of the lipid profiles

collected in the materials.

At the completion of this project, post-mortem lipids proved to be of great use
when relating their detection, and monitoring their patterns, in conjunction with the
decomposition timeline. In addition, interesting trends relating to interspecies
differences between humans and their analogues were revealed. Lipids in textiles
therefore, hold great potential in the future of forensic science as an additional means
of estimating time since death, providing valuable information that could aid in solving

future cases involving human remains.
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Chapfter 1: Introduction.

24



Chapter 1

Chapter 1: Introduction.

Human remains are often discovered clothed or semi-clothed [1-3], making
textile materials a ubiquitous source of physical evidence in forensic cases. Second
to residential scenarios, homicide victims are often located in outdoor environments
[4], where soft tissue decomposition can be rapid and scavenging activity becomes
quite common, providing additional challenges to investigators [5]. In complex death
investigations such as this, the analysis of associated evidence becomes critical in
providing information concerning the criminal activities in question. Previous research
has been focused on how textiles impact the overall decomposition ecology [5-8] and
it is understood that the presence of textiles has a significant impact on the rate of
decomposition [9]. Recent taphonomic research has also investigated the potential
of indirectly monitoring the decomposition timeline through the collection of lipids

within textiles associated with remains [10].

The word taphonomy comes from the Greek words /aphos (grave) and nomos
(law) and involves the study of an organism from the time of its death, until its
discovery [11, 12]. It is a term originally coined by palaeontologist Professor Ivan
Antonovich Yefremov who studied the transition of organisms from the biosphere to
the lithosphere [11]. During this transition, Yefremov found that organisms often
experienced a series of preservation processes, known as fossilisation [11]. Yefremov
also recognised that by investigating the features and conditions of the burial
environment, he could better understand and predict the post-mortem changes that

would occur to an organism [11, 12].
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The use of human analogues, such as the domestic pig, in forensic taphonomy
has been a commonly accepted and widely practiced method in the past. This is
primarily due to the ethical and legal restrictions that exist in most countries which
limit the use of human cadavers in taphonomic research studies [13]. However, little
research has investigated the efficacy of using pigs as human proxies in taphonomic
research. To date, some research has shown differences between humans and
domestic pigs in respect to; body composition and gut flora [14], lipid biochemistry

[15], visual total body scoring and volatile organic compounds [13].

In 1980, American forensic anthropologist Dr. Wiliam Bass, opened the
Anthropological Research Facility (ARF) at the University of Tennessee in the United
States (US); this facility was the first of its kind and provided the invaluable opportunity
to study the decomposition of human cadavers in a controlled environment that was
comparable to forensic casework [11]. This influenced the development and
establishment of other decomposition facilities across the globe, with seven now
located in the US, one in the Netherlands, one in Canada and one in Australia. The
Australian Facility for Taphonomic Experimental Research (AFTER) was established
in 2016, and is the only facility of its kind in the southern hemisphere. With the
development of such facilities and the production of novel research, taphonomy,
which was once an archaeologically focused practice, was repurposed with the
application to modern forensic casework and so the term forensic taphonomy was
developed [11, 12]. Forensic taphonomy focuses on four distinct phases: time of
death, death, deposition and recovery [11, 12]. Today, this transdisciplinary field
incorporates features of pathology, anthropology, archaeology and palaeontology

[11], with the sole purpose to understand the fate of contemporary human remains
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[12]. In 2017, Schotsmans et al. [16] proposed that forensic taphonomy
encompasses all aspects of peri- and post-mortem assessments; including the

stages, recovery and storage of remains.

1.1. Decomposition

Decomposition is the dynamic process whereby a compound is disintegrated into
its elementary constituents through physical, chemical, and biological mechanisms
[5, 17, 18]. With respect to the decomposition of human remains, it is the process
that occurs between heartbeat cessation, up until all soft tissue is resolved, leaving
only hard tissues or skeletonised remains [19]. Although there are a series of
predictable post-mortem processes that occur, the determination of time since death
still presents as a major challenge to law enforcement when faced with decomposing
human remains [20]. This is primarily due to the complex idiosyncrasies surrounding
each case, and the dynamic relationship that exists between the abiotic and biotic

factors involved [21].

In previous years, the post-mortem process has been consolidated to a manner
of five predictable stages known as: fresh, bloat, active, advanced and dry remains

[22, 23].

7.7.7  Fresh

The first stage of decomposition is known as the fresh stage, and this begins
as the heart stops beating, where the remains typically appear as they did in life (Fig.
1.1). This causes an oxygen depletion in the body, consequently leading to an
increase of carbon dioxide in the blood [24]. As a result, the blood pH decreases,

excess waste products begin to accumulate and aerobic metabolism is inhibited [24].
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This initiates the process of autolysis, the enzymatic digestion of cellular membranes,

which causes a release of intracellular fluids (lipids, proteins, carbohydrates and

Fig. 1.7 Clothed pig remains in the ‘fresh’ stage of decomposition

nucleic acids) [18, 19, 25, 26].

During the fresh stage, the remains will also pass through rigor, algor and livor
mortis [26, 27]. Rigor mortis may be observed within 2-6 hours post-mortem, whereby
the muscles and joints become rigid due to oxygen depletion and a loss of adenosine
triphosphate (ATP) [26, 27]. Between 18-20 hours post-mortem, the body will begin
to equilibrate with atmospheric temperature, and this is known as algor mortis [26,
27]. In most cases, the blood will also begin to accumulate and settle in the small
blood vessels toward the posterior surface of the remains, causing a discoloration of
the skin known as livor mortis, or lividity [26, 27]. During the fresh stage, flesh flies

(Sacrophagidae) and blow flies (Calliphoridae) are observed; these are known as

28



Chapter 1

early insect colonisers and their egg masses will be located in moist areas of the body

[25].

1.1.2. Bloat
The second stage of decomposition is marked by the appearance of

abdominal distention, or bloating (Fig. 1.2).

Fig. 1.2 Clothed pig remains in the bloat’ stage of decomposition

This bloat effect is a direct result of putrefaction, where the accrual of internal
gases like hydrogen sulphide and methane produced during autolysis distend the
abdomen [19, 25]. When the internal pressure becomes too great, the decomposition
fluids and gases will begin to purge from the remains, initiating the onset of the active
decay stage [19, 25]. During the bloat stage, carrion beetles such as clown beetles
(Histeridae) become more prominent as they feed on the larva of the early insect

colonisers as well as the flesh of the decomposing remains [22].
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7.1.3. Active

Once the skin has ruptured and the fluids and gases are released into the

immediate environment, the remains are in the active decay stage (Fig. 1.3).

Fig. 1.3 /otheo’ pig remains in the ’act've’sz‘age of decomposition
This is typically characterised by the rapid loss of body mass, the appearance
of black putrefaction, darkening of the skin and the presence of distinctive
decomposition odours due to the volatile organic compounds (VOCs) released [19,
28]. During this stage, insect activity peaks (Calliphoridae, Staphylinidae, Histeridae,
Sacrophagidae and Muscidae) and accelerates the degradation of soft tissue, leading

to bone exposure [19].

7.1.4. Advanced
The advanced decay stage is primarily marked by the migration of maggots

away from the remains where they begin to pupate [25] and there is an increase in
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beetle activity [19]. This stage typically occurs weeks, to months, post-mortem and
any remaining soft tissue begins to desiccate, leaving predominantly skin, cartilage,

hair and bones [19] (Fig. 1.4).

Fig. 1.4 Clothed pig remains in the advanced'stage of decomposition

1.1.5. Dry remains
The final stage of decomposition is known as the dry remains stage where any
remaining moist, soft tissue becomes mummified and adheres to the bones [26, 28]
(Fig. 1.5). Over time, the bones will continue to degrade at a much slower rate,
undergoing bleaching and diagenesis in some cases [18]. At the point where > 50%

of the bones are exposed, skeletonization is said to have occurred [28].
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e

Fig. 1.5 Clothed pig remains in the dry’ stage of decomposition

1.2. Covariates impacting decomposition

The overall rate, manner and progression of the decomposition process is
highly dependable on a range of extrinsic covariates. Data obtained from both forensic
casework and experimental research [16, 29-31] have documented temperature and

moisture to be the primary covariates influencing decomposition.

1.2.1. Accumulated-degree-aays (ADD)

Work by Megyesi et al. in 2005 [32] demonstrated that 80% of the variation
within decomposition can be accounted for by accumulated-degree-days (ADD).
ADD are units that represent the accumulation of thermal energy in a chronological
combination of time and energy [32]. In this manner, it is said that when equal units
of thermal energy (ADD) are applied to remains, a relatively equal amount of

decomposition is to be expected [33]. This is because climate effects the time that
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will elapse during each stage, and thus determines the overall rate at which remains
will decay [16, 29]. Climate can also regulate the microbial environment as it selects
for certain decomposer microbes, whilst also eliminating others; this is particularly true
when comparing a microbial environment between two contrasting seasons, such as
summer and winter [34]. It is also well documented, that warmer climates significantly
enhance the biological and chemical taphonomic processes, thus facilitating a much
faster rate of decomposition [25, 35]. Warmer climates lead to an increase in
entomological activity, which will consequently lead to an escalation in soft tissue
consumption [36]. This means that the remains will progress from fresh, to skeletal,
at a much more accelerated rate. In contrast, cooler climates evidently slow microbial
metabolism, decrease the biological and chemical processes and retard the
decomposition process [16]. And under extreme conditions, cooler climates can
result in the preservation of the remains [16].

As a result of these variables and the dynamicity of the decomposition
process, there is no accurate scoring system that is universally applicable. There are
however, a number of teams currently working on developing these systems
worldwide. These scoring systems are subjective and it is suspected that a more

objective Atrtificial Intelligence (Al) approach could be a more viable alternative.

1.2.2. Accumulated-relative-humidity (ARH)

Moisture, relative humidity or rainfall, is another important factor to consider
when working with remains, as the introduction of water will alter the environment in
which the remains are deposited [16]. This excess moisture will percolate into the

surrounding soil and can promote waterlogging [35]. In clayey soils, containing a
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minimum of 40% clay particles, the diffusion of gasses is restricted, which depletes
the soil environment of oxygen and leads to the build-up of moisture [16]. These are
optimum conditions for anaerobic microorganisms, which are less effective than
aerobes, causing the decomposition process to slow [37]. Under favourable
conditions, particularly in these moist environments, triacylglycerols, within adipose
tissue, undergo hydrolysis and hydrogenation via intrinsic lipases [15]. During
autolysis, elements such as sodium and potassium are released, and these elements
may result in the formation of salts by reaction with the cleaved fatty acids [15].
Natural environments often provide other sources of elements that may react with
these cleaved fatty acids to form fatty acid salts, for example calcium found in soil
[15]. These salts are known to be the primary constituents of adipocere [37]; a grey,
wax-like substance, that retards decomposition [18].

In contrast, sandy soils containing a minimum of 85% sand particles, facilitate
gas diffusion at a much greater rate and the larger particle size allows moisture to
drain away, favouring desiccation [16]. Under these conditions, remains will typically
dehydrate; the skin will become dark and leathery, and under stable conditions, the

remains can be preserved for years — this is known as mummification [25, 38].

1.3. The great debate: pigs vs humans

Due to legal and ethical restrictions surrounding the use of human cadavers
in decomposition research, a majority of taphonomic work in the past has been
conducted on domestic pigs (Sus scrofa) as human analogues. The use of pigs as
analogues has been widely accepted in forensic science, due to similarities in the skin,
digestive, and immunological systems [39-41]. The advantages of using pigs as

animal models for human decomposition centre largely around the availability of
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subjects, replicability, scalability, and affordability. In addition, when working with
animal models, such as pigs, researchers are better able to control systematic
nuances in height, age, weight, sex, time of death, cause of death, medical condition
etc. to better regulate their experiments. In contrast, when working with human
remains, there are limitations with respect to most, if not all, of these aforementioned
factors. From a research perspective, conducting taphonomic experimentation on
pigs appears to be the most obvious and logical approach. However, the degree of
difference, or the standard of error, that exists between species, is yet to be fully
understood. And when placed in context of applying animal-obtained data, regarding
decomposition, to forensic casework involving human remains, the question is raised

as to the accuracy of such application.

The establishment of human taphonomic facilities have provided researchers
with the invaluable opportunity to investigate whole human decomposition in a
controlled, legal and ethical manner [11]. These facilities allow for the development,
optimisation and testing of novel, and existing, techniques for the location, detection,
identification and dating of human remains. In addition, these human taphonomic
facilities allow for the much-needed comparative studies to evaluate the degree of

difference that exists between pigs and humans, in a taphonomic respect.

Recent comparative studies have already investigated the differences
between pigs and humans in context of adipose tissues, volatile organic compounds
(VOCs) [15], insect succession [13, 42-45], and skeletal muscle tissue [46] to list a
few. Each of these unique comparative studies found that the outcome(s) being
measured in the investigations were dissimilar between pigs and humans. Thus,

providing sound evidence to support the use of human remains in taphonomic
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research, as well as highlighting the importance of continuing these comparative
studies to deepen our understanding of this degree of difference more accurately

between the species.

1.4. Post-mortem lipids

In life, the human body is primarily composed of water, protein, lipids,
carbohydrates and minerals which are contained mostly within tissues [47]. However,
during the biochemical decomposition processes of autolysis and putrefaction, these
molecules, and their resulting by-products, are released from the tissues and into the
immediate environment [18]. As a majority of proteins and carbohydrates are
hydrophilic molecules [48], they are unfavourable targets when considering naturally
occurring covariates such as rainfall. Lipids on the other hand, are mostly hydrophobic
molecules [48, 49] and as such, are more resistant to harsh environmental conditions.
So much so, that several archaeological studies have successfully extracted lipids
from specimens exposed to the environment for hundreds of years [50, 51].
Therefore, the ability to detect and monitor these lipids in textiles, and relate them to
the decomposition timeline, holds great potential for use as soft tissue biomarkers of
decomposition. These biological lipids are a chemically varied group of compounds
[52], and are as functionally diverse as their chemistry. These lipids can be grouped
into three major categories: storage lipids, structural lipids and signalling lipids [52].
The most dominant type of lipid present in the body, in life, are triacylglycerols [10,

16] which are primarily storage fats [52]. Triacylglycerols contain a single glycerol
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molecule with three fatty acids, joined via ester linkages (Fig. 1.6), and are mostly

insoluble in water [10, 16, 52].

Glycerol 3 fatty acid chains

(@)
| T
H— C — O C —CH2—CH2 —CHQ—CHz—CH3
| o
H—C—0O—C_CH, CH,—CH,—CH,__CH,
O
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H—C—O|—C —CH,—CH,—CH;—CH,—CH,

I
Triacylglycerol

Fig. 1. 6 Diagram of triacylglycerol structure with glycerol molecule joined to three fatty acids via
ester linkages.

As the body undergoes decomposition, these triacylglycerols undergo
hydrolysis, due to enzymatic activity, and produce a mixture of saturated and
unsaturated fatty acids [53]. Under aerobic conditions, the oxidation of unsaturated
fatty acids can occur due to the activity of microorganisms or oxygen present in the
atmosphere. The final products of this aerobic oxidation are aldehydes and ketones.
However, under anaerobic conditions the mixture of saturated and unsaturated fatty

acids produced during the post-mortem process of hydrolysis, undergo further
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hydrolysis and hydrogenation via intrinsic lipases, which result in the transformation

of the unsaturated fatty acid double bonds into single bonds (Fig. 1.7.) [10, 15].

Fatty Acids
Behenic Acid
(C22:0)

Arachidic Acid
(C20:0)

Stearic Acid Oleic Acid Linoleic Acid

(C18:0)

Palmitic Acid
(C16:0)

c18:1) € (C18:2)

Palmitoleic Acid
(C16:1)

Myristic Acid
(C14:0)

Lauric Acid
(C12:0)

Decanoic Acid
(C10:0)

Fig. 1.7 Expected degradation pathway of saturated and unsaturated fatty acids. Fatty acids of
particular interest in decomposition are highlighted in orange.

The fatty acids of most importance, according to the available literature are
the medium- and long- chained fatty acids: palmitic acid, palmitoleic acid, stearic acid,
oleic acid, linoleic acid and myristic acid [49, 54, 55]. However, while these fatty acids
have been highlighted in previous research, little work has delved deeper into relating

the appearance and subsequent degradation patterns of such lipids, to the
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chronology of decomposition. Nor have recent works looked into the contribution of
these fatty acids from sources other than decomposition. Because fatty acids are so
omnipresent in the environment, it is vital to establish an understanding of the sources
of background contamination, to fully comprehend their significance in the

decomposition process.

Sterols are another class of lipids which mostly function as structural or
signalling lipids however, they differ from most other lipids due to their characteristic

tetracyclic ring structure [56] (Fig. 1.8.).

Sterol backbone

H.C
Cholesterol
CH(CH,);CH(CHz),

CH,

CH,

HO

Fig. 1.8 Diagram of characteristic sterol tetracyclic backbone and structure of a comrmon
sterol: cholesterol.
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In comparison to fatty acids, sterols have been somewhat neglected in
decomposition studies with respect to their role and importance in understanding the
decomposition ecology. Despite this, archaeological investigations have
demonstrated how sterols can remain stable in harsh conditions, over extended
periods of time [50, 57, 58]. Some recent forensic-focused works, conducted by
Luong et al. [51], Ueland et al. [49] and Von der Luhe et al. [56, 59], have shed some
light on the role of cholesterol in particular, with respect to decomposition. In life,
cholesterol is a ubiquitous tissue sterol in animals, whilst also being detectable in trace
levels in some plants [60, 61]. In animals, cholesterol plays an integral part in lipid
metabolism as well as being a structural component of plasma membranes [60, 61].
During the processes of decomposition, cholesterol is known to reduce into its stanol
derivatives, 5a-cholestanol and coprostanol [62], with 5a-cholestanone being an
intermediary of this reduction process [63, 64] (Fig. 1.9). Coprostanol is also a well-
known faecal sterol that is produced in the intestines of animals that are warm-
blooded, making up approximately 60% of the faecal sterols present in human faeces

[63]. The difficulty with targeting sterols in decomposition studies lies in the
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background contribution of environmental sterols from plants, animals and fungi [65-

67].

A range of different fatty acids and sterols have been targeted in several
recent archaeological [57, 58, 68] and forensic [49, 51] investigations for different
purposes. Some of the most commonly targeted lipids, based on their potential
diagnostic value in context of decomposition [2, 21-23], as well as their ability to

capture a more holistic insight into the decomposition ecology are outlined in Table

1.1.
Sterols
Cholesterol
Coprostanol
Sa-cholestanone  ———  54_cholestanol 5B-cholestanone

Fig. 1.9 Expected degradation pathway of sterols of particular interest in decomposition.
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Table 1.7 Commonly targeted ljpids for forensic analysis [2, 21-23], organised by category.

Name Chemical Formula
Saturated fatty acids
Arachidic Acid C20H4002
Behenic Acid C22H4402
Decanoic Acid C10H2002
Deoxycholic Acid C24H4004
Heneicosanoic Acid C21H4202
Heptadecanoic Acid C17H3402
Hexacosanoic Acid C26H5202
Lauric Acid C12H2402
Myristic Acid C14H2802
Palmitic Acid C16H3202
Pentadecanoic Acid C15H3002
Nonadecanoic Acid C19H3802
Tetracosanoic Acid C24H4802
Tricosanoic Acid C23H4602
Tridecanoic Acid C13H2602
Stearic Acid C18H3602
Unsaturated fatty acids
Linoleic Acid C18H3202
Lithocholic Acid C24H4003
Oleic Acid C18H3402
Palmitoleic Acid C16H3002
Dicarboxylic acids
Azelaic Acid C9H1604
Sebacic Acid C10H1804
Oxysterols
25-hydroxycholesterol C27H4602
Stanols
5a-cholestanol C27H480
Coprostanol C27H480
Stanones
5a-cholestanone C27H48
A’—sterols
Cholesterol C27H460
Phytosterols
Ergosterol C28H440
Stigmasterol C29H480
B-sitosterol C29H500
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1.5. Post-mortem lipids in textiles as biomarkers of decomposition
The fluids released from a body during decomposition, containing post-mortem
lipids, are absorbed and accumulated in associated matrices, such as clothing worn
by the individual at death. A report published in 2018 by Balan [69] noted that 97%
of homicides resulted in physical evidence, primarily clothing, being collected which
makes it a ubiquitous source of evidence at scenes involving the discovery of human
remains. A majority of the published literature focuses on textiles from an
archaeological perspective [31, 70, 71], on how clothing affects the decomposition
process [7, 72-75], or on the interactive relationship between decomposing remains
and textiles [5]. Despite often being utilized in criminal cases to aid in the ‘how’ aspect
through forensic textile damage analysis [76], these materials have recently been

proven to also be an excellent host for decomposition fluids [10, 53, 77].

Due to the complexity involved with the analysis of decomposition samples
alone, the work in this thesis focused on the use of 100% cotton as the textile host to
capture the post-mortem lipids. Cotton is a commonly used natural textile that is
derived from the seed hair of the many species of the genus Gossypium [78]. These
fibers are mostly composed of cellulose and are highly absorbent [31]. As the work in
this thesis aimed to develop and test novel analytical methods for the detection of
post-mortem lipids in textiles, this material was also considered to be a practical
selection to further eliminate variables that could be introduced by fabric dyes or

synthetic materials.
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1.6. Analytical approach

This research utilised a two-phase approach to investigate whether post-
mortem lipids collected in textiles could be associated with the decomposition
ecology, and therefore time since death. Phase one involved a non-targeted approach
with the use of attenuated total reflectance (ATR) — Fourier transform infrared (FTIR)
spectroscopy. This tool served as a presumptive method for the detection and
monitoring of post-mortem lipids collected in textiles, alongside the degradation of the
textiles themselves. Phase two then utilised a targeted analytical chemical detection
to analyse lipids extracted from textiles via gas chromatography (GC) coupled with

tandem mass spectrometry (MS/MS).

1.6.1. Phase one: FTIR spectroscopy

FTIR spectroscopy is a technique often utilised in forensic science for the non-
destructive characterisation of materials. These materials can vary from the analysis
of suspected prohibited drugs, to human hair. Recently, this method has been
employed in research for the investigation textile degradation [79-81], as well as the
successful detection and monitoring of human decomposition by-products retained in

clothing [10, 53].

An ATR accessory is highly advantageous in the application of such work as
it is fast and reproducible, whilst also being non-destructive, which allows subsequent
analyses of the samples [82, 83]. Additionally, in line with the scope of the current
study, this technique allows for the analysis of both the degradation to the clothing
materials (cotton), as well as the detection of decomposition by-products (lipids).

Table 1.2 outlines the regions of particular interest in this work pertaining to the IR
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bands characteristic of the cellulose within the cotton materials, and the post-mortem

lipids released during the decomposition process.

Table 1.2 IR band assignments of interest pertaining to the detection and monitoring of post-mortem
ljplds and cotton cellulose.

IR region Wavenumber
Band Assignment Characterisation
(cm’) (cnr)
CHz asymmetrical
2920 stretching
3000 - 2800
2850 CHa symmetrical Lipid containing
stretching regions
1710, 1720, 1745 C=0 stretching
1800 - 1500
1540, 1575 C-O stretching
1430 CH: scissoring
1400 - 1200 1335 C-H bending L
Cellulose containing
1314 CHarocking regions
1200 - 800 1033, 1001, 985 C-O stretching

In this work, ATR-FTIR spectroscopy was applied as a preliminary method for
the detection and monitoring of post-mortem lipids collected in cotton textiles
associated with decomposing pig and human remains. The bands of interest outlined
in Table 1.2. were focused on in an effort to investigate the simultaneous degradation
patterns of these post-mortem lipids, as well as the cotton materials, in conjunction
with the decomposition timeline. Specifically, the bands targeted in these regions
related to fatty acid salts (1540 cm™ and 1575 cm™), free fatty acids (1710 cm™),

aldehydes and ketones (1720 cm™) and triacylglycerols (1745 cm™) [10, 53]. In

45



Chapter 1

addition, several cellulose containing regions were targeted to simultaneously monitor
the degradation of the textile materials during this study. While highly advantageous
in most respects, this method does present limitations as it does not allow for more
targeted or specific analysis of the lipid profiles that are associated with the

decomposition ecology.

1.6.2. Phase two. GC-MS/MS

Gas chromatography — tandem mass spectrometry (GC-MS/MS), is a
powerful analytical technique that enables targeted analysis. The use of
chromatographic separation coupled with tandem mass spectrometry is a highly
advantageous method for the analysis of trace compounds, including lipids, in
complex matrices [84]. Gas chromatography (GC) is used as the separation method
whereby the volatile liquid or gaseous sample is introduced through a heated injection

port and onto the analytical column [85] (Fig. 1.10).

Sample Injection

lonisation . Quadrupole Mass.Analyser
: : Electron Multiplier
e -0
o 0
e o ° °
W 00 Tg 0 0 "0 o
- 00
c® -0
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Column Focusing Lenses
Gas Chromatograph (GC) Mass Spectrometer (MS)

Compdter

Fig. 1.10 Schematic diagram of gas chromatography quadrupole mass spectrometer (GC-MS/MS).
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The sample is then separated in a gaseous state based on its physical and
chemical properties and its interaction with the stationary phase of the analytical
column [85] (Fig. 1.10). When exiting the analytical column, the compounds enter the
tandem mass spectrometer (MS/MS) which is comprised of two scanning mass
analysers that are separated by the collision cell (Fig. 1.10). Parent fragments can
then be selectively reacted in the collision cell with an inert gas, resulting in further
fragmentation to produce daughter ions which are then further resolved in the third

quadrupole [86] (Fig. 1.10).

In their native form, lipids are not amenable to detection and analysis via GC-
MS/MS due to their low volatility [68]. However, previous lipid work in forensics by
Ueland et al. [49] and in archaeology by Luong et al. [68] have demonstrated great
success in increasing the volatility of these target lipids via trimethylsilylation
derivatisation for analysis using GC-MS/MS. A series of archaeological investigations
[87-105] have also successfully demonstrated the use of full scan mode, selected ion
monitoring (SIM) mode and multiple reaction monitoring (MRM) mode of GC-MS/MS
for the detection and quantification of non-volatile lipids. Additionally, GC-MS/MS has
an increased signal to noise ratio, due to reduction of noise from interference ions,
lowering the detection limit of the MRM mode relative to SIM [106], proving it to be a

superior technigue to conventional GC-MS.

1.7. Thesis aims and structure
This thesis documents novel results from the investigation of post-mortem
lipids collected in cotton textiles associated with decomposing remains from AFTER.

In addition, this work comments on the use of post-mortem lipids as a measurable
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outcome to assess the interspecies differences between pigs and humans, as well as

its future potential to be developed into an alternative time since death estimator.

In Chapter 2, cotton textile samples associated with decomposing pig and
human remains were analysed using ATR-FTIR spectroscopy to measure the relative
absorbance of known target lipid regions within the spectra. These lipid regions
incorporated fatty acid salts (1540 and 1575 cm™), free fatty acids (1710 cm™),
aldehydes and ketones (1720 cm™) and triacylglycerols (1745 cm™), however did not
extend to sterols. The aim of this study was to assess, using semi-parametric
regression models in linear mixed model form with Markov chain Monte Carlo
(MCMC) sampling, the aforementioned lipid profiles on a time-dependent scale. In
addition, this research aimed to provide further insight to the ongoing debate
regarding the species comparison between pigs and humans using the lipid profiles

obtained.

Despite the major advantages associated with the use of ATR-FTIR
spectroscopy in forensic work such as in Chapter 2, this method does not allow for a
more specific analysis of the post-mortem lipid profile. Chapter 3 therefore aimed to
develop and optimize a novel analytical chemical workflow for the targeted analysis of
post-mortem lipids collected in textiles using GC-MS/MS. The specific lipids targeted
in this analysis included; arachidic acid, azelaic acid, behenic acid, cholestanol,
cholesterol, coprostanol, decanoic acid, deoxycholic acid, ergosterol, heneicosanoic
acid, heptadecanoic acid, hexacosanoic acid, lauric acid, linoleic acid, lithocholic
acid, myristic acid, nonadecanoic acid, oleic acid, palmitic acid, palmitoleic acid,
pentadecanoic acid, sebacic acid, stearic acid, stigmasterol, tetracosanoic acid,

tricosanoic acid, tridecanoic acid, 25-hydroxycholesterol, 5a- 5a-cholestanone, and
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B-sitosterol. Chapter 3 also aimed to investigate the complex challenges of matrix

effects observed in taphonomic samples.

The aim of Chapter 4 was to apply the methods developed in Chapter 3 as a
preliminary investigation to examine human decomposition lipid profiles extracted

from textiles associated with remains.

While the research in Chapter 4 was fundamental in providing a foundation for
future work, the results were mostly descriptive in nature, making it difficult to discern
which of the lipids were most appropriate for investigation as soft-tissue biomarkers
of decomposition. Therefore, Chapter 5 aimed to thoroughly investigate the impact of
ADD, as the unit of measurement for chronological time, on post-mortem lipids in
clothing, as the measurable outcome of decomposition, using generalized linear

mixed models.

Chapter 5 initially included ARH as a covariate to account for the accumulation
of moisture within the taphonomic ecosystem. However, preliminary statistical tests
revealed no significant value was attributed by the inclusion of ARH, of which was not
already accounted for by the use of ADD. This finding is congruent with recent work
by Garrett-Rickman [107] who concluded that ARH accumulates consistently, and
that rainfall is unpredictable across all seasons. Therefore, ARH was excluded from
further analysis. The data included in this chapter was obtained from both pig and

human donors in order to meet sample size requirements for modeling.
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2.1. Introduction

Determination of time since death presents as a major challenge to law
enforcement when faced with the discovery of human remains [1]. This is primarily
due to complex relationships between biotic and abiotic factors influencing the post-
mortem process [2]. Decomposition involves a series of chemical processes that
result in the breakdown of soft tissues containing carbohydrates, proteins and lipids
[3-6]. This process occurs immediately after death and ultimately results in the

disintegration of all soft tissues, leaving dry or skeletal remains [3-6].

For decades, studies investigating post-mortem decomposition and time since
death have utilised human analogues, primarily the domestic pig (Sus domesticus)
due to ethical and legal restrictions limiting the use of human cadavers in
decomposition research [3]. The use of pigs as analogues has been widely accepted
in forensic science, due to anatomical similarities in the skin, digestive, and
immunological systems [7-9]. As a result, the field of forensic taphonomy has become
heavily saturated with information regarding the post-mortem processes gained from

pig models.

A review article published in 2020 by Matuszewski et al. [10] detailed selected
cadaver studies conducted between 1955 and 2018 related to carrion ecology,
forensic entomology and taphonomy. Of the studies listed, more than half were
conducted on pigs and less than 10% on humans. However, with the emergence of
human taphonomic research facilities, researchers have been able to directly
compare the taphonomy of pigs and humans. Recent comparative studies have

investigated the differences between pigs and humans with respect to adipose tissues
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[11], volatile organic compounds (VOCs) [12], insect succession [13-16], skeletal
muscle tissue [17], soil biogeochemistry and microbiology [18] and total body scoring
[19, 20]. However, there remains an urgent need to continue these comparative
studies in more fields, using different scientific methods in order to adequately assess
whether pigs are suitable analogues for human decomposition work. Therefore, the
current study aims to investigate the interspecies differences between pigs and
humans using post-mortem lipids collected in textiles. Recent forensic studies [21-24]
have demonstrated that textiles are a valuable source of physical evidence,

particularly as a host for decomposition fluids rich in lipids [21-23].

Lipids contribute to approximately 60-85% of adipose tissues [4], with the
predominant type being triacylglycerols [4, 21, 25]. The structure of triacylglycerols is
comprised of three fatty acid tails attached via ester linkages to a glycerol molecule
[4]. Following death, these lipids undergo hydrolysis due to enzymatic activity,
resulting in the release of free fatty acids [4, 21, 22]. Due to their hydrophobic nature,
saturated fatty acids are extremely persistent in the environment and are more stable
when compared to other soft tissue biomarkers such as proteins, carbohydrates and
nucleic acids [26]. Despite the fact that pigs and humans both contain approximately
20% adipose tissue [27], the composition and individual proportions differ greatly

between species [11, 28].

For the current study, cotton textile samples were examined using attenuated
total reflectance (ATR) - Fourier transform infrared (FTIR) spectroscopy to measure
the relative absorbance of target lipid regions. One hundred percent cotton was
selected as the baseline for this work due to its known absorptive properties and

feasibility for the collection of decomposition products and assessment using FTIR
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spectroscopy [21-23]. The ability to identify and monitor trends in the post-mortem
lipids collected in textiles over the decomposition timeline and statistically assess
these patterns provides a new pathway for the analysis of functional data on a time-
dependent scale. This is a useful tool for forensic investigations where time since

death is in question.

This preliminary study provides the first assessment of post-mortem lipids
collected in textiles to examine interspecies differences between pigs and humans in

the southern hemisphere.

2.2. Materials and Methods
2.2.1. Experimental Field Site

This study was conducted at the Australian Facility for Taphonomic
Experimental Research (AFTER), an outdoor eucalypt woodland on the Cumberland
Plain in Western Sydney, New South Wales, Australia. This field site is privately owned
and operated by the University of Technology Sydney (UTS). A description of the
facility is documented in Knobel et al. [12]. Weather data were collected using a

HOBO® U30 weather station within the AFTER site.

2.2.2. Donor Information

Two human donors and four pig cadavers were placed in a supine position on
the soil surface and allowed to decompose naturally. Trial 1 was conducted over the
Australian summer — autumn period (commencing January 29, 2021) and included
human donor 1 (H1), an 86-year-old male with a height of 174 cm and weight of 63

kg, giving a body mass index (BMI) [29] of 20.8. H1 was directly compared with two
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domestic 6-month-old pigs, one female (P1) and one male (P2), both weighing
approximately 65 kg. Trial 2 was conducted over the Australian winter — spring period
(commencing June 11, 2021) and included human donor 2 (H2), an 84-year-old male
with a height of 182 cm and weight of 100 kg, giving a BMI of 30.2. H2 was directly
compared with two domestic female 6-month-old pigs (P3 and P4) both weighing
approximately 70 kg. All individuals were clothed in a 100% white cotton t-shirt as

described in Collins et al. [22].

The human donors (H1 and H2) were received through the University of
Technology Sydney (UTS) Body Donation Programme, with consent provided in
accordance with the New South Wales Anatomy Act (1977). Ethics approval was
provided by the UTS Human Research Ethics Committee (HREC ETH15-0029). The
human donors were not treated with any chemicals prior to placement at the facility

and were allowed to decompose naturally.

Control sites were created for both trials, containing identically sourced
clothing placed on the soil surface at AFTER at a minimum distance of 5 m from the
decomposing remains, twice the minimum recommended distance proposed by

Luong et al. 2018 [30].

Photographs and visual observations were recorded for human and pigs on
each sampling day. Visual decomposition was determined using the five reported

stages of decomposition: fresh, bloat, active, advanced, and skeletal [5].

2.2.3. Sample Collection
Textile samples were collected using sterilised scissors from the anterior

aspect of the decomposing remains and respective control sites on a series of days
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from 0 — 105 days post-placement (Table 2. S1). The scissors were thoroughly
washed with acetone between each section. The textile samples were photographed,
and any visible changes were documented. Each textile sample was individually
packaged and labelled in a paper envelope and stored in a cooler for transportation
to the laboratory. The textile samples were dried at ambient temperature to impede
bacterial and fungal growth. Adhering soil and hair was also removed. The textile
samples were then re-packaged into new, individually labelled envelopes and stored

for a maximum of 3 months, at -18°C until further analysis.

Due to a local flooding event, the AFTER facility was closed between 19 March
—4 April 2021, which directly impacted sample collection for Trial 1 between days 42

and 70 post-placement (Table 2. S1).

2.24. ATR-FTIR Spectroscopy

ATR-FTIR spectra were obtained using a Nicolet Magna-IR 6700
spectrometer (Thermo Scientific, USA) and an ATR accessory consisting of a
diamond crystal with a 45° angle of incidence. Spectra were recorded over a range
of 4000 — 400 cm™, with a spectral resolution of 4 cm™ and averaged over 128 scans.
Triplicates were taken for each textile sample and acetone was used to clean the ATR
crystal between each sample. OMNIC software (version 8.2, Thermo Scientific, USA)
was used to record and baseline-correct the spectra which were then exported as
individual comma-separated values (CSV) files. The averaged stacked plots of the IR

functions are shown in Figure 2. S1 - 2. S6.

The data was then further processed in accordance with the respective

statistical methods (Figure 2. S7).
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2.2.5. Data processing and statistical analyses

2.2.5.1.  Functional Princjpal Component Analysis (FPCA)

Principal component analysis (PCA) is a multivariate technique for high-
dimensional data which is commonly used as a dimensionality reduction tool for
exploratory data analysis and predictive models [31]. The purpose of PCA is often to
compress, simplify and extract the most important information present within a
dataset [32]. PCA has been applied as an exploration tool for chemometric analysis
of IR data [21-23, 33]. However, IR data is functional data due to the dependence of
the observations over the wavenumber domain (in this case a scanning range of 4000
— 400 cm™) [34]. For this reason, the use of an extension of traditional PCA, in the
form of functional principal component analysis (FPCA) was selected in the current
study to investigate the variation within the full functional dataset more accurately.
FPCA replaces vectors with functions, covariance matrices with covariance
operators, and scalar products in vector space by scalar products in square-

integrable functional space [34 - 37].

For the FPCA, the triplicate absorbance values extracted from the CSV files
were averaged to provide a single set of full spectra absorbance values as a
representative for each sample collected post-placement. Two datasets were
created, one for Trial 1 containing the data for H1, P1 and P2, and one for Trial 2
containing the data for H2, P3 and P4. These datasets were imported directly into the
Unscrambler X (version 10.3, CAMO, Norway) statistical software to further process
the data prior to (FPCA). The first derivative using the Savitzky-Golay (SG) algorithm
with 3 smoothing points and extended multiplicative scattering correction (EMSC)

was applied to the datasets. This processing method for ATR-FTIR spectra has
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previously been employed as it minimises baseline differences [38-40]. Two FPCAs
were produced in R [41] using the package fdapace [42], one for each trial: Trial 1
and Trial 2. The loadings plot for each FPCA were then used to determine the bands
of interest (Table 2. S2) for further targeted statistical analysis (2.5.2 and 2.5.3). The
residual plots (Figure 2. S8c and 2. S9c) from the projection of the first two FPCs for
each trial were used to determine that there are minimal unexplained features of the

spectral profiles.

2252 Semi-parametric Regression Analysis

In addition to FPCA, the functional data was also analysed using semi-
parametric regression models. The baseline corrected triplicate data obtained were
used to extract maximum absorbance values within a set boundary for the IR bands
of interest (Table 2. S2) revealed from the loadings plots of the FPCAs. Triplicate
normalised absorbance ratios were then computed using an adapted method from
Ueland et al. 2015 [23]. Each extracted maximum absorbance value was then
normalised to the asymmetrical CH2 stretching of the methylene chain ~2920 cm™’
present in all spectra as a stable reference point as per Ueland et al. 2015 [23]. This
method provided five normalised ratios: ~1540 cm™'/ ~2920cm™, ~1575 cm-"/ ~2920

cm?’, ~1710 cm™ /~2920 cm™", ~1720 cm™ /~2920 cm™ and ~1745 cm™ / ~2920 cm-

1

Semi-parametric regression models [43] in linear mixed model form were then
fitted in R for the normalised ratios on a time dependent scale (days post-placement).
The non-parametric components were given by O’Sullivan penalised splines [44]. The

number of knots were selected using the simple default indications from Chapter 5 of
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Rupert, Wand and Carroll (2003) [45]. Regression lines and 95% confidence bands
were obtained for the mean of the underlying process using Markov chain Monte
Carlo (MCMC) sampling. The models were validated by checking the assumptions of
normality, independence of the residuals and the appropriate convergence of MCMC
chains. This analysis allowed a more targeted investigation of the post-mortem lipids

on a time-dependent scale.

2.2.5.3.  One-way Analysis of Variance

The triplicate normalised ratios computed were averaged to perform one-way
analysis of variance (ANOVA) to compare the mean differences between species
groups (human v pig) within each trial. As the one-way ANOVA compares the mean
differences between groups, the triplicate normalised ratios were averaged to
eliminate the influence of intrasample variation on the overall statistical significance.
The ratios were log-transformed so that the assumptions of normality and
homoscedasticity were not violated. Normality was tested using the Shapiro-Wilk test
of the residuals and the hypothesis of equal variances was tested using the Levene
test. The resulting p-values were then compared to a reference level of 0.05. Tukey
honestly significant different (HSD) post-hoc tests were run to understand the source
of the statistically significant differences from the one-way ANOVAs. The ANOVAs,
tests for checking assumptions and post-hoc tests were performed using R in-built

functions and the package 'car' [44].
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2.3. Results and Discussion

2.3.1. Environmental conditions

Mean temperature and total rainfall for the duration of the study is displayed
in Fig. 2.1. Two trials were conducted for this study: Trial 1 (January 29, 2021 — May
14, 2021) and Trial 2 (June 11, 2021 — September 24, 2021). H1, P1 and P2 of Trial
1 experienced several rainfall events (Fig. 2.1) and an overall mean temperature of
19.4°C. Trial 2 experienced relatively less rainfall events and a lower overall mean

temperature of 14.8°C.
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Fig. 2. 1 Total raintall (mm) and mean temperature (°C) for the duration of Trial T and Trial 2. The overall
mean temperature for Trial 1 was 19.4°C and Trial 2, 14.8°C.

2.3.2. Visual Decomposition

The visual decomposition of the pigs and humans was considerably different
between Trial 1 and Trial 2 (Fig. 2.2). During Trial 1, the pigs and human experienced
several periods of heavy rainfall throughout the investigation and an overall mean

temperature of 19.4°C (Fig. 2.1). When compared with P1 and P2, there was a
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considerable difference in the visual decomposition observed for H1 (Fig. 2.2). H1

progressed from the fresh stage into the bloat stage within the first 10 days post-

H Fresh Bloat = Active m Advanced Skeletal
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Summer

P2

I

[
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J
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Fig. 2. 2 Occurrence and duration of the stages of decomposition for the summer Trial 1 (H1, P71,
P2) and the winter Trial 2 (H2, P3, P4) over the 105-day post-placement period.

placement, however, H1 did not experience a distinct active decay stage. Instead, H1
transitioned from bloat into an advanced decay, relatively stable state of
mummification. In contrast, P1 and P2 progressed from fresh, bloat and then active
decay within the first 10 days post-placement. During the active period for P1 and P2,
there was dense entomological activity which is typically attributed to an abundance
of volatile organic compounds (VOCs) being emitted during this stage [45]. Between
days 20 and 42 post-placement, P1 and P2 reached an advanced state of
decomposition with a significant loss of soft-tissue mass, resulting in skeletonisation.

By day 35 post-placement, both pigs were fully skeletonised (Fig. 2.3a and b).
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Trial 2 experienced less rainfall than Trial 1 and had a lower overall mean

temperature of 14.8°C (Fig. 2.1). In contrast to Trial 1, there were no obvious

S A%, i 4

Fig. 2. 3 HT (a) and P71 (b) from Trial 1 on day 35 post-placement. H1 in a stable state of
mummification. P1 skelefonized. H2 (c) and P3 (d) from Trial 2 on day 42 post-placement. Both H2
and P3 in an advanced state of decomposition.

differences in the rate and manner of which H2, P3 and P4 progressed through the
stages of decomposition (Fig. 2.2), with the exception of H2, which did not exhibit
signs of the bloat stage. By day 42 post-placement, H2, P3 and P4 had reached an
advanced state of decomposition with a large portion of soft tissue exhibiting signs of
mummification (Fig. 2.3c and d). Overall, visual differences between the pigs and
humans were evident. This occurred in both seasons, with the human not
experiencing bloat in winter. However, the differences were a lot more pronounced in

summer.
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2.3.3. Textile Analysis

The textile control specimens remained intact until the completion of each trial
with moderate discoloration. The IR bands of interest attributed to post-mortem lipids
were not visually observed in any of the control specimens throughout the duration of
the trials. In contrast, the experimental samples showed considerable visual
discoloration as the decomposition fluids were released from decomposing remains

and absorbed into the textiles.

2.3.4. Functional Principal Component Analysis (FPCA)

Trial 1

The results from the FPCA for Trial 1 (Fig. 2.4a) were consistent with visual
observations in the field for H1, P1 and P2. The fresh sampling days for both species
(0, 3 and 7 post-placement) demonstrated a clustering toward the positive portion of
functional principal component 1 (FPC-1) and the negative portion of FPC-2 (Fig. 2.4
b). The data for day 10 post-placement from H1 was projected onto the negative
portion of FPC-1 and FPC-2, clearly distinguished from P1 and P2 day 10 post-
placement which were projected onto the positive portion of FPC-1 and the negative
portion of FPC-2. This trend was observed for the remainder of the data for Trial 1,
with the data from the human (H1) being distinctly different from the pigs (P1 and P2).
This provides preliminary evidence that the data obtained between humans and pigs

for Trial 1 are not consistent, indicating interspecies differences.
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The separation and groupings projected in the FPCA (Fig. 2.4a) can be
explained by the eigenfunctions in the loadings plot (Fig. 2.4c). It is clear that the
carbonyl region pertaining to the 1710 cm™, 1720 cm™ and 1745 cm™ bands were
responsible for the vertical spread of the data along FPC-2 (Fig. 2.4c). In contrast, it
appeared that the C-H stretching band 2920 cm™ was responsible for majority of the
dispersion in the data along FPC-1 (Fig. 2.4c). During the decomposition process, the
post-mortem lipids breakdown from larger triacylglycerols (~1745 cm™) and release
smaller free fatty acids (~1710 cm™) into the immediate environment, explaining this
dispersion. The data shown in Fig. 2.4a between day 10 and 42 post-placement
corresponds to this pattern of lipid breakdown and provides evidence that this
information is being effectively captured in the associated textile samples collected in-

field (Fig. 2.4c).

The data obtained from the final two sampling days (70 and 105 post-
placement) from both pig and human were more closely related to the initial cluster
(Fig. 2.4b) than the rest of the data. This is likely due to a lower relative amount of
post-mortem lipids present in the textile samples collected on those days. The
loadings plot (Fig. 2.4c) demonstrated that this trend is due to the data from days 70
and 105 post-placement for H1, P1 and P2 containing lower relative amounts of the
~2920 cm™ band corresponding to CH, asymmetrical stretching of the methylene
chain, similar to the data obtained from the earlier days (Fig 2.4b). In addition, the
loadings plot (Fig. 2.4c) revealed that the data obtained from P1 and P2 for days 70
and 105 post-placement contained higher relative amounts of the ~1540 cm™ and
~1575 cm™ bands corresponding to the C-O stretching from carboxylate bands of

fatty acid salts. The ~1710 cm™ band relates to the C=0 stretch of free fatty acids and
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the lower relative amounts of the ~1745 cm™ band is consistent with the decreased

C=0 stretch of triacylglycerols.

The data obtained from day 105 post-placement for H1 was grouping with the
data obtained from day 10 post-placement from both P1 and P2 in the positive portion
of FPC-1 and the negative portion of FPC-2. This correlates to the visual trends
observed in-field, as the pigs decomposed at a much more accelerated rate than the
human. This grouping provides further preliminary evidence to support the fact that
there are considerable interspecies differences, particularly in respect to the

decomposition timeline.

Trial 2

The FPCA for Trial 2 (Fig. 2.5a) is also congruent with the visual observations
that were made in-field for H2, P3 and P4 with respect to the stages of decomposition.
When compared to Trial 1, the data for both human and pigs were more closely
related for the early decomposition period (Fig. 2.5b). Due to the lower temperatures
observed (compared to Trial 1), there was a delay in the initial onset of visual
decomposition from fresh into bloat, or active for both species. This was apparent with
the large clustering toward the positive portion of FPC-1 and the negative portion of
FPC-2 (Fig. 2.5b) that captured data from day O up until approximately day 31 post-
placement for both species. This is considerably different to what was seen in Trial 1
(Fig. 2.4b) for H1, P1 and P2, as the early grouping only contained data from days O
to 3 post-placement. Again, this is likely attributed to the warmer temperatures during

the summer Trial 1.
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In contrast to Trial 1, the data from the last sampling day (105 post-placement)
was clearly distinguishable from the early cluster, with obvious differences in the data
obtained from H2 projected in the negative portion of FPC-1 and the positive portion
of FPC-2, and P3 projected in the negative portion of both FPC-1 and FPC-2. Overall,
the patterns in the FPCAs demonstrate clear interspecies differences, particularly for

the data obtained during the later decomposition period.

Several studies have demonstrated the benefit of chemometric analysis via
ordinary PCA for IR data [22, 23, 33]. However, as previously mentioned, the
application of ordinary PCA for functional data has its limitations [31, 34]. The results
of the current study demonstrate the successful application and interpretation of
FPCAs for functional IR data. Overall, the loadings plot from the FPCAs of Trial 1 and
Trial 2 (Fig. 2.4c and 2.5¢) revealed six IR bands of interest for further statistical
investigation: ~1540 cm™ ~1575 cm™, ~1710 cm™, ~1720 cm™, ~1745 cm™ and

~2920 cm.
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2.3.5. Semi-parametric regression modelling

In order to further investigate the post-mortem lipid interspecies differences,
semi-parametric regression models were fitted. These models were applied to five
different band ratios: ~1540 cm™/ ~2920cm™, ~1575 cm™ / ~2920 cm™, ~1710 cm
/~2920 cm™, ~1720 cm™ /~2920 cm™ and ~1745 cm™ / ~2920 cm™ on a time-
dependent scale (day post-placement). The ~2920 cm™ C-H stretching band was
selected as the normalisation factor as per Ueland et al. 2015 [23] and supported by
Stuart et al. 2005 [46]. For each ratio and donor or pig, the model parameter
estimates were used to produce a continuous ratio mean estimate over time and its
95% confidence bands. The residual scatter plots from the semi-parametric
regressions (Figures 2. S10 and 2. S11) show that the residuals are overall randomly
distributed, which confirms that the selected model fits the data in most cases.
However, in some cases, such as (Figure 2. S10 h), extreme values, as seen on day

35 post-placement for the ratio ~1710/2920 cm™" are not well captured by the models.

Trial 1
The mean daily ratios of the post-mortem lipid bands for H1 (Fig. 2.6a, d, g, j,

and m) all exhibited a spike in relative absorbance within the first 20 days post-
placement, except for ~1710 cm™"/~2920 cm™" which peaked at approximately day 40
post-placement. In contrast, the models for P1 (Fig. 2.6b, e, h, k, n) and P2 (Fig. 2.6c¢,
f, i, I, 0) did not exhibit this spike during the early period and were generally more
stable over the decomposition timeline than H1. This was most pronounced when
comparing the free fatty acid ratio ~1710 cm™/~2920 cm™" between species (Fig. .2.6g
—1i). The ratios corresponding to the carboxylate bands of the fatty acid salts ~1540

cm/~2920 cm™ and ~1575 cm™/~2920 cm™ demonstrated the most contrasting
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results between species. The mean of the underlying process of the relative
absorbance for H1 for the carboxylate bands did not exceed 0.6 (Fig. 2.6a and d),
whereas the mean of the underlying process of the relative absorbance for P1 (Fig.
2.6b and e) and P2 (Fig. 2.6¢ and f) far exceeded 0.6 by the final sampling day (105
post-placement). The presence of the ~1540 cm™"/~2920 cm™ and ~1575 cm™/~2920
cm™ bands are indicative of adipocere formation, which is known to be a late-stage
decomposition product [21, 46, 47]. This product is a waxy substance formed by the
hydrolysis and hydrogenation of adipose tissues [46, 47]. The results of the semi-
parametric regression models provided evidence to support the formation of
adipocere during the early stages of decomposition for P1 (Fig. 2.6b and e) and P2
(Fig. 2.6¢ and f) which continued to increase over the decomposition timeline. In
contrast to the semi-parametric regression models for H1 (Fig. 2.6a and d) which

provided poor evidence of this same finding.
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Fig. 2. 6 Semi-parametric regression models for Trial 1 of the five normalised post-mortem ljpid ratios:
~1540 cnr’/~2920cnt’, ~15756 cnr'/~2920 cnr’, ~1710 cnr’/~2920 cnr!, ~1720 cnr’/~2920 e’
and ~1745 cnr’/~2920 cn’. The y-axis represents the normalised absorbance values, and the x-axis
represents the sample period (days post-placement). The red circles represent the normalised
absorbance values per sampling day. The solid blue line represents the aaily mean of the underlying
process, and the dashed blue lines represent the 95% confidence bands.
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Trial 2

In contrast to Trial 1, the mean of the underlying process for the carboxylate
bands of fatty acid salts ~1540 cm™ /~2920 cm™ and ~1575 cm™" /~2920 cm™' showed
a general decreasing trend for Trial 2 (Fig. 2.7a —f), particularly for H2 (Fig. 2.7a and
d). The models for the formation of free fatty acids ~1710 cm™ /~2920 cm™ over the
decomposition timeline for H2 (Fig. 2.7g) and P4 (Fig. 2.7i) were more similar to each
other than P3 (Fig. 2.7h), with a clear increasing trend over the decomposition
timeline. The semi-parametric regression model of the free fatty acid band, ~1710 cmr
1/~2920 cm™, for P3 (Fig. 2.7h) spiked within the first few days, providing evidence
of post-mortem lipid degradation from triacylglycerols to free fatty acids during the
early period. Additionally, there was an increase in the release of triacylglycerols,
~1745 cm™ / ~2920 cm™, into the textiles for H2 (Fig. 2.7m) around day 40 post-
placement which was not observed for P3 or P4. This is likely due to differences in the

rate and manner of decomposition between species.

The results of the semi-parametric regression models of the normalised post-
mortem lipid bands for Trial 1 and Trial 2 clearly indicate interspecies differences over
the decomposition period, particularly for the carboxylate bands of fatty acid salts

attributed to the formation of adipocere.
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2.3.6. Analysis of Variance (ANOVA)

One-way ANOVA was performed on the daily averaged normalised ratios
(Table 2. S3) used in the semi-parametric regression modelling to statistically assess
the mean differences between species groups (human or pig) within each trial.
Statistically significant results were obtained between the two species for Trial 1 and
Trial 2 for the ratios corresponding to carboxylate bands of the fatty acids ~1540/2920
and ~1575/2920 (Table 2. S3). Post-hoc tests revealed that the statistically significant
differences for Trial 1 were between H1 and P1, H1 and P2 and not between P1 and
P2 (Table 2. S3). Similarly, the post-hoc tests for Trial 2 showed statistically significant
differences between H2 and P3, H2 and P4 and not between P3 and P4. The results
of these tests provide strong evidence to support the fact that pigs and humans
decompose incongruously as the post-mortem lipids collected in textiles demonstrate

clear significant differences.

24. Conclusions

The current study has demonstrated the successful application of FPCA to IR data
as a dimensionality reduction tool, to reveal underlying patterns in the data collected
from cotton textiles associated with decomposing human and pig remains. The FPCA
results indicated that post-mortem lipids collected in cotton textiles were the primary
influence on the variability within the datasets. In addition, the separation and
groupings projected in the FPCAs could be directly correlated to both the visual in-

field observations and environmental data recorded.

The application of regression modelling was also explored in this study through

the use of semi-parametric regression models of normalised post-mortem lipid bands
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to obtain the mean of the underlying process using Markov chain Monte Carlo
(MCMC). The results from these models clearly indicate interspecies differences
between pigs and humans over the decomposition period, particularly for the
carboxylate bands of fatty acid salts attributed to the presence of adipocere. The
results from these models also provided sufficient evidence to support the use of
normalised lipid ratios to monitor the chemical decomposition on a time-dependent
scale. With further studies and an expansion of the current database, these models
provide the potential application for casework where unknown textile evidence is
yielded. In a forensic context, this could prove to be a useful tool for determining a

relative post-mortem interval period, a vital aspect of complex death investigations

[1].

Further statistical analysis of the averaged normalised post-mortem lipids
bands was conducted via one-way ANOVA. These tests revealed statistically
significant interspecies differences for the summer Trial 1 and the winter Trial 2 for the
normalised ratios corresponding to the C-O stretch of the carboxylate bands of fatty
acid salts at ~1540 cm™/~2920 cm™' and ~1575 cm™/~2920 cm”. No other
normalised ratios for Trial 1 or Trial 2 revealed statistically significant results. These
findings provide strong evidence to question the suitability of pigs as human
analogues for taphonomic investigation as the lipid contents of the adipose tissues

are not consistent between species over the decomposition period.

Overall, the results of this study provide preliminary evidence that pigs are not
statistically interchangeable analogues for human decomposition with respect to post-
mortem lipids collected in textiles in an Australian summer or winter season. It is

important to recognise that there were several uncontrollable and systematic

85



Chapter 2

differences between the pigs and humans used in each trial including age, sex, cause
of death and mass which could have influenced the findings. Such factors are difficult
to control when conducting decomposition studies including human donors.
Recommendations for future investigations include further comparative studies to
adequately assess the influence of these systematic differences with an increased
sample size. In addition, it is advised that future work incorporate a direct comparison
between classical PCA and FPCA to provide an insight to the benefits of using FPCA

over the classical approach.

The assessment of different textile types to determine the universality of this
method is also suggested. In particular, synthetic varieties such as polyester, which
contains a sharp ester band in the carbonyl region of the infrared spectrum, would
likely impact the investigation of the free fatty acids and triacylglycerols at ~1710 and

~1745 cm" [22, 33].
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detection of post-mortem lipids collected in textiles
associated with decomposing human remains using
GC-MS/MS.
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3.1. Introduction

Lipid analysis is an emerging area of research in forensic taphonomy [1-6]
and it is used to better understand the complex processes involved in human
decomposition chemistry. By pursuing soft-tissue biomarkers, such as lipids,
researchers are able to monitor the microstructural changes that occur during the
disintegration of human remains [5-7]. This allows for the identification of patterns that
are related to the decomposition processes. The documentation and analysis of such
patterns furthers the impact of taphonomic research by allowing longitudinal
information to be recorded. This longitudinal information can provide the opportunity
to make measurable predictions which could then be applied in real forensic casework
involving human remains. This could aid in the vital determination of time since death,

which still presents as a major challenge to law enforcement [8].

A recent study by Ueland et al. in 2021 [5] demonstrated the successful
adaptation of an analytical chemical method for the analysis of lipids in decomposing
human tissue samples. This study was the first of its kind that utilised a targeted gas
chromatography (GC) coupled with tandem mass spectrometry (MS/MS) method
originally developed for the analysis of archaeological samples [9], for the analysis of
post-mortem lipids in decomposition samples. Other work by Ueland et al. [4] has
revealed the ability to indirectly monitor decomposition through the extraction and
detection of post-mortem lipids collected in textiles, using a non-targeted gas

chromatography — mass spectrometry (GC-MS) method.

In the previous chapter, post-mortem lipids collected in textiles were analysed

using attenuated total reflectance (ATR) — Fourier transform infrared (FTIR)
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spectroscopy to assess interspecies differences between pigs and humans [10]. The
results of this study provided further evidence to support the use of post-mortem lipids
collected in textiles for investigating the complex processes of decomposition. The
patterns that emerged in the degradation of the post-mortem lipids in that study could
be related not only to species, but also to the decomposition timeline [10]. Despite
the major advantages that accompany the use of a non-destructive ATR-FTIR
technique in a forensic context, the method used in the previous chapter did not allow
for a more specific analysis of the lipid profiles that are associated with species or the

decomposition timeline.

Therefore, the aim of this chapter was to develop and optimise a novel analytical
chemical workflow for the targeted analysis of post-mortem lipids in textiles using GC-
MS/MS. Using methods adapted from Ueland et al. [5] and Luong et al. [9], this
chapter details the processes of extraction, separation, detection and analysis of post-
mortem lipids in textiles. In addition, this chapter also reports and discusses novel
information regarding the complex challenges of matrix effects observed with

decomposition samples.

3.2. Materials and methods

3.2.1. Field Site

The study was conducted at the Australian Facility for Taphonomic
Experimental Research (AFTER), an open eucalypt woodland on the Cumberland
Plain in Western Sydney, privately owned by the University of Technology, Sydney
(UTS). Soils at the site are classified broadly as sandy clay loam or gravelly clay, with

a pHrange from 5.5 -6.5[11].
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3.2.2. Experimental Design

Human cadavers were received through the UTS Body Donation Program,
with consent provided by each donor in accordance with the NSW Anatomy Act
(1977). Ethics approval was provided by the UTS Human Research Ethics Committee
(HREC ETH18-2999). None of the human donors involved in these taphonomic
experiments were treated with any chemicals prior to placement at the facility and

were allowed to decompose naturally.

For the purpose of method development and optimisation in the current study,
textile samples were obtained on day 0 and day 84 post-placement from an 86-year-
old male (H2) with a height of 174 cm and weight of 63 kg, giving a body mass index
(BMI) [12] of 20.8. Prior to placement, the donor was clothed in a 100% white cotton
t-shirt and placed in the centre of a 5 m x 5 m plot, directly on the soil surface in a
supine position. A wire mesh cage was placed over the donor to ensure prevention of
vertebrate scavenging whilst not impeding entomological succession. An
environmental control site was also created at the same time point with identically
sourced clothing. Each control site is erected in a clean zone of the facility to ensure

that no decomposition fluids contaminated the sample.

3.2.3. Textile Matrix

The textile matrix used in this study consisted of a plain white cotton t-shirt
(Anko, Kmart, Australia) composed of 100% viscose and cotton. The textiles were not
washed or cleaned prior to placement or analysis so as to acquire a baseline lipid

profile of the store-bought textiles.
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3.2.4. Sample Collection

Textile samples were collected using sterilised scissors. Each textile sample
was photographed in-situ prior to collection and individually packaged in paper
envelopes and stored in a cooler box for transportation to the laboratory, where the
samples were kept at -18 °C when not in use. Each sample was dried in a fume
cupboard at ambient temperature to inhibit bacterial and fungal growth, with adhering
soil, hair and tissue removed. Samples selected for this study represent the fresh
stage of decomposition (day 0 post-placement) (Fig. 3.1a) and the advanced stage
of decomposition (day 84 post-placement) (Fig. 3.1b). The day O post-placement
sample was relatively clean while the day 84 post-placement sample was heavily
saturated in decomposition matter. These timepoints were selected to provide
representative data from contrasting decomposition samples to allow a more efficient

assessment of the analytical methods across the decomposition timeline.

oA

Fig. 3. 1 Visual comparison of the day 0 (a) and day 84 (b) post-placement samples.
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3.2.5. GC-MS/MS instrument parameters

The instrument method and GC-MS/MS parameters were adapted from
Luong et al. [9] and Ueland et al. [5]. This served as a baseline for the separation and
detection of non-volatile lipid analytes. The current investigation utilised a GCMS-
TQB8030 Triple Quadrupole Gas Chromatograph fitted with an AOC-20i auto injector
(Shimadzu, Kyoto, Japan). Samples were injected in split mode at a temperature of
270 °C onto an Agilent HP-5MS (30 m x 0.250 mm) column with a film thickness of
0.25 pm. The initial column temperature was 80 °C and was held for 3 min before
being increased at a rate of 20 °C per min, until the temperature reached 315°C. This
temperature was held for 4 min. Sample flow through the column was at a rate of 1.40
mL/min. The total run time of 18.75 min was selected to enable efficient separation
and detection of lighter analytes (fatty acids) and heavier analytes (sterols). After initial
testing, a 6-min solvent delay was used to safeguard that majority of the solvent had
passed through the system before the filament was powered on [13]. This prolonged
the life of the electron multiplier and filament by preventing large amounts of solvent
ions to bombard the system with each injection. Samples were analysed using GCMS
RealTime Analysis (LabSolutions, Shimadzu Corporation) and data was processed
using GCMS Postrun Analysis (LabSolutions, Shimadzu Corporation). Full scan mode
was used to identify and obtain the chromatogram of each reference standard for

optimisation purposes.

3.2.6. Selection of ljpids
A suite of lipids were selected for targeted analysis in this study that included:

A°-sterols (cholesterol), oxysterols (25-hydroxycholesterol), stanols (coprostanol, 5a-
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cholestanol), stanones (5a-cholestanone), phytosterols (stigmasterol, ergosterol, -
sitosterol), bile acids (deoxycholic acid, lithocholic acid), saturated fatty acids
(arachidic acid, azelaic acid, behenic acid, decanoic acid, heneicosanoic acid,
heptadecanoic acid, hexacosanoic acid, lauric acid, myristic acid, nonadecanoic
acid, palmitic acid, pentadecanoic acid, sebacic acid, stearic acid, tetracosanoic
acid, tricosanoic acid, tridecanoic acid), and unsaturated fatty acids (linoleic acid,
oleic acid, palmitoleic acid). These lipids were selected based on their diagnostic
value in context of human decomposition [2, 14-16], as well as their ability to capture
a more holistic insight to the decomposition ecology. The 30 targeted lipids, along

with their chemical formulae, and additional comments, are detailed in Table 3.1.

Surrogates were utilised for the purposes of method development in this
chapter in the form of two deuterated standards, stearic acid-d3 for the fatty acids
and cholesterol-d7 for the sterols. For all subsequent chapters, these deuterated
standards were subsequently treated as internal standards and used to monitor
instrument variability in addition to normalise against as quantitation was not the

outcome.
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Table 3. 1 Suite of 30 ljpids targeted for analysis, along with their chemical formula, additional comments and references.

Chemical .-
Name Additional Comments
Formula
25-hydroxycholesterol COTH4602 Oxygenated sterol derivative of cholesterol [17]. High degradation propensity; usually found in arid environments

[18, 19]. Targeted mostly in archaeological investigations.

Stanol; usually produced by microbial degradation processes from sterol precursors such as -sitosterol and
5a-cholestanol C27H480 cholesterol [20-22].
Used as a faecal biomarker of omnivores [23].

Intermediate steroidal ketone of intestinal and environmental reduction of cholesterol to produce 5a-cholestanol
5a-cholestanone C27H48 and Coprostano| [24_26].

Major component of mammalian cell membranes [27]. Incorporated into human tissues from dietary sources [28-

Arachidic Acid C20H4002 31]. Degradation product of behenic acid.

Dicarboxylic acid found in grains such as wheat and barley [32]. Strong antibacterial properties [33]. High
Azelaic Acid C9H1604 amounts of this diacid are used in archaeological studies to indicate that unsaturated fatty acids have undergone
oxidation [34]. Not very stable in environmental conditions due to increased solubility in water [35].

Behenic Acid C22H4402 Carboxylic acid, not very common in nature, mainly found in plant waxes [34].

Common A®%-sterol of higher animals, found in trace amounts in eukaryotes and fungi; widespread in soils [36-38].
Cholesterol C27H460 In soils, reduction of cholesterol leads to the production of 5a-cholestanol [21]

Produced in the gut of higher animals due to the microbial degradation of cholesterol [21]. Used in environmental

Coprostanol C27H480 and agricultural research as a faecal biomarker [39-41]. Coprostanol is the primary 53-stanol found in human
faeces [21].
Decanoic Acid C10H2002 Degradation product of lauric acid.
. . Secondary bile acid formed in the intestines due to microbial action [42, 43]. Deoxycholic acid and lithocholic
Deoxycholic Acid C24H4004 acid are the main bile acids found in human faeces [39].
The main endogenous sterol found in fungi and some microalgae [44]. Can be used in soil as an indicator of living
Ergosterol C28H440 fungal biomass [45].
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Heneicosanoic Acid C21H4202 Found in trace amounts in ruminant milk [46]. Not usually found in biological systems.
Incorporated into human tissues in trace amounts from dietary intake [47]. Found particularly in ruminant fat and
Heptadecanoic Acid C17H3402 milk [48].
. _ In living human tissues, high amounts of hexacosanoic acid are linked to coronary artery disease [49]. Major
Hexacosanoic Acid C26H5202 structural component of myelin sphingolipids in eukaryotic cell membranes [50].
Lauric Acid C12H2402 Known component of human sweat [51, 52]. Degradation product of myristic acid.

An essential fatty acid for animals; plants can synthesise linoleic acid from oleic acid; abundant in nuts, seeds and
vegetable oils [31]; a dietary fatty acid in humans. Known component of adipocere [53, 547]; it is hydrogenated to
Linoleic Acid C18H3202 cis-12-octadecanoic (positional isomer of oleic acid) acid during the process of adipocere formation [55]. Most
abundance polyunsaturated fatty acid in human diets [56].

Secondary bile acid formed in the intestines due to microbial action [48-50]. Lithocholic acid and deoxycholic

Lithocholic Acid C24H4003 acid are the main bile acids found in human faeces [39].
Component of adipocere [53, 54]. Found in small quantities in living animal and human tissues [57, 58],

Myristic Acid C14H2802 degradation product of palmitic acid. Component of human sweat [59].

Nonadecanoic Acid C19H3802 Secreted by termites [60]; a fungal metabolite [61]; a bacterial metabolite [62]

Oleic Acid C18H3402 Component of adipocere [53_, 54]_and human sweat [59]. Found in various animal and vegetable sources [63,
64]. Degradation product of linoleic acid.

B ‘ Component of adipocere [53, 54] and human sweat [59]. Most common saturated fatty acid in living human

Palmitic Acid C16H3202 tissue (20-30% of total human fatty acid content) [65]. Degradation product of palmitoleic acid.

Palmitoleic Acid C16H3002 One of the most abundant fatty acids in human serum and tissues [66]; component of adipocere [53, 54].
Product of ruminant microbial fermentation [48]. Incorporated into human tissues in trace amounts from dietary

Pentadecanoic Acid C15H3002 intake [47].

Sebacic Acid C10H1804 Often used as a monomer for nylon, plasticisers, lubricants, cosmetics, and candles [67].

Component of adipocere [53, 54] and human sweat [59]. Abundant in animal fat (up to 30%) [68]. Known
Stearic Acid C18H3602 ba_ckgrpund contaminant in analytical systems c_iue to plastic Ialbware sources [69]; textile industries react stearic
acid with cellulose fibres to produce hydrophobic cotton materials [70, 71].
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Most abundant phytosterol, plays a role in plant physiology and cell membranes [72].

Stigmasterol C29H480

Major structural component of myelin sphingolipids in eukaryotic cell membranes [50]. Other sources include leaf
Tetracosanoic Acid C24H4802 waxes [73]
Tricosanoic Acid C23H4602 Found in ruminant milk and is incorporated into human tissues in trace amounts from dietary intake [74].

Found in ruminant milk [75]; likely incorporated into human tissues from dietary intake like pentadecanoic and
Tridecanoic Acid C13H2602 heptadecanoic acids.
B-sitosterol C29H500 Faecal biomarker of herbivores [23].
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3.2.7. Reference standards

High-performance liquid chromatography (HPLC) grade reference standards
were sourced from a multitude of manufacturers and ranged in purity from = 85% to
= 99.5%. Saturated fatty acids including: arachidic acid, behenic acid, decanoic acid,
heptadecanoic acid, hexacosanoic acid, myristic acid, palmitic acid, pentadecanoic
acid, stearic acid-d3, tricosanoic acid, tridecanoic acid, tetracosanoic acid and (= 95
- 2 99%) were sourced from Sigma-Aldrich (St. Louis, United States). Nonadecanoic
acid and stearic acid (= 99.5%) were obtained from Honeywell (Sydney, Australia)
while lauric acid (= 98%) was sourced from European Pharmacopeia (Strasbourg,
France). All unsaturated fatty acids including linoleic acid, oleic acid, palmitoleic acid
(2 98.5 - =2 99%) were sourced from Sigma-Aldrich (St. Louis, Missouri, United
States). Dicarboxylic acids including: azelaic acid (= 98.5%) and sebacic acid (99%)
were sourced from Fluka Analytical (Gillman, Australia) and Sigma-Aldrich (St. Louis,
United States), respectively. Bile acids, deoxycholic acid (= 95%) and lithocholic acid
(2 95%), were sourced from Sigma-Aldrich (St. Louis, United States). Sterols
including:  25-hydroxycholesterol,  5a-cholestanone,  cholesterol, ergosterol,
stigmasterol, B-sitosterol and coprostanol (= 85 - = 99%), were sourced from Sigma-
Aldrich (St. Louis, United States), while cholesterol-d7 (= 99%), was sourced form

Avanti Polar Lipids, Inc. (Alabaster, United States).

3.2.8. Chemical reagents
Acetonitrile (ACN) was obtained from RCI Labscan Ltd. (Gillman, Australia).
N, O-bis (trimethylsilyl) trifluoroacetamide with 1% trimethyl-chlorosilane (TMCS)

silylation reagent was purchased from United Chemical Reagents (Bristol, United
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States). HPLC grade acetone (= 99.8%) and chloroform (= 99.9%) were obtained

from Sigma-Aldrich (St. Louis, United States).

3.2.9. MRM optimisation

The initial method development and optimisation was carried out using
standards. Reference standards were prepared at 10 ppm for identification by GC-
MS/MS in full scan mode and multiple reaction monitoring (MRM) mode. Hexane was
used as the solvent to prepare the liquid standards. Once prepared at 10 ppm,
compounds were then analysed as outlined in the derivatisation procedure described
in Section 3.2.10. Optimisation of the MS parameters were adapted from Luong et al.
[9] and involved the selection of the neat lipid standards. This required careful
consideration of both the specificity and abundance of the ions. The highest
abundance m/z ions were generally selected as most characteristic and were then
used as the precursor ions for collision induced dissociation (CID). This was
conducted using the Smart MRM Optimisation Tool operating environment in
LabSolutions (Shimadzu, Japan). All duplicate samples were injected in triplicates,
with a single injection using full scan mode for quality control purposes and duplicate

injections in MRM mode for analysis.

3.2.10. Preparation of standards for identification

Standards were prepared at 10 ppm and derivatised for identification by GC-
MS/MS in full scan mode and MRM mode as described in the previous section, and
retention times were recorded. The derivatisation procedure involved drying down

under a gentle stream of nitrogen at 40 °C, followed by reconstitution using 40 pL
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BSTFA + 1% TMCS and 10 pL acetonitrile. These were then heated at 70 °C for 30

minutes and transferring into 250 ulL polymer inserts (Agilent Technologies, Australia).

3.2.11. Preparation of standards for calibration

After identification, all standards, except for stearic acid, were serially diluted
from 0.5 to 8 ppm to produce a five-point calibration curve. Due to the lower detection
limit of stearic acid, this analyte was prepared in concentrations ranging from 0.001
to 10 ppm. These standards were then derivatised as outlined in 3.2.10. All standards
were created in duplicate, and injected on the GC-MS/MS in duplicate, with a single
injection using full scan mode, giving a total of four replicate data points per

concentration.

3.2.12. Investigation of ljpid extraction efficiency from textiles

Textile samples associated with decomposing human remains were collected
in field from the same donor (H2) on day 0 and day 84 post-placement. These samples
were used to test the efficiency of extracting post-mortem lipids in textiles at
contrasting decomposition time points. Duplicate textile samples were prepared using
a method adapted from Ueland et al. [4], with 35 mg of textile weighed per sample.
Measuring the sample by weight allowed for a more controlled, repeatable process
and accounted for the increasing cumulative weight of the samples as the textiles
became more saturated in decomposition fluids over time. All textile samples were
spiked directly, pre-extraction, with 10 ppm of deuterated analytes, 20 uL of stearic
acid-d3 and 50 uL of cholesterol-d7. Four simple monophasic extraction solvents
were tested (Table 3.2) at a total extraction volume of 4 mL. In addition, four blanks

were created containing a mixture of 10 ppm of stearic acid-d3 and cholesterol-d7
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(with no textile matrix) using the four different solvent compositions. These blanks
were used to compare the results of the experimental textile samples to calculate the

extraction efficiency.

Table 3. 2 Solvent methods tested for the extraction of ljpids from textiles.

Method Solvent (s) Volume (mL)
1[76, 77] Acetone 4
2[1] Hexane 4
3[3,4, 9] Chloroform 4
41[78, 79] Acetone—chloroform 2:2

All samples were sonicated for 20 min without heat and refrigerated for 16 h
at4 °C. 1 mL of the sample was subsequently extracted and filtered through a 0.2 ym
hydrophobic PTFE syringe filter (MicroAnalytix, NSW, Australia). 25 pL of the filtered
aliquots were then derivatised as outlined in 3.2.10. All samples were extracted and
injected in duplicate with the addition of a full scan injection, giving four replicate data

points per sample.

3.2.13. Investigation of matrix effects

Matrix effects occur when undesired, co-eluting components alter the
ionisation efficiency of a system, impacting the ionisation of the target analyte as well
as the instrument response to the target analyte [80, 81]. These matrix effects often
lead to significantly suppressed or enhanced sensitivity, altering the experimental
results [80, 81]. The matrix effects in a system can be measured by comparing the

response of an analyte in a standard solution to the response of the same analyte in
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matrix. In the current study, the sample matrix was highly complex, containing a
mixture of the host (textile), the target (lipids) bound in decomposition fluids and other
unwanted environmental debris such as soil, leaf litter, hair, tissue or insects. As such,
the target compounds (lipids) were endogenous to the matrix. In order to adequately
assess the effects of the matrix on the analysis, deuterated lipid analytes (stearic acid-

d3 and cholesterol-d7) were used.

Textile samples associated with decomposing human remains collected in
field from the same donor H2 on day 0 and day 84 post-placement, were used for the
assessment of matrix effects. 25 uL of the filtered aliquots were then spiked with either
alow (1 ppm) or high (10 ppm) concentration of deuterated acid and sterol standards,
stearic acid-d3 and cholesterol-d7. These were then dried down, reconstituted, and
transferred to polymer inserts as outlined in the derivatisation procedure described in
Section 3.2.10. All samples were extracted in duplicate, and injected in triplicate, with

the use of a full scan injection for quality control purposes and four MRM data points.

3.2.14. Investigation of background ljpid contamination

Since lipids are ubiquitous in nature and are found at detectable limits in most
plant and animal fats, it was essential for this study to explore possible sources of lipid
contamination that could impact the experimental results. As this research is novel, it
was imperative to document all possible aspects of lipid contamination. Three control
sets were created. A laboratory control containing no matrix (textile), an
environmental control containing matrix (textile) exposed to the field environment for

84 days post-placement, and a textile control containing store-bought matrix (textile).
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All of these controls were spiked post-extraction with of 20 uL of 10 ppm stearic acid-

d3 and 50 pL of10 ppm cholesterol-d7.

3.3. Results and Discussion

3.3.1. MRM optimisation

A total of 30 lipids, and two internal standards, were successfully identified
and optimised for GC-MS/MS analysis. In all cases, one quantifying transition and two
qualifying transitions were selected for each lipid. The five-point calibration curves,
respective R? values and linear equations are displayed in Figure 3.S1A — 3.S1F.
Linearity ranges below 0.99 were accepted in this work as the aims and objectives of
this work was to conduct normalisation instead of quantitation. In future, to reach the
threshold for validation, and thus quantitation, R? values > 0.99 should be considered.
The retention times, MRM transitions, collision energies and limit of detection (LOD)
for the fatty acids are detailed in Table 3.3 and the sterols in Table 3.4. LOD was
calculated using the standard procedure of 3.3*c /S, where o was the standard

deviation of the response and S was the slope of the calibration curve.
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Table 3. 3 Retention time (RT), MRM ion transitions, optimized collision energies and LOD for the targeted fatty acids. *internal standard used for the acid analytes.

Analyte RT Transition 1 CE Transition 2 CE Transition 3 CE R LOD
Decanoic Acid 8.031 229>75 15 229>131 10 229>81 10 0.94 | 0.04
Lauric Acid 9.280 257>75 15 257>131 10 257>95 10 0.96 | 0.01
Tridecanoic Acid 9.900 271>75 15 271>131 10 271>95 10 0.96 | 0.04
Azelaic Acid 10.170 201>83 5 317>149 10 317>123 10 0.99 | 0.02
Myristic Acid 10.391 285>75 20 285>131 10 285>95 10 0.93 | 0.05
Sebacic Acid 10.630 331>149 10 215>55 10 331>95 10 0.87 | 0.07
Pentadecanoic Acid 10.900 299>75 15 299>131 10 299>95 15 0.93 | 0.05
Palmitoleic Acid 11.282 311>75 25 236>67 25 311>131 10 0.98 | 0.038
Palmitic Acid 11.470 313>141 25 313>113 10 313>75 10 0.93 | 0.05
Heptadecanoic Acid 11.860 327>75 15 327>131 10 327>95 10 0.99 | 0.01
Linoleic Acid 12.150 337>75 25 220>79 10 337>93 25 0.99 | 0.04
Stearic Acid-d3* 12.268 344>75 30 375>213 15 344>95 15 0.89 | 0.07
Oleic Acid 12.270 339>75 25 339>131 10 222>67 25 0.95 | 0.05
Stearic Acid 12.278 341>75 15 341>131 10 341>95 10 0.93 | 0.05
Nonadecanoic Acid 12.710 355>75 25 355>131 10 355>95 15 0.96 | 0.04
Arachidic Acid 13.270 369>75 20 369>131 15 369>95 10 0.93 | 0.05
Heneicosanoic Acid 13.529 383>75 25 383>131 15 383>95 10 0.78 | 0.23
Behenic Acid 13.945 397>75 25 397>131 15 397>95 20 0.99 | 0.02
Tricosanoic Acid 14.345 411>75 25 411>131 20 411>81 20 0.97 | 0.04
Tetracosanoic Acid 14.670 425>75 25 425>131 15 425>95 15 0.92 | 0.05
Hexacosanoic Acid 15.610 453>75 25 453>131 15 453>95 15 0.93 | 0.05
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Table 3. 4 Retention time (RT), MRM ion transitions, optimized collision energies and LOD for the targeted sterol analytes.

**internal standard used for sterol analytes.

Analyte RT Transition 1 CE Transition 2 CE Transition 3 CE R LOD
Coprostanol 15.980 403>73 45 370>215 15 370>355 15 0.94 0.05
Cholesterol 16.150 329>95 25 368>353 15 368>339 15 0.99 0.01

5a-cholestanol 16.224 403>73 45 460>215 15 355>91 45 0.99 0.02
Cholesterol-d7** 16.235 336>95 20 375>213 15 375>255 15 0.93 0.05
5a-cholestanone 16.308 429>167 20 458>429 20 401>195 20 0.98 0.03
Lithocholic Acid 16.705 257>161 15 215>105 10 430>325 15 0.98 0.02

Stigmasterol 16.904 255>105 25 394>83 15 394>211 15 0.99 0.02
Ergosterol 16.945 379>69 30 379>255 30 379>83 30 0.94 0.05
Deoxycholic Acid 16.985 255>159 15 266>119 25 428>255 10 0.99 0.02
B-sitosterol 17.270 129>73 20 357>95 20 396>145 25 0.99 0.02
25-hydroxycholesterol 17.870 255>145 10 255>159 10 255>147 10 0.94 0.05
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3.3.2. Investigation of extraction efficiency

While it is recognised that the traditional Folch method (2:1
chloroform/methanol) [82] remains the benchmark for most lipid extraction
techniques, recent studies [1, 3, 4, 9, 76, 77] have demonstrated great success with
other, more simpler extraction methods. Four methods were tested (Table 3.2) for the
purpose of post-mortem lipid extraction from textiles at using a total extraction volume
of 4 mL in this study. A novel extraction method was also included in these tests,
which combined two common lipid extraction solvents (acetone and chloroform) in a
simple 1:1 ratio. This method was adapted from Leikola et al. 1965 [78] and Koeppen
et al. 1979 [79] who both looked at the extraction of lipids from post-mortem tissues

using an acetone—chloroform mixture.

The extraction efficiency percentage was calculated by dividing the mean area
of the deuterated analytes yielded in the experimental samples (Table 3. S1 and 3.S2)
by the mean area of the neat deuterated analytes in the blanks (Table 3.S3), multiplied
by 100 (Table 3.5 and 3.6) [13, 83]. Overall, the results indicated that there was
sample loss in the percentage yield of the deuterated sterol analyte (cholesterol-d7)
in both the day 0 and day 84 post-placement samples, across all four extraction
methods tested. A loss in percentage yield is to be expected when testing extraction
efficiency, as there are various manual steps in the extraction procedure where
sample loss can occur, such as syringe filtration. However, it is possible that these
results could also be indicative of ion suppression due to matrix effects [13, 84]. This

is explored in the next section 3.3.3.
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Table 3. 5 Extraction efficiency percentage (%) calculated for the four extraction methods on the day 0
and day 84 post-placement experimental samples + relative standard deviation (%RSD)

Stearic acid-d3 Cholesterol-d7
Method Day 0 Day 84 Day 0 Day 84
7 154.0% + 141.0% 1905.0% + 42.5% 39.0% +17.3% 49.0% £ 36.5%
2 1800.0% + 139.9% 2150.0% + 28.8% 45.0% + 11.4% 67.0% +6.5%
3 31.0% + 149.8% 2249.0% + 57.7% 78.0% + 13.7% 66.0% + 58.7%
4 53.0% + 168.4% 2554.0% + 2.3% 92.0% + 14.4% 72.0% + 38.2%

Overall, the novel method four, acetone—chloroform, performed best for the
deuterated sterol analyte (cholesterol-d7), with the highest percentage yield for both
the day 0 and day 84 post-placement samples with 92.0% + 14.4% (Table 3.5) and

72.0% + 38.2% (Table 3.5) recovery yield, respectively

In contrast, the results for the deuterated acid analyte (stearic acid-d3)
indicated a general trend of ion enhancement in both the day 0 and day 84 post-
placement samples using method one and method two. Dissimilarly, methods three
and four resulted in samples loss or ion suppression for the deuterated acid analyte
for the day O post-placement sample, whereas the results of the day 84 post-
placement samples demonstrated ion enhancement (Table 3.5). Results of 2249.0%+
57.7% and 2554.0%+ 2.3% recovery yield for the deuterated acid analyte (stearic

acid-d3) in methods three and four, were respectively calculated.

These findings clearly demonstrate that the representative textile sample
containing a greater saturation of decomposition fluid (day 84 post-placement)
significantly impacted the efficiency of all extraction methods tested for the deuterated
acid analyte. In contrast, the deuterated sterol analyte demonstrated to be more

stable when exposed to the day 84 post-placement sample. The false ion
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enhancement of the deuterated acid analyte is likely due to matrix effects of the

complex decomposition samples [84].

Overall, method four, acetone—chloroform in a 1:1 ratio, performed soundly
when compared to the other three methods, for both the acid and sterol deuterated
analyte, across both representative decomposition stages. In general, biphasic
extractions work by creating two distinct solvent layers — one with the desired analytes
and the other with the undesired components. This is advantageous in some
applications [85, 86]. However, when working with analytes of differing properties and
polarity, biphasic extraction systems can result in favouring one specific sub-group of
the desired analytes, subsequently introducing an unwanted target bias [85, 86].
Because of this, monophasic extraction methods are superior to biphasic extraction
methods at recovering a broader range of lipid classes, including the more polar lipids
that may not be favoured in biphasic systems [85, 86]. When combining polar acetone
and non-polar chloroform in a 1:1 ratio, the two solvents are miscible and do not
separate into two distinct extraction layers. This results in a monophasic extraction
system with dual-polarity. Based on the biochemical profile of the human body, it can
be expected that the post-mortem lipid profile obtained from textiles associated with
decomposing human remains will contain both hydrophobic and hydrophilic targets
[4,76, 77, 81]. Thus, supporting the selection of method four, an extraction technique

that combines both polar and non-polar solvents.

3.3.3. Investigation of matrix effects
In order to accurately assess matrix effects, the response of the deuterated

standards in a standard solution was compared to the response of the same
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deuterated standards spiked onto the textile matrix post-extraction [13, 83]. The post-
extraction spike eliminates the effects of the extraction procedure that may impact the
results, however, does not eliminate effects introduced from the derivatisation and
reconstitution process. The effects of the decomposition matrix were tested on both
the day 0 and day 84 post-placement decomposition samples from H2, at a low
concentration spike (1 ppm of stearic acid-d3 and cholesterol-d7) and a high

concentration spike (10 ppm of stearic acid-d3 and cholesterol-d7).

The results of the matrix effects tests (Table 3.6) demonstrated minimal matrix
effects when exposed to the day 0 post-placement sample for both the acid and sterol
deuterated standards. However, at a low concentration spike (1 ppm), both stearic
acid-d3 and cholesterol-d7 exhibited ion suppression with 45.9 + 8.0% and 70.5 +
4.4%, respective recovery. At a high concentration spike (10 ppm) stearic acid-d3
and cholesterol-d7 yielded a 67.0 + 2.0% and 74.8 + 1.7% respective recovery. This
indicates that it is possible that sample loss is occurring from incomplete silylation
during the derivatisation and reconstitution process [87]. Alternatively, this could be
the result of matrix-induced diminishment, a phenomenon first described by Hajslova

et al. in 2007 [88].

Table 3. 6 Matrix effects results in percentage (%) for extraction method four tested on the aay 0 and
day 84 post-placement samples at a low (1 ppm) and high (10 ppm) spike + standard error.

1 ppm 710 ppm
Day 0 Day 84 Day 0 Day 84
Stearic acid -d3 | 45.9% +8.0% | 205.0% + 78.1% 67% + 2.8% 150.5% + 6.3%
Cholesterol-d7 | 70.5% + 3.8% 3.2% + 1.5% 74.8% + 2.6% 0.7% + 0.08%

In contrast, ion enhancement was detected for the acid standard (stearic acid-

d3) when exposed to the day 84 post-placement sample (Table 3.6). At a low
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concentration spike (1 ppm) stearic acid-d3 yielded 205.0 + 8.0%, while at a high
concentration spike (10 ppm) the results were 150.5 + 6.3%. At a lower concentration
spike (1 ppm) the standard error was greater, 78.1%, than at a higher concentration
spike (10 ppm), 6.3%. These results demonstrate that the deuterated acid standard
(stearic acid-d3) is more stable and reproducible in highly saturated decomposition
matrix, when spiked at a higher concentration. These results show a clear ion
enhancement effect that is introduced with the complex decomposition matrix. This
phenomenon was first described in 1993 by Ermey et al. [89] who noted that neat
standards could be thermally degraded and adsorbed onto the active sites of the GC
column, blocking the active sites when real sample extracts are injected into the
system. This results in false signal enhancement of the target analyte, and thus ion

enhancement effect is observed [89].

The deuterated sterol standard (cholesterol-d7) showed to be influenced by
the advanced decomposition matrix (day 84 post-placement) at both low (1 ppm) and
high (10 ppm) concentrations, with 3.21 + 1.5% and 0.71 + 0.08%, respectively.
Despite low recovery yield percentages, the calculated standard errors remain low,
signifying that the sample means are closely distributed around the population mean,
therefore the results of the matrix effects are true and reliable. Overall, the results of
these matrix effects tests present considerable issues with conducting accurate and
repeatable quantitative analysis of post-mortem lipids collected in textiles associated
with decomposing human remains. However, as all calculated standard errors were
below 8.0%, except for 1 ppm of stearic acid-d3 exposed to the day 84 post-
placement sample, it is possible to overcome some of these issues of quantitation.

This can be achieved by utilising a post-extraction spike of known amounts of
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deuterated acid and sterol standards (as internal standards) and hence normalising
the data to these internal standard(s). This was included in the experimental analysis
process whereby 4 ppm of stearic acid-d3 and 10 ppm of cholesterol-d7 were used,
and the subsequent analyte responses were normalised to their respective (acid or
sterol) internal standard response. This method of normalisation has been
successfully used in previous work by Ueland et al. [5] for the analysis of

decomposition samples.

3.3.4. Investigation of background ljpid contamination

Three types of controls were used in this study to examine potential sources
of background lipid contamination: laboratory, environmental and textile. A laboratory
control was used to assess contamination levels of lipids contributed from potential
leachates of plastic labware consumables, apparatuses, and solvents [53, 69, 90].
Environmental controls were established for all experimental works in this study and
consisted of identically sourced textiles placed on the soil surface of the experimental
field-site, at the same time point as each cadaver. These environmental controls
capture information about the natural deterioration of the textile over time [91], as well
as providing an opportunity to establish the contribution of environmental lipids to the
textiles. Textile controls were also used to investigate the presence of lipids on the

store-bought textiles.

The results showed a considerably high normalised abundance of stearic acid
in all three control types (Fig. 3.1). For the textile controls, stearic acid was found to
be present at a normalised abundance of 11.5 ppm (Fig. 3.1). Cotton is a natural

material composed of cellulose fibres which are naturally hydrophilic [92]. As such,
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most industrial processes in the creation of cotton materials have adopted the
application of chemical treatments to meet the demands of consumers [93]. Stearic
acid treatment is a common form of chemical treatment to increase fibre
hydrophobicity and involves the reaction of the stearic acid group with the hydroxyl
group of the cotton fibres [94]. Thus, the stearic acid at such high normalised
concentrations, particularly in the textile controls, can be explained by the
manufacturing process of the cotton materials. In addition, stearic acid is one of the
most abundant fatty acids in biological fluids, such as human sweat [51, 59, 95-98].
And so, it is also highly likely that additional stearic acid contributions were made to
the textile controls from the manual handling of the material during the production and
sale processes. While stearic acid was also present in the other two controls, the
environmental and labware, the normalised abundances were < 1 ppm. The presence
of stearic acid in the labware controls, containing no textiles, is likely due to the single-
use plastic labware implements used during the extraction procedure, such as
syringes and syringe filters [69]. A high normalised abundance of stearic acid has also
been reported in Ueland et al. in 2021 [5] and Luong et al. 2017 [9], from which the
current method has been adapted. This provides further evidence to support the fact
that stearic acid is a contaminant in this system and was thus removed from all

subsequent analyses.
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Fig. 3. 2 Normalised abundance (ppm) of the 30 target ljpids from the three contamination fests: textile, environmental, labware and the calculated total background.
Acid analytes were normalised to the deuterated acid internal standard (stearic acia-d3) and sterol analytes were normalised to the deuterated sterol internal
standard (cholesterol-d7)

117



Chapter 3

Lauric acid, myristic acid and deoxycholic acid were also detected in the
contamination tests. Lauric acid was found in all three control sets at a low normalised
abundance that did not exceed 0.5 ppm, except for the textile controls (2.2 ppm, Fig.
3.1). Myristic acid was only detected in the textile controls, at 0.43 ppm. Lauric acid
and myristic acid are also known components of human sweat [51, 59] and it is likely
that these analytes, detected at such low levels, have been introduced into the
controls from manual handling and contamination of gloves. Deoxycholic acid was
also detected in two out of the three sets tested, however, this lipid was present in

both the labware and environmental controls at less than 0.5 ppm in each case.

Overall, the investigation of background lipid contamination through the use
of these three controls was extremely useful for establishing an understanding of
baseline lipid levels. These results demonstrated the importance of having controls in
experiments investigating lipids and has led to the development of an exclusion criteria
to establish a threshold for experimental analysis, adapted from Forbes et al. 2016
[99] and Ueland et al. 2021 [100]. In summary, the original lipid response was
retained for analysis if it was exclusive to the experimental samples. Or if the
experimental response was = 50% when divided by the sum of the experimental
response and the control response, multiplied by 100. This threshold therefore
accounts for extracting useful information regarding lipids, from any potential
background lipid contamination. In addition, this threshold also accounts for lipids that
are exclusive only to the experimental samples. If this threshold was not met, the lipid

response was discarded for future analysis.
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3.4. Conclusions

Overall, a novel analytical workflow for the extraction, separation and
detection of 30 post-mortem lipids collected in textiles associated with human remains
was successfully developed. In addition, the results of the extraction efficiency and
matrix effects tests revealed significant challenges associated with working with
decomposition samples. Specifically, the impact of the complex decomposition matrix
to quantitative work. Despite the use of a targeted method in the form of MRM,
chromatographic baselines often differ between injections and batches due to thermal
degradation or vaporisation of the stationary phase in the chromatographic column
[101, 102]. In addition, other undesirable variations such as detector non-linearity
[103], ionisation suppression or enhancement [104] and most predominantly in the
case of this investigation, matrix effects [101]. If not corrected, these variations can
have a significant impact on downstream data analyses, particularly when developing

multivariate models.

Sources of lipid contamination were also explored in this investigation and it
was reported that stearic acid, lauric acid, myristic acid and deoxycholic acid were
found at detectable limits in most controls. Stearic acid, lauric acid and myristic are
likely contaminants from human sweat and manual handling in the manufacturing and
selling processes, while deoxycholic acid was likely an instrument contaminant. This
study highlights the importance of controls in such experimental work and led to the
application of a simple classification system to establish a threshold for further

experimental analysis.

In context of these findings, recommendations have been developed and

applied for future data analysis. For improved accuracy and the ability to perform

119



Chapter 3

quantitative analysis, the method requires validation. However, it is recommended to
perform data normalisation by internal standards that are representative of the target
lipid classes, in this case stearic acid-d3 for the acid analytes and cholesterol-d7 for
the sterol analytes. This normalisation process reduces the variation from the sample
handling process (as presented in the extraction efficiency tests), data-acquisition (as
indicated by thermal degradation or vaporisation of the stationary phase) and matrix
effects [105]. This data normalisation technique provides useful information about the
relative abundance of the target lipids in each sample on a time dependent scale and
can therefore provide insight to the degradation patterns of the lipids collected in the

textiles over time.
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4.1 Introduction

Chapter 3 demonstrated the successful adaptation and optimisation of a
targeted GC-MS/MS workflow for the analysis of lipids in textiles associated with
human remains. In addition, novel information regarding the complex challenges of
matrix effects were presented and consequently, a data processing classification
system was also developed to streamline analysis. The aim of the current chapter was
to apply the methods presented in Chapter 3, as a preliminary investigation to identify
if lipids in textiles could be utilised as biomarkers of decomposition. This study reports
the lipid profiles obtained from textiles associated with two human donors, in
contrasting seasons in an Australian environment. The use of accumulated degree
days (ADD), developed by Megyesi et al. in 2005 [1], allows this comparison across
seasons as ADD units represent the accumulation of thermal energy in a

chronological combination of time and energy [1].

4.2 Materials and methods

4.2.1 Field Site

The study was conducted at the Australian Facility for Taphonomic
Experimental Research (AFTER), an open eucalypt woodland on the Cumberland
Plain in Western Sydney, privately owned by the University of Technology, Sydney
(UTS). Soils at the site are classified broadly as sandy clay loam or gravelly clay, with

a pH range from 5.5 - 6.5 [2].
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4.2.2 Donors

Two human donors were received through the University of Technology
Sydney (UTS) Body Donation Programme, with consent provided in accordance with
the New South Wales Anatomy Act (1977). Ethics approval was provided by the UTS
Human Research Ethics Committee (HREC ETH18-2999). Human donor 1 (H1), was
an 86-year-old male with a height of 174 cm and weight of 63 kg, giving a body mass
index (BMI) [3] of 20.8. And human donor 2 (H2), was an 84-year-old male with a
height of 182 cm and weight of 100 kg, giving a BMI of 30.2. H1 was placed on
January 29, 2021, and H2 on June 11, 2021, corresponding to Australian summer
and winter seasons, respectively. Both donors were clothed in a 100% white cotton
t-shirt as described in Collins et al. [4], laid in a supine position on the soil surface at
AFTER, and allowed to decompose naturally. Control sites were created for both
donors, containing identically sourced clothing placed on the soil surface at AFTER at
a minimum distance of 5 m from the decomposing remains, twice the minimum
recommended distance proposed by Luong et al. 2018 [5]. Textile samples were
collected from H1 and H2 on a series of days between day 0 and day 105 post-
placement, these are explicitly outlined in Appendix 3, Table 4. S.1. Photographs and
visual observations were recorded for both donors on each sampling day. Visual
decomposition was determined using the five reported stages of decomposition:

fresh, bloat, active, advanced, and skeletal [6].

4.2.3 Sample collection
Textile samples were collected in duplicates, at different time points during

decomposition using sterilised scissors. Each textile sample was photographed in-situ
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prior to collection and individually packaged in paper envelopes and stored in a cooler
box for transportation to the laboratory, where the samples were kept at -18 °C when
not in use. Each sample was dried in a fume cupboard at ambient temperature to

inhibit bacterial and fungal growth, with adhering soil, hair and tissue removed.

4.2.4 GC-MS/MS sample preparation

Samples were prepared according to [7]. In brief, 35 mg of textile matrix was
weighed per sample. 2 mL of HPLC-grade acetone (Sigma Aldrich, Sydney, Australia)
and 2 mL of HPLC-grade chloroform (ChemSupply, Port Adelaide, Australia) were
added to each vial and sonicated, without heat, for 20 min. The samples were then
left at 4 °C for 16 hours to extract. 1 mL of the resulting extract was filtered through a
0.2 um hydrophobic PTFE syringe filter (MicroAnalytix, Taren Point, Australia). 25 uL
of the filtered aliquots were then spiked with 20 uL 10 ppm stearic acid-d3 (Merck,
Macquarie Park, Australia) and 50 pL of 10 ppm cholesterol-d7 were then added as
internal standards to. These were then dried down under a gentle stream of nitrogen
at 40 °C. Samples were then reconstituted in 40 pL of N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with trimethylchlorosilane (TMCS) (PM
Separations, Capalaba, Australia) and 10 yL of HPLC acetonitrile (Labscan Ltd.,
Gillman, Australia) and heated for 30 min at 70°C prior to being transferred into 250
uL polymer inserts (Agilent Technologies, Mulgrave, Australia). All samples were
extracted and aliquoted in duplicates and injected onto the GC-MS/MS, where
duplicate runs were conducted, giving a total of four data points per sample with the

addition of a full scan injection for quality control purposes.
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4.3 Results and discussion

4.3.1 Visual decomposition

The visual stages of decomposition for the summer donor H1, and the winter
donor H2, were considerably different and are described in detail in Collins et al. 2022
[8]. Despite these differences, the decomposition period could be differentiated into
three distinct groups: ‘early’, ‘middle’ and ‘late’ for each donor (Fig. 4.1). During
summer, H1 experienced periods of heavy rainfall and a mean temperature of 19.4°C.
H1 progressed from the fresh stage of decomposition, day 0 (ADD 0), to bloat, by
sampling day 10 (ADD 222). This was classified as the ‘early’ period for H1 as it was
also the first point that decomposition fluids were noticeably absorbed by the textiles.
By day 17 (ADD 371), H1 had reached a relatively stable state of mummification.
However, between days 17 (ADD 371) and 42 (ADD 907), decomposition fluids were
still being released from the remains and absorbed by the textiles. This was classified
as the ‘middle’ period for H1. Beyond, but not inclusive of day 42 (ADD 907), minimal
changes were observed for the remains and the textiles of H1. This was thus classified
as the ‘late’ stage for H1. In contrast, during winter, H2 was exposed to less rainfall
and a lower mean temperature of 14.8°C. The ‘early’ stage for H2 was characterised
by samples collected between day 0 (ADD 0) and day 17 (ADD 196). The ‘middle’
stage was documented between sampling days 23 (ADD 263) and 35 (ADD 385).
And the ‘late’ stage included samples collected beyond day 42 (ADD 457), where the

soft tissue had mostly mummified, like H1.

134



Chapter 4

m Early = Middle Late

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Accumulated Degree Days

Fig. 4. 1 Occurrence and duration of the three decomposition classifications for each donor over the
105-cday sampling periods represented by ADD (x-axis) for comparison. H1 refers fo the summer donor
and H2 the winter donor.

4.3.2 Human lipid profiles

When analysing the relative abundances of the 30 lipids as a function of ADD,
patterns related to the decomposition stages, and seasons, were noted, Appendix 3,
Figure 4. S1 —4. S30. For both the summer donor, H1, and the winter donor, H2, the
lipid profiles could be correlated with the three distinct visual decomposition stages
established prior; ‘early’, ‘middle’ and ‘late’. The cumulative relative abundance of
each stage, for each donor (Fig. 4.2 and Fig. 4.3) was therefore calculated, using a

method adapted from Perrault et al. 2015 [9].

4.3.2.1 H1 (surmmer)

Overall, the trends observed in the lipid profiles for H1 (Fig. 4.2) were typical
of what was expected to occur during the decomposition process. The unsaturated
fatty acids demonstrated hydrogenation, which lead to a subsequent increase in the
saturated fatty acids over time [10-12]. This was evident when comparing the results

of the cumulative relative abundances of the ‘early’ stage to the ‘late’ stage for H1

135



Chapter 4

(Fig. 4.2). The degradation of unsaturated fatty acids palmitoleic acid and linoleic acid,
are expected to yield palmitic acid and oleic acid, respectively [13, 14], reflected in
the results of the current study (Fig. 4.2). The cumulative relative abundance of
palmitoleic acid was reduced from 35% during the ‘early’ stage, to 17% in the ‘late’
stage. This was also coupled with an increase in the cumulative relative abundance
of its degradation product, palmitic acid, from 0% to 12%. Additionally, the cumulative
relative abundance of linoleic acid was reduced from 10% to 1% between the ‘early’
and ‘late’ stages, while its degradation product, oleic acid, increased from 1% to 4%
(Fig. 4.2). Interestingly, myristic acid demonstrated a high cumulative relative
abundance during the ‘early’ and ‘middle’ stages for H1, with 37% and 49%
respectively. However, this was then reduced to 1% during the ‘late’ stage (Fig. 4.2).
Typically, it would be expected that the cumulative relative abundance of the shorter
chain fatty acids, such as decanoic acid (C10:0) and azelaic acid (C9:0), would
increase as a result of the decrease in myristic acid (C14:0), however this was not
documented in the current results. Several explanations could account for this,
ranging from inter-sample variability, to superposed concentrations of other more
abundant lipids, resulting in overshadowing the abundance of these shorter chain fatty
acids. Another interesting result was the increase in the cumulative relative
abundance of arachidic acid from 0% in the ‘early’ stage, to 8% in the ‘late’ stage (Fig.
4.2). This provides some evidence to suggest the degradation of large chain fatty

acids, such as behenic acid (C22:0).

Bile acids, deoxycholic and lithocholic acid, were also evident in the lipid
profiles obtained from H1 (Fig. 4.2). Deoxycholic acid increased from a cumulative

relative abundance of 6% in the ‘early’ stage, to 36% in the ‘late’ stage, while
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lithocholic increased only from 1% to 4%, respectively (Fig. 4.2). Deoxycholic acid
and lithocholic acid are secondary bile acids produced in the intestines as a result of
microbial activity [15] and are the major bile constituents found in human faeces [15,
16]. The increase in the cumulative relative abundances of these secondary bile acids
from the ‘early’ to the ‘late’ stages, suggests that the epithelial tissues of the gastro-
intestinal tract had disintegrated, and released faecal matter as part of the

decomposition fluids absorbed into the textiles [17].

Sterols did not demonstrate to be a significant factor in the lipid profiles
obtained for H1 (Fig. 4.2), with the exception of stigmasterol which increased in its
cumulative relative abundance from the ‘early’ stage of 1%, to the ‘late’ stage of 8%.
Stigmasterol is a phytosterol [18] and so these results provide some evidence to

suggest the growth of fungi or mould on the textiles.
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4.3.2.2 HZ (winter)

In comparison, the lipid profiles obtained from H2 (Fig. 4.3) were less typical,
and this is likely attributed to the contrasting seasons in which the donors were placed.
This is typical of what is documented in cooler climates, particularly in Australia [8,
13], where decomposition is often delayed as the conditions are not conducive to soft-
tissue degradation. Thus, explaining the poor degradation of lipids in this case. The
cumulative relative abundance of the ‘early’ lipid profile for H2 (Fig. 4.3) was much
less dominated by saturated and unsaturated fatty acids, than H1 (Fig. 4.2), with the
exceptions of myristic acid (17%) and decanoic acid (12%). In addition, the ‘early’
lipid profile for H2 contained both bile acids, deoxycholic acid and lithocholic acid at

respective cumulative relative abundances of 19% and 6% (Fig. 4.3).
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During the ‘middle’ stage of decomposition for H2, the lipid profiles showed a
greater relative cumulative abundance of myristic acid, 20%, deoxycholic acid, 31%,
and cholesterol, 26% (Fig. 4.3). Interestingly, the lipid profile of the ‘late’ stage for H2
was heavily concentrated in cholesterol, with a cumulative relative abundance of 87%.
This is in complete contrast to the summer donor H1, where little to no sterols were
detected across any of the stages (Fig. 4.2). This is likely attributed to the seasonal
differences mentioned previously, whereby the sub-optimal soft-tissue degradation
conditions experienced in winter result in poor lipid degradation. In addition, the
cumulative relative abundances represent 100% of all analytes, i.e., the overall lipid
profile, and not the exact amount of each analyte. Therefore, when fewer lipids were
present, this can overinflate the cumulative relative abundance of the analytes that
were detected. Although cholesterol is a tissue-derived sterol in higher animals [19,
20], it is also ubiquitously found in soils as a result of plant and fungal contributions
[21, 22]. In soil environments, the reduction pathway of cholesterol typically yields 5a-
cholestanol, however this product can also be detected at trace concentrations in
plants, faeces, and animal tissues [23, 24, 25]. An archaeological study by von der
LUhe [26] investigated the use of sterols as biomarkers of human decomposition fluids
in soil graves from World War Il. In that study, the authors found high concentrations
of the A®-sterols, cholesterol, B-sitosterol and stigmasterol, which were consequently
considered as the natural ‘sterol background’ in those soils [26]. In addition, these A°®-
sterols were found to be ubiquitous across both test and reference samples, making
it difficult to discern input source from human, plants, fungi or other eukaryotes [22,
26-28]. In contrast, a forensic decomposition study conducted by Luong et al. [5]

successfully utilised cholesterol as a biomarker to track the lateral and vertical
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migration of human decomposition fluids in a soil environment. The conflicting results
obtained by von der Luhe [26] and Luong et al. [5] are likely attributed to the age of
the samples, the former being of more archaeological origin and the latter, of forensic.
In addition, the lipid profiles obtained from the present investigation support the
conclusions of Luong et al [5], particularly when directly comparing the cumulative
abundances of the samples obtained from H2, to the environmental control samples
(Fig. 4.4). Here, the results clearly indicate, particularly during the ‘middle’ and ‘late’
stages, that the source of cholesterol is directly attributed to the decomposition
ecology, and not just the environment (Fig. 4.4). Thus, further emphasising the
importance of including the appropriate controls in such research and the use of a
threshold. Particularly where the targets, in this case lipids, are ubiquitous in nature,

and not exclusive to the test samples.
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143



Chapter 4

4.4 Conclusions

When comparing the results of the post-mortem human lipid profiles obtained
in the present study, to recent taphonomic work involving lipids obtained from
decomposing human tissues [10] and sediments exposed to decomposition fluids [5],
the trends are promising. Textiles have thus proven to be an excellent host for the
collection and detection of decomposition lipids over time. In addition, due to the
ubiquity of lipids in nature, the results of this study further highlight the importance of
including controls, and reference samples, in such research in order to logically
deduce conclusions regarding the decomposition ecology. These results also
emphasise the urgency for future work to continue in this area in order expand the
current dataset so that systematic differences between donors, and environmental
variables, can be properly considered. With these considerations explored, lipids in
textiles are a promising biomarker for human decomposition, with the potential to aid
in future operational environments involving human remains. Particularly, in complex
investigations where other target matrices, such as tissue or soil, are unavailable for

analysis.
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5.1 Introduction

The overall rate, manner and progression of human decomposition is highly
complex and dependent on a range of intrinsic and extrinsic variables. Because of
this, time since death estimation continues to be a major challenge for forensic
investigators when faced with the discovery of human remains. After death, the body
undergoes a series of semi-predictable stages: fresh, bloat, active, advanced and
skeletal [1]. However, the time that elapses between these stages can be
unpredictable and often non-linear [2], making it very difficult to estimate the time

since death.

Data obtained from both forensic casework and experimental research [3-6]
have documented temperature to be one of the main extrinsic covariates influencing
the rate and manner of decomposition. Work by Megyesi et al. in 2005 [7]
demonstrated that 80% of the variation within decomposition can be accounted for
by accumulated-degree-days (ADD). ADD are units that represent the accumulation
of thermal energy in a chronological combination of time and energy [7]. In this
manner, it is said that when equal units of thermal energy (ADD) are applied to
remains, a relatively equal amount of decomposition is to be expected [8]. This is
because climate affects the time expected to elapse during each decomposition
stage, and thus determines the overall rate at which the remains will decay [3, 5].
Therefore, the ability to assess the impact of ADD on measurable outcomes of
decomposition holds great potential for elucidating clarity regarding the problem of

determining time since death.
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Post-mortem lipid analysis is a promising new area of research in forensic
taphonomy, with several recent works [9-12] demonstrating great success with the
use of clothing as a host to capture these decomposition lipids. As the human body
contains approximately 15% of adipose tissues [13], during the decomposition
process, the lipids contained within these tissues are released into the immediate
environment. Hence, by analysing the patterns in these post-mortem lipids, in
conjunction with ADD, it is possible to use lipids as soft-tissue biomarkers of

decomposition.

This idea was recently put forward in Chapters 3 and 4 where a method was
successfully developed for the extraction and targeted analysis of post-mortem lipids
in textiles using gas chromatography (GC) coupled with tandem mass spectrometry
(MS/MS). That work provided novel results which related the cumulative relative
abundance of 30 lipids, to three broad decomposition categories: ‘early’, ‘middle’ and
‘late’. While the research in those chapters was fundamental in providing a foundation
for future work, the results were mostly descriptive in nature, making it difficult to
discern which of the lipids were most appropriate for investigation as soft-tissue

biomarkers of decomposition.

The current chapter investigates the impact of ADD, as the unit of measurement
for chronological time, on post-mortem lipids in clothing, as the measurable outcome
of decomposition, using GC-MS/MS. Furthermore, this work uses generalized linear
mixed models (GLMMs), containing both fixed and random effects where the latter is
used to account for heterogeneity between individuals, to perform rigorous statistical
analyses on the 30 lipid outcomes in combination with ADD. For the purpose of

sample size requirements, the current study supplemented four pig cadavers, in
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addition to two human donors. Pigs have often been utilised and widely accepted in
taphonomic research due to anecdotal similarities to humans with respect to skin,
digestive, and immunological systems [14-16], in addition to the natural limitations
that come with working with human remains. As such, this study also provides a
unique research opportunity to further investigate the interspecies differences
between pigs and humans previously addressed in Chapter 2. The overall aim of the
current chapter is to assess which of the 30 lipids were suitable for use as soft-tissue

biomarkers of human decomposition.

5.2. Materials and methods

5.2.1. Field site

This study was conducted at the Australian Facility for Taphonomic
Experimental Research (AFTER), an open eucalypt woodland on the Cumberland
Plain in Western Sydney, privately owned by the University of Technology, Sydney
(UTS). Weather conditions at the field site were monitored using a HOBO Weather
Station with a HOBO® U30 No Remote Communication (NRC) data logger

(OneTemp, Marleston).

5.2.2. Donors

A total of two human and four pig cadavers were utilised in this study. The
human donors were received through the UTS Body Donation Program, with consent
provided in accordance with the New South Wales Anatomy Act (1977). Ethics
approval was provided by the UTS Human Research Ethics Committee (HREC

ETH18-2999). The study consisted of two trials: Trial 1 commenced during the
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Australian summer on January 29, 2021 and included one human donor (H1) and two
pigs (P1 and P2). Trial 2 began in the Australian winter on June 11, 2021, and also
included one human donor (H2) and two pigs (P3 and P4). All individuals were clothed
in a white 100% cotton t-shirt, as described in [10], laid in a supine position on the
soil surface at AFTER, and were allowed to decompose naturally. Anti-scavenging
cages were used to allow natural entomological activity to progress, while preventing
scavenging from local fauna. Donor information for all six individuals is summarised in

Table 5. S1.

5.2.3. Sample collection

Textile samples were collected as outlined in [11]. In summary, textile samples
were acquired in duplicates, at different time points, between day 0 and day 105 post-
placement (Table 5. S1) from the anterior surface of the remains, using sterilised
scissors. Each textile sample was photographed in-situ prior to collection and
individually packaged in paper envelopes and stored in a cooler box for transportation
to the laboratory, where the samples were kept at -18 °C when not in use. Each
sample was dried in a fume cupboard at ambient temperature to inhibit bacterial and

fungal growth, with adhering soil, hair and tissue removed.

5.2.4. GC-MS/MS sample preparation

Samples were prepared according to [12]. Specifically, 35 mg of textile matrix
was weighed per sample. Afterward, 2 mL of HPLC-grade acetone (Sigma Aldrich,
Sydney, Australia) and 2 mL of HPLC-grade chloroform (ChemSupply, Port Adelaide,
Australia) were added to each vial and sonicated, without heat, for 20 minutes. The

samples were then left at 4°C for 16 hours for extraction. Afterward, 1 mL of the

154



Chapter 5

resulting extract was filtered through a 0.2 pm hydrophobic PTFE syringe filter
(MicroAnalytix, Taren Point, Australia). Then, 25 uL of the filtered aliquots were spiked
with 20 yL 10 ppm stearic acid-d3 (Merck, Macquarie Park, Australia) and 50 yL of
10 ppm cholesterol-d7 were added as internal standards. These were dried down
under a gentle stream of nitrogen at 40°C. Samples were then reconstituted in 40 pL
of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with trimethylchlorosilane
(TMCS) (PM Separations, Capalaba, Australia) and 10 yL of HPLC acetonitrile
(Labscan Ltd., Gillman, Australia), and heated for 30 minutes at 70°C prior to being
transferred into 250 yL polymer inserts (Agilent Technologies, Mulgrave, Australia).
All samples were extracted and aliquoted in duplicates and injected onto the GC-
MS/MS, where duplicate runs were conducted, giving a total of four data points per

sample with the addition of a full scan injection for quality control purposes.

5.2.5. GC-MS/MS analysis

Analysis was performed using the method developed by [12] using a GCMS-
TQB8030 Triple Quadrupole Gas Chromatograph fitted with an AOC-20i auto injector
(Shimadzu, Kyoto, Japan). In detail, samples were injected in split mode at a
temperature of 270 °C onto an Agilent HP-5MS (30 m x 0.250 mm) column with a film
thickness of 0.25 um. The system was run in multiple reaction monitoring (MRM)
mode as outlined in [12], with a total run time of 18.75 minutes. A total of 30 lipids,
containing a mixture of fatty acids and sterols, were selected for targeted analysis:
arachidic acid, azelaic acid, behenic acid, cholesterol, coprostanol, decanoic acid,
deoxycholic acid, ergosterol, heneicosanoic acid, heptadecanoic acid, hexacosanoic

acid, lauric acid, linoleic acid, lithocholic acid, myristic acid, nonadecanoic acid, oleic
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acid, palmitic acid, palmitoleic acid, pentadecanoic acid, sebacic acid, stearic acid,
stigmasterol, tetracosanoic acid, tricosanoic acid, tridecanoic acid, B-sitosterol, 5a-

cholestanol, 5a-cholestanone and 25-hydroxycholesterol.

5.2.6. Data processing and statistical analysis

The mean area results obtained from the GC-MS/MS MRMs were processed
in accordance with [12]. In summary, the lipids were normalised to their respective
internal standards; fatty acids to stearic acid-d3 and the sterols to cholesterol-d7. The
normalised abundances were then subject to the exclusion criteria proposed in [12];
the original lipid response was retained for analysis if it was exclusive to the
experimental samples. Or if the experimental response was = 50% when divided by
the sum of the experimental response and the control response, multiplied by 100.
After the criteria was applied as in [12]; the analytes were further standardised by
dividing the grand population standard deviation, per lipid (i.e. individuals
aggregated). ADD was calculated as outlined in [7], and further standardised. As a
covariate, ADD was also standardised by dividing by the cluster-specific standard
deviation (i.e. by individual). These standardisation procedures are commonly used
to stabilise mixed-effects model fitting, and do not have any sta