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ABSTRACT

The intentional and accidental ingestion of toxic alcohols represents a health care and potential public
health concern within South Africa. Household and industrial antifreezes and brake fluids contain ethylene
glycol (ETG) and diethylene glycol (DEG), which cause toxicity within humans. Other toxic alcohols such
as 1,4-butanediol (1,4-BD) and propylene glycol (PGL) also show toxicity within the human body. Some
of these analytes have previously been implicated in cases of fatal poisoning. However, the extent to which
toxic alcohols contribute to death in South Africa is yet to be determined, as these are not routinely
investigated in forensic toxicological analysis of biological samples. The purpose of this study was to
modify and characterise a gas chromatography-mass spectroscopy (GC-MS) method for the quantitative
determination of ETG, DEG, 1,4-BD, PGL, and the toxic metabolite of ETG, glycolic acid (GCA), in post-
mortem whole blood samples at the Forensic Toxicology Unit (FTU) in the Western Cape, South Africa.
We describe the alteration of an existing method that examines most of these target analytes among others
by Meyer, Weber and Maurer (2011), utilising a lower quantity of N,O-bis-(trimethylsilyl)
trifluoroacetamide (BSTFA) and post-mortem whole blood rather than plasma. The method was
characterised according to parameters of calibration model, limit of detection, limit of quantification, bias,
precision, processed sample stability, and carryover. Linearity was observed for all analytes between 25—
100 pg/mL with preliminary limits of detection at 25 pg/mL. Preliminary limits of quantification were 25
pg/mL for 1,4-BD, and 50 ug/mL for ETG, PGL, GCA and DEG. Recovery was calculated at ~40% for
all analytes, and processed sample stability was calculated to be acceptable for up to 72 hours. The
developed method was applied to several post-mortem cases of toxic alcohol ingestion at the Observatory
Forensic Pathology Institute (OFPI). In conclusion, the method for the determination of toxic alcohols in
post-mortem samples was successfully developed and characterised for a government forensic toxicology
laboratory in the Western Cape. Future work will include the validation of this method to streamline

analytical determination of the morbidity and mortality related to toxic glycols in the Western Cape.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

The accidental, intentional, or criminal administration of toxic chemicals is a public health concern.
Ingestion of certain chemicals in household and industrial products and processes may lead to poisoning
that causes significant morbidity and mortality. While this is a public health concern worldwide,
developing countries tend to face more of a risk (O'Brien et al., 1998; Schep et al., 2009). Unlike
common drugs of abuse (DOA), the presence of industrial chemicals (at toxic levels) is not routinely
investigated in forensic toxicological analysis of biological samples in South Africa (Laher et al., 2013).
Additionally, Forensic Chemistry Laboratories (FCL) analysis backlogs remain within South Africa’s
National Health Laboratory Service (NHLS, 2023). A subset of toxic chemicals, known as toxic
alcohols, are of interest to the present research. While clinical reporting of toxic alcohols is undertaken
in South Africa, their role in death statistics is not well understood and is likely underreported in the
literature (Van Hoving et al., 2018; Veale, Wium & Muller, 2013). There are clinical data from Cape
Town, Khayelitsha Hospital, showing intentional self-poisoning with toxic alcohols (Van Hoving et al.,
2018). Toxic alcohols included in the present study are ethylene glycol, diethylene glycol, propylene
glycol, and 1,4-butanediol. Furthermore, the principal toxic metabolite of ethylene glycol is glycolic
acid, whose concentration in blood serum correlates with the severity of poisoning (Porter et al., 2001).
Ideally, a rapid and robust method that enables the simultaneous analysis of toxic alcohols and their
metabolites will be useful in clinical and forensic toxicology contexts. A gas chromatography-mass
spectrometry instrument can be used to detect these chemicals after derivatisation. Here, we propose
the modification of a method for the identification and quantification of toxic alcohols and metabolites

using gas chromatography coupled with mass spectrometry (GC-MS).

1.2 Literature review

1.2.1 Toxic alcohols and metabolites

An alcohol is any organic compound with one or more hydroxyl groups (one oxygen atom covalently
bonded to one hydrogen atom: -OH) attached to a carbon atom (McMurry, 2023). Toxic alcohols are
generally primary alcohols (where the carbon atom of the hydroxyl group is attached to only one other
carbon atom) that break down into toxic metabolites within the body when ingested by humans. These
alcohols include (but are not limited to) methanol, isobutanol, ethylene glycol, 1,4-butanediol and the
associated polyethylene glycols (Slaughter et al., 2014). Isobutanol is generally thought to be by far the

least toxic of these (Api et al., 2019), and will not be included in this review.



Methanol is found in household and industrial agents such as antifreeze, windshield washer fluid, and
perfumes. The lethal dose threshold is expressed as the ‘L.Dso” or dose at which a substance is lethal to
50% of the population and is calculated from animal studies (Fowles et al., 2017). Table 1 shows the
estimated lethal doses of the toxic alcohols of interest. The International Programme on Chemical
Safety (IPCS) report on methanol, states that the minimum lethal dose, when ingested in humans in the
absence of medical treatment, is between 0.3 and 1 g/kg (IPCS, 1997). Similarly, human clinical and
forensic post-mortem data on toxic alcohol poisoning cases can provide approximate thresholds for
lethality. Lethal blood concentrations for methanol can be estimated from post-mortem data, for
example, Wallage and Watterson (2008) reported methanol at 8405 430 pug/mL and formic acid (the
toxic metabolite of methanol) at 640—1 100 ug/mL at autopsy (n = 6).

Table 1 — Toxic doses of common industrial and household alcohols. Lethal doses were determined
from animal models.

Threshold! Reference Comments

Methanol 0.3-1.0 g/kg (IPCS, 1997) Lethal dose
Propylene glycol ~2.96 g/kg/day (Zar, Graetz)gg% Perazella, Toxic, non-lethal

Ethylene glycol 1.554 g/kg (Leth & Gregersen, 2005) Lethal dose

1.4-1.7x107 g/kg? (Ferrari & Giannuzzi, 2005)
. 0.246-4.934 g/kg (O'Brien et al., 1998)
Diethylene glycol 1.1 gke (Calvery & Klumpp, 1939) Lethal dose
0.7-1.4 g/kg (Geiling & Cannon, 1938)
515 o/k (Opdyke, 1979)
Triethylene glycol gike (Smyth Jr, Seaton & Fischer, Lethal dose
22 glkg 1941)
Tetraethylene glycol 32.77 g/kg (Smyth Jr, Slegezcl)gl & Fischer, Lethal dose

! Estimated threshold in humans.
2 The threshold is likely low due to a 48—72-hour post-mortem interval.

Ethylene glycol (ETQG) is a viscous, sweet-tasting, colourless liquid with industrial uses in the synthesis
of polyethylene terephthalate resins, as an antifreeze agent, as brake and hydraulic fluid, and in the
production of domestic window cleaners, among other uses according to the Chemicals and Products

Database (CPDat, 2017). The lethal dose is approximately 1.55 g/kg (Leth & Gregersen, 2005).

Diethylene glycol (DEG) — a sweet-tasting toxic alcohol consisting of two ethylene glycol molecules
joined by an ether — is used in humectants, dehydrating agents, and as a solvent (CPDat, 2017). The
lethal dose of DEG has been estimated at 0.014-0.170 mg/kg from a review of 15 cases (Ferrari &
Giannuzzi, 2005), though a long post-ingestion period of 48—72 hours likely underestimated this data.
Higher figures are provided by O'Brien et al. (1998) at 0.25-4.93 g/kg (median 1.5 g/kg) by estimating

ingestion from the amount of liquid missing in DEG-tainted medication bottles, and by Geiling and



Cannon (1938) at 0.7-1.4 g/kg in a case review of 12 deaths. The variations in lethal dose estimates are
likely due to varying accuracy of quantification techniques, age of victims, treatment types and post-

ingestion period.

Triethylene glycol (TIG) is a colourless poly-ethylene glycol used as a fragrance, solvent, and
humectant, and can be found in domestic settings in disinfectants and brake fluids (CPDat, 2017).
Tetraethylene glycol (TEG), another poly-ethylene glycol, is used as an antifreeze, in printing ink
products, and in lubricants (CPDat, 2017). These substances are chemically related to ETG; however,
the toxicity associated with their ingestion is not well understood due to paucity of data, (Fowles et al.,
2017; Vassiliadis, Graudins & Dowsett, 1999). The lethal dose of TIG in adults has been estimated at
5 to 15 g/kg from animal models (Opdyke, 1979). In rats, 18 g/kg of TIG administered peroral was
found to be non-lethal by the Bushy Run Research Center (BRRC, 1990), and Smyth Jr, Seaton and
Fischer (1941) reported an LDsy of 22 g/kg.

Propylene glycol (PGL) is a secondary alcohol (where the carbon atom of the hydroxyl group is attached
to two other carbon atoms). Due to its lower degree of toxicity compared to ETG and DEG, PGL is
generally recognised as safe, leading to its use in foods, cosmetics, e-cigarette solutions, topical
pharmaceuticals and intravenous drug administration — as it can dissolve hydrophobic substances in
aqueous solutions (deRoux, Marker & Stajic, 2005; Kraut & Mullins, 2018). Common drugs that use
PGL as an eluent are etomidate, lorazepam, diazepam, and other benzodiazepines. To investigate
possible iatrogenic diseases, several studies have examined PGL’s toxicity with long-term exposure
through treatment (Barnes et al., 2006; Parker et al., 2002). The lethal dose and toxicity of PGL are not
well understood (Arroliga et al., 2004). The World Health Organization (WHO) has no defined limit on
PGL used as a drug solvent. Based on the concentration of PGL in lorazepam [the highest such
concentration in a common drug — 0.8 mL (828 mg) PGL per mL], Zar, Graeber and Perazella (2007)
have calculated that the highest recommended dose in a 70 kg person would equal 0.986 g/kg a day,
while toxicity is exhibited at 2.96 g/kg/day.

The chemical 1,4 butanediol (1,4-BD) is an odourless, colourless liquid. It has industrial uses as a
humectant, paint solvent and in the manufacturing of plastic composites (CPDat, 2017). The LDso dose
for 1,4-BD is estimated at around 1.0 g/kg when calculated from intraperitoneal injection in rats
(Sprince, Josephs Jr & Wilpizeski, 1966), and 1.525 g/kg based on oral administration in mice (De
Boulle et al., 2013). Both 1,4-BD and another compound, gamma-butyrolactone (GBL) are related
compounds to the commonly misused drug, gamma-hydroxybutyrate (GHB). Table 2 shows the
estimated lethal doses of 1,4-BD.



Table 2 — Lethal dose (LDso) of 1,4-butanediol.

Threshold' (g/kg) Animal model Reference
. (Sprince, Josephs Jr &
1,4-BD 115.(2)5 1};;:: Wilpizeski, 1966)

(De Boulle et al., 2013)

! Estimated thresholds for lethality in humans, as these values are based on animal models.

In humans, metabolised 1,4-BD has sedative properties due to its rapid conversion to GHB. The drug
1,4-BD is an unscheduled substance in South Africa (Medicines and Related Substances Act, 1965) for
which a consolidated schedule is provided by the Department of Health (2023). However, GHB is a
Schedule 7 controlled substance (Department of Health, 2023). GHB is considered a dangerous drug,
commonly used as a party drug that is fatal at high concentrations (Kugelberg et al., 2010). Due to the
conversion of 1,4-BD to GHB, there is argument for the inclusion of 1,4-BD as a controlled substance
in some countries (Weng et al., 2021), whereas in others (e.g. Norway) it already is (Dahl, Olsen &
Strand, 2012). Fatalities from 1,4-BD have been reported outside of South Africa (Zvosec et al., 2001),
though lethality is likely from the metabolism of 1,4-BD to GHB. In a review of deaths associated with
1,4-BD and GHB, Dufayet et al. (2023) report GHB concentrations at 140 to 390 ug/mL. Importantly,
in forensic toxicology 1,4-BD can be detected in human biofluids (Kugelberg et al., 2010; Weng et al.,
2021). A cut off of > Img/L in blood has been suggested for exogenous source of 1,4-BD (Zvosec et
al., 2011).

1.2.2 Pharmacokinetics and Pharmacodynamics

1.2.2.1 Pharmacokinetics

The metabolism of methanol, ETG and DEG begins with the enzyme alcohol dehydrogenase (ADH) in
the liver, converting methanol to formaldehyde, ETG to glycolaldehyde, and DEG to 2-
hydroxyethoxyacetaldehyde. Next, aldehyde dehydrogenase (ALDH) converts formaldehyde into
formic acid (FCA) (Wallage & Watterson, 2008), glycolaldehyde to glycolic acid (GCA) (Herold, Keil
& Bruns, 1989), and 2-hydroxyethoxyacetaldehyde to 2-hydroxyethoxyacetic acid (HEAA), itself
further oxidised to diglycolic acid (DGA) (Marraffa, 2024). In the case of ETG, glycolic acid is further
oxidised to glyoxylic acid (Jacobsen & McMartin, 1986) and is either converted to glycine by
peroxisomal alanine: glyoxylate aminotransferase (AGT) or shunted to oxalic acid (Baker et al., 2004;
Hagen, Walker & Sutton, 1993) as is shown in Figure 1. The rate of ETG elimination is, on average,
faster than the rate of GCA elimination, making GCA oxidation to glycine the rate-limiting step of the
process (the time required for plasma concentration of a drug to decrease by 50% or ‘t2” for ETG is 3
hours compared to a ti» of 10 hours for GCA) (Moreau et al., 1998; Peterson et al., 1981). Thus, GCA
may build up in the blood.
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Figure 1 — Ethylene glycol (ETG) metabolism. ADH: alcohol dehydrogenase, ALDH: aldehyde
dehydrogenase, AGT: peroxisomal alanine - glyoxylate aminotransferase, LDH: lactate dehydrogenase

PGL is metabolised in the liver into pyruvic acid, acetic acid and lactic acid (Zar, Graeber & Perazella,
2007). Within the body, 1,4-BD is almost completely metabolised to 4-hydroxybutyraldehyde via
alcohol dehydrogenases (ADHs), and then to GHB by aldehyde dehydrogenase (ALDH) (Felmlee,
Morse & Morris, 2021; Kapadia, Béhlke & Maher, 2007; Lenz et al., 2011; Roth, Delgado & Giarman,
1966). This is shown in Figure 2.
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Figure 2 — Metabolism of 1,4-butanediol to GHB within the body. ADH: alcohol dehydrogenase,
ALDH: aldehyde dehydrogenase.



1.2.2.2 Pharmacodynamics

Following ETG and DEG ingestion, and without administration of treatment, clinical presentation is
broadly split into three sequential phases: neurological (0.5-12 hours after ingestion), cardiopulmonary
(12-24 h) and renal failure (24-72 h) (Jacobsen & McMartin, 1986). Neurological symptoms start
similarly to the inebriation effects of ethanol: central nervous system (CNS) depression, ataxia,
myoclonus, nystagmus, ophthalmoplegia and seizures (Porter, 2012). Cardiopulmonary effects include
tachycardia, tachypnoea, hypertension, congestive heart failure, pulmonary oedema, and shock. Finally,
the kidneys will exhibit flank pain, oliguria, and renal failure (Okuonghae et al., 1992; Porter, 2012).
These phases of toxic alcohol poisoning are the result of the aforementioned acidic products of drug
metabolism, FCA, GCA, HEAA and DGA, which cause high anion gap metabolic acidosis (HAGMA),
renal injury (from high metabolite concentration in the proximal renal tubule causing mitochondrial
dysfunction and cell death) (Brent, 2014), and coma - which can be fatal (Bruns et al., 1982; Gallagher
& Edwards, 2019; Whitlow & Gunnerson, 2009).

Kidney injury after ETG poisoning is contributed to by oxalic acid as well as GCA. Calcium oxalate
crystals caused by excess oxalic acid accumulate in the kidneys, brain, and other internal tissues,
resulting in acute kidney injury, and neurotoxicity (Corley et al., 2011). Calcium oxalate monohydrate
(CaOX) crystal levels correlate with the extent of nephrotoxicity (McMartin, Kenneth, 2009). CaOX
crystals overwhelm the glomerulus of the kidney, where they are internalised by proximal epithelial
tubular cells in the organelle, leading to tubular epithelium necrosis due to mitochondrial damage
(respiratory function inhibition) leading to renal failure (McMartin, Kenneth E & Wallace, 2005). At
post-mortem, ETG poisonings are often associated with CaOX crystals in the kidneys (Rosano et al.,
2009), as well as microscopically in the brain, heart, and lungs (Leth & Gregersen, 2005). However,
there are cases where no CaOX crystals are observed in the kidneys of ETG poisoning deaths, despite
high ETG and GCA concentrations in blood (Viinamaiki, Sajantila & Ojanperd, 2015). This is
potentially due to death occurring as a result of CNS depression and cardiopulmonary effects; that is,
before CaOX crystals have formed to a noticeable degree. DEG, on the other hand, does not cause
CaOX crystal deposition, as DEG does not metabolise to ETG (Schep et al., 2009; Woolf, 2022).
Similarly, the presence of oxalate crystals is negative in animal models for TIG (Ballantyne &

Snellings, 2007), and TEG (Schladt et al., 1998).

The metabolism of TIG and TEG is not thought to form GCA, DGA or oxalate. The increase in size in
these oligomers compared to ETG and DEG might reduce the absorption and magnitude of toxicity
(Fowles et al., 2017). Triethylene glycol has been reported to potentially cause CNS depression and

metabolic acidosis following ingestion of brake fluids (Vassiliadis, Graudins & Dowsett, 1999).



According to Fowles et al. (2017), the sole ingestion of TIG has not resulted in a recorded fatal
poisoning. Additionally, animal models corroborate the low toxicity of TEG wherein tested rats showed
no adverse effects at 2 g/kg/day (Schladt et al., 1998), and 4.5 g/kg/day (Healing et al., 2016), both for
28 days. The toxic health effects of TEG in animal models have shown no nephrotoxicity from either
TIG or TEG at sub-chronic exposures (Schladt et al., 1998; Van Miller & Ballantyne, 2001). Contrary
to the previous glycols, PGL is considered less toxic. At high doses, however, toxicity is exerted
through effects such as hyperosmolality, metabolic acidosis as a result of lactate formation, and acute

kidney injury (Zar, Graeber & Perazella, 2007).

The pharmacodynamic properties of 1,4-BD are exerted only after its metabolism to GHB. GHB is
specifically toxic due to the structural similarities to the CNS inhibitory neurotransmitter gamma-
aminobutyric acid (GABA), GHB is understood to interact with GABA receptors in the brain, producing
pronounced CNS inhibitory effects (Carter, Koek & France, 2009). The administration of high doses of
1,4-BD, alone or in combination with alcohol, cannabis, and methylene-deoxy-methamphetamine can
lead to asphyxia and death (Arena & Fung, 1980; Kugelberg et al., 2010; Le Garff et al., 2018; Zvosec
etal., 2001).

1.2.3 Epidemiological patterns and trends of toxic alcohol exposure

Detailed published data on toxic alcohol poisonings are more common in high-income countries. Data
from the United Kingdom’s National Poisons Information Service (NPIS) indicates that reported toxic
alcohol poisonings have decreased between 2010 and 2020 (488 individual exposures to toxic alcohols,
compared to 80, respectively) (NPIS, 2011; NPIS, 2021). Interestingly, the 2010 data shows that 18%
of individual exposures occurred in those under the age of 5 years, and 19.6% of exposures were
deliberate self-poisonings. Importantly, the vast majority (99.2%) of these exposures were not fatal, and
antifreeze, windscreen wash, and surgical/methylated spirits were the most common substances
ingested. In a review of ETG poisonings in the United States of America, using data from the National
Poison Data System, 2026 cases resulted in serious effects (seizure, HAGMA, kidney damage, and
coma) between 2006 and 2013 with 154 deaths (Jobson et al., 2015). In Finland, from 2010 to 2014,
ETG analysis was performed on 1,530 of the 33,500 toxicology investigations at post-mortem
examination. Twenty-one (21) ETG poisonings were confirmed, 44% of which were ruled accidental
deaths, 32% were ruled undetermined, and suicide was ruled in 24% of cases. Despite more
comprehensive data on toxic alcohol poisoning in higher socio-economically developed countries, not
all hospitals perform the necessary analyses. For example, in Ireland, only one (1) of 39 acute care
hospital laboratories analysed both methanol and ETG (Cassidy, Herbert & Tracey, 2010). Despite the

lower toxicity, toxicity in high-dose PGL infusions (as carrier for lorazepam) has been observed in 19%



of intensive care unit (ICU) patients, including hyperosmolality, metabolic acidosis and coma, though
no fatal deterioration was noted (Wilson et al., 2005). Research has further suggested that PGL toxicity
is more dangerous in young children and neonates (Lim, Poole & Pageler, 2014), where lower doses

can still cause CNS depression, hemolysis, cardiac arrhythmia, seizures, and agitation.

Mass poisonings — where three or more victims are poisoned in one place and at one time (Aggrawal,
2005) — provide further evidence for the public health impact caused by toxic alcohols. Toxic alcohol
mass poisoning outbreaks occur globally. Methanol mass poisonings have, among others, been reported
in Iran, Norway, India, Estonia, and Libya (Hassanian-Moghaddam et al., 2015; Hovda et al., 2005;
Kumar et al., 2019; Paasma et al., 2007; Taleb & Bahelah, 2014). However, DEG mass poisonings are
more prevalent in the literature. Most cases of mass DEG poisoning that have occurred are associated
with improperly prepared medications. While such mass poisonings are reported in developing
countries, it is thought that the true figures are unknown precisely because of a lack of DEG analysis in
potential cases as a result of resource scarcity and paucity of laboratory testing (Schier et al., 2013). In
1969, seven children died within nine days of admission to hospital in South Africa after the substitution
of diethylene glycol for propylene glycol in an over-the-counter sedative (Bowie & McKenzie, 1972).
Poisonings in India have also occurred after administration of glycerine contaminated with 18.5% DEG
(Pandya, 1988). Further outbreaks in the 1990s occurred in which DEG had been substituted for PGL
in preparations of acetaminophen syrup: 47 children died in Nigeria (Okuonghae et al., 1992), and 51
(possibly more) died in Bangladesh (Hanif et al., 1995). The most severe recent mass poisonings
occurred between 1995 and 1996 in Haiti when 85 children died after ingesting acetaminophen
manufactured with DEG-contaminated glycerine (O'Brien et al., 1998). In 1937, DEG was used as the
excipient in an oral sulphanilamide preparation named ‘Elixir Sulfanilamide’ in the United States
leading to at least 76 (perhaps over 100) patient deaths from the aforementioned ‘Elixir Sulfanilamide’
(Geiling & Cannon, 1938). The 1937 DEG mass poisoning was, in fact, the catalyst that expanded the
U.S. Food and Drug Administration’s (FDA) power to regulate the safety and manufacture of new drugs

with the Federal Food, Drug, and Cosmetics Act (FFDCA) the following year (Zoon & Yetter, 2007).

Toxic alcohol poisonings are reported more commonly in developing countries (Nekoukar et al., 2021).
In South Africa, the manufacture of homemade alcohol is common (Londani et al., 2019). Recently the
South African COVID-19 alcohol ban resulted in a substitution of ethanol with methanol and ETG in
illegal alcohol sales, leading to intoxication outbreaks(Smit, Lalloo & Engelbrecht, 2021; Stephen et
al., 2022). Apart from published reports by Laher et al. (2013) and Smit, Lalloo and Engelbrecht (2021)
on ETG and methanol poisonings, respectively, the availability of data on toxic alcohol deaths in South
Africa is sparse in the literature. This may be partly caused by the fact that most laboratories do not
routinely test for toxic alcohols, especially in the clinical hospital setting (Laher et al., 2013). Existing

clinical data can be parsed from surveys and hospital data on poisonings: 51 infant alcohol-related



exposure enquiries were made by telephone to Tygerberg Poison Information Centre in South Africa
over three years (Marks & Van Hoving, 2016). Further evidence can be seen in data from Khayelitsha
Hospital in Cape Town, where one ETG and one brake fluid poisoning are mentioned in intubated
intentional self-poisonings within the hospital (both patients survived) (Van Hoving et al., 2018).
Another ETG case can be seen in admission survey data from Tygerberg Academic Hospital (Veale,
Wium & Muller, 2013). The paucity of this data may be explained by a lack of analytical testing and
because toxic alcohol ingestions and deaths are difficult to diagnose due to the non-specificity of the
symptoms (Kraut & Kurtz, 2008; McQuade, Dargan & Wood, 2014; Porter, 2012). Clinical toxicology
and post-mortem forensic toxicology results can help support the determination of toxic alcohol
ingestion in the deceased through the identification and quantification of toxic alcohols and their

metabolites in blood serum/plasma and urine specimens.

1.2.4 Interpretation in clinical settings

Of particular interest in ETG poisonings are the insights gained from clinical casework. In such
poisoned individuals it is the serum concentration of the metabolite, GCA, that is found to correlate
somewhat with severity of poisoning symptoms, (Porter, 2012). GCA is the main contributor towards
HAGMA, while ETG contributes to clinically measured osmolal gap and not direct toxicity. Thus, the
more ETG is metabolised into GCA, the worse the poisoning symptoms become, and critically ill
patients can present with low or undetectable levels of ETG, but high levels of GCA. A similar
phenomenon can be seen in post-mortem cases, such as those presented by Rosano et al. (2009), where
analysis of post-mortem blood of two fatal poisonings showed ETG concentrations of 58 and 88 ug/mL,
and GCA concentrations of 1 072 and 913 ug/mL respectively. Therefore, high GCA concentrations
are cause for concern, and high ETG values do not correlate with severity of poisoning. There are
records of patients surviving high ETG serum concentrations of 5 000 to 8 000 ug/mL when treated

soon after exposure (Eder et al., 1998; Peterson et al., 1981; Porter et al., 2001; Stokes & Aueron, 1980).

Measurements of GCA serum concentration can predict patient outcomes in clinical settings. In a study
of 39 hospital patients a cut-off for GCA serum concentrations of > 760 ug/mL was found for high
probability of severe toxicity (unresponsiveness, acute kidney injury, and 33% mortality) (Porter et al.,
2001). A GCA concentration < 630 pg/mL, however, showed no renal failure or deaths (Porter et al.,
2001). Similarly, Brent et al. (1999) found that when treating with fomepizole (a competitive inhibitor
of alcohol dehydrogenase, the enzyme that catalyses the metabolism of ETG), GCA concentrations >

980 ng/mL were consistent with renal failure, while < 770 pg/mL did not produce toxic effects.



Anion gap (AG) corresponds to the number of unmeasured anions in blood. If this number is > 12
mmol/L, the risk for HAGMA is greater. It has been suggested that an anion gap > 20 mmol/L is
equivalent to GCA concentration in blood > 760 pg/mL GCA (Porter et al., 2001). However, the
correlations between GCA serum concentration and AG are not perfect, R? = 0.85, 0.65, 0.76 (Hovda
et al., 2011; Jacobsen et al., 1984; Moreau et al., 1998). A similar slight correlation was seen between
GCA serum concentration and AG (R? = 0.63-0.78) in 13 patients studied, though serum concentration
of the toxic metabolite DGA was not analysed (Ferrari & Giannuzzi, 2005). While AG might be a
clinical marker that suggests toxic alcohol poisoning, is not able to identify ETG poisoning more
generally, does not accurately predict GCA concentration in biofluids, and is not tested for in post-
mortem scenarios. Therefore, a toxicological analysis that can confirm ETG and GCA presence would

improve confidence in diagnosis.

1.2.5 Analytical methods for toxic alcohols and metabolites

Table 3 presents the summary of a sample of 20 methods identified from the literature that investigate
toxic alcohols of interest including ETG, DEG, TIG, TEG, and the metabolites FCA and GCA. Methods
that investigated the glycol PGL were also included, due to its similarity to ETG. Gas chromatography-
mass spectrometry (GC-MS) is a preferred method for ETG and GCA determination from blood
plasma/serum and urine (Porter, 2012), due to mass spectrometry (MS) detection capabilities. Flame
ionisation detectors (FID) for example, rely on retention time for analyte detection, leading to possible
interference with closely eluting substances (Edinboro et al., 1993). MS improves on earlier gas

chromatography techniques by increasing the speed of analysis (Wu et al., 2003).

ETG is also a polar molecule, rendering extraction from aqueous media difficult. Maurer and Kessler
(1988) first introduced GC-MS for ETG analysis by derivatising ETG into its dipivalyl ester. Silylation
derivatisation that transforms analytes into their di-trimethylsilyl (di-TMS) state was then introduced
for the analysis of toxic glycols by Gembus, Goullé and Lacroix (2002). Dilute and shoot techniques
have been developed for ETG analysis (Bost & Sunshine, 1980; Edinboro et al., 1993), however,
common disadvantages include macromolecule deposition, peak broadening, tailing, long run times and

frequent liner replacements (Jonsson, Eklund & Molin, 1989; Porter, 2012).
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Table 3 — Summary of chromatographic methods used in the analysis of toxic alcohols and their metabolites.

Author & year Specimen Analytes Instrument Reporting Limit (LOD) Dynamic Range (LLOQ) Reason for exclusion
Dagla, Gikas and E-cigarette Ethyl maltol, nicotine, propylene glycol, vegetable . . . . Non-optimal sample type
! Tsarbopoulos (2023) liquids glycerine, diacetyl and acetylpropionyl GC-MS PGL: Unspecified PGL: Unspecified (e-liquids)
E-cigarette 1,2,3-trichloropropane, propylene glycol, 3- GC-MS/ . . Non-optimal sample type
2 Moser et al. (2021) liquids chloropropane-1,2-diol, glycerol GC-FID Unspecified PGL: 0.8-20 pg/mL (e-liquids)
GHB, glycolic acid, 2-hydroxybutyric acid, 3- GHB: 0.03 pg/mL Range: 1-20 pg/mL Too large a starting sample
3 Jarsiah et al. (2020) Serum, Urine | hydroxybutyrate, 3-hydroxyisobutyrate, , succinic acid, GC-MS Glycolic acid: 0.19 pg/mL GHB: 0.11 pg/mL volume and is not validated
2,4-dihydroxybutyrate, and 3,4-dihydroxybutyrate Succinic acid: 0.28 pg/mL GCA: 0.63 pg/mL for any toxic alcohols.
Hlozek, Bursova and . Ethylene glycol, glycolic acid, 1,2-propylene glycol, 1,3- . Range: 50-5000 pg/mL
4 Cabala (2015) Serum, Urine propylene glycol (IS) CG-MS Unspecified 50 pg/mL Included
. . Formic acid, methoxyacetic acid, ethoxyacetic acid, . 25-3000 pg/mL
5 Hlozek et al. (2015) Serum, Urine glycolic acid, 2-hydroxyethoxyacetic acid GC-MS FCA & GCA: 10 - 18 ng/mL 25-37 pg/mL Included
Hlozek, Bursova and . L Non-optimal instrument
6 Cabala (2014) Serum, Urine | Ethylene glycol, 1,2 propylene glycol, glycolic acid GC-FID 25 pg/mL 50 - 5000 pg/mL (GC-FID)
X » Non-optimal (overly
7 Waurita et al. (2013) Whole blood | Ethylene glycol, diethylene glycol, propylene glycol GC-MS Unspecified ETG.& DEG: 0.0004-04 pg/mL sensitive and does not
PGL: 0.002 -2 pg/mL . . .
examine metabolite acids)
Ehlers, Morris and Plasma and . EG: 1-200 pg/mL Non-optimal instrument
8 Krasowski (2013) Serum Ethylene glycol, propylene glycol HS-GC Unspecified PG: 10-200 pg/mL (HS-GC)
Ethylene glycol, diethylene glycol, triethylene glycol, Plasma: Urine: .
9 ﬁzz’r ?2/8??) and Elg;r:a, tetracthylene glycol, propylene glycol, glycolic acid, lactic | GC-MS Glycols: 50 pg/mL Glycols: 100 pg/mL ggg’liofga(l)ooo/ ; %/mL Included
acid, GHB GHB: 10 pg/mL GHB: 50 ng/mL : He
Blood: Urine: Blood: Urine:
Whole blood, L L HS-ITEX ETG: 3 pg/mL EG; 10 pg/mL ETG: 10 pg/mL ETG: 30 pg/mL Non-optimal instrument
10| Rasanen et al. (2010) Urine Ethylene glycol, glycolic acid, formic acid GC-MS GCA: 10 pg/mL GCA: 30 pg/mL GCA: 50 pg/mL | GCA:50 pg/mL | (Headspace ITEX-GC-MS)
FCA: Unspecified FCA: Unspecified FCA:30 pg/mL FCA: 50 pg/mL
11| Sokoro et al. (2007) Plasma Formic acid GC-FID FCA: 0.92 pg/mL FCA: 1196 (5.75-184) pg/mL Fgg;’l’g‘)ﬂal nstrument
. Non- ETG: 0.07 pg/m? ETG: 0.27-109 pg/m? .
12 (22133 4l;eng and Aikawa occupational Ethylene glycol, propylene glycol, and 1,3-propanediol GC-MS PGL: 0.03 pg/m? PGL: 0.11-45.9 pg/m? Z?;;)Sptg:r?i Z?f)lple type
environments 1,3-PD: 0.03 pug/m? 1,3-PD: 0.06-23.1 pg/m? P
Serum, Lo Lo ETG: 0.12 pg/mL ETG: 0.39 (0.5-1800) pg/mL
13 | Van Hee et al. (2004) Plasma, Eﬁ:}tﬁe;; flyc"l’ glycolic acid, y-hydroxybutyric acidand | -y GCA: 0.36 pg/mL GHB: 3.15 (3.2-200) pg/mL grll“‘:gffe‘: EIM;Z?:)(ZM D
Urine GHB: 0.95 pg/mL GCA: 1.19 (1.2-1800) pg/mL P pon 1t
. . ETG: 0.7 pg/mL ETG: 1.3 pg/mL
(Gembus, Goullé & Ethylene glycol, diethylene glycol, triethylene glycol, DEG: 7.9 pg/mL DEG: 16.6 pg/mL Outdated (Meyer (2011)
14 X Serum propylene glycol, 1,3-propanediol, 1,2-butanediol, 2,3- GC-MS K K ) X
Lacroix, 2002) butanediol. and hexylene elycol TIG: 8.5 pg/mL TIG: 18.0 pg/mL improves upon it).
| ’ ylene gty PGL: 8.0 pg/mL PGL: 18.2 pg/mL
Non-optimal derivatising
|5 | Maurer, HansHetal. | Plasma, Ethylene glycol, diethylene glycol GC-MS ETG & DEG: 10 pg/mL 100-1000 pg/mL agent (pivalic acid
(2001) Urine :
anhydride)
Whole blood, . GHB: 50-500 pg/mL Non-optimal internal
16 Pan et al. (2001) Urine GHB, ethylene glycol GC-MS ETG & GHB: 50 pg/mL EG: 100-1000 pg/mL standards and outdated
17 Williams et al. (2000) Serum methanol, ethanol, 1‘sopr0panol, acetone, ethylene glycol, GC-MS EG, DEG: 25 pg/mL ETG, DEG: 50 pg/mL Nop—optlmal (lack of
propylene glycol, diethylene glycol, derivatisation)
. EG: 5-10 000 pg/mL Non-optimal instrument
18 Yao and Porter (1996) Serum Ethylene glycol, glycolic acid GC-FID 5-10 pg/mL GCA: 5-5000 ug/mL (GC-FID)
Serum and Ethylene glycol, propylene glycol, 1,3-butylene glycol, 1 pg/ml 0.5 pg/mL Non-optimal instrument
19 Houze et al. (1993) Urine and 2,3-butylene glycol GC-FID [linear] 2-1000 pg/mL (GC-FID)
Maurer. Hans and Non-optimal derivatising
20 ? Plasma Ethylene glycol, diethylene glycol GC-MS 0.01 g/L [Linear] 0.05-2g/L agent (pivalic acid
Kessler (1988) anhydride)

Note: GC = gas chromatography, MS = mass spectrometry, FID = flame ionisation detection, HS = head space, ITEX = in tube extraction
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1.3 Rationale

1.3.1 Selected analytical methods.

Ultimately methods built for GC-MS instrumentation were selected due to the availability of the instrument
in the laboratory. Three methods were identified as being key in the development of a toxic alcohols method
on GC-MS: Meyer, Weber and Maurer (2011), Hlozek et al. (2015) (A), and (HloZzek, Bursova & Cabala,
2015) (B). Hlozek (A) uses the relatively inexpensive isobutyl chloroformate to derivatise both FCA and
GCA into their respective chloroformates. Hlozek (B), builds upon the method in Hlozek (A) by including
both toxic alcohols (ETG and PGL) and the metabolite GCA. To accomplish this, HlozZek (B) uses isobutyl
chloroformate to derivatise GCA and adds to this phenylboronic acid to derivatise the glycols into
phenylboronate esters. The latter of these derivatising agents is also cost-effective to purchase for routine
toxicological analysis. Dynamic ranges for the two HloZek methods were quadratic in the range 25-3 000

pg/mL for Hlozek(A) and 50-5 000 pg/mL for Hlozek (B).

Meyer, Weber and Maurer (2011) proposed a method for the analysis of toxic glycols (ETG, DEG) and the
acid metabolites GCA and lactic acid. Several similarly structured alcohols, PGL, TIG, and TEG were also
included. This method used dimethylformamide (DMF) and the derivatising agent N, O-bis-(trimethylsilyl)
trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS). The authors improved a previous
method by Van Hee et al. (2004), reducing the volume of BSTFA and reducing the experiment run time by
incorporating microwave-assisted heating to speed up derivatisation. GHB was also included as an analyte

by these authors, and the precursor 1,4-BD was recommended for future methods.

Based on the three methods above, a GC-MS method could be developed that examines important toxic
alcohols (ETG, DEG), metabolite acids of toxic alcohols [FCA (methanol), GCA (ETG)], and associated
glycols (PGL, TIG, TEG). Additionally, this provides the opportunity for the alcohol 1,4-BD to be included
as well as the drug of abuse GHB and its precursor GBL. The implementation of a previously published
methodology could be utilised to analyse these compounds in post-mortem blood specimens for a simple,

fast, and effective sample preparation and analysis.

1.3.2 Analyte concentrations in specimen types

In the case of ETG and its toxic metabolite GCA, data shows the importance of quantitative analysis. Both
ETG and GCA are important in the determination of ethylene glycol poisoning, as ETG analysis alone is
not necessarily sufficient (Rosano et al., 2009). Because GCA concentrations in the literature vary

predictably with patient outcome, cut-off points have been sought to aid in explaining ETG poisoning. A
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cut-off of 991 pug/mL has been suggested by Tuero et al. (2018) to predict mortality in ETG poisoning in a
review of 137 patient records in the literature, and plasma GCA over 980 ng/mL has been associated with
kidney injury (Brent et al., 1999). Reported serum GCA concentrations in patients who have died of ETG
poisoning are 1 360 pg/mL (Rosano et al., 2009), 1 474 pg/mL (Tuero et al., 2018), 1 600 pg/mL
(Viinamaéki, Sajantila & Ojanperd, 2015), and 1 787 pg/mL (Porter et al., 2001).

In urine, GCA concentrations are less frequently reported. Tuero et al. (2018) report very high average (4
566 ng/mL) GCA concentrations in the urine of lethal poisonings, and Viinamaéki, Sajantila and Ojanpera
(2015) found a similar median concentration of 5 300 ug/mL. In non-fatal poisonings, GCA concentration
in urine has been 1 231 pg/mL (Tuero et al., 2018), and 4 400 pg/mL and 6 180 pug/mL for two non-fatal
cases reported by Hlozek et al. (2015).

ETG concentrations in fatal poisonings tend to be lower than those of GCA. Viinamiki, Sajantila and
Ojanperi (2015) reported a median ETG concentration of 870 ug/mL in plasma and 4 300 ug/mL in urine.
The same authors recommend urine as a more practical specimen for ETG analysis than blood. However,

since urine typically indicates exposure, quantifying these analytes may be of limited utility.

Medico-legal cases within the Western Cape of South Africa will collect specimens 24 hours or longer after
time of death (De Jong, 2017). If ETG concentration declines and GCA concentration rises with longer
times since ingestion (Moreau et al., 1998), it would be wise to develop a method with a relatively low limit
of detection (LOD) for ETG and is optimised with a dynamic range that fits the wide margins in

concentration seen for ETG and GCA in the literature.

1.3.3 Challenges in post-mortem analysis

A method built on previously published literature needs to be robust to the challenges of the biofluid in
question: post-mortem blood. Putrefaction-related production of the analytes of interest is a concern for the
development of a method that relies on precise data. It has been suggested that ETG and PGL can be
produced in tissue post-mortem due to decomposition processes by microorganisms (Wurita et al., 2014).
Over seven days at room temperature the authors found a 3.5-fold increase (9.1-fold if glucose was also
added) in ETG and PGL within blood. The authors advise taking this into account during the analysis of
post-mortem specimens of suspected ETG poisonings (Wurita et al., 2014). However, these effects would
be less pronounced in small post-mortem interval investigations. The amount of postmortem production is
perhaps negligible for a proportion of cases given the larger concentrations of ETG associated with
poisoning. This is because even a 9.1-fold increase of the <1 pg/mL of ETG pre-existing in human blood
(Wurita et al., 2013) would likely be far below forensically significant levels. However, since it is also

common for ETG concentrations in blood serum/plasma to be low even in fatal cases (Rosano et al., 2009),
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it seems that any endogenous production is not favourable, as differentiating post-mortem increases in ETG

from low poisoning concentrations is beyond the scope of this research project.

1.4 Justification

Methanol, ETG, PGL, DEG, TIG, TEG, 1,4-BD, and GBL are ubiquitous chemicals in industrial
manufacture and household products. The intentional or accidental ingestion of these chemicals occurs
around the world, especially affecting developing countries (Pressman et al., 2020). There is a paucity of
data concerning deaths due to the ingestion of these chemicals in the Western Cape province or elsewhere
in South Africa. It has been remarked, for example, that few laboratories measure rare analytes such as
ethylene glycol (Smit, Lalloo & Engelbrecht, 2021). Local data concerning toxic alcohol poisonings is
likely rare specifically because of the lack of routine toxicological analysis that would otherwise identify
and quantify these analytes. The development of an analytical method that can measure the presence and
quantity of the discussed analytes of interest in post-mortem biological samples, as proposed in this
document, would contribute towards efforts to address the stated sparseness of data regarding the morbidity
and mortality resulting from exposure to these analytes in South Africa. Moreover, the Forensic Toxicology
Unit (FTU) is responsible for conducting forensic analyses in the Western Cape to help determine cause of
death. The development of a method for the detection of toxic alcohols would enable the FTU to streamline
analysis of toxic alcohol poisoning deaths. The presence and routine application of the envisioned analytical
method within the FTU would not only serve to investigate and conclude post-mortem cases in which the
cause of death relates to the ingestion of the discussed analytes, but it would also contribute towards
growing the knowledge base on chemical poisoning for public health benefit and potentially inform

government policy.
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1.5 Aim and objectives

1.5.1 Aim

The aim of this study was to develop an analytical method to identify and quantify the following analytes

in post-mortem blood using gas chromatography — mass spectrometry (GC-MS): 1,4 butanediol, diethylene

glycol, ethylene glycol, formic acid, gamma-butyrolactone (GBL), gamma-hydroxybutyrate (GHB),

glycolic acid, propylene glycol, tetraethylene glycol, triethylene glycol.

1.5.2 Objectives

This aim was pursued through the following objectives:

L

ii.

1ii.

1v.

Establishment of the instrumental parameters best suited for the detection of the target analytes
(mentioned above) on GC-MS.

Development and optimisation of a method to extract the target analytes from post-mortem whole
blood.

Assessment of the applicability of the optimised method on an alternative specimen type: urine.
Characterisation of the optimised method through the preliminary evaluation of pre-validation
parameters.

Testing of the characterised method on authentic post-mortem cases suspected of toxic alcohol-

related poisoning.
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CHAPTER 2 - MATERIALS AND METHODS

2.1. Reagents and standards

Acetone, boric acid, dimethylformamide (DMF), ethyl acetate, isobutanol, isobutyl chloroformate, N-
hexane, and sodium hydroxide were obtained from Sigma-Aldrich, [St Louis, Missouri, United States of
America (USA)]. N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride
(TMCS) was sourced from Sigma-Aldrich (St Louis, Missouri, USA) and the Laboratory of the
Government Chemist (LGC) Group [Teddington, United Kingdom (UK)]. Acetonitrile (ACN) and
methanol (MeOH) were obtained from Honeywell-Riedel-de Haen (Seelze, Germany). Phenylboronic acid
was obtained from Thermo Fisher Scientific (Heysham, UK), and pyridine from Alfa Aesar (Massachusetts,
USA). Ultrapure (de-ionised) water was obtained from a Direct-Q3 UV water purification system (Merck
Millipore, Massachusetts, USA). Certified analyte-free blood and urine was purchased from UTAK
(Valencia, California, USA)

Glycolic acid (GCA), ethylene glycol (ETG), diethylene glycol (DEQG), triethylene glycol (TIG),
tetracthylene glycol (TEG), 1,4-butanediol (1,4-BD), 1,3-propanediol (1,3-PD) [internal standard (ISTD)]
were purchased from Dr Ehrenstorfer GmbH (Augsburg, Bavaria, Germany). Formic acid (FCA) and
propylene glycol (PGL) were obtained from European Pharmacopoeia (Strasburg, France). Gamma-
hydroxybutyrate (GHB) and deuterated gamma-hydroxybutyrate (GHB-d¢) were sourced from Cerilliant
Corporation (Texas, USA), and gamma-butyrolactone (GBL) from LGC Group (Teddington, UK).

2.2. Reference methods investigated in this study

Three published analytical methods were used as reference for this project: Meyer, Weber and Maurer
(2011), Hlozek, Bursovéa and Cabala (2015), and Hlozek et al. (2015). Henceforth they are referred to as
method A [Meyer, Weber and Maurer (2011)], B [Hlozek, Bursova and Cabala (2015)], and C [Hlozek et
al. (2015)]. Method A was selected because it investigates eight toxic glycols and metabolites (together
with GHB). Method B was included because it analyses both acids (GCA and FCA) that this project aimed
to investigate. Method C was included because it is optimised for the detection and quantification of toxic
alcohols (ETG, PGL, 1,3-PD) and an acid (GCA). Table 4 below illustrates key specifications of the

methods and the prescribed extraction procedures used in the publications are summarised in Figure 3.
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Table 4 — Key specifications of three GC-MS published methods analysing various combinations of toxic
alcohols and their metabolites that were assessed in this study.

Method C

Method A M ethod B (Hlozek, Bursové &
(Meyer, Weber & Maurer, 2011) (Hlozek et al., 2015) Cabala, 2015)
Specimen Plasma, Urine Serum, Urine Serum, Urine
type
Sample
50 uL 100 uL 100 pLL
volume H H "
Analytes' Ethylene glycol
Di.ethylene glycol Formic acid e ]
Triethylene glycol Methoxyacetic acid 1.2- r(f lengeyl col
Tetraethylene glycol Ethoxyacetic acid 13- ’rop legzle 1 cg()ly (ISil“D)
1,2 Propylene glycol Glyeolic acid O veoio weid
Glycqllc a.c1d 2-Hydroxyethoxyacetic acid 3 4-Chlorz sl s
Lactic acid 3-(4-Chlorophenyl) propionic acid (11) IS%DP P
Gamma-hydroxybutyrate (GHB) (ISTD) acid ( )
1,3 Propylene glycol (ISTD)
Calibration Glycols: 50 to 1000 pg/mL
range GHB: 10 to 200 pg/mL 25 to 3000 pg/mL 50 to 5000 pg/mL
QC levels Glycols: Low: 150 pg/mL; High: 600 pg/mL LO.W_: L0 it L,O‘fvz ) il
C 315 s 115 prshmils 180 sl Mid: 200 pg/mL Mid: 1000 pg/mL
) ’ ? ’ High: 2000 pg/mL High: 4000 pg/mL
LOD | plasma: Glycols: 50 pg/mL; GHB: 10 pg/mL
Urine: Glycols: 100 pg/mL; GHB: 50 pg/mL 10 - 18 pg/mL 50 pg/mL
LLOQ Plasma: Glycols: 50 pg/mL; GHB: 10 pg/mL 25 -37 pg/mL 50 pg/mL

Analytes in bold are of interest to the present study.

Note: ISTD: internal standard, LLOQ: lower limit of quantification, LOD: limit of detection, QC: quality control
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Method A Method B Method C

300 uL 0.1 M borate buffer of pH 300 uL 0.1 M borate buffer of pH
9.0 (0.1 mol/L) 9.0 (0.1 mol/L)

, ‘ v v

+ 100 pL serum/urine ) ( + 100 pL serum/urine )

2

+30 uL ISTD(1) (1.3-propylene glycol)
+30 uL ISTD (100 pg/mL) + 30 L ISTD(2) (3-(4-chlorophenyl)

2

50 pL plasma/urine

v

N Y

+ 10 uL ISTD

L ) propionic acid) (each 100 pug/mL)
, v , v

+ 50 uL acetonitrile + 100 pL isobutanol + 50 pL isobutanol

+ 70 pL pyridine + 10uL pyridine
Mixture shaken and Mixture shaken for 10 sec. Mixture shaken for 10 sec.
centrifuged + 100 pL of isobutyl +100 pL of phenylboronic acid (3 g/L
(14 000 x g) for 2 min. chloroformate in isobutanol)

v

Mixture shaken +
+ 50uL isobutyl chloroformate

A\

v
Sonicated for 1 min. Mixed, sonicated for 5 min.
Centrifuged at 9 600 x g for 30 sec. Centrifuged at 10 000 x g for 30 sec.
v v
20 pL supernatant transferred 100 pL of upper isobutanol layer 100 uL of upper isobutanol layer
to an autosampler screw-cap vial removed for analysis removed for analysis

v

+20 ul DMF
+ 300 uL of BSTFA (1% TMCS)

v

[ Sample closed and vortex- ]

mixed

v

r N

Sample placed in a microwave
and heated at 450W for 5 min.

v

Vial allowed to cool, then Aliquoted into crimped vial (glass Aliquoted into crimped vial (glass
placed into the autosampler for insert) then placed into the insert) then placed into the
injection autosampler for injection autosampler for injection

Figure 3 — Summary of the prescribed sample extraction procedures for the analysis of toxic alcohols and
metabolites in antemortem specimens. Method A: Meyer, Weber and Maurer (2011), and Method B:
Hlozek et al. (2015), Method C: Hlozek, Bursova and Cabala (2015).
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2.3. Instrumental parameters

All samples were analysed on an Agilent system (Agilent Technologies Incorporation, California, USA)
comprising a 7890B gas chromatograph (GC) coupled to a 5977B mass selective detector. Sample injection
was performed with the Agilent 7693 A automatic liquid sampler (ALS) and chromatographic separation
was achieved using an Agilent HP-SMS capillary column (30 m X 0.25 mm X 0.25 um). Acquisition was
performed on MassHunter (Agilent Technologies, 2017) with data processing on Agilent Technologies

(2014). The instrumental parameters for each method were adjusted as detailed below.

2.3.1. Method A

The instrumental parameters described by Meyer, Weber and Maurer (2011) were used with no changes
made. Briefly, 1 uL was injected in split mode (1:30), with the inlet temperature set at 250 °C, the transfer
line at 275 °C, and the column flow at 1 mL/minute. The oven temperature program was set as follows:
initial temperature of 50 °C, then increased by 10°C/min to 80°C (1-minute. hold), increased again by
30°C/min to 230°C, and then by 50°C/min to 310°C (2-minute hold). Total run time was 10.6 minutes (12
minutes reported by authors). The MS conditions were as follows: full scan mode (50-500 m/z), electron
ionisation (EI) mode (70 eV), and ion source temperature set at 240°C. Helium was employed as a carrier
gas. The identity of peaks was confirmed by NIST 14 library search of the full mass spectra, and ion m/z
values are shown in Appendix A, Table Al.

2.3.2. Method B

The instrumental parameters described by Hlozek et al. (2015) were used with no changes made. Briefly,
1 uL was injected in split mode (1:50), with the inlet temperature set at 250 °C, the transfer line at 260 °C,
and the column flow at 1 mL/minute. The oven temperature program was set as follows: initial temperature
of 45 °C (3.3-minute hold), then increased by 30°C/min to 300°C (1-minute hold). Total run time was 12.8
minutes. The MS conditions were as follows: full scan mode (50—500 m/z), electron ionisation (EI) mode
(70 eV), and ion source temperature set at 240°C. Helium was employed as a carrier gas. The identity of

peaks was confirmed by manual comparison to ion m/z values shown in Appendix A, Table Al.

2.3.3. Method C

The instrumental parameters described by Hlozek, Bursova and Cabala (2015) were used with no changes
made. Briefly, 1 pL was injected in split mode (1:50), with the inlet temperature set at 250 °C, the transfer
line at 275 °C, and the column flow at 1 mL/minute. The oven temperature program was set as follows:
initial temperature of 70 °C, then increased by 20°C/min to 300°C (1 minute hold). Total run time was 12.5

minutes (10 minutes reported by authors). MS conditions: full scan mode (50—500 m/z), electron ionisation
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(EI) mode (70 eV), and ion source temperature set at 240°C. Helium was employed as a carrier gas. Identity

of peaks was attempted by manual comparison to ion m/z values shown in Appendix A, Table Al.

2.4. Analytes and internal standards

The methods were assessed using the following analytes: glycolic acid (GCA), ethylene glycol (ETG),
diethylene glycol (DEG), triethylene glycol (TIG), tetracthylene glycol (TEG), formic acid (FCA) and
propylene glycol (PGL). The ISTD used was 1,3-propanediol (1,3-PD). Since not toxic glycols, GHB
(together with GBL) were included in Method A (Meyer, Weber & Maurer, 2011), it was initially decided
to include these for assessment in this study using GHB-d¢ as an ISTD. A further precursor of GHB, 1,4-
butanediol (1,4-BD), was included here on the recommendation of Meyer, Weber and Maurer (2011).

2.5. Identification of target analytes

To prepare and analyse unextracted neat samples, the prescribed sample preparation procedures as shown
in Figure 3, were modified as summarised in Figure 4 (modified steps are shown in white-coded blocks)

and described in detail below.

Method A Method B Method C
p
. 300 uL 0.1 M borate buffer of pH 300 uL 0.1 M borate buffer of pH

Sl ] 9.0 (0.1 mol/L) 9.0 (0.1 mol/L)

— v v
+1 + 100 HL Sel + 100 }.LL serpm nt'inr\\
18 uL acetonitrile

—

90 pL ultrapure
water + 10 pL
analyte standard

+ 2 uL analyte
——————1 standard
(working solution)

90 uL ultrapure
water + 10 pul
analyte standard

+30 uL ISTD(1) (1,3

N YN Y 2

+50 +30uL ISTD | (working solution) +30 uL ISTD(2) (3{ (working solution)
b propionic acid) (ed_
A\ I
— v
Mixturd shaken ad g . .
centrifuged + 100 uL isobutanol + 50 pL isobutanol
(14 000 % g) for 2 nhn. + 70 pL pyridine + 10uL pyridine

v

[ 20 pL supernatant transferred ]

to an autosampler screw-cap vial

Figure 4 — Modified methods for neat sample preparation. Biofluid extraction steps are shown in grey,
and the modifications to prepare ‘neat’ solutions are shown in white. Method A is adapted from (Meyer,
Weber & Maurer, 2011): Method B from (HlozZek et al., 2015); and Method C from (HlozZek, Bursova &
Cabala, 2015).
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2.5.1. Neat analyte solution preparation

2.5.1.1. Method A

In a 2 mL autosampler vial, a 2 pL analyte standard or a multi-analyte standard mix (100 mg/mL) was
added to 18 uLL of ACN (for a final concentration of 10 000 pg/mL of each standard) and vortex-mixed. To
this, 20 uL. DMF and 300 pL BSTFA (1% TMCS) were added. The contents were vortex-mixed for 20
seconds. The sample was heated for five minutes at 450 Watts (W) in a DMO 348, DEFY microwave
(Durban, KwaZulu-Natal, South Africa). The sample was left to cool for five minutes [time not given by

Meyer, Weber and Maurer (2011)] before it was placed into an autosampler tray for instrumental analysis.

2.5.1.2. Method B

In a 1.5 mL microtube, a 10 uL analyte standard or a multi-analyte standard mix (100 mg/mL) was mixed
with 90 pL ultrapure water (for a final concentration of 10 000 png/mL of each analyte). The sample was
then mixed with 300 pL of borate buffer of pH 9.0 (0.1 mol L!). Volumes of 100 uL isobutanol and 70 pL
pyridine were added, and the microtube was carefully vortex-mixed unclosed for 10 seconds. For
derivatisation, 100 uL of isobutyl chloroformate was added and the microtube was processed for one minute
by ultrasonication (65 Hz, 70% power) on a GT sonic ultrasonicator (Shenzhen, China). Finally, the sample
was centrifuged for 30 seconds (9 600 X g) using the Prism air-cooled microcentrifuge (Labnet
International, Edison, New Jersey, USA). The upper isobutanol layer (100 uL) was transferred into a 250
pL glass insert placed inside a 2 mL autosampler vial before it was placed into an autosampler tray for

instrumental analysis.

2.5.1.3. Method C

In a 1.5 mL microtube, 300 pL of borate buffer of pH 9.0 (0.1 mol L) was mixed with 10 uL analyte
standard or multi-analyte standard stock solution (100 mg/mL) with 90 pL ultrapure water (for a final
concentration of 10 000 pg/mL). Next, 50 pL isobutanol and 10 pL pyridine were added and the sample
was vortex-mixed for 10 seconds. For derivatisation, 100 uL of phenylboronic acid solution (3 000 mg/L,
in isobutanol) was added and the mixture was shaken vigorously. Isobutyl chloroformate (50 uL) was
added, and the mixture was carefully shaken. The sample was treated by ultrasonication for five minutes
(65 Hz, 70% power). The sample was centrifuged for 30 seconds. (9 600 X g). The upper isobutanol layer
(100 pL) was transferred into a 250 pL glass insert inside a 2 mL autosampler vial before it was placed into

an autosampler tray for instrumental analysis.
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2.5.2. Establishment of instrument parameters

2.5.2.1. Identification of compounds and retention times

A neat sample of each analyte was prepared according to Section 2.5.1 to an equivalent sample
concentration of 10 000 pg/mL for glycols and acids, and 100 ug/mL for GHB and GBL, and analysed
using the three instrumental parameters described in Section 2.3. for all three methods. Therefore, ten
analytes and two ISTDs were each analysed using three neat extractions protocols on three methods
(amounting to 108 total instrumental analyses). Library searches of deconvoluted peaks were carried out
using the NIST 14 Personal Compound Database and Library (PCDL) on the MassHunter Qualitative
Analysis software (Agilent Technologies, 2014). The NIST 14 is taken from the National Institute of
Standards and Technology (NIST) standard reference database. Matches were confirmed if over 80%
similarity with the library mass spectrum was reported by the software. Secondly, the ion m/z values were
compared to the published values for Methods A, B, and C, shown in Appendix A, Table Al. Thirdly, the
order of analyte elution and expected retention time were also used to identify analytes using the published

methods (where analytes were included in the method).

At this stage, it was decided that sample preparation and derivatisation according to Methods B and C
would not be carried forward to the next experiments. This was due to very few analytes being identified
using these methods. Method B identified only GCA, while Method C yielded no identifiable analytes. Full

breakdown of these results can be found in Chapter 3, Section 3.2.

2.52.2. Ion selection

From the analyses performed in Section 2.5.2.1, analyte peaks were also assessed for the ions that best
produced Gaussian distribution peaks on the chromatogram. Three ions were selected, one as a quantifier
ion (Q m/z) and two as qualifier ions (m/z 1 and m/z 2). The selected ions were used to produce a selected
ion monitoring (SIM) method for Methods A, B and C for the relevant analytes. lon m/z ratios identified
analytically were compared to those published in Methods A, and B, (no analyte peaks were identified for
comparison to Method C), as shown in Appendix A, Table Al. Informed by the selected ions, SIM
acquisition methods were then created on the MassHunter Software on the GC/MS (Agilent Technologies,

2017).

2.6. Selection of an instrumental method

To assess analyte resolution and compound interference, a multi-analyte sample comprising 2 uL of ETG,

PGL, GCA, DEQG, 1,4-BD, TIG, TEG, and 1,3-PD (ISTD) (all at 5 000 pg/mL) (16 uL total) and 4 pL of
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acetonitrile, was prepared in a 2 mL autosampler vial with a final volume of 20 puL (500 ug/mL analyte
concentration). A concentration of 500 pg/mL was selected, as it presented an intermediate value between
the 50—1 000 ug/mL calibration range of Method A. As above in Section 2.5.1.1, 20 pL. DMF and 300 pL
BSTFA (1% TMCS) were added. The following analytes were excluded, as they failed to produce any
identifiable chromatographic peaks (after neat extraction): FCA, GBL, GHB, and GHB-dg, as detailed in
Chapter 3, Section 3.2.3. The solution was then derivatised according to Method A, as described in Section
2.5.1.1. Chromatographic resolution (the measure of the separation of adjacent peaks) and selectivity (the
ability to chemically distinguish between analyte peaks) were assessed in SIM mode using instrumental
Methods A, B and C (Figure 5). Acceptable resolution was assessed by baseline separation between all
individual peaks. Secondly, to rule out interference between analytes, and thus assess selectivity, all analyte
peaks were examined to ensure that they appeared individually and in multi-analyte preparations. This

ensures that no analytes are interfering by out-competing analytes for the derivatization reagent (Wu, 1995).

Ion m/z used during this experiment were based on those determined to be optimal during the ion selection.
From the present experiment, the instrumental parameters of Methods B and C were excluded from
downstream evaluation, for reasons discussed in Chapter 3, Section 3.2. The analytes TIG and TEG were

also excluded based on their performance in this experiment; see Chapter 3, Section 3.2.3
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Figure 5 — The experimental process to determine ideal instrumental parameters for a multi-analyte sample
derivatised according to Method A, whereby the performance of the instrumental parameters of Method
A, B and C was evaluated.
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2.7. Optimisation of the derivatising reagent volume: BSTFA (1% TMCS)

This experiment was performed to assess if the volume of BSTFA (1% TMCS) could be reduced without
losing peak area and/or height on a SIM method for the six analytes being examined. This experiment was
performed using certified blank whole blood, spiked to 1 000 pg/mL with remaining analytes ETG, PGL,
1,3-PD (ISTD), GCA, 1,4-BD, and DEG.

To 50 uL of spiked blank post-mortem whole blood, 10 pL of methanol (in place of the ISTD already
spiked into the blood sample) and 50 pL of acetonitrile were added in a 1.5 mL microtube. The mixtures
were shaken and centrifuged at 14,000 x g for two minutes. Thereafter, 20 pL of supernatant was transferred
to an autosampler screw-cap vial and mixed with 20 pL of DMF, followed by low (100 pL), medium (200
pL), or high (300 pL) volumes of BSTFA (1% TMCS) — each in one of three vials. The vials were then
vortex-mixed for 10 seconds and heated in a microwave (450 W) for 5 minutes. The vials were left to cool
and placed in the GC-MS autosampler tray for instrumental analysis according to Method A. This was
performed in triplicate. Optimal volume of BSTFA was then assessed by comparing the areas under the
analyte peaks on the chromatogram for each of the three BSTFA volumes using MassHunter Qualitative

Analysis (Agilent Technologies, 2014).

2.8. Extraction of target analytes from whole blood

The final analytes included were narrowed down to ETG, PGL, 1,3-PD (ISTD), GCA, 1,4-BD, and DEG
after experiments 1 and 2 (Sections 2.5 and 2.6). The final modified extraction procedure used for the
following method characterisation is outlined here: To 50 uL of spiked post-mortem whole blood, 10 uL
of ISTD (for 500 ug/mL sample concentration) was added, followed by 50 pL of acetonitrile. Following
vortex mixing and centrifugation at 14 000 X g for two minutes, 20 uL of supernatant was transferred to
an autosampler screw-cap vial and mixed with 20 pL of DMF and 200 pL of BSTFA (1% TMCS). The
laboratory sample preparation procedures for the developed modified method are shown in Figure 7. The
vortex mixing and heating were the same as in Section 2.5.1.1. Injection was the same as in Section 2.3.1,
except for the creation of a SIM method with channels set to three ion m/z values and retention times seen

in chapter 4, Table 6, Mcthod A column.

2.8.1. Procedure for simultaneous determinations

Based on Matuszewski, Constanzer and Chavez-Eng (2003) and Bienvenu et al. (2017), a simultaneous
procedure for the analysis of bias, matrix effect, recovery, and process efficiency was implemented. This
involved the preparation of 54 samples in groups of 18. The procedural plan can be seen in Appendix C,

Table C.1.
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Post-mortem blood from three sources (A, B, and C) was employed for these pre-validation performance
characterisation experiments, enabling the determination of a calibration curve per analyte, carryover,
selectivity, limit of detection, lower limit of quantification, accuracy, precision, recovery, and processed

sample stability.

2.8.2. Calibration curve, carryover, specificity, and limits of detection

2.8.2.1. Calibrators

Six non-zero concentrations were used for the calibration levels, and three concentrations were used for
quality control, both shown in Table 5, with the ISTD set at 500 pg/mL. Each calibration sample and
quality control sample (QC) was extracted in three separate runs, each run being injected in triplicate (9
sets of data). Pooled post-mortem blood, used for calibration samples, was prepared from three sources
(A, B, and C) obtained from the FTU repository post-mortem biological forensic samples. Quality control
samples used single source post-mortem blood: Run 1 used blood source ‘A’, Run 2 used ‘B’, and Run 3

used ‘C’.

Table 5 — Calibrators and quality control concentrations for ETG, PGL, GCA, 1,4-BD, and DEG used in
the assessment of the calibration curve, LOD, and LLOQ

Calibrator Cal. 1 Cal. 2 Cal. 3 Cal. 4 Cal. § Cal. 6
Concentration (ug/mL) 25 50 100 250 500 1000
Quality control Low Medium High
Concentration (ug/mL) 60 200 800

Note: the ISTD (1,3-PD) concentration was 500 png/mL for all samples.

Calibration samples at all 6 calibration levels, shown in Table 5, were prepared by spiking pooled post-
mortem blood to the following concentrations: 25, 50, 100, 250, 500, and 1 000 ug/mL. The calibrators
were selected based on the curves utilised by (Meyer, Weber & Maurer, 2011). The preparation and
derivatisation procedures are shown in Appendix C.1. Calibration curves were calculated via MassHunter
Quantitative analysis software for GC-MS (Agilent Technologies, 2016), after creating a method with

acquired SIM data ion m/z values shown in chapter 3, Table 6.

2.8.2.2. Carryover

Blank matrix samples were analysed immediately after the 4™, 5™ and 6" calibrator samples in each repeat
and run to determine if carryover was present. Acceptability determined if carryover after the three highest

calibrators did not exceed 10% of the peak area of the lowest calibrator, Cal 1 (25 pg/mL).
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2.8.2.3. LOD

The LOD was assessed through a statistical assessment of the background noise. Three sources of blank
matrix were analysed in duplicate over three runs. The average and standard deviations of the signal at the
analyte retention time were calculated. Cal 1 at 25 pg/L was selected as an administrative cutoff and
analysed in the same number of runs. The Cal 1 concentrations were required to yield a signal greater than

the mean plus 3.3 times the standard deviation of the blank matrix signals to be acceptable.

2.8.2.4. LLOQ

The LLOQ was the lowest non-zero calibrator to demonstrate that all detection, identification, bias (£20%),
and imprecision (CV% <20%) criteria were met over three runs. As this was a preliminary assessment
pooled blood was used, however, in validation a minimum of three different post-mortem blood samples is
recommended for analysis over three runs. The data for Cal 1 and Cal 2 were assessed to determine the

LLOQ. The equation for bias calculation is shown below:

mean relative concentration — expected concentration

Bias = ( ) X 100%

expected concentration

2.8.3. Bias and precision

Quality control (QC) samples of post-mortem blood spiked with analytes at low (60 pg/mL), medium (200
ug/mL), and high (800 pug/mL) concentrations. In each of the three runs, QCs were prepared in different
post-mortem blood sources (A, B, and C).

2.8.3.1. Bias

Bias (%) was calculated at the low, medium, and high concentration QCs injected in triplicate during each

of the three runs using the following equation:

. . Grand Mean at Concentration — Nominal Concentration,,
Bias (%) at Concentration, = - - x 100
Nominal Concentration,,

The maximum acceptable bias was deemed to be £20% at each concentration.

2.8.3.2. Precision

Within and between group precision was calculated with one-way analysis of variance (ANOVA). Analysis
was run on R-Studio (Posit team, 2023), thereafter mean square values were used to determine within-run

and between-run coefficients of variation as shown below:
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\/mean squareyithin groups 100
grand mean for each concentration

1) Within —run CV (%) = [

mean squarepetween groups + (n—-1) x mean squarey,ithin groups

2) Between —runCV (%) = T %x 100

grand mean for each concentration

The % CV should not exceed 20% at each concentration. The largest calculated within-run and between-run

% CV for each concentration was used to assess precision acceptability for these experiments.

2.8.4. Recovery

Neat, ‘pre-’ and ‘post-’ extraction samples each at three concentrations [low (60 pg/ml), medium (200
ug/ml), and high (800 pug/ml)] were prepared. Neat samples contained only solvent, reference analyte and
ISTD. Pre-extraction samples were post-mortem blood samples spiked with reference analytes and ISTD
before extraction processing. Post-extraction samples were post-mortem blood samples subjected to
extraction procedures and then spiked with reference analytes and ISTD. Appendix C.2 describes the

preparation of these sample types, and the process is depicted in Figure 6.

— [
Extraction Acetonitrile

b .
O N . . — | Post-Mortem
{ o 5 n / l ’ Whole Blood
| \ | -?.’.‘."" =
= Internal
h Standard

. v J -- Multi-Analyte

Standards
Derivatisation

Pre-extraction
Post-extraction

Figure 6 — Diagram of recovery experimentation process. Column A shows post-mortem whole blood
spiked with internal standard and multi-analyte standards before liquid-liquid extraction and protein
precipitation, with the supernatant aliquoted to a new autosampler vial before derivatisation. Column B
shows the spiking of the supernatant with internal standard and multi-analyte standards after extraction.
Column C shows a neat preparation of internal standard and multi-analyte standards before derivatisation,

without an extraction step. The diagram was created with BioRender (2023).
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The ionisation suppression, seen in matrix effect (ME) values < 100%, is indicative of absolute matrix
effect. This means that the mass spectrum response to an analyte in a solvent that contains matrix extract is
less than the MS response to the same analyte in ‘neat’ conditions without the contamination of a matrix.
Recovery, matrix effect and process efficiency were calculated as follows based on the recommendations
by Matuszewski, Constanzer and Chavez-Eng (2003):

Post—extraction peak area

x 100

1) Matrix ef fect % (ME) =

Neat standard peak areas

Pre—extraction peak areas

2) Recovery % (RE) = x 100

Neat standard peak areas

MEXRE

3) Process Efficiency % (PE) = ™

2.8.5. Processed sample stability

To assess processed sample stability, the low, medium, and high QC samples (Table 5) from run 3, were
re-analysed on the GC-MS instrument after 6, 12, 24, 48, and 72 hours and processed against the original
calibration curve. Analytes were deemed no longer stable when the signal peak area had decreased (or

increased) by more than 20% compared to the time zero average signal.

2.9. Assessment of the method on an alternative specimen type — urine

Certified drug-free urine and post-mortem urine from three different sources (A, B, and C) were employed
to test the ability of the method to detect the analytes of interest in urine. Post-mortem urine samples were
provided from the FTU case sample repository for research. For sample preparations see Appendix C.3.
Samples were run on the SIM method developed here, and results were analysed via the prepared method

in MassHunter Quantification software (Agilent Technologies, 2016).

2.10. Application of the developed method to case samples

The developed GC-MS method was then used to determine the presence of toxic alcohols in three post-
mortem cases from the Observatory Forensic Pathology Institute (OFPI), suspected of having ingested toxic
alcohols shortly before death based on scene information relayed to the FTU by the forensic pathologist.
For these cases, whole blood was collected in grey-top tubes (containing potassium oxalate as an
anticoagulant and sodium fluoride as a preservative) at autopsy. These blood samples were then analysed
for drugs of abuse at the FTU. The present study made use of a small volume (50 pL) of the remaining
whole blood.
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The laboratory sample preparation procedures used are outlined in Appendix C.4. Figure 7 shows the
process involved in sample analysis according to the modified method. The samples were analysed with

the SIM method developed, and quantification was attempted on MassHunter Quantification software

(Agilent Technologies, 2016).
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Figure 7 — Diagram showing a summary of the developed methodology adapted from Method A (Meyer,
Weber & Maurer, 2011). ‘A’ in the figure (image 6) refers to analyte that has been derivatised (via
trimethylsilylation). The diagram was created with BioRender (2023).
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CHAPTER 3 - RESULTS

3.1. Identification of target analytes

Neat derivatised extracts of eleven analytes and one internal standard were prepared using sample
preparation of Methods A, B, and C, and all analysed on the instrument parameters of Methods A, B,
and C. Analytes of interest - derivatised and analysed by GC-MS - were identified in the three methods
tested. Out of the 11 analytes and one ISTD subjected to the three methods (A, B, and C), 7 analytes
and the ISTD could be positively identified using Method A (Figure 8, and Appendix D, Figure D.1).
These were, in order of elution: ETG, PGL, 1,3-PD (ISTD), GCA, 1,4-BD, DEG, TIG, and TEG. The
TMS derivatives of the analytes in question were matched to the ‘NIST14’ mass spectral reference

library with an acceptance score of at least 80% similarity.
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Figure 8 — Mass spectra of a selection of the derivatised (trimethylsilylation) analytes of interest (above
the line), with matching NIST 14 library mass spectra (below the line). 1: FCA, 2: TIG, 3: TEG (but
identified as TIG by NIST 14). NIST 14 library match was > 80% for all analytes except FCA (71.77%).
Note: the chemical structure images are non-ionised molecules.
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Only one analyte (GCA) was tentatively identified using Method B (Figure 9). This identification was
presumptive, as Method B used isobutyl chloroformate to derivatise alcohols. The mass spectrum of
the isobutyl ester of glycolic acid (2-methylpropyl 2-hydroxyacetate) was not found in the NIST 14
library. However, the three ion m/z values reported by Hlozek et al. (2015), the authors of Method B:
76, 121, and 134, were identified in the suspected GCA peak observed for the GCA analyte sample
(Figure 9).
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Figure 9 — Glycolic acid, isobutyl ester ion m/z fragments. Quant: quantifier ion, Q1 and Q2: qualifier
ions provided by Hlozek et al. (2015). Note: the chemical structure image is of the non-ionised
molecule.

No analyte peaks were identified on the chromatograms for Method C (Appendix D, Figure D.2). While
each analyte was derivatised and analysed on GC-MS according to the parameters of Method C
(outlined in 2.3.3 and 2.5.1.3), all peaks in the chromatogram were identified as solvents used in the
extraction. Method C was thus excluded from further use in this project. Analytes GBL, GHB and GHB-
D¢ (ISTD) were excluded from further analysis due to not being positively identified in any method.
The analyte FCA was presumptively identified, with only a 71.77% match score on NIST 14. Table 6
indicates the retention times identified together with the major m/z ions for the analytes tested on all

three methods.

Table 6 — Key ions and retention times found for the analytes of interest for the three methods tested

Retention time Tons (m/z)
(minutes) Method A’ Method B’ Method C°
< as] (@)
= o o N — QN N — Q)| N — QN
Analyte £ £ £ E &N N H N N § N N
S 5 5 o & & © & & o & E
= = =
Ethylene glycol  4.84 147 191 103
Propylene glycol  5.03 117 118 205
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Retention time lIons (m/z)

(minutes) Method A’ Method B’ Method C°
< M (@)
Analyte 2 2 2 :E 3 8 BN S ESOS
ﬁ § § o & & © & & o & E&
1,3 Propanediol (ISTD) 5.60 147 130 115
Formic acid ~ 1.83
Glycolic acid 580 859 177 147 148 134 76 121
GHB
GBL
GHB-Ds
1,4-Butanediol  6.48 147 116 101
Diethylene glycol  7.01 17 116 103
Triethylene glycol 8.8 117 103 16l
Tetraethylene glycol ~ 9.41 117 207 147

I Meyer, et al. (2011): analyte di-trimethylsilyl (2TMS) group ion fragments, quantifier is bold, qualifier in italics.
2 Hlozek et al. (2015a) analyte isobutyl esters ion fragments (only glycolic acid was found)

3 Hlozek et al. (2015b): analyte isobutyl esters ion fragments for acids, and phenylboronate ion fragments for alcohols (none
found)

Retention times were lower than in the literature methods (See Appendix A, Table A.1)

3.2. Selection of a suitable instrumental method

3.2.1. Method B sample preparation

Only one analyte of interest was reliably identified using the sample preparation for Method B (tested
on all instrumental methods), and no analytes were identified when using Method C sample preparation
on all three instrumental analyses. Eight analytes were identified using Method A sample preparation
on the various instrumental methods. The identification of GCA from Method B (preparation and

instrumental analysis) is presented below, followed by the assessment of the more successful Method
A.

Only GCA was identified when preparing and derivatising all analytes of interest (n = 11) and the ISTD
(n = 2) using Method B preparation and instrumental methods A, B and C. Error! Reference source not
found. shows the chromatogram for instrumental Method B. The mass spectrum for the integrated peak
at 8.593 minutes. matched the three ions reported in the literature method for the isobutyl ester of GCA.
Since no further analytes of interest were identified here, Method B preparation was not carried further

in this project.
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Figure 10 — Overlay of scanning chromatograms of formic acid (red) and glycolic acid (grey) sample
injections (both at 10 000 pg/mL) prepared and derivatised according to Method B (HlozZek et al., 2015).
Glycolic acid is detected: peak at 8.593 minutes. The solvent delay was not enabled, so as to identify

formic acid, which was expected to elute at approximately 3 minutes. The solvent peaks identified by
NIST 14 (>80%) are labelled.

3.2.2. Method A sample preparation

Analytes of interest derivatised according to Method A were subjected to instrumental methods A, B,
and C. The resulting chromatograms are shown in Figure 11, Figure 12, and Figure 13 respectively.
Method A (instrumental) demonstrates good separation between peaks even at short retention times, as
well as near ‘Gaussian’ peak shapes, and less peak tailing compared to methods B and C for analytes at
longer retention times. Instrumental methods B and C demonstrated poor separation, particularly
between ETG and PGL, the first two eluting peaks, and a very poor peak shape for TEG, the last eluting

analyte seen in Figure 12 and Figure 13.
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Figure 11 — Well-resolved overlaid chromatograms of eight analytes of interest derivatised according
to Method A and examined on the GC-MS with instrumental Method A parameters (Meyer, Weber &
Maurer, 2011). The insert ‘1.” shows ETG, PGL, and 1,3-PD (ISTD). Sample concentrations were (100
ug/mL for ETG, PGL and 1,3-PD, and 10 000 ug/mL for GCA, 1,4-BD, DEG, TIG, and TEG. The ion
monitoring times are indicated by grey lines.
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Figure 12 — An overlay of the chromatograms of eight analytes of interest derivatised according to
Method A and examined on the GC-MS with instrumental Method B parameters (Hlozek et al., 2015).
The insert ‘1. shows ETG, PGL, and 1,3-PD (ISTD). Sample concentrations were (100 ug/mL for
ETG, PGL and 1,3-PD, and 10 000 pg/mL for GCA, 1,4-BD, DEG, TIG, and TEG. The ion monitoring

times are indicated by grey lines.
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Figure 13 — An overlay of the chromatogram of eight analytes of interest derivatised according to
Method A and examined on the GC-MS with instrumental Method C parameters (Hlozek, Bursova &
Cabala, 2015). The insert ‘1.” shows ETG, PGL, and 1,3-PD (ISTD). Sample concentrations were (100
ug/mL for ETG, PGL and 1,3-PD, and 10 000 pg/mL for GCA, 1,4-BD, DEG, TIG, and TEG. The ion
monitoring times are indicated by grey lines.

3.2.3. Selection of target analytes

Further analysis of the analytes GBL, GHB, GHB-D¢ and FCA was halted at this point in the study, due
to absent and low-fidelity identification. Additionally, only extraction and derivatization according to

Method A were carried forward.

Due to non-symmetrical peak shape, TIG and TEG were also not included in further method
characterisation. Furthermore, the mass spectra for both analytes are almost identical (Figure 8), and
TEG samples presented with a peak at the same retention time (8.38 mins) as TIG as is shown in Figure
14, which also demonstrates that the SIM chromatograms of TEG and TIG show a small peak at the
same retention time (7.01) as DEG. As a result, during forensic investigations, it would not be possible
to discern if a sample contained TEG and TIG, or solely TEG from this analysis alone. For these reasons,

it was decided to omit TIG and TEG from further assessment.
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Figure 14 — Chromatogram of tetracthylene glycol (TEG) (above) and triethylene glycol (TIG) (below).
Above: the main peak for TEG is at 9.41 minutes, however, a second peak can be seen at 8.38 minutes,
the elution time of TIG. Another peak can be seen at 7.01 minutes. The elution time of diethylene glycol
(DEG). These overlapping peaks represent the possibility of detecting a false positive result. As a result,
both TIG and TEG were excluded from the method.

3.3. Optimisation of the derivatising reagent volume: BSTFA (1% TMCS)

Optimisation of the derivatisation method focused on reducing the volume of BSTFA (1% TMCS) used.
It was found that reducing the volume of BSTFA to 200 puL from 300 pL did not affect the peak areas
of the analytes of interest to an appreciable degree (Figure 15). However, a peak for DEG was not seen.

Despite this, the volume of BSTFA was reduced to 200 uL from 300 pL.

o Volume (uL) l
4,000,000 - 200
& 300
- T T
2,000,000 - }
L ] W 8
0- o

Diethylel:ne glycol Ethylelne glycol Glycyolic acid Propyllene glycol

Analyte

1,3-Propanediol 1.4-Butanediol

Figure 15 — Peak area counts for BSTFA volumes of 200, and 300 uL, shown in green and red,
respectively. Peak areas seen in Appendix B, Table B.1
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3.4. Whole blood extraction

After testing the three methods A, B, and C, and evaluating the ability to identify the analytes of interest
within our lab, the derivatisation process and instrumental parameters chosen were from Method A
(Meyer, Weber & Maurer, 2011). The analytes found to be identifiable were ETG, PGL, GCA, 1,4-BD,
DEG and the internal standard 1,3-PD.

Subsequently, a post-mortem whole blood extraction was performed to determine if the analytes of
interest would interfere with any compounds found in post-mortem whole blood. The analytes of
interest and compounds identified by the NIST14 library from the full scan of post-mortem whole blood
spiked with a multi-analyte solution are given in Table 7. A labelled chromatogram is seen in Figure
16, and a diagram showing the trimethylsilylation reaction of the five analytes and ISTD that produces
the targeted analyte di-TMS compounds from Method A is shown in Figure 17.

Table 7 — NIST 14 identified substances in whole blood when analysed on GC-MS with 5 analytes
and internal standard added.

Name Formula Nzi‘/t ;h Mass 1]3:::; RT CAS Library
ethylene glycol, 2TMS derivative CsH220:S12 90.7 206 147.1  4.847 7381-30-8 NIST 14
propylene glycol, 2TMS derivative CoH240:2S12 92.7 220 117.1 5.03 17887-27-3  NIST 14
1,3-propanediol, 2TMS derivative CoH2402Si2 95.8 220  147.1 5.592 17887-80-8 NIST 14
lactic acid, 2TMS derivative CoH2203Si2 88.9 234 147.1 5.656 17596-96-2  NIST 14
glycolic acid, 2TMS derivative =~ C8H20CO3Si2 88.8 220 147.1  5.782 33581-77-0  NIST 14
1,4-butanediol, 2TMS derivative ~ CioH2602Si2 96.9 234 1471 6471 18001-91-7  NIST 14

trifluoroacetamide, N- C<sH-FsN2O 74.5 168 99 6.684 2000334- NIST 14
dimethylaminomethylydene ST 54-6
diethylene glycol, 2TMS derivative ~ CioH2603S12 87.6 250 73.1 7.01 16654-74-3  NIST 14

glycerol, 3TMS derivative ~ Ci2H3203S13 93.8 308 147.1 7.173  6787-10-6 NIST 14
Note, RT = retention time, CAS = chemical abstracts service number, 2TMS = di-trimethylsilyl, 3TMS = tri-trimethylsilyl
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Figure 16 — Full scan chromatogram showing the five analytes (at 500 pg/mL) and the ISTD according
to extraction and instrumental methods A (Meyer, Weber & Maurer, 2011), in whole post-mortem
blood.
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Figure 17 — Derivatisation using BSTFA (1% TMCS) of the five analytes and internal standard
(ISTD) for Method A. Note, 2TMS: di-trimethylsilyl.
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3.5. Calibration model

The original instrumental published method validated linearity of all analytes (except 1,4-BD) between
50 and 1 000 ug/mL (Meyer, Weber & Maurer, 2011). The current study evaluated if this range could
be exceeded at the lower concentrations by assessing calibration samples prepared in post-mortem
blood at 25, 50, 100, 250, 500, and 1 000, ug/mL for all analytes. Each calibrator was extracted and
injected in triplicate in three separate runs (average within each run is presented in Appendix E, Table

E.1).

Linear calibration curves for ETG, PGL, GCA, 1,4-BD and DEG show R?> 0.99 (Table 8). While each
run was injected in triplicate only a single analysis was used in the presentation of the data in Appendix
E, Table E.1. Linear regression curves were created with 6 calibration points for ETG, PGL, GCA, 1,4-
BD and DEG at R? > 0.99.

Figure 18 shows the calibration curve for ETG. Calibration sample data was not averaged for the

drawing of calibration curves due to the poor precision seen in the area and ISTD to standard ratios

(Appendix E, Table E.1). Residual plots of calibration curve data were not attempted.

Table 8 — Linear regression analysis of the GC-MS method obtained from six calibration samples.

Run 1 Run 2 Run 3
Analyte i i i i _ _
Points Equation' R? Points Equation R? Points Equation R?

ETG 6 y = 4.4496x + 0.20632 0.99478 5 y = 4.4780x — 0.17063 0.99919 6 y = 3.1782x — 0.11979 0.99979
PGL 5 y = 2.9700x + 0.16677 0.99970 5 y = 2.9681x — 0.06354 0.99684 6 y = 2.1747x — 0.13706 0.99221
GCA 6 y = 0.0800x + 0.00609 0.99452 6 y = 0.0829x — 0.99986 0.99986 5 y = 0.0599x — 0.00198 0.99975
1,4-BD 6 y = 2.1274x + 0.18237 0.99861 5 y = 2.5602x — 0.03301 0.99883 6 y = 1.5234x + 0.02352 0.99931
DEG 6 y = 0.9602x + 0.02363 0.99821 6 y = 1.0760x + 0.01440 0.99718 5 y = 0.7110x — 0.04387 0.99594

! Based on relative concentration (0.05 - 2), corresponding to 25 pg/mL to 1000 pg/mL.

R? = correlation coefficient.
Shaded boxes highlight the best-performing linear regression curves, shown in Appendix E, Figures E.1- E.4.
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Figure 18 — Calibration curve for ethylene glycol (25 to 1000 ug/mL). Six calibrators were used (25,
50, 100, 250, 500, and 1000 ug/mL

3.6. Carryover

Carryover was assessed by analysing blank matrix samples after Cal 4, Cal 5, and Cal 6 sample
injections. No significant carryover (>10% of the lowest calibrator area) was detected after either of the
three highest calibrators (Cal 4, Cal 5, Cal 6) for ETG, PGL, 1,4-BD and DEG. However, carryover of
an average of 19% of Cal 1 peak area was detected for GCA as is seen in Figure 19. Detailed Cal 1

peak areas and carryover data for Run 1 are shown in Appendix E, Table E.2.
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Figure 19 — Carryover following the three highest calibrators. Blank 1 is after Cal 6 (1000 pg/mL),
Blank 2 is after Cal. 5 (500 pg/mL), and Blank 3 is after Cal 4 (250pug/mL). The red line shows the limit
of acceptable carryover (10%).

The results suggest that the LOD of GCA of 25 ug/mL is too low and should be increased after further
experimentation prior to method validation. Alternatively, blank samples may be run after calibrators
to limit the effects of this carryover and Cal 2 (50 ug/mL) will be assessed as a viable LOD instead of
Cal 1 (25 ug/mL). If case samples are positive for GCA, subsequent samples may need to be reanalysed
if positive. Note that this carryover data only represents that of Run 1 and is used as a preliminary guide

on assessment of carryover for a full validation.

3.7. Limit of detection (LOD)

The LOD was calculated by using statistical analysis of the background and assessing it against the area
of Cal 1 (25 pg/mL). Table 9 illustrates the blank and Cal 1 mean areas, together with the calculations
for statistical blank area (mean + 3.3 X SD). The mean areas for Cal 1 were all above the calculated

background, thus 25 ug/mL was suggested to be a suitable LOD.

Table 9 — LOD calculated from statistical analysis of the background.

. Mean +
Analyte Area (under curve to baseline) 33 x L(/)nll)L
Run 1 Run 2 Run 3 Mean SD! SD) HE
Blank? 22453 21702 22473 22967 24359 24390 23057 1097 26 679
ETG
Cal 13 105346 91335 65324 72904 67743 79726 80 396
Blank 4951 4787 4483 4383 6051 5976 5105 733 7524 Call
PGL
Cal 1 60172 49664 35048 36835 26021 34641 40397 (25
Blank 1501 1572 3180 3215 2009 2150 2271 759 4777 png/mL)
GCA
Cal 1 6362 6033 5100 4666 6281 9905 6391

Blank 22628 23757 49323 47615 22165 22980 31411 13234 75084
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Analyte Area (under curve to baseline)

Mean +
(3.3 %

Run 1 Run 2 Run 3 Mean SD! SD)
1,4- Call
BD 88602 83917 82473 81716 102144 137940 96132
Blank 4524 4579 4065 4190 3694 3678 4122 390 5407
DEG
Cal 1l 20294 18168 7236 8486 16884 22675 15624

LOD
png/mL

!'SD - standard deviation
2 A blank sample representing the background spectra at the corresponding analyte retention time.
3Cal 1 — The first calibration point, at a concentration of 25 pg/mL.

3.8. Lower Limit of Quantitation (LLOQ)

Pooled blood was fortified at 25 pg/mL (Cal 1) and 50 pg/mL (Cal 2) to assess the bias at possible

LLOQs. The bias associated was assessed over three separately extracted runs (Table 10).

Table 10 — Bias (%) calculated at two concentrations (25 and 50 pg/mL) to recommend LLOQs for

analytes of interest.

ETG PGL GCA 1,4-BD
Conc. . . . .
Mean  Bias CV Mean Bias CvV Mean  Bias CV Mean Bias CvV
pg/mL
25 31.0 24 17.6 32.6 304 254 29.2 16.8 18.2 22.5 -10.0
50 47.1 -5.8 12.2 44.6 -10.8 26.5 48.2 -3.6 7.85 50.2 0.4

3.99
14.0

Mean

21.1
59.5

DEG!
Bias

-15.6
19.0

Cv

91.9
8.72

Red values represent a bias outside of £20% and a % coefficient of variation (CV) of > 20%.
"'In Run 2 of 3, DEG exhibited no selected ion response.
2Mean in pg/mL, Bias, and CV in %

The bias data suggested that an LLOQ of 25 pug/mL is suitable for GCA, and 1,4-BD; while 50 pg/mL
for ETG, PGL, and DEG. The instrument performance for DEG was not consistent, and a high bias

(91.9%) was noted at Cal 1 (25 pg/mL) because in Run 2 of 3, no analyte peak could be detected.

3.9. Bias and precision

3.1.1. Bias

The overall bias for each of the three controls was evaluated for all analytes against their respective

calibration curves. Calculated average concentration within each Run and standard deviation as well as

overall bias is shown in Table 11. Bias for all analytes except DEG was between -18.5% and 7.1%, not

exceeding £20%, and as such demonstrating acceptable method bias according to Standard 036 of

ANSI/ASB (2019). DEG showed poor bias at all three QC concentrations: -36.3%, -29.6%, and -26.0%,

respectively.

43



Table 11 — Bias (%) of the GC-MS method by the analysis of spiked samples.

Run 1 Run 2 Run 3 Total

Quality calculated analyte RSD calculated analyte RSD calculated analyte RSD Bias*
controls conc.' + SD (ug/mL) (%) conc. + SD (ng/mL) (%) conc. + SD (ug/mL)? (%) (%)
L 61.39 £ 5.84 9.51 68.74 £ 1.69 2.455 57.58 £ 4.68 8.13 53
ETG M 206.95 £17.92 8.66 204.37 £8.15 3.988 192.39 £31.59 16.42 1.1
H 734.12 £92.59 12.61 921.19 £46.36 5.033 772.18 £ 54.63 7.08 2.5
L 55.44 +£5.35 9.64 59.760 + 6.64 11.114 64.25 +2.48 3.86 -1.2
PGL M 183.84 £ 12.61 6.86 175.79 £14.99 8.528 208.06 +29.62 14.24 -4.7
H 733.56 £99.89 13.62 822.33 £ 31.03 3.773 825.14 £8.73 1.06 -0.9

L 44.92 £ 16.06 35.76 63.51 £6.19 9.747 52.62 +£6.01 11.42 -10.3

GCA M 170.64 £ 5.51 323 176.89 + 18.91 10.692 15557+ 19.96 1283 -15.6
H 731.63 £46.34 6.33 719.27 +£37.31 5.188 795.78 £ 14.19 1.78 -6.1

14- L 48.34 £9.86 20.40 55.69 +8.53 15.320 39.59 +£4.09 10.34 -18.5
BD M 187.85 £ 15.88 8.46 173.68 £11.31 6.509 175.20 +33.05 18.86 -9.2
H 808.54 +£71.22 8.81 940.35 £ 10.74 1.143 817.21 £ 8.69 1.06 7.1

L 67.26 £9.06 13.47 0.000° N/A 51.90 £ 0.79 1.51 -36.3°

DEG M 220.58 £15.34 6.95 0.000 N/A 199.98 +£40.16 20.08 -29.6

H 832.72 £73.11 8.78 19.78 £5.19 26.252 924.24 +49.88 5.57 -26.0

SD is the sample standard deviation calculated from triplicate sample analyses (pg/mL)

RSD is the relative standard deviation.

! Average of triplicates, (n = 3).

2Low: 60 pg/mL, Medium: 200 ng/mL, High: 800 pg/mL.

3In Run 3, the first of the triplicate sample analyses yielded outlier (P < 0.05)results for the low QC for all analytes of
interest. These results have been omitted from the present calculations.

4 Bias of average of all samples with outlier data removed.

3 No chromatogram peaks at low and medium QCs, and small peaks at high QC in sample triplicate injection for DEG.
¢ Red values represent bias > +20%

3.9.1. Precision

Medium and High QCs performed well within the 20% coefficient of variation margin for acceptability
outlined by the ANSI/ASB 036 (2019) guidelines. However, GCA, 1,4-BD, and DEG exhibited
between-run precision outside of the acceptable range (24.3%, 20.4%, and 21.3%, respectively), with
GCA even falling short of acceptable within-run precision. Larger variation between runs is likely due
to differences in sample matrices, as post-mortem whole blood is likely to differ between cases as a
result of differing post-mortem intervals, and autolysing conditions. Table 12 shows the within and

between-run precision data, with Appendix E, Table E.3 showing the ANOVA mean square results.

Table 12 — Precision calculated from statistical analysis of quality controls (QCs)!

ETG CV (%)
Low?? Medium High
Between - Run 10.04 9.18 13.36
Within - Run 6.93 10.63 8.25
PGL CV (%)
Low Medium High
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Between - Run 10.11 13.35 8.99

Within - Run 9.29 10.76 7.64
GCA CV (%)
Low Medium High
Between - Run 24.29 9.54 7.16
Within - Run 20.84 9.59 4.70
1,4-BD CV (%)
Low Medium High
Between - Run 20.41 10.73 9.38
Within - Run 17.28 12.20 4.89
DEG CV (%)
Low Medium High*
Between - Run 21.27° 12.74 10.33
Within - Run 12.12 14.39 7.12

! Calculated from group ‘between’ mean square and residual ‘within’ mean square values from one-way analysis of variance
(ANOVA) test, grouped by Run.

2Low: 60 pg/mL, Medium: 200 pg/mL, High: 800 pg/mL

3In run 3, the first of the triplicate analyses yielded anomalous results for the low QC for all analytes of interest.

4 Similarly, for DEG, run 2’s ‘QC high’ yielded anomalous results (These results have been omitted from the present
calculations. This result will be assessed further in validation studies.)

>Red values > +20%.

3.10. Recovery

In the present method, all analytes suffered ionisation suppression: ETG: 77%, PGL: 79%, GCA: 89%,
1,4-BD: 91%, DEG: 75%. Conversely, ionisation enhancement was observed for the ISTD (1,3-
propanediol) in all runs and repeats, 1,3-PD: 122% (Table 13-17).

For the results shown in Table 1317, recovery (RE) was 37, 39, 35, 44, and 43% for mean peak areas
of ETG, PGL, GCA, 1,4-BD, and DEG respectively over three runs, meanwhile the internal standard
(1,3-propanediol) exhibited a higher recovery of 62% on average. The overall process efficiency (PE)
is calculated by multiplying the absolute ME by the RE. Due to the observed ionization suppression
seen in all analytes (77%, 79%, 89%, 91%, and 75% respectively), this process efficiency (PE) is lower

than the true recovery values for the analytes of interest.
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Table 13 — Matrix effect (ME), recovery (RE), process efficiency (PE) data for ETG and 1,3-PD

(ISTD) in three sources of human whole blood

Mean peak area' (n = 9)

Conc ethylene glycol ISTD (1,3-propylene glycol)® ME (%)? RE (%)? PE (%)*
(g/mb) g POSE pre- neat PO Pf " ETG ISTD ETG ISTD ETG ISTD
extract.  extract. extract.  extract.
60 106.08 45.11 15.61 47.75 50.58 37.15 43 106 35 73 15 78
200 141.44 124.05 43.69 49.69 64.10 32.93 88 129 35 51 31 66
800 458.96 464.19 196.16 43.59 57.07 34.53 101 131 42 61 43 79
mean 77 122 37 62 29 74
Ix104,n=3
2 Matrix effect
3Recovery
4 Process efficiency
3> Note that internal standard values are the same for all analyte tables.
Table 14 — Matrix effect (ME), recovery (RE), process efficiency (PE) data for PGL and 1,3-PD
(ISTD) in three sources of human whole blood
Mean peak area’
cone propylene glycol ISTD (1,3-propylene glycol) ME (%)? RE(%)? PE (%)*
(g/mb) g POSE pre- neat PO Pf " pGL  ISTD PGL ISTD PGL ISTD
extract.  extract. extract.  extract.
60 41.20 25.37 10.61 47.75 50.58 3715 62 106 42 73 26 78
200 95.91 70.40 25.28 49.69 64.10 32.93 73 129 36 51 26 66
800 29670  305.61  122.00 43.59 57.07 3453 103 131 40 61 41 79
mean 79 122 39 62 31 74
I'x 10%,n = 3.

24 See Table 13.

Table 15 — Matrix effect (ME), recovery (RE), process efficiency (PE) data for GCA and 1,3-PD

(ISTD) in three sources of human whole blood

Mean peak area’

cone glycolic acid ISTD (1,3-propylene glycol) ME (%)? RE(%)? PE (%)*
(hg/ml)  eat post- pre- neat post- Pfe " 'GCA  ISTD GCA ISTD GCA  ISTD
extract. extract. extract. extract.
60 1.65 0.80 0.39 47.75 50.58 37.15 48 106 49 73 24 78
200 2.63 2.54 0.79 49.69 64.10 32.93 96 129 31 51 30 66
800 13.15 16.01 3.77 43.59 57.07 34.53 122 131 24 61 29 79
Mean 89 122 35 62 27 74
Ix10%n = 3.

24 See Table 13.
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Table 16 — Matrix effect (ME), recovery (RE), process efficiency (PE) data for 1,4-BD and 1,3-PD

(ISTD) in three sources of human whole blood

Mean peak area’

cone 1.4-butanediol ISTD (1,3-propylene glycol) ME (%)? RE(%)? PE (%)*
(ng/mL) 14- 1,4- 1,4-
neat BD BD ISTD BD ISTD
60 58.99 45 42 73 19 78
200 48.44 133 35 51 47 66
800 239.84 94 54 61 51 79
mean 91 44 62 39 74
I'x10%n = 3.

24 See Table 13.

Table 17 — Matrix effect (ME), recovery (RE), process efficiency (PE) data for DEG and 1,3-PD

(ISTD) in three sources of human whole blood

Mean peak area’

diethylene glycol ISTD (1,3-propylene glycol)

ME (%)?

RE(%)? PE (%)*

DEG

49

101

75

DEG ISTD DEG ISTD

35 73 17 78
35 51 - 66
58 61 58 79
43 62 38 74

conc.
(hg/mL) neat
60 17.89
200 s
800 90.01
mean
1x10%n =3.

24 See Table 13.

3>No analyte peaks found.

Comparisons of relative matrix effect can also be made by comparing the coefficient of variation or

precision of analyte peak areas across multiple matrix sources for the same analyte, shown in Table 18.

If precision is low for a given analyte, this is still acceptable, as long as the ISTD precision corresponds.

This would imply, that a matrix that is particularly affecting a given analyte’s mass spectrum response

is causing the same effect on the ISTD response. The precision of 1,3-PD (ISTD) varied from 20.8% to

56.7%, while the precision of the analyte responses was similar: ETG (21.8 %—-36.9%), PGL (6.9%—
42.6%), GCA (8.1% to 37.9%), 1,4-BD (1.2%-39.7%) and DEG (5.8%-81.9%). The precision here is
poor, though it appears that the MS response from the same amount of analyte and ISTD is equally

different in different sources of whole blood. Matrix effect must thus be further examined before

validation.
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Table 18 — Precision (CV, %) of peak areas of the analytes of interest and ISTD in neat, post and pre-
extraction samples using GC-MS.

precision (CV, %)!

spiking ISTD (1,3-propylene glycol)
conc. (ng/mL)
eat post-extract. pre-extract. neat post-extract. pre-extract.

ETG 60 65.4 28.1 36.1 50.4 20.8 60.9

200 33.0 21.8 17.2 64.3 34.7 43.0

800 11.9 36.9 30.8 43.8 56.7 56.8
PGL 60 373 6.9 56.4

200 354 24.7 15.0

800 24.6 42.6 343
GCA 60 48.2 8.1 31.8

200 325 37.9 11.6

800 35.7 28.5 52.7
14- 60 62.9 15.5 30.1
BD 200 39.2 1.2 7.0

800 14.0 39.7 225
DEG 60 583 5.8 51.7

200 no response 59.1 58.7

800 343 81.9 63.8

! Precision calculated as the coefficient of variation between three matrix sources (n = 3).

3.11. Processed sample stability

Peak area was observed in samples left in the GC-MS autosampler up to and including 72 hours. Low,
medium, and high (60, 200 and 800 pg/mL, respectively) spiked blood samples were re-analysed at 6,
12,24, 48 and 72 hours (Figure 20). Chromatograph quantifier (m/z) peak areas did not fall below 20%
of the O-hour or primary analysis. Peak areas of most analytes fluctuated both above and below the
original peak area within the +20% range (81 - 118%), except the 48-hour, 800 ng/mL sample which
presented an anomalous ~ 275% peak area for every analyte tested. These data are found in Appendix
F, Table F.1. The data suggests that all analytes of interest remained stable within the defined 72-hour
testing limit (within £20%). It is advisable to prepare fresh samples if testing is required past this time

frame.
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Figure 20 — Processed sample stability of analyte peaks. Bars represent standard deviation (SD). These
are averages of the three concentrations (60, 200, 800 pg/mL). 48-hour high QC (800 pg/mL) data were
possible outliers.

3.12. Assessment of the method on an alternative specimen type — urine

The developed method was run on certified drug-free urine samples, as well as on post-mortem urine
samples A, B and C spiked with 500 ug/mL of all 5 analytes and ISTD. Table 19 shows the peak areas
of all analytes in each urine sample type. The post-mortem urine samples were acquired from the FTU
repository. As shown in Table 19, all the analytes were detected in urine, except DEG. Figure 21 shows

a chromatogram of urine C, spiked with the analytes of interest.

Table 19 — Peak area for GC-MS analysis of spiked certified and post-mortem urine samples

Relative peak area!

1,3-PD

Sample ETG PGL (ISTD) GCA 1,4-BD DEG
certified drug-free 216.00 138.29 36.32 1.96 94.31 no-
urine I’esponse

post-  source A 210.49 147.65 53.76 2.60 84.73 0.26

mortem source B 178.11 107.21 51.48 2.26 84.17 0.30

urine source C 178.36 113.60 28.09 2.97 100.70 0.26

I'x 10*

2 Jon m/z peaks not found/no gaussian peaks/incorrect retention time/indistinguishable from background noise.
A negative sample was run in certified drug-free urine, to exclude the possibility of endogenous compounds at the retention
times of interest.
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Figure 21 — Mass chromatogram of the quantifiers (m/z) for all derivatised analytes and internal
standard (both 500 pg/mL) in post-mortem urine sample C. Diethylene glycol (red) did not produce a
chromatogram peak. The ion monitoring times are indicated by grey lines.

3.13. Application of the developed method to case samples

Post-mortem blood samples obtained from three individuals suspected of having ingested toxic alcohols
before death were analysed according to the developed method. Table 20 shows relative peak areas for
the analytes of interest. Peak area responses for ETG and GCA were high. Relative peak areas for PGL,

1,4-BD or DEG were either absent or detected at concentrations below the LOD. The chromatogram

for case 2 is shown as an example in Figure 22.
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Figure 22 — A post-mortem whole blood sample (Case 2), analysed with the present method, and
showing peaks for ETG and GCA. The ion monitoring times are indicated by grey lines.

Table 20 — Chromatogram analyte peak area in suspected toxic alcohol poisoning cases

Relative Peak Area
Sample ETG PGL 1,3-PD GCA 1,4-BD DEG
(ISTD) i
Case 1 3521556  no response! 298 293 290 596 no response  no response
Case 2 1 188283 214 211723 175 454 no response 145
Case 3 4864014 70 361 382 493 728 no response  no response
Cal 6 (1090 2711 601 1 826 158 366 147 51142 1389278 611248
pg/mL)

Analyte quantifier (m/z) peak area integrated from chromatogram.

'No analyte peak detected.

2 Calibration sample 6, peak areas are an average of 3 runs.

Quantitation of the concentration of ETG and GCA in the blood samples has not yet been achieved.

Rough estimation was carried out by comparing the peak area responses to calibration curves for ETG

and GCA (25-1000 pg/mL). Resulting estimated concentrations, shown in Table 21, were 1.9 mg/mL
for ETG, 8.2 mg/mL for GCA in case 1, 0.9 mg/mL ETG and 6.9 mg/mL GCA in case 2, and 2.1 mg/mL
ETG and 11.4 mg/mL GCA in case 3. All but one (0.9 mg/mL ETG; case 2) of these estimated

concentrations were beyond the scope of the calibration curve (25-1 000 ug/mL, Cal 6 peak areas

shown in Table 20) and could therefore likely not be reported with any certainty even with the

preparation of a fresh calibration curve.
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Table 21 — Estimates of case study toxic alcohol concentrations
Estimated conc. (ug/mL)’

Sample ETG GCA
Case 1 1 880 8150
Case 2 902 6940
Case 3 2 140 11 400

! Estimated analyte concentration based on the existing calibration curve (Run 3) calculated from spiked PM blood. All

except ETG in case 2 fall outside of the 25-1000 pg/mL range. Dilution integrity studies must be performed before accuracy
of quantitation can be reported.
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CHAPTER 4 — DISCUSSION AND CONCLUSIONS

The true extent of the harm that toxic alcohols cause in South Africa represents a gap in scientific
knowledge. This is despite toxic alcohol poisonings being more common in developing countries such
as South Africa (Nekoukar et al., 2021). Mass poisonings, purposeful and accidental ingestion, or
chronic exposure to toxic alcohols such as ethylene glycol (and its metabolite, glycolic acid), diethylene
glycol, and propylene glycol represent a public health concern. Recent restrictions on the sale of alcohol
in South Africa due to the COVID-19 pandemic further highlighted the consequences of the substitution
of ethylene glycol or methanol for ethanol (Smit, Lalloo & Engelbrecht, 2021). These analytes are not
sufficiently analytically confirmed in clinical hospital settings, where the treatment of the patient is
paramount, and identification of toxidromes is more relevant (Laher et al., 2013; Schier et al., 2013),
nor in forensic casework within South Africa due to delays in testing within the national Forensic
Chemistry Laboratories (NHLS, 2023). Another concern is 1,4-butanediol, a non-scheduled compound
that is metabolised to GHB upon ingestion, and reported to be misused recreationally (Weng et al.,
2021), and in DFSA cases (Brailsford, Cowan & Kicman, 2010). The chemical structure of 1,4-BD as

well as GHB permits for the co-analysis with toxic alcohols and their metabolites.

An analytical method developed for the determination of these compounds has the potential to provide
data to elucidate the involvement of these chemicals in unnatural deaths and to assist in providing
answers to medico-legal questions in individual cases. The present method has thus been developed to
be feasible, precise, and accurate enough for forensic toxicology workflow integration and that meets
legal and scientific criteria of acceptability. To ensure feasibility and ease of integration into laboratory
workflow, the method was developed to use existing biofluid sample types within the laboratory. The
outcomes of the development of a GC-MS method to quantitatively determine the analytes of interest

in post-mortem samples are discussed below.

The present work reports the development of a GC-MS method for the analysis of toxic alcohols,
adapted from a method by Meyer, Weber and Maurer (2011). Meyer, Weber and Maurer (2011) have
tailored their method for toxic alcohol analysis of clinical case work, thus utilising blood plasma and
urine as chosen biofluids. Here, the need to provide forensic toxicological analysis has meant that post-
mortem whole blood is the primary biofluid being analysed. This allows for the present method to
analyse toxic alcohols and their metabolites in ‘grey-top tube’ post-mortem whole blood samples — a

sample type currently collected and analysed for DOA analysis at the FTU.
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4.1. Analytes of interest

The stated aim of this work was the development of a method for the analysis of a selection of toxic
glycols (ETG, PGL, DEG, TIG, TEG), toxic glycol metabolites (FCA, GCA), and GHB, along with its
precursors (GBL, 1,4-BD). Of the three published methods selected as inspiration (Hlozek, Bursova &
Cabala, 2015; Hlozek et al., 2015; Meyer, Weber & Maurer, 2011), Method A (Meyer, Weber &
Maurer, 2011) — with a few key changes — ultimately provided the extraction process and instrumental
parameters for the present method. However, not all analytes of interest could be successfully
characterised, the significance of which is discussed below. Method B was unable to identify more than
GCA, likely because the derivatisation (with isobutyl chloroformate) was only tailored to the analytes
(GCA and FCA) included by the authors (Hlozek et al., 2015). The reason for not experimentally
detecting FCA in the present work could be the result of column age, and experimental error due to the
high reactivity of the derivatisation agent. Method C was expected to be more successful due to it being
an adaptation of Method B using both isobutyl chloroformate to derivatise acids and phenylboronic acid
to derivatise glycols (Hlozek, Bursova & Cabala, 2015). However, no analytes were positively
identified experimentally in Method C. This result for FCA and GCA is likely due in part to Method C
using a reduced volume of isobutyl chloroformate. Optimisation of instrument parameters could have
produced the detection of glycols; however, the aim here was to identify a useable method ‘as-is’, and

for this, Method A was selected.

The present method adapted from Method A was found suitable for the compounds: ETG, PGL, GCA,
DEG, TIG, and TEG. All of these analytes were included in the parent method (Method A) by Meyer,
Weber and Maurer (2011). As proposed by these same authors, the presented method has also included
1,4-BD. However, the compounds: GHB (also identified by the aforementioned authors), GHB-Ds
(ISTD), and GBL (not included in Method A), were not detected in the present analysis. Lactic acid, a
compound included but not validated by the authors of Method A, was not included in the present
analysis due to the high endogenous quantity present in post-mortem whole blood (Table 7 and Figure
16), a fact also remarked in the literature (Rosano et al., 2009). Instead, formic acid (FCA) was included.
However, due to poor analyte performance in Method A, FCA was not included in method
characterisation experiments. Peak areas for this compound were markedly low, even at the substantial
sample concentration (10 000 ug/mL) used during analyte identification. The resulting software library
search on NIST 14 yielded a match score of only 71.77. This is likely due to the low m/z ion values (the
third and fourth most abundant for FCA: 45, and 47 (Figure 8), as scan analyses were run with ion m/z
of 50 to 500. Furthermore, for FCA analysis using the same derivatisation reagent (BSTFA, 1% TMCS),
the authors Stavova et al. (2011) presented a splitless injection and a low starting oven temperature
(35°C), both of which are contrary to the present method (split 1:30, and 50°C starting temperature with

a 10°C/min gradient). Further research should evaluate the feasibility of adjusting instrumentation
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parameters to incorporate FCA into the present method. Notably the lower limit of the scanning range
will be changed to 40 m/z to allow for the smaller ionised fragments of FCA to be detected, with the
aim of producing a higher library search match score. This is a priority, as the inclusion of FCA is of

great importance to the validated method, due to it being the primary toxic metabolite of methanol.

The reasoning behind the exclusion on TIG and TEG from further characterisation within the modified
Method A is centered on the difficulty in seperately identifying each analyte. The chromatogram for
TEG shows peaks at the retention times for TIG (8.38 mins) and DEG (7.01 mins), meaning it would
not be possible to determine if a sample in which all three peaks are identified contained all three
compounds or simply TEG (Figure 14). Research by Mortensen et al. (2012) highlights that TEG can
degrade to TIG and DEG under dry air due to oxidation. The ability to destinguish these larger glycol
polymers is outside of the scope of this project, and is likely of lower forensic toxicological importance
due to the low toxicity of both TIG and TEG (Fowles et al., 2017; Schladt et al., 1998; Van Miller &
Ballantyne, 2001).

Concerning GHB, its precursor GBL was not successfully detected here. It should be noted that previous
authors discuss the identification of GBL by LC-MS/MS (Weng et al., 2021) and GC-FID (Elliott,
2004) and not GC-MS (Weng et al., 2021). Additionally, when GC-MS instruments are employed, GBL
is not usually derivatised (Rosi, Frediani & Bartolucci, 2013). Secondly, electron ionisation (EI) may
impart too much energy on the GBL molecule, leading to extensive molecular ion fragmentation and
small m/z values, necessitating the use of positive ion chemical ionisation (PICI) for GBL analysis by

GC-MS (Rosi, Frediani & Bartolucci, 2013).

The second GHB precursor, 1,4-BD, was successfully identified (Figure 16). There is advantage to the
inclusion of 1,4-BD, as it can still act as a qualifying substance in GHB exposure, due to its ability to
remain in biological matrices in high-dose cases (Dufayet et al., 2023). In addition, reports have shown
the deadly effects of 1,4-BD (Zvosec et al., 2001), and the analyte is included in analysis of GHB
poisonings by other authors (Dahl, Olsen & Strand, 2012; Weng et al., 2021). A notable limitation,
however, is the failure of the present method to successfully detect GHB, despite the analyte being
successfully validated in the parent method by Meyer, Weber and Maurer (2011). Sample preparation
errors could have impacted the non-detection of this analyte, which will be investigated further prior to
validation. The precursor 1,4-BD is toxic only after metabolism in the body due to CNS inhibitory
effects of GHB (Carter, Koek & France, 2009; Elliott, 2004; Irwin, 1996); therefore, GHB concentration
in postmortem biofluids is of greater forensic significance. Secondly, 1,4-BD is very rapidly converted
to GHB, meaning that unless administrated quantities are notably large, 1,4-BD is not likely to be

detected (Dufayet et al., 2023).
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One of the more difficult analytes, DEG, was not detected in urine and was the subject of inconsistencies
in recovery, precision and accuracy. The failure of the method to detect DEG in urine could be due to
endogenous compounds in urine precipitate during microwave irradiation, affecting derivatisation.
However, the authors of Method A, Meyer, Weber and Maurer (2011) validated the detection of DEG
inurine. In the analysis of bias, DEG was the only analyte performing poorly (<+20%) due to low ion
response in Run 2 of 3 (Table 11). These inconsistencies are explained either by investigator error
during sample preparation, ion suppression from the matrix or intra-analyte interference. Importantly,
derivatised DEG is the last eluting analyte from the GC column, and ramping column flow before the
elution of this analyte could improve chromatographic resolution and response. It is recommended to
assess this analyte in particular during further optimisation of extraction procedures. Due to the danger
posed by DEG, specifically in cases of poisoning outbreaks within South Africa (Bowie & McKenzie,
1972) and globally (Hanif et al., 1995; O'Brien et al., 1998; Okuonghae et al., 1992; Pandya, 1988), the

analysis of DEG is forensically relevant and necessary.

4.2. Method characterisation

Method characterisation was performed based on published recommendations by ANSI/ASB (2019),
with alterations based on feasibility. A combined simultaneous experiment (section 2.8.1) was used to
reduce the amount of sample preparations needed for Method A, due to the limited derivatising agent
(BSTFA) volume in the laboratory. A full method validation is recommended as a follow-up to this
study. Briefly, the calibration curves proved to be linear for all analytes (R*> 0.99) with a range of 25
to 1000 pg/mL and minimal carryover except in the case of GCA. The limit of detection was calculated
from statistical analysis of the background at 25 pg/mL, and the lower limit of quantification was set at
equivalent calibration levels where accuracy was acceptable: calibration level 1 (25 pg/mL) for 1,4-
BD, and calibration-level 2 (50 ng/mL) for ETG, PGL, GCA and DEG. Bias was within acceptable
ranges (£20%) for the low (60 pg/mL), medium (200 pg/mL), and high (800 pg/mL) quality controls
(QC) for all analytes except DEG. The failure of DEG to meet acceptable bias limits is due to the failure
to detect the analyte in certain runs. This unpredictability will be further investigated prior to validation.
Within-run precision was acceptable (< 20% CV), except at low QC (60 pg/mL) for GCA. Additionally,
sample repeatability of all analytes was within £20% of acceptable ranges except at low QC for GCA,
1,4-BD and DEG.

4.2.3. Quantification model

The standard addition calibration model range was 25—1 000 pg/mL, extended from the validated range,
50-1 000 pg/mL reported in Method A (Meyer, Weber & Maurer, 2011). The method by Meyer, Weber

and Maurer (2011) likely proposed this range, as it is specific to the concentrations relevant to clinical
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patient management (Brent et al., 1999; Porter et al., 2001). This range was assessed here, as it is still
appropriate for the identification of lethal thresholds of ETG poisonings. The toxicity of ETG poisoning
is largely due to the metabolite GCA. High ETG concentrations have not been shown to correlate well
with severity of toxic effects (Eder et al., 1998; Peterson et al., 1981; Porter et al., 2001), making their
quantification less important in determining lethality. Determining GCA concentration, on the other
hand, is of greater forensic significance. Authors have previously found that GCA thresholds of severe
toxicity exist at concentrations of > 761 ug/mL (Porter et al., 2001) and > 981 pg/mL (Brent et al.,
1999). Additionally, a median concentration of 870 pg/mL GCA was found in 21 cases of fatal ETG
poisoning in Finland (Viinaméki, Sajantila & Ojanperd, 2015). Thus, the linear range was slightly
extended downwards, 25—1 000 pg/mL, to be able to report very low case detections for ETG, and to
still cover the reported toxic thresholds for GCA in forensic applications. There are two caveats about
the calibration range for this method. Firstly, the lethal thresholds for PGL, DEG, and 1,4-BD are more
difficult to determine, specifically because, as is the case with ETG, it is their metabolites that are toxic.
This represents a limitation for the present study as the analysis of the metabolites of these alcohols was
not included. Secondly, linearity cannot be assumed above 1 000 pg/mL. A similar postmortem whole
blood GC-MS method by Rosano et al. (2009) uses a sample dilution of 1:3 with the aid of a sonication
step to achieve improved recovery of ETG and GCA over a linear range of 50-2 000 pg/mL. Based on
the study by Rosano et al. (2009), it is recommended to include dilution studies at 1:5, 1:10 and 1:20,
as well as to extend the current dynamic range to 4000 pg/mL during future validation of the present

method.

4.2.4. Precision

The poor between-run precision (Table 12) seen at low (60 pg/mL) QCs of GCA, 1,4-BD, and DEG
are likely the result of variable recovery. Notably, GCA also exhibited within-run precision below the
acceptable range (£20%), and carryover above 10% (Figure 19). The marked variation in GCA peak
areas and carryover may be attributed to existing diet-related levels of GCA within the body. By altering
the method preparation by running blanks between samples, mitigation is anticipated during validation.
Studies investigating absorbable polymers of GCA for biomaterial engineering cite the presence of
GCA as a normal compound of body metabolism (Ashammakhi & Rokkanen, 1997). Additionally, the
quantifier ion fragment used by the present method and the parent method by Meyer, Weber and Maurer
(2011) (m/z: 177) is a relatively low abundance ion within the GCA mass spectra (Appendix D, Figure
D.1, 4.). This could lead to a risk of high matrix effect and ion suppression as a result of matrix
contaminants. However, it must be noted that analyte recovery, though lower, for GCA (35%) was not
significantly lower than that of the other analytes (Table 13—17). During validation, it is recommended
to suggest a much higher LLOQ to resolve these problems, which would be acceptable due to the high
concentrations at which GCA is toxic in blood (Porter, 2012).
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4.2.5. Recovery

As stated above, the analyte DEG exhibited poor consistencies in peak areas, and was subject to
numerous anomalous results. This phenomenon is seen when examining the precision or coefficient of
variation between sample peak areas in comparisons of GC-MS analysis of neat analyte injection, post-
extraction matrix spiking, and pre-extraction matrix spiking (Table 18). While precision is poor for
post-extraction samples across the QCs, the precision for DEG is still poorest and most variable (5.8%
- 81.9%). Additionally, in neat samples, where the analyte standards are added to solvent and injected
for analysis, DEG sample peaks were absent for the medium QC. This provides further evidence that
there is a deficiency in the analysis of the last eluting analyte, DEG. The influence of matrix effect has
been presently only investigated in three sources of postmortem blood, and bias > 20% was seen in only
one of three post-mortem blood sources. During validation, it is recommended to increase this number
to five sources of biofluid as recommended by Matuszewski, Constanzer and Chavez-Eng (2003). In
addition, increasing the low overall recovery values (average 40%) to > 50% should be a focus of

method optimisation before validation.

4.3. Application to forensic cases

The presented method was successfully applied to authentic case samples of post-mortem whole blood
from individuals with a history of suspected ethylene glycol ingestion. In addition, these samples were
tested 6 months after receipt at the Forensic Toxicology Unit laboratory, indicating that older samples
may still be relevant for testing, following successful method validation. Due to the challenges with
precision and bias, the present analysis of toxic alcohols in these forensic cases is qualitative, as the
analyte quantities exceeded the upper limit of the calibration range. After further optimisation and

validation quantitative analysis may be possible.

4.4. Strengths and limitations

Here, a method is presented for the analysis of toxic alcohols (ETG, PGL, DEG, 1,4-BD) and a
metabolite (GCA) with unique strengths: Of utmost significance is the successful adaptation of the
published method by Meyer, Weber and Maurer (2011) for application on post-mortem whole blood
(rather than plasma), which renders the method more suitable for employment in a post-mortem forensic
context. Secondly, the processed sample stability of the method was up to 72 hours (Figure 20),
allowing samples to sit in the autosampler pending analysis over a weekend. The outlier data for 48
hours is likely an analytical artefact, and the experiment will be repeated during validation. Thirdly, the

method is cost-effective, due to the reduction in BSTFA volume (an expensive consumable retailing at
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~$10 (185 ZAR) /mL) from that seen in the parent method by Meyer, Weber and Maurer (2011). Finally,

the method was shown to successfully identify toxic alcohol compounds in authentic case samples.

On the other hand, the method has its limitations. Firstly, while processed sample stability did not
exceed 20% of the zero-hour analysis, this was only with the removal of an anomalous result. Triplicate
analysis will need to be conducted to show if bias exceeds £20%. Secondly, the precision of the method
is poor, particularly at low concentrations of the analytes in different post-mortem blood sources, due
to low and variable recovery as well as sample processing errors. This is the greatest limitation of the
present study and a fact that needs to be further evaluated during validation, where increasing recovery
and heightening precision should be considered paramount through optimisation of extraction
procedures. The optimisation of derivatising agent (BSTFA) volume should be revisited before
validation, as matrix effect nor the effect of ‘concentrating’ samples through reduction of BSTFA
volume was not studied here. Thirdly, there is the potential for false positives for DEG when longer
polyethylene glycols are present in a sample, as seen in the chromatograms for TIG and TEG (Figure
10). These longer glycols may break down to DEG, which would need to be studied further due to the
implications of false positives in forensic analysis. This may represent an unavoidable limitation of
single quadrupole analysers. Fourthly, some of the analytes initially of interest were either not detected
despite following diligently the sample preparation and instrumental methods of Meyer, Weber and

Maurer (2011) (GBL and GHB), or they failed standard quality criteria (FCA, TIG and TEG).

4.5. Recommendations for future work

It is recommended to add further glycol metabolites, specifically 2-hydroxyethoxyacetic acid (HEAA)
and DGA (both metabolites of DEG (Marraffa, 2024). The addition of HEAA and DGA is
recommended due to their toxic effects (Brent, 2014). The validation of this method should include the
recovery, bias, and precision in a greater number of post-mortem whole blood samples (at least 5), and
the calibration range should shift attention to the upper end (possibly up to 3000 pg/mL), more relevant
for forensic purposes. To this end, dilution integrity studies at 1:5, 1:10 and 1:20, would need to be
carried out. Post-mortem urine analysis of DEG should be further explored, as the reasons for analyte

failure are not understood.

4.6. Conclusions

To more fully understand and report on the impact and human cost of toxic alcohol poisonings within
South Africa, the present GC-MS method was adapted from Meyer, Weber and Maurer (2011) for the
detection and quantification of ETG, PGL, GCA, 1,4-BD, and DEG in post-mortem whole blood

samples using 1,3-PD as an internal standard. Linear regression curves (R?> 0.99) were possible for
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concentrations ranging 25—1 000 png/mL, with limited carryover except for GCA. An LOD of 25 pg/mL
was calculated for all analytes. The LLOQ was 25 pg/mL for 1,4-BD, and 50 pg/mL for ETG, PGL,
and DEG. Quality controls showed the method to be within suitable bias for all analytes except DEG at
three QC concentrations, however poor precision was observed at low QC samples. All analytes bar
DEG can be detected in post-mortem urine samples utilising unchanged procedures. The method was
shown to detect ETG and GCA in authentic medico-legal cases where antifreeze ingestion by the
deceased was speculated, however it is not yet appropriate for full forensic analysis given the discussed
limitations. Overall, the developed method is fast, cheaper, and is developed for use in post-mortem
whole blood samples. Following further development and optimisation, successful validation and
subsequent implementation within the Forensic Toxicology Unit laboratory, the developed method will
provide useful insight into the extent of the problem faced in South Africa by toxic alcohols, hopefully
leading to informed policy formulations in public health and general scientific advances within the

region.
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APPENDICES

Appendix A: Reference method analyte identification

Table A.1 - The literature-based methods offer key ions and retention times.

Ions (m/z)
Retention time -
. , . s NIST library
(minutes) | Method A' | Method B> | Method C ,
(online)
< M @)
== = B N B T Y o\ T S SN BRI SN I R oN B o N o
Analyte £ £ 2 /f ¢ v f N e e flyNowou oy
© © o |0 £§ § O & & § O § & & §& § =
= = =
Ethylene glycol 5.85 5.17 |103 147 191 148 91 104
Propylene glycol 5.99 117 147 205
1,3-propanediol (ISTD) 6.33 130 115 205
Formic acid 3.01 87 60 56 101
Glycolic acid 6.53 9.65 6.65 |177 147 161 134 76 121 121 76 134
GHB 7.53 233 147 98
GBL 42 41 86 56
GHB-Ds (ISTD) 147 239 73 120
Diethylene glycol 7.57 117 147 103
1,4-butanediol 147 116 73 177
Triethylene glycol 8.79 117 103 161
Tetraethylene glycol 9.74 117 207 147

"Meyer, et al. (2011): analyte di-trimethylsilyl (2TMS) group ion fragments, quantifier is bold, qualifier in italics.
’Hlozek et al. (2015a) analyte isobutyl esters ion fragments
SHlozZek et al. (2015b): analyte isobutyl esters ion fragments for acids, and phenylboronate ion fragments for the alcohols
4Analytes not found in the literature methods show the most abundant ions (< 40 m/z) from the NIST website (2 TMS

derivatives).




Appendix B: Optimising derivatisation volume

Table B.1 — BSTFA analysis: Comparing peak areas between 100, 200 and 300 pL BSTFA.

BSTFA'
(1,0%3125&) 300 pL 200 pL 100 pL?
lst 2nd lst 2nd lst 2nd
Ethylene Glycol 4382801 4916868 4467511 4837228 4856898 5535001 5046174 5419056 - - - -
Plg{)yyclslne 2663105 2989116 2728977 2953469 2716788 3030779 2795510 2868399 - - - -

1,3-Propanediol 3622253 3950766 4462460 3886368 4917212.6 5482706 4223840 4093148 - - - -
Glycolic Acid 888982 958781 953144 1018329 904720 98137595 920709 995371 - - - -

1,4-Butanediol 2362314 2617701 2357011 2595398 2173977 2768698 2681327 2811677 - - - -

Diethylene

1480673 1687288 1029608 2060268 3 - - - - - - -
Glycol

1 Volume and corresponding area under the curve on the chromatogram.
2 At 100 pL no analyte peaks were detected on the chromatogram.
3No response for DEG for 200 uL BSTFA



Appendix C: Method characterisations in whole blood

Table C.1 — Samples prepared for calibration, quality control, bias, precision, and recovery

Post-mortem Run 1 Run 2 Run 3

blood source
PL1, P12, P13, PL4, PL.5,PL6' PL1,PL2, PL3,Pl4,PL5 PL6 PL1,PL2,PL3,Pl4,PL5, PL6

A+B+C PLNg5? PI.Ng.5 P1.Ng.5
P1.BK? PL.Bk PLBk
A.Ng.5
AN, AN.ii, A.N.iii*
A
Ad, A, A.iii®
B.Ng.5,
B B.N.i, B.N.ii, B.N.iii
B.i, B.ii, B.iii
C.Ng.5
C C.N.i, C.N.ii, C.N.iii
C.i, C.ii, C.iii
Samples: 18 18 18
Total: 54
'P1 - Pooled blood
Calibration concentration; 1=lowest, 6=highest)
A —  (Source A) post-mortem source ‘matrix A’
B -  (Source B) post-mortem source ‘matrix B’
C—  (Source C) post-mortem source ‘matrix C’

2Ng— (Negative matrix) + IS
3Bk~ (Blank matrix) no analyte or IS
*N -  (Neat) solvent + analyte + IS

64, 1i, iii — (Quality Control) pooled post-mortem blood (multiple sources)

Appendix C.1

Instructions for calibration curve.

1) Working Solution 1-5 were prepared to have the following concentrations:

WS.1-10000 pg/mL
WS.2 - 5000 ug/mL
WS.3-1000 ug/mL
WS.4 - 500 pg/mL
WS.5 - 250 pg/mL

2) The pooled blood calibration curve was prepared as such:

a. Call-5puL WS.5,+5 pL ACN + 40 pL pooled PM blood
b. Cal2-5uL WS4,+5 uL ACN + 40 uL pooled PM blood



c. Cal3-5ulL WS.3,+5uL ACN + 40 pL pooled PM blood

d. Cal4-5puL WS.2,+ 15 uLL. ACN + 80 pL pooled PM blood
i. Aliquot 50 pL for Cal 4

e. Cal5-5uL WS.2,+5uL ACN + 40 pL pooled PM blood

f. Cal6—5uL WS.1,+5 uL ACN + 40 pL pooled PM blood

3) For each calibrator:

+ 10 uL ISTD (2.5 mg/mL) (For a final conc. of 500 pg/mL in 50 uL sample)

+ 50 uL Acetonitrile.

Mixture was shaken and centrifuged (14,000 x g) for 2 mins.

20 pL supernatant was transferred to a new autosampler vial.

+ 20 uL DMF.

+ 200 uL BSTFA.

Vortexed.

Placed in the microwave at medium (450W) for 5 mins.

Let cool, screwcaps changed, aliquoted into glass insert, and placed into GC-MS
autosampler tray.

Appendix C.2

Preparation used for the evaluation of bias, precision, and recovery.

1) Recovery/Bias (R) working solutions 1 — 3 were prepared as follows:
(Working Solution (WS) concentrations shown in Appendix C.1.1) (Final concentrations
shown in brackets)

R.1 48 uL WS.1 + 12 uL ACN (8000 pg/mL)
R.2 —20 uL WS.1 + 80 uL ACN (2000 pg/mL)
R.3 - 60 uL WS.3 + 40 uL ACN (600 pg/mL)

Note: the following was repeated for each post-mortem blood source A, B and C. Only the
instructions for post-mortem blood source A are shown.

2)  Preparation of pre-extraction samples. labelled A.i, A.ii, A.iii:

a. Ai—-6uL WS4,+4 uL ACN +40 uL ‘Source A’ PM blood
b. A.i— 10 uL WS.3,+ 0 uL ACN + 40 uL ‘Source A’ PM blood
c. A.iii—8pL WS.2,+2 pL ACN + 40 pL ‘Source A’ PM blood

In each microtube:

+10 pL ISTD (2.5 mg/mL) (For a final conc. of 500 pg/mL in 50 pL sample)
+ 50 puL Acetonitrile.

Mixture was shaken and centrifuged (14,000 x g) for 2 mins.

20 pL supernatant transferred to a new autosampler vial.

+ 20 uL. DMF.

+ 200 uL BSTFA.

Vortexed.

Placed in the microwave at medium (450 W) for 5 mins.

Let cool, screwcaps changed, aliquoted into glass insert, and placed into GC-MS
autosampler tray.



3) Preparation of neat samples: A.N.i (60 ug/mL), A.N.ii (200 ug/mL), and A.N.iii (800
ug/mL).

a. AN.i =16 uL ACN+2puL (0.6 mg/mL) + 2 ISTD (5 mg/mL) to microtube
b. AN.ii =16 uL ACN+2uL (2 mg/mL) + 2 ISTD (5 mg/mL) to microtube
c. ANl =16 uL ACN +2 pL (8 mg/mL) + 2 ISTD (5 mg/mL) to microtube

For each 20 pL volume of A.N.i, or A.N.ii, or A.N.iii:

Vortexed.

+ 20 uL. DMF.

+200 pL BSTFA.

Vortexed.

Placed in the microwave at medium (450 W) for 5 mins.

Let cool, screwcaps changed, aliquoted into glass insert, and placed into GC-MS
autosampler tray.

4) Preparation of post-extraction samples:

1. 50 uL ‘Source A’ PM Blood pipetted into three labelled: / /
microtubes, then for each:
+ 10 Methanol (in place of ISTD) (For a final conc. of 500 ug/mL in 50 uL sample)
+ 50 pL Acetonitrile.
Mixture was shaken and centrifuged (14,000 x g) for 2 mins.
16 uL supernatant transferred to new autosampler vials labelled: / /

2. For each:
i. To the 16 uL supernatant, 2 uL. (0.6 mg/mL) + 2 ISTD (5 mg/mL) added to
microtube labelled
ii. To the 16 puL supernatant, 2 pL. (2 mg/mL) + 2 ISTD (5 mg/mL) added to
microtube labelled
iii. To the 16 uL supernatant, 2 uL. (8 mg/mL) + 2 ISTD (5 mg/mL) added to
microtube labelled

3. For each 20 uL volume of or or
Vortexed.
+20 uL DMF.
+200 uL BSTFA.
Vortexed
Placed in the microwave at medium (450 W) for 5 mins.
Let cool, screwcaps changed, aliquoted into glass insert, and placed into GC-MS
autosampler tray.

Appendix C.3
Preparation used to analyse the developed method’s efficacy in urine.
Analytes of interest were assessed at a concentration of 500 uL/mL in certified drug free urine, and

three (3) sources of postmortem urine.

1) The following was prepared:
1. Cert-Urine_Negative — 0 uL WS + 10 uL ACN + 40 pL Certified drug free urine.
2. Cert-Urine—5 pL WS.2 +5 uLL ACN + 40 pL Certified drug free urine.



A _Urine — 5 nL WS.2 + 5 uLL ACN + 40 puL PM source A urine.
B_Urine—5 pL WS.2 + 5 pL ACN + 40 uL PM source B urine.
C Urine—-5pL WS.2 +5 ulL. ACN + 40 pL PM source C urine.

nhw

Note: WS.2 contains all analytes at 5000 ug/mL. Final concentrations will be 500 ug/mlL for all urine
samples. WS.2 is defined in Appendix C.1

3. For each of the above:
1. +10 uL ISTD (2.5 mg/mL) (For a final conc. of 500 pg/mL in 50 pL sample)

Placed in the microwave at medium (450W) for 5 mins.
. Let cool, screwcaps changed, aliquoted into glass insert, and placed into GC-MS
autosampler tray.

2. + 50 pL Acetonitrile.

3. Mixture was shaken and centrifuged (14,000 x g) for 2 mins.

4. 20pL supernatant transferred to a new autosampler vial and label correctly.
5. +20 uL DMF.

6. +200 pL BSTFA.

7. Vortexed.

8.

9

Appendix C.4

The developed method was tested by analysing authentic case samples. The procedure is shown
below: (The procedure was repeated for each case study)

1)  Prepared in duplicate:
1.  2x50puL ‘Case Sample’ postmortem blood was pipetted into microtubes.

+ 10 uL ISTD (2.5 mg/mL) (For a final conc. of 500 pg/mL in 50 pL sample)
+ 50 uL Acetonitrile.
Mixture was shaken and centrifuged (14,000 x g) for 2 mins.
20 pL supernatant transferred to autosampler vials.
+20 pL DMF.
+ 200 uL BSTFA.

8. Vortexed.

3) Placed in the microwave at medium (450W) for 5 mins.

10. Let cool, screwcaps changed, aliquoted into glass insert, and placed into GC-MS
autosampler tray.

A i
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Appendix D: Identification of analytes of interest
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Figure D.1 — Mass spectra of a selection of the derivatised (trimethylsilylation) analytes of interest (above line), with matching (>80%) NIST 14 library mass
spectra (below line). 1: ETG, 2: PGL, 3: 1,3-PD(ISTD), 4: GCA, 5: 1,4-BD, 6: DEG
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Silane,
dimethylisobutoxybutoxy

Isobutanol,
TMS derivative

Boric acid, tris(2-methylpropyl)

1,3,2-Dioxaborolane,
4-methyl-2-phenyl

Relative abundance (%)

1 2 3 4 5 6 7 8 9
Acquisition time (min)
Figure D.2 — Method C (Hlozek et al. 2015b) chromatogram for all analytes. Labelled peaks show

library search in NIST 14 above 80% match score, present in all analysed samples. No analytes of
interest found.



Appendix E: Whole blood extraction

Table E.1 - Calibration curve data

Average peak area'

Run 1 Int Std? ETG PGL GCA 1,4-BD DEG
Concentration (pug/mL) Area Ratio Area Ratio Area Ratio Area Ratio Area Ratio
25 185.2 82.2 0.44 56.4 0.30 1.9 0.01 51.9 0.28 13.3 0.07
50 261.5 166.2 0.64 107.4 0.41 35 0.01 99.5 0.38 33.7 0.13
100 469.7 524.5 1.12 358.1 0.76 11.7 0.02 293.6 0.63 116.3 0.25
250 275.7 743.2 2.70 472.2 1.71 13.4 0.05 361.5 1.31 131.5 0.48
500 434.8 1830.7 4.21 1096.7 2.52 33.8 0.08 958.3 2.20 408.7 0.94
1000 269.6 2496.2 9.26 1642.5 6.09 45.7 0.17 1205.5 4.47 530.7 1.97
Run 2
Concentration (pug/mL)
25 175.0 28.3 0.16 26.1 0.15 1.6 0.01 25.0 0.14 0.7 0.00
50 542.8 106.3 0.20 78.1 0.14 7.2 0.01 180.0 0.33 83.8 0.15
100 405.8 253.7 0.63 176.0 0.43 8.1 0.02 187.7 0.46 89.9 0.22
250 486.3 502.3 1.03 286.9 0.59 22.9 0.05 583.0 1.20 276.5 0.57
500 265.0 1173.9 4.43 827.7 3.12 23.1 0.09 714.6 2.70 303.3 1.14
1000 286.3 2241.5 7.83 1482.0 5.18 43.7 0.15 1310.8 4.58 548.2 1.91
Run 3
Concentration (pug/mL)
25 511.6 333 0.07 16.3 0.03 1.2 0.00 48.0 0.09 5.2 0.01
50 683.4 145.3 0.21 77.9 0.11 2.6 0.00 111.2 0.16 26.9 0.04
100 595.8 288.9 0.48 187.8 0.32 5.7 0.01 190.5 0.32 71.7 0.12
250 581.7 867.6 1.49 581.4 1.00 15.8 0.03 453.9 0.78 142.9 0.25
500 593.1 1780.8 3.00 1038.8 1.75 22.3 0.04 952.6 1.61 3 -
1000 542.6 3397.1 6.26 2354.0 4.34 64.0 0.12 1651.5 3.04 754.9 1.39
1 %103, n=3.

2 Internal Standard (1,3-propanediol).

3No analyte peak data



propylene glycol - 6 Levels, 5 Levels Used, 6 Points, 5 Points Used, 9 QCs
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Figure E.1 — Calibration curve for propylene glycol (25 to 1000 pg/mL). Calibrator 5 (500 pg/mL) was
an outlier and was not included in the calculation.
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Figure E.2 — Calibration curve for glycolic acid (25 to 1000 pg/mL).



.4-butanediol - 8 Levels, 6 Levels Used, 6 Points, 6 Points Used, 9 QCs
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Figure E.3 — Calibration curve for 1,4-butanediol (25 to 1000 pg/mL)
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Figure E.4 — Calibration curve for diethylene glycol (25 to 1000 ug/mL)



Table E.2 - Carryover after three highest calibrator concentrations

Peak Area Counts!

Cal 1 Blank post Cal 6 Blank post Cal 5 Blank post Cal 4
ETG 82244 4727 6199 4776
PGL 56430 2329 2495 2242
GCA 1907 393 302 381
1,4-BD 51858 3029 4318 2529
DEG 13315 9 16 46
! Assessed only in Run 1
Cal. = calibration sample
ISTD is not shown, though also < 10% of Cal 1 peak.
Results in red are above 10% of the Cal 1 areas.
Table E.3 — Recovery experiment: one way ANOVA Results
Means Square
Analyt - —
natytes Between group Residuals (within) Mean
ETG Low 82.5 19.2 63.2
Mid 109.8 461.8 202.2
High 26821 4569 819.7
PGL Low 47.1 30.3 59.3
Mid 1101.4 420.4 190.6
High 7907 3673 792.8
GCA Low 261 125.8 53.8
Mid 253.5 262.1 168.8
High 6199 1247 751.5
1,4-BD Low 156.3 71.39 48.9
Mid 157 490.8 181.6
High 15845 1755 856.8
DEG Low 283.11 54.89 61.1
Mid 523.6 924 211.2
High 12563 3916 878.5

Shapiro > 0.05 for all.

Levene’s test > 0.05 for all.



Appendix F: Processed sample stability

Table F.1 - Processed sample stability peak areas

QC Time in autosampler (hours)' and peak areas
(conc.)

Analyte pg/mL) 0 6 12 24 48 72
60 136.3 147.2 136.6 125.0 132.4 128.5
ETG 200 650.9 701.3 649.4 664.8 690.2 660.3
800 2703.3 2617.1 3108.7 2881.5 7989.0 3060.2
60 81.6 80.7 75.0 70.2 70.6 68.6
PGL 200 429.1 502.8 465.6 481.6 508.2 486.4
800 1926.0 1853.0 2184.7 1984.7 5213.6 2029.8
60 605.4 563.7 522.4 532.6 549.5 492.0
1,3-PD 200 667.4 674.2 660.1 704.3 710.7 577.8
800 563.4 490.8 663.6 539.7 1542.6 594.8
60 2.6 2.9 2.8 2.9 3.0 22
GCA 200 12.1 11.7 11.5 12.4 13.4 10.8
800 52.2 45.6 55.8 50.0 151.1 57.1
60 81.9 87.9 78.5 75.6 81.6 82.1
1,4-BD 200 327.1 373.7 336.2 344.8 356.5 344.6
800 1407.7 1195.8 1652.3 1471.6 3845.8 1569.6
60 25.9 29.3 25.7 24.4 25.8 26.0
DEG 200 135.9 157.4 139.2 144.3 149.0 154.0
800 685.4 688.3 683.5 686.9 1695.8 731.2

1 Peak area X103, n=3.
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