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Abstract

Recently, several novel technologies have emerged with substantial benefits in
toxicological analysis. These include the development of beadbased multiplex
immunoassay (Suspension Bead Array, SBA), the use of reducedvolume centrifugal ion
exchange extraction (SpinSPE), and UltraPerformance™ liquid chromatographic
separation coupled to mass spectrometry (UPLC™/MSn). This work sought to investigate
the efficacy and practicality of these innovative approaches against a benchmark of
established methods and instrumentation for the screening and confirmation of
amphetaminetype substances.

This study begins with a statistical survey of amphetaminetype substances encountered in
an accredited forensic laboratory supporting the Australian Capital Territory and regional
New South Wales. Over the 5year period 2001–2005, it was determined that 6683 case
submissions required presumptive screening for amphetamines. Of these cases, 1269
(19.0%) required confirmative analysis of amphetaminetype substances, including
amphetamine, methamphetamine, MDA, MDMA, MDEA, ephedrine, pseudoephedrine,
and phentermine. Such analytical needs were then used in comparative assessment of the
novel and established methodologies, including examination of immunoassay specificity,
extraction efficiency, chromatographic resolution, general resource efficiency, and total
analysis time.

Development of a beadbased immunoassay platform (SBA) for multiplex amphetamines
analysis proved to be a complex task. Efforts to multiplex the amphetamine and
methamphetamine immunoassay models into a single assay exhibited a significant degree
of nonspecific antibody crossreactivity. However, the merits of the individual bead
assays were demonstrated. Upon comparison with commercially available enzymelinked
immunosorbent assays for amphetamine or methamphetamine (ELISA), it was observed
that the SBA models exhibited specificity comparable to that of the ELISA assays and
linearity over a concentration range of toxicological relevance (0–1000 ng/mL
amphetamine or methamphetamine).

In addition, the results indicated the practical

applicability of the individual SBA assays for an oral fluid matrix, and demonstrated
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significant reductions in the volumes of reagents required and length of time of analysis.
Additionally, in an optimised multiplex system, the amount of sample required for
screening could be reduced as the SBA technology theoretically permits analysis of up to
100 different drugs or metabolites from one volume of sample.

The aspect of forensic sample conservation was further explored with investigation of
reducedvolume extraction techniques, such as the application of centrifugal ionexchange
extraction columns (SpinSPE). Following initial development, the SpinSPE technique
was applied to the isolation of amphetaminetype substances from oral fluid and compared
with a mixedmode SPE method for both extraction and resource efficiency. From the
observed results, both extraction methods were demonstrated to be effective in the
isolation of amphetamine, methamphetamine, ephedrine, pseudoephedrine, PMA, MDA,
MDMA, MDEA, MBDB, and 2CB from an oral fluid matrix with detection by
heptafluorobutyric acid derivatisation (HFBTA) and GC/MS. The SpinSPE model
demonstrated comparable efficacy with reduced sample volume (200 µL), as well as
significant reductions in the volumes of reagents required for column conditioning,
washing, and elution.

In addition, the linear working range (0–2000 ng/mL) and

sensitivity of the method indicated the potential to further reduce sample volume.

In the confirmative separation and identification of drug compounds, the technological
advancement of UltraPerformance™ liquid chromatography (UPLC™) has recently
evolved from efforts to improve LC resolution, sensitivity, and time of analysis. In this
research, UPLC™ coupled to mass spectrometry was demonstrated to be capable of
rapidly

identifying

several

amphetaminetype

substances

(phenylethylamine,

amphetamine, phentermine, methamphetamine, ephedrine, pseudoephedrine, PMA, 4
MTA, MDA, MDMA, MDEA, MBDB) and ketamine in an analysis time of less than five
minutes. In addition, UPLC™/MS demonstrated a resolving power comparable to GC/MS
with significantly reduced instrumental analysis time.

This research reveals the promise of these new applications in advancing towards a more
efficient and modernised systematic toxicological approach. The continued development
and optimisation of SBA multiplex immunoassays will permit customisable systems
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capable of simultaneously detecting numerous compounds with antibodybased sensitivity
and selectivity. In circumstances where low sample volumes are required for confirmation
of drug use, such as in roadside saliva drug testing for driving under the influence
offences, reducedvolume SpinSPE has been demonstrated to be a practical and effective
alternative for sample preparation. In addition, a more streamlined procedure is further
enhanced with the use of UPLC™ coupled to mass spectrometry for analyte separation
and molecular identification.

It is expected that illicit drug use will remain a significant public concern. With the
continued desire for more rapid and comprehensive methodologies, further study of these
and other innovative technologies will be of considerable future benefit to laboratories
such as that serving the Australian Capital Territory region.
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This chapter will provide relevant background information that outlines the basis and
purpose for this study. A general overview of systematic toxicological analysis will be
provided, in addition to general review of the procedures currently published for
presumptive drug screening, sample preparation, and confirmative identification of drug
compounds.

The literature review in this study will focus primarily on the detection and identification
of amphetaminetype substances and designer analogues, particularly as their use and
abuse remain of significant concern to the community. In addition, the analysis of these
analytes from different biological matrices will be investigated, to include the analysis of
postmortem blood and the examination of oral fluid as a noninvasive specimen for road
safety testing.

Several analytical methods will be assessed, such as the use of

immunoassay techniques for drug screening, liquid–liquid and solidphase extraction
techniques for sample preparation, and the use of gas or liquid chromatography coupled to
mass spectrometry for analyte separation, identification, and quantitation.

The information contained herein will then provide the basis and justification for
introducing innovative procedures to advance not only the analysis of amphetaminetype
substances, but systematic toxicological analysis in general.

1.1 PROJECT DESIGN
Systematic toxicological analysis may be comprised of several unique analytical methods
that are dependent entirely upon the resources available to the working laboratory. As
well, technological developments continually evolve to provide for the needs of the
laboratory, such as reduced forensic sample consumption and increased throughput with
faster, more comprehensive drug identification. In the interest of analytical progress,
several inventive technologies have emerged for research and development with
potentially substantial benefits in routine toxicological analysis. Therefore, this work
examines the feasibility and practicality of innovative analytical approaches for drug
screening and confirmation. The development of a beadbased multiplex immunoassay
platform (Suspension Bead Array, SBA), the use of reducedvolume centrifugal sample
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extraction (SpinSPE), and UltraPerformance™ chromatographic separation coupled to
mass spectrometry (UPLC™/MSn) are all examined.

This study begins with a fiveyear statistical survey of amphetaminetype substances
encountered in the Australian Capital Territory Government Analytical Laboratory
(ACTGAL), a forensic laboratory supporting the Australian Capital Territory and regional
New South Wales (Chapter 2). From this information, specific drug detection needs could
be used in a critical and comparative assessment of existing and innovative technologies
in the systematic toxicological analysis of various biological matrices. The experimental
results of this research are described in Chapters 3 through 7, with comparative chapters at
each stage of systematic analysis: screening, extraction, and confirmation. Chapters 3 and
4 assess the performance of enzymelinked immunosorbent assay (ELISA) and SBA in
screening for common and novel amphetaminetype substances in multiple matrices.
Chapters 5 and 6 examine the extraction behaviour of these substances using mixedmode
solidphase extraction (SPE) and SpinSPE with detection by gas chromatoraphy–mass
spectrometry (GC/MS). Finally, Chapter 7 introduces the use of UPLC™/MSn in the
separation and identification of these drug compounds, with particular focus on
performance relative to the GC/MS method.

As the analytical techniques are quite

diverse, each results chapter contains an expanded introduction and specific methods and
discussion sections.

1.2 SYSTEMATIC TOXICOLOGICAL ANALYSIS
As stated by de Zeeuw (2004), the three major tasks in analytical toxicology are to detect,
identify, and quantitate potentially harmful substances in biological or other relevant
specimens.

In terms of drug analysis, this is performed in clinical and/or forensic

laboratories in a systematic approach consisting of presumptive screening of the specimen,
isolation of the drug compounds from the biological matrix, and subsequent confirmation
and quantification using instrumental means. The techniques used vary across
laboratories, however, the use of immunoassay (IA) is predominant for screening,
followed with isolation by liquid–liquid solvent extraction (LLE) or solidphase extraction
(SPE), and separation, identification, and quantitation using highperformance liquid
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chromatography (HPLC) with sensitive detectors and GC/MS (Badia et al., 1998; Moeller
et al., 1998).

The use of IA in presumptive drug screening is widely accepted, and will be discussed in
more detail in the following section 1.5 and Chapters 3 and 4. Generally speaking, several
formats of IA are acceptable in the general unknown screening of toxicological
specimens. Badia et al. (1998), Moeller et al. (1998), Smith (2003), and Lu and Taylor
(2006) cite the use of several IA platforms in forensic toxicology, including enzyme
multiplied immunoassay (EMIT), fluorescence polarisation immunoassay (FPIA), kinetic
interaction of microparticles in solution (KIMS), and ELISA.

In addition to IA, general screening of common matrices such as blood, plasma/serum,
and urine using chromatographic means have also been reviewed (Drummer, 1999). This
latter approach is particularly recommended for postmortem specimens, in which
immunoassays may be of limited importance due to interference from putrefactive
compounds and additional sample preparation needs (Stimpfl & Vycudilik, 2004).
Considerations in the analysis of postmortem specimens has also been covered by
Drummer (2004) and Skopp (2004), and a more detailed discussion of testing the
numerous sample matrices follows in section 1.3.

Extraction serves a principal role in systematic analysis, as even with the most
sophisticated instrumentation a compound cannot be identified if it is not extracted from
its matrix (Franke & de Zeeuw, 1998). Particularly for general unknown screening, a
broadspectrum procedure is desirable in which structurally diverse substances are isolated
at a high yield with optimal removal of endogenous compounds that may interfere (Franke
& de Zeeuw, 1998). In addition to the report by Franke and de Zeeuw (1998), the work
by Drummer (1999) and information provided by Stimpfl & Vycudilik (2004) also
provide valuable insights into extraction schemes as they relate to drugs of abuse and
systematic toxicological analysis. There are two basic extraction schemes, LLE and SPE,
which will be discussed further in section 1.6 and Chapter 5.
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As previously mentioned, subsequent separation and identification following extraction is
often performed using HPLC or GC with sensitive detection such as mass spectrometry.
In a review of analytical methods from 1981–1991, Maurer (1992) highlighted several
techniques utilising either LLE or SPE for the isolation of drugs and metabolites with
confirmation by GC/MS.

Updated methods for the identification of numerous drug

compounds using LLE and GC/MS were subsequently reported, to include the detection
of 78 compounds using twodimensional GC with timeofflight mass spectrometry
(GC×GC/TOFMS; Song et al., 2004) and the detection of 51 drugs in whole blood using
GC/MS and GC with electron capture detection (GC/ECD; Gunnar et al., 2004).
Similarly, general screening methods for unknowns have been reported with the use of
SPE and GC/MS to detect acidic, neutral, and basic drug compounds from whole blood,
plasma, and urine (Chen et al., 1992a; Polettini, 1996; Polettini, 1998; Soriano et al.,
2001).

In addition to GC, LC has proven its value in systematic screening and confirmation.
Historically, HPLC with ultraviolet detection (UV, or photodiodearray, DAD) has shown
significant power in the identification and quantitation of numerous compounds (Maier &
Bogusz, 1995). More recently, the growing use of LC coupled to mass spectrometry
(LC/MS or LC/MSn) has featured in the literature, including direct urine analysis for 23
novel drug compounds using LC/MS/MS (Nordgren et al., 2005) and the use of LC–ion
trap MS to detect 386 substances from a standardised method (Zumwalt et al., 2006).

As with GC, the use of LLE with HPLC/DAD has been well documented, including the
database identification of 311 substances (Tracqui et al., 1995), 272 compounds (Koves,
1995), and 130 analytes (primarily basic compounds; Lambert et al., 1995). As well, LLE
and LC/MS/MS were reported in a method capable of identifying over 100 substances
from postmortem whole blood (Herrin et al., 2005).

SPE in combination with HPLC has also proven itself in systematic analysis. Logan et al.
(1990) reported a method for the screening of 100 basic drugs and metabolites in urine
using cation exchange SPE with HPLC/DAD detection.

In the use of LC/MS and

LC/MS/MS for the screening of unknowns, SPE has been the preferred extraction method
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in numerous studies. Marquet et al. (2003) reported a preliminary study identifying
representatives of several distinct drug classes indicative of a large range of lipid
solubility, polarity, and ionisation modes. As well, Wood et al. (2005) examined an SPE–
LC/MS/MS method for the quantitative analysis of amphetamine, methamphetamine,
MDA

(3,4methylenedioxyamphetamine),

MDMA

(3,4methylenedioxymeth

amphetamine), cocaine, benzoylecgonine, morphine, 6acetylmorphine, and codeine in
oral fluid. Also using SPE–LC/MS, seventy psychoactive drugs or metabolites were
determined

in

serum,

including

amphetamine,

MDMA,

and

MDEA

(3,4

methylenedioxyethylamphetamine) by Rittner et al. (2001).

In addition to these examples of the use of various technologies and analytical methods in
systematic toxicological analysis, several more will be reported in the following sections
of Chapter 1 and in the results presented in Chapters 3 through 7. As relevant, the use of
IA for screening, LLE and SPE for compound isolation, and GC and LC technologies for
confirmation will be reviewed. The remainder of the experimental discussion will focus
on the determination of amphetaminetype substances (section 1.4) and the implications of
analytical methods for the matrices encountered in forensic and postmortem toxicology.
This will provide insights into the basis for research into the potential of innovative
technologies for progressing torwards a modernised, streamlined systematic approach.

1.3 MATRICES IN FORENSIC AND POSTMORTEM TOXICOLOGY
What specimen types may be submitted for toxicological analysis largely depend upon
both legislation dictating sample accessioning and simply what samples are available for
analysis (e.g. complex postmortem cases). As such, viable samples for analysis are
numerous, and include whole blood, serum/plasma, urine, liver, stomach contents, bile,
vitreous humor, oral fluid, muscle, adipose tissue, bone/marrow, lung, brain, hair, nails,
cerebrospinal fluid, sweat, injection sites, and even insect larvae feeding on postmortem
remains (Forrest, 1993; Drummer & Gerostamoulos, 2002; Levine, 2003; Drummer, 2004;
Skopp, 2004).
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Clearly, specimens for forensic toxicological testing of living individuals require the least
invasive means for accessioning, and therefore include blood, serum/plasma, urine, hair,
sweat, and oral fluid. Examples of applied methods in such cases include work which
systematically examined whole blood, plasma, and urine via GC/MS (Polettini et al.,
1998), a fluorometric HPLC method examining urine, serum, and saliva for analysis of the
drugs MDA, MDMA, MDEA, and MBDB ((Nmethyl1(3,4methylenedioxyphenyl)2
butanamine)) (Figure 1.1; Mancinelli et al., 1999), and the GC/MS screening and
quantitative analysis of several amphetaminetype substances in blood, serum, oral fluid,
and urine (Kankaanpää et al., 2004).

Figure 1.1: Structural examples of common amphetaminetype substances, designer
analogues, and metabolites
Postmortem specimens again may include what is available at autopsy examination, but it
is generally recommended that blood, urine, vitreous humor, liver, bile, and stomach
contents be routinely collected in cases of a suspicious death (Drummer & Gerostamoulos,
2002). In addition, postmortem specimens pose a variety of additional unique challenges,
which will be discussed in more depth in section 1.3.3. In examples of the general
unknown screening of postmortem samples, Stimpfl et al. (2001) presented a method for
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detecting acidic and basic compounds in whole blood, liver, and brain using both LLE and
SPE with detection by GC/MS and GC with nitrogen–phosphorus detection (GC/NPD).
Also, work by Clauwaert et al. (2000) demonstrated an effective method for the
determination of MDA, MDMA, and MDEA in whole blood, serum, urine, and vitreous
humor using HPLC with fluorescence detection (HPLC/FD).

These reports are few of many examples of analytical methods examining specific
matrices from a toxicology casework perspective. For reference, Musshoff et al. (2004)
also provides a compendium of fatal blood and tissue concentrations of over 200 drugs,
including the analysis of heart and femoral blood, urine, stomach contents, bile, liver,
kidney, vitreous humor, brain, and muscle.

1.3.1 Conventional matrices
Blood is one of the most common specimens used in drug testing (Drummer, 1999).
Specifically in postmortem toxicology, two separate blood samples should be collected,
one from the heart and one from a peripheral site (e.g. femoral vein) due to reasons to be
discussed in section 1.3.3 (Levine, 2003). The examination of blood features prominently
in the literature, with numerous similar methods described for analysis using either SPE or
LLE for cleanup followed with separation and identification using GC and LC. Reports
have examined amphetamine and methamphetamine in blood using GC/MS (Nagasawa et
al., 1996; Sato & Mitsui, 1997; Okajima et al., 2001; Nishida et al., 2002), the drugs
amphetamine, methamphetamine, MDA, MDMA, and MDEA (Marquet et al., 1997), and
a report demonstrating the identification of amphetamine, methamphetamine, MDMA,
and MBDB (Schütz et al., 2002). Kankaanpää et al. (2004) also describe a comprehensive
GC/MS method for the determination of the drugs (and metabolites) amphetamine,
methamphetamine, pseudoephedrine (PSE), norephedrine (NE), pmethoxyamphetamine
(PMA), ephedrine (EPH), MDA, BDB (benzodioxazolylbutanamine), 4MTA (4
methylthioamphetamine),

MDMA,

MDEA,

MBDB,

and

2CB

(4bromo2,5

dimethoxyphenylethylamine, BDMPEA).
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LC methods have also been described for the detection of amphetamines in blood. Using
LLE, methods have been reported for the determination of MDA, MDMA, and MDEA in
whole blood using HPLC with electrochemical detection (Michel et al., 1993) or
HPLC/FD (Clauwaert et al., 2000). With the use of HPLC/MSn, Herrin et al. (2005)
provide a rapid screening and identification method for detecting over 100 compounds,
including amphetamine, methamphetamine, MDA, MDMA, EPH, PSE and phentermine,
and Vorce and Sklerov (2004) describe a method for the detection of 2CB and 2CT7
(2,5dimethoxy4propylthiophenethylamine) in blood and urine using both GC/MS and
LC/MS

Due to clinical applications, availability of sample type, or the relative analytical ease of
use of serum/plasma and urine, these matrices are more often reported in efforts to
validate analytical methods. Serum and plasma may be used interchangeably with blood,
particularly to avoid viscosity problems and interferences from postmortem specimens
(Drummer, 1999). Urine may be preferred for a variety of reasons, principally on data
demonstrating that drugs and metabolites typically remain in urine longer and in relatively
higher concentrations than in blood (Maurer, 1992; Levine, 2003). As such, the reviewed
literature includes significant numbers of analytical methods analysing either
serum/plasma or urine, or both.

The reports of Clauwaert et al. (2000) and Kankaanpää et al. (2004) are wellrounded
approaches involving the detection of amphetamines in multiple matrices (whole blood,
serum, vitreous humor, and urine; blood, serum, oral fluid, and urine, respectively). The
analysis of both plasma and urine is also featured in several other publications,
particularly the analysis MDMA or MDEA and metabolites using LLE or SPE with
detection by GC/MS, GC/NPD, HPLC/DAD, and HPLC with electrochemical detection
(Helmlin et al., 1996; Fallon et al., 1999; Krämer & Kovar, 1999; Ortuño et al., 1999). In
addition, a method for the analysis of serum and urine is presented by Bogusz et al. (1997)
using HPLC/DAD and LC/MS, and demonstrates usefulness for the detection of
amphetamine, methamphetamine, MDA, MDMA, MDEA and eight other amphetamine
analogues (including EPH, phentermine, and the putrefactive amine phenylethylamine).
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Several more publications describe methods analysing either plasma/serum or urine alone
for the determination of amphetaminetype substances and analogues. These include the
application of LLE or SPE to plasma/serum specimens with detection by GC/MS (Pizarro
et al., 1999; Lee et al., 2000; Weinmann et al., 2000; Peters et al., 2002a; Peters et al.,
2003a; Peters et al., 2003b; Hidvégi et al., 2006), the use of LLE with detection by
GC/ECD (Asghar et al., 2002), and the use of SPE with detection by LC/MS (Bogusz et
al., 2000a; Rittner et al., 2001; Hendrickson et al., 2004).

As with plasma/serum, while some studies examined urine in addition to blood (Hara et
al., 1997; Nishida et al., 2003; Vorce & Sklerov, 2004), a significant number reported
testing of only urine. Again, these methods cover the use of either LLE or SPE for
isolation of the drug compounds, and either GC for detection (Taylor et al., 1989; Gan et
al., 1991; Jonsson et al., 1996; Dasgupta & Hart, 1997; Jurado et al., 2000; Valentine &
Middleton, 2000; Casari & Andrews, 2001; Namera et al., 2002; Oyler et al., 2002;
Pellegrini et al., 2002; Stout et al., 2002; Raikos et al., 2003; Huang & Zhang, 2003;
Nishida et al., 2004; Paul et al., 2004; Ewald et al., 2005; Klette et al., 2005; Liu et al.,
2006b; Pirnay et al., 2006a, Pirnay et al., 2006b), HPLC (Logan et al., 1990; Tedeschi et
al., 1993; CampínsFalco et al., 1996; Talwar et al., 1999; da Costa & da Matta Chasin,
2004); LC/MS/MS (Nordgren et al., 2005), or both GC/MS and HPLC (Zhao et al., 2001;
Yamada et al., 2002).

In terms of the other more common specimen types, few reports are available describing
methods for the analysis of bile, vitreous humor, liver, and stomach contents. What may
be deduced from this is that methods largely validated for blood, plasma/serum, and/or
urine are being used for these other sample types with specific considerations such as pre
treatment (e.g. homogenisation of liver). In the analysis of bile, drug concentrations, as
with urine, may be significantly higher than in blood (Agarwal & Lemos, 1996). This is
corroborated in the work of Vanbinst et al. (2002), who demonstrated bile/blood
concentration ratios of 1.19 for amphetamine and 1.59 for MDMA.

Equally

underrepresented in the literature is vitreous humor, which has been examined for MDMA
and analogues using HPLC/FD in both human and rabbit models (Clauwaert et al., 2000;
De Letter et al., 2000; respectively), and in a stability study conducted by Holmgren et al.
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(2004) using GC/MS.

The screening of liver samples for various drugs (including

methamphetamine) was reported by Huang et al. (1996) using an enzymatic digestion,
SPE, and GCNPD/FID (flame ionisation detection), however, this involved a spiked
matrix of calf liver.

No reports on the sole examination of stomach contents for

amphetaminetype substances were found for inclusion in this review.

Additional examination of these various specimens generally occurs in published reports
of distribution studies in postmortem cases. These will be discussed as relevant in the
following section 1.3.3.1.

1.3.2 Alternative specimens
The term “alternative” in this case applies to specimens other than blood, serum/plasma,
liver, bile, vitreous humor, and stomach contents. As discussed previously, these may
include muscle, brain, bone, skin, adipose tissue, sweat, hair, oral fluid, and larvae. As
seen with bile, liver, vitreous humor, and stomach contents, fewer publications exist
describing unique validated methods for these specimens, with a growing number reported
for the testing of oral fluid in recent years (section 1.3.2.1). Apart from the distribution
studies cited in section 1.3.3.1, a small number of reports discuss the use of skeletal
muscle; however, none mentioned amphetamines in their case studies (Christensen et al.,
1985; Garriott, 1991; Langford et al., 1998). Similarly, studies on the examination of
bone were limited (Noguchi et al., 1978; McIntyre et al., 2000), although one report
describes the detection of amphetamine and methamphetamine in 5yearold buried
skeletal remains (Kojima et al., 1986). One report discusses the detection of amphetamine
and methamphetamine in postmortem adipose tissue (Levisky et al., 2001), and Yang et
al. (2006) describe a punch biopsy procedure to detect methamphetamine and other drugs
of abuse in skin.

Of the alternative specimens useful for nonpostmortem cases, the use of hair and oral
fluid have gained particular attention due to their noninvasiveness and negation of
privacy concerns.

As such, reviews of the determination and pharmacokinetics of

amphetamines and analogues in these and other matrices have been offered by Pichini et
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al. (1996), Kintz and Samyn (1999), and de la Torre et al. (2004). The usefulness of hair
in general drug analysis has been supported by Kintz (2004), with several applications for
its testing in terms of amphetamines reported in recent years (Gentili et al., 2002; Skender
et al., 2002; Nishida et al., 2003; Pujadas et al., 2003; Gentili et al., 2004; Han et al.,
2005; Han et al., 2006a; Han et al., 2006b; Nishida et al., 2006).

1.3.2.1 The “new” significance of oral fluid
In the report by Kintz and Samyn (1999), it was indicated that law enforcement agencies
had expressed interest in the use of saliva for the roadside testing of potentially intoxicated
drivers. Subsequently, the development and validation of analytical methods dedicated to
oral fluid testing has risen.

The mechanism of passage of drugs of abuse (including amphetamines) into oral fluid has
been well documented, and is thought to be largely due to passive diffusion with
regulation by the physicochemical characteristics of the drug (e.g. molecular weight, lipid
solubility, protein binding) (Pichini et al., 1996). This is corroborated in work by Kidwell
et al. (1998), de la Torre et al. (2004), and Aps and Martens (2005).

As well, in

comparison to plasma, select amphetamines have shown to be present in higher
concentrations in oral fluid (Pichini et al., 1996; de la Torre et al., 2004). Detection
capability is then compounded with the consideration that oral fluid contamination may
occur from administration of the drugs themselves (e.g. smoking, ingestion, insufflation).

The physiology of saliva itself is shown to be approximately 99% water, 0.3% proteins,
0.3% mucin, and salts, with mixed saliva consisting of approximately 71% submandibular
gland secretions, 25% parotid gland secretions (derived mainly from blood plasma), and
4% sublingual and other gland secretions; this is in addition to epithelial cells, food debris,
and oral microorganisms (Kidwell et al., 1998). Salivary flow may range from 0 to 6
mL/min (Aps & Martens, 2005), with a variable pH around 7.0 depending upon stimulus
(Kidwell et al., 1998; Aps & Martens, 2005). The factors affecting salivary flow are
numerous, and flow may be influenced by systemic disease, medication or drug use, time
of day, diet, anxiety, and age (Aps & Martens, 2005).
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Low sample volumes may be a problem and hence there is requirement for sensitive
screening and confirmation methods. As with the other matrices, methods have been
published on the examination of illicit drugs in oral fluid, as is evident in a recent review
by Drummer (2005). In the targeted analysis of amphetamines in saliva, methods using
immunoassay screening have been reported (Laloup et al., 2005; Cooper et al., 2006), and
confirmation has been reported using LLE or SPE with GC/MS (Navarro et al., 2001;
Yonamine et al., 2003; Kankaanpää et al., 2004; Cooper et al., 2006; Scheidweiler &
Huestis, 2006; Peters et al., 2007), HPLC/FD (Concheiro et al., 2005), LC/MS/MS (Wood
et al., 2003a; Laloup et al., 2005; Wood et al., 2005; Wylie et al., 2005a), or
LC/quadrupoleTOFMS (Mortier et al., 2002b). These (or similar methods) were then
used in studies on oral fluid testing for driving under the influence of drugs (Verstraete,
2005) and in efforts to correlate concentrations of the drugs in oral fluid, serum, and urine
with impairment (Toennes et al., 2005). In the work by Toennes et al. (2005), it was
concluded that oral fluid was deemed superior to urine in correlation with both serum data
and impairment symptoms.

The use of oral fluid in this research will be further discussed in the following sections and
in the results Chapters 3–7.

1.3.3 Special considerations in postmortem toxicology
The analysis of postmortem specimens requires additional consideration, particularly in
terms of the interpretation of drug concentration in blood and tissues and analytical
interferences due to putrefactive changes. While the distribution and/or redistribution of
drugs are beyond the scope of this research, it is still worth mentioning briefly in this
context. The potential interference of putrefactive compounds in analysis will be explored
in Chapters 3 and 7.

1.3.3.1 Drug distribution and postmortem drug redistribution
In living individuals, blood drug concentrations may allow assessment of the amount of
drug administered when considering the pharmacokinetic properties of the compound
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(PélissierAlicot et al., 2003). Subsequent to death, drug concentrations in blood and
tissues becomes sitedependent (Prouty & Anderson, 1990; Moriya & Hashimoto, 2000a;
PélissierAlicot et al., 2003). This is largely due to diffusion (passive and parietal) from
organs such as the gastrointestinal tract, liver, and lungs, but also due to mechanisms such
as blood coagulation, blood movement (e.g. due to body position, transport), and the
decomposition processes (PélissierAlicot et al., 2003).

Significant work on the

examination of nonamphetamines in terms of sitedependence and redistribution has been
reported (Jones & Pounder, 1987; Pounder & Jones, 1990; Pounder & Yonemitsu, 1991;
Pounder et al., 1996a; Pounder et al., 1996b; Langford & Pounder, 1997; Williams &
Pounder, 1997). Gómez Zapata et al. (1989) also provides an interesting study on post
mortem blood circulation in a rabbit model, again indicating the significant effects of post
mortem diffusion processes.

In terms of the distribution and redistribution of amphetaminetype substances and
analogues, several studies have been reported using both animal models and human
autopsy specimens. Rivière et al. (2000) reported the distribution of amphetamine and
methamphetamine in the brain and tissues of rats after intravenous administration. Rabbit
models were examined for the distribution of MDMA (De Letter et al., 2002a, De Letter
et al., 2002b), as well as the determination of amphetamine and methamphetamine in post
mortem rabbit tissues that were kept in various conditions over a 2year period (enclosed,
in open air, submerged, stained on gauze; Nagata et al., 1990).

In human models,

amphetamine, methamphetamine, MDA, and MDMA dominate distribution studies
(Prouty & Anderson, 1990; Rohrig & Prouty, 1992; Miyazaki et al., 1993; Logan et al.,
1996; Moore et al., 1996; Barnhart et al., 1999; Hilberg et al., 1999; Moriya &
Hashimoto, 1999; Moriya & Hashimoto, 2000a; Moriya & Hashimoto, 2000b; Kalasinsky
et al., 2001; De Letter et al., 2002c; De Letter et al., 2004; Liu et al., 2006a).
Decaestecker et al. (2001) also report a study for the distribution of a fatal overdose of 4
MTA in blood, urine, vitreous humor, bile, liver, spleen, and brain.

Again, the distribution of amphetamines is beyond the scope of this research, however,
these publications provide insights into the interpretation of toxicological findings.
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1.3.3.2 Endogenous compounds–putrefactive amines
The potential interference of endogenous compounds in the analytical testing of
amphetamines is explored in this research (Chapters 3 and 7). It has been documented
that enzyme autolytic changes and putrefaction due to microorganisms may cause
interferences in testing, either by the production of endogenous compounds or alteration
of the drug itself (Stevens, 1984; Paterson, 1993; Skopp, 2004). Of particular relevance is
the formation of putrefactive amines (or putrefactive bases) such as phenylethylamine,
tyramine, and tryptamine, which are formed via decarboxylation of the amino acids
phenylalanine, tyrosine, and tryptophan, respectively (Kaempe, 1969). Past work has
described the detection of these putrefactive bases and their potential interference in the
general analysis of postmortem specimens (Oliver & Smith, 1973; Stevens & Evans,
1973; Oliver et al., 1977; Toseland, 1986; Skopp, 2004). In particular, in screening for
amphetamines, the presence of putrefactive amines may cause false positives with
immunoassay (Moore et al., 1999). Specifically, interference has been well documented
with the use of EMIT (Eichorst, 1991; Drummer & Gerostamoulos, 2002; Hino et al.,
2003). The crossreactivity of putrefactive amines in immunoassay will be elaborated
upon further in section 1.5 and the introduction to Chapter 3, which examines the potential
interference of phenylethylamine, tyramine, tryptamine, and putrescine in screening
matrices using ELISA (chemical structures shown in Figure 1.2).

Figure 1.2: Chemical structures of the putrefactive amines phenylethylamine,
tryptamine, tyramine, and putrescine
It is understood that putrefactive amines may also interfere in extraction of various drug
compounds for confirmation. Bogusz and Erkens (1995) express that “any isolation
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procedure, applied to any kind of biological material, leads unavoidably to the
coextraction of various bodily constituents…” In considering the use of SPE, Drummer
and Gerostamoulos (2002) highlight that SPE back extraction procedures remove most
(but not all) endogenous substances found in putrefied tissues. Of particular significance,
Stimpfl et al. (2001) demonstrated a reduction in the extraction efficiency of codeine from
postmortem urine using mixedmode SPE, which was stated to be largely due to
increasing concentrations of basic compounds from putrefactive processes.

As the structural similarities between these putrefactive amines and the amphetamines
may cause discordant results with antibodyspecific IA, the potential interference in both
extraction and confirmation should be investigated as well. This will be further discussed
in Chapter 7, as phenylethylamine was employed in the presentation of effective GC/MS
and UPLC™/MS confirmation methods.

1.3.3.3 Other postmortem considerations
There are additional considerations in the toxicological analysis of postmortem
specimens. As previously stated, microorganisms may cause interference by alteration of
the drug itself (Stevens, 1984; Paterson, 1993; Skopp, 2004). Though no reports of this in
terms of amphetamines were reviewed, publications examining the phenomenon of post
mortem drug metabolism by bacteria have included the nitrobenzodiazepines
flunitrazepam, clonazepam, and nitrazepam (Robertson & Drummer, 1995; Pèlissier
Alicot et al., 2003). Additionally, Batziris et al. (1999) examined the effect of sulfur
metabolising bacteria on the sulfurcontaining drugs chlorpromazine, thioridazine, and
dothiepin, concluding that the two strains tested, P. mirabilis and C. perfringens, did not
significantly mediate degradation. However, the conclusions of the authors consider that
other strains may have an effect. This may be of particular relevance to sulfurcontaining
amphetamines such as 4MTA.

Lastly, as it may be necessary at times to perform testing on formaldehydepreserved or
postembalmment specimens, it should be considered that the fixing procedure may dilute
the blood or remove the drugs present at the time of death from the blood vessels (Skopp,
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2004). As such, Skopp (2004) has described a number of drug and poison findings in
formalinfixed and embalmed samples, including carbon monoxide, paraquat, strychinine,
amitriptyline, and the amphetamine analogue fenfluramine.

It was noted that

flenfluramine is reactive to formaldehyde forming an Nmethyl derivative (Skopp, 2004).
This finding was corroborated by Shakleya et al. (2006) who describe the conversion of
methamphetamine to N,Ndimethylamphetamine in formalinfixed liver.

Though the

testing of such tissue is not commonplace, this does offer unique insights into post
mortem analysis, particularly concerning incorrect or falsenegative amphetamines
findings in fixed tissues.

1.3.4 Selection of matrices
As this research sought to introduce innovative applications into systematic toxicological
analysis, it required that the choice of matrix be representative and timely of the present
interests of the toxicology community. Therefore, the needs and objectives of each phase
of the research (presumptive immunoassay screening, extraction, and confirmation) were
planned accordingly.

In Chapter 4, the development of the innovative SBA immunoassay initially required the
use of a nonbiological matrix (phosphate buffered saline, or PBS) to prevent any
interference from endogenous constituents. The PBS matrix was also utilised for
comparison in the ELISA studies of Chapter 3, which additionally provided a means to
confirm the interference, if any, of putrefactive amines or matrix on the assay. Oral fluid
was also examined on both the SBA and ELISA platforms to demonstrate an effective
means of screening such a specimen in the context of methamphetamine/MDMA use and
road safety interests (section 1.3.2.1). Whole blood and a representative urine matrix were
also included in the ELISA study to further examine analytical performance and matrix
influence on the assays.

In the studies examining extraction and confirmation (Chapters 5–7), oral fluid was the
matrix of choice, again due to current road safety interests and in preparation of legislation
authorising the roadside collection of saliva for drug testing. Chapter 7 also highlights the
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extraction of whole blood, demonstrating the capability of the reported mixedmode SPE
method to effectively isolate the select amphetaminetype substances for separation and
identification using either GC/MS or the novel UPLC™/MS instrumentation.

1.4 DRUG COMPOUNDS AND SUBSTANCES INCLUDED IN THIS STUDY
1.4.1 Amphetaminetype substances and analogues
Qi et al. (2006) report that the supply and abuse of illicit amphetaminetype substances
worldwide has increased considerably over recent years, with methamphetamine
accounting for almost 75% of all amphetamines seizures. This international increase in
amphetamines use is corroborated by several reports, highlighting not only
methamphetamine, but also specifically the designer analogues such as MDA, MDMA,
MDEA, and MBDB (Sadeghipour & Veuthey, 1997; Furnari et al., 1998; Mancinelli et
al., 1999; Christophersen, 2000; Logan, 2001; Gentili et al., 2002; Pellegrini et al., 2002;
Pujadas et al., 2003; Concheiro et al., 2005; Klette et al., 2006; Teng et al., 2006). As
such, the chemistry, pharmacokinetics, and toxicokinetics of these compounds have been
well explored, including several case studies in the literature documenting the dangers of
use (Nichols, 1986; Shulgin, 1986; Dowling et al., 1987; Katsumata et al., 1993; Forrest
et al., 1994; Cox & Williams, 1996; Crifasi & Long, 1996; Fineschi & Masti, 1996;
Weinmann & Bohnert, 1998; Carter et al., 2000; GouzoulisMayfrank et al., 2000; Maurer
et al., 2000; Zhu et al., 2000; Kalant, 2001; Kraemer & Maurer, 2002; Green et al., 2003;
Uemura et al., 2003; Patel et al., 2004; Libiseller et al., 2005).

With the use of methamphetamine, amphetamine, MDMA, MDA, MDEA, and MBDB
considered to be more prevalent, it is understood that several publications would be
dedicated to their analysis. Several reference methods exist for the detection of these
specific compounds in various matrices utilising LLE or SPE with GC/MS (Kronstrand,
1996; Furnari et al., 1998; Pellegrini et al., 2002; Schütz et al., 2002; Pujadas et al., 2003;
Gentili et al., 2004; Hidvégi et al., 2006; Wang et al., 2006) or HPLC/FD (Sadeghipour &
Veuthey, 1997; Mancinelli et al., 1999; Concheiro et al., 2005). In addition, Zhao et al.
(2001) report a profile study of the urine of recreational “ecstasy” users using IA for
screening and both HPLC/DAD and GC/MS for confirmation.

The concern for
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identification of these compounds reaches beyond these drug compounds, however, as the
sporadic incidence of other designer analogues require laboratories to be well informed
and equipped in detection of other amphetamine or phenylethylaminederivative
compounds.

One such drug is PMA (Figure 1.3), whose misrepresentation of other designer
recreational amphetamines has resulted in several fatalities largely due to its ability to
cause extreme hyperthermia (Cimbura, 1974; Kitchen et al., 1979; Buchanan & Brown,
1988; LoraTamayo et al., 1997; Byard et al., 1998; Felgate et al., 1998; Dal Cason, 2001;
Kraner et al., 2001; Logan, 2001; Martin, 2001).

In addition to highlighting the

toxicokinetics of PMA, studies on its analytical determination have been reported by
Staack et al. (2003) using LLE and GC/MS. Coumbaros et al. (1999) also describe a
solidphase microextraction (SPME) technique with GC/MS determination of PMA and
impurities from its manufacture. The lethal nature of the drug is also reinforced by a
distribution study (with MDMA) using LLE and LC/MS (Dams et al., 2003) subsequent
to development of the method by the same research group (Mortier et al., 2002a).

Figure 1.3: The chemical structure of pmethoxyamphetamine (PMA)

In addition to PMA, the drug 4MTA has also been associated with fatalities and nonfatal
poisonings (Figure 1.4; De Letter et al., 2001; Logan, 2001; Ramsey et al., 2001).
Metabolism of 4MTA has been described in work by Ewald et al. (2005) using SPE and
GC/MS, as well as indicated by a postmortem case study by Elliott (2000) using LLE
with determination by HPLC/DAD, GC/NPD, and GC/MS. Elliott also further describes
the analysis of clinical specimens for 4MTA using HPLC/DAD (2001), while
Decaestecker et al. (2001) describe the development of a comprehensive multiple matrix
distribution study of both 4MTA and MDMA using LLE and LC/MS/MS. Poortman and
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Lock (1999) further expanded on the analytical profile of 4MTA, to include spot tests,
thinlayer chromatography (TLC), and UV, IR, and nuclear magnetic resonance (NMR)
spectral properties in addition to chromatographic and mass spectrometric data.

Figure 1.4: The chemical structure of 4methylthioamphetamine (4MTA)

In addition to these substances, several other compounds may be of interest to the
toxicology laboratory (Figure 1.5). The designer amine 2,4,5trimethoxyamphetamine
(TMA2) has been referenced in the literature for potential use and/or abuse (Buchanan &
Brown, 1988; Shulgin, 1976). As well, the drug 2,5dimethoxy4bromoamphetamine
(DOB) has been indicated (Shulgin, 1979; Shulgin, 1981; Buchanan & Brown, 1988),
with earlier reports of DOB use in Australasia (Buhrich et al., 1983). The drug 2,5
dimethoxy4methylphenylisopropylamine (DOM) has also been demonstrated to be a
psychedelic amphetamine derivative (Shulgin, 1977; Shulgin, 1979; Buchanan & Brown,
1988), with a specific method of analysis of DOM in brain tissue reported by Eckler et al.
(2001) using LLE and GC/MS. Recent reports also caution of the potential incidence of
indanylamphetamines such as the indanyl analogue of MDA, 1(5indanyl)2
aminopropane or 5IAP (Casale et al., 2005), as well as the characterisation of several
fluoroamphetamines, fluoromethoxyamphetamines, Nalkyl4fluoroamphetamines, and
4fluorophenylbutan2amine (Rösner et al., 2005).
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Figure 1.5: Chemical structures of TMA2, DOB, DOM, 5IAP, and fluoromethoxy
substituted phenylalkylamines
Beyond these compounds, however, there is additional alarm with the use of other
methylenedioxy derivatives of amphetamine and phenylethylamine, such as drugs with
one or two methoxy groups on the phenylring and halogen substitutions (Figure 1.6;
Boatto et al., 2005). Shulgin (1979) describes the use of the drugs 2CB (BDMPEA), 4
methyl2,5dimethoxyphenylethylamine (2CD), 4ethyl2,5dimethoxyphenylethylamine
(2CE), and 4iodo2,5dimethoxyphenylethylamine (2CI). 2CB is also mentioned in the
report by Buchanan and Brown (1988) and in isomeric GC/MS and HPLC characterisation
by DeRuiter et al. (1998), in addition to metabolism studies of the drug in both a mouse
model (Carmo et al., 2004) and rat model (Kanamori et al., 2005). As well, a study of
both designer tryptamines and phenylethylamines presented the GC/MS and LC/MS
detection of 2CB in blood and urine, as well as another substituted designer amine, 2CT
7 (Figure 1.7; Vorce & Sklerov, 2004). Curtis et al. (2003) also reported an effective
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method for the determination of 2CT7 in postmortem blood and urine using LLE,
GC/MS, and GC/NPD.

Figure 1.6: Chemical structures of the designer drugs 2CB, 2CI, 2CD, and 2CE

Figure 1.7: Chemical structures of the designer drugs 2CT7 and 2CT2

In terms of toxicological interpretation, several licit compounds or medications should
also be considered in proposing use of an analytical method. As discussed by Musshoff
(2000), besides a potentially legal prescription for amphetamines, several substances (e.g.
medications) actually metabolise to amphetamine or methamphetamine in the body.
These include amphetaminil, benzphetamine, clobenzorex, deprenyl/selegiline, dimethyl
amphetamine, ethylamphetamine, famprofazone, fencamine, fenethylline, fenproporex,
furfenorex, mefenorex, mesocarb, and prenylamine (Figure 1.8; Kraemer & Maurer, 1998;
Musshoff, 2000). A study of selegiline metabolites (including methamphetamine and
amphetamine) in hair was recently described by Nishida et al. (2006) affirming this
metabolic profile and demonstrating a method for differentiating methamphetamine
abusers from selegiline patients.
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Figure 1.8: Chemical structures of medications that metabolise to methamphetamine
and/or amphetamine in the body. A) Amphetaminil, B) Clobenzorex, C)
Ethylamphetamine, D) Prenylamine, E) Mefenorex, F) Fencamine, G) Furfenorex, H)
Dimethylamphetamine, I) Fenethylline, J) Fenproporex, K) Deprenyl/Selegiline, L)
Famprofazone, M) Benzphetamine, and N) Mesocarb
Lastly, though enantiomeric considerations for the amphetamines are beyond the scope of
this research, exposure to lmethamphetamine or lamphetamine should not be disregarded
in toxicological interpretation.

The disomer of methamphetamine has greater CNS
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stimulant activity than the l form, therefore making it more prone to abuse (Wyman &
Cody, 2005). Procedures for enantiomeric separation of the amphetamines were not
reviewed in significant detail for this research; however, interesting discussion is available
in the literature, particularly with the legitimate medical use of lmethamphetamine in
inhalers (Hornbeck & Czarny, 1993; Wyman & Cody, 2005).

In addition, most

commercially available immunoassays for amphetamines testing are designed with higher
specificity towards the commonly abused isomer. For example, as reported in the study
performed by Kupiec et al. (2002), the ELISA amphetamine immunoassay showed 100%
crossreactivity against damphetamine in comparison with 17% that of the l form.

The analyses reported in the literature are growing more comprehensive in terms of
separation and identification of amphetaminetype substances.

The ideal method for

publication release into the toxicology community should extend beyond analytical
determination of only methamphetamine or MDMA, and attempt to include as many
additional (or potentially interfering) substances as possible. With this in mind, several
publications which have demonstrated effective separation and identification of multiple
amphetamines, medications, and putrefactive amines may be cited here, with additional
review included in the work of Kraemer and Maurer (1998). In using LLE or SPE with
GC/MS, several reports have demonstrated the effective separation and identification of
five or more amphetaminetype substances (Jonsson et al., 1996; Dasgupta & Hart, 1997;
Hara et al., 1997; Namera et al., 2002; Tseng et al., 2006), with some methods
demonstrating the determination of more than ten compounds in biological and non
biological matrices (Valentine & Middleton, 2000; Peters et al., 2003b; Kankaanpää et al.,
2004).

In addition to a GC/MS method, KikuraHanajiri et al. (2005) also described an LC/MS
method for the separation of nineteen compounds, including MBDB, 2CI, 2CT2 (2,5
dimethoxy4ethylthiophenethylamine), and 2CT7. Also, in combination with LLE or
SPE, the use of LC/MS was reported for the analysis of several amphetaminetype
substances in serum and urine both derivatised (with HPLC/DAD; Bogusz et al., 1997)
and underivatised (Bogusz et al., 2000b). More recently, Nordgren et al. (2005) reported
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the analysis of 23 analytes in urine using direct injection LC/MS/MS, to include the
analysis of MDA, MDMA, MDEA, MBDB, and 2CB.

It is therefore suggested that current efforts to analyse amphetaminetype substances and
analogues should be comprehensive in their approach. In this work, the compounds
included in various phases of the research investigations are presented in the following
sections.

1.4.2 Inclusion of ketamine
Ketamine is not an amphetaminetype stimulant, but is instead structurally related to
phencyclidine (PCP) with anaesthetic properties (Figure 1.9; Baselt, 2004). Reports have
indicated its potential use in similar environments as the designer amphetamines (Gentili
et al., 2002; Wang et al., 2005a), in addition to the report by Dunn et al. (2007)
illustrating its incidence of use amongst Australian drug users.

For these reasons,

ketamine was examined to reflect the possibility of its coincidental detection, and was
included in assessing the performance of UPLC™/MS (Chapter 7).

Figure 1.9: Chemical structures of ketamine and phencyclidine (PCP)

1.4.3 Selection of compounds
The selection of compounds for this research was based on principal factors such as
relevance of use (particularly in the Australian context) and availability of certified
reference material for inclusion in analysis. Works by Dunn et al. (2007) and O’Brien et
al. (2007) report Australian drug trends, with 88% of intravenous drug user study
participants from the Australian Capital Territory noting recent use of high purity
methamphetamine (“ice”). In addition, the national survey of recreational “ecstasy” users
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(n = 699) shows polydrug use with other amphetamines, including methamphetamine
powder (27%), crystal methamphetamine (17%), methamphetamine base (9%), and MDA
(1%) (Dunn et al., 2007). In the reported potential for abuse of ketamine (Gentili et al.,
2002; Wang et al., 2005), 2% of the 699 study participants noted use of ketamine
concurrent with “ecstasy,” including 1% of the study participants from the Australian
Capital Territory (n = 90) (Dunn et al., 2007). The examination of ketamine is also
supported in the statistical survey of laboratory submissions presented in Chapter 2.

In terms of designer amphetamines, reports in the literature have also brought attention to
Australia’s experience with the drug PMA, to including several fatalities in the past
decades (Byard et al., 1998; Felgate et al., 1998; Coumbaros et al., 1999; Dal Cason,
2001; Kraner et al., 2001; Logan, 2001; Dams et al., 2003; Staack et al., 2003). In
addition to PMA, Decaestecker et al. (2001) also report on 4MTA tablets being
encountered in Australia, and the statistical laboratory survey in Chapter 2 shows
detection of 2CB (as BDMPEA) encountered by the Forensic Chemistry unit of ACTGAL
in evidence submissions in 2002 and 2003.

Therefore, as this research sought to provide a comprehensive investigation of
amphetaminetype substances and analogues in an Australian context, the drugs examined
included amphetamine, methamphetamine, MDA, MDMA, MDEA, MBDB, PMA, 4
MTA, and 2CB. Studies on immunoassay response and chromatographic interference
(Chapters 3–7) also incorporated other substances used as an alternative to or in the
production of the illicit forms (ephedrine, pseudoephedrine, phentermine) and select
putrefactive amines (phenylethylamine, tryptamine, tyramine, and putrescine).

The

former group of compounds was included to affirm the potential for misidentification in
screening and confirmation (e.g. false positives/negatives), and the latter were included
primarily for examination of the interference of endogenous compounds in postmortem
specimens (as per previous discussion in section 1.3.3.2). This again was in addition to
the inclusion of ketamine in examination of the use of UPLC™/MS in confirmation
(Chapter 7). The structures of all studied drug compounds are shown in Figure 1.10.
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Figure 1.10: Chemical structures for select amphetaminetype substances, putrefactive
amines, and ketamine

1.5 PRESUMPTIVE SCREENING IN FORENSIC/POSTMORTEM
TOXICOLOGY
With the selection of sample matrix and targeted drug compounds, the first stage in
systematic toxicological analysis is generally presumptive drug screening. Immunoassay
is typically the most common screening method in routine testing of biological specimens
(Badia et al., 1998; Moeller et al., 1998).

1.5.1 Theory and use of immunoassay technology
In the simplest definition, immunoassays are scientific tests that use antibodies to identify
and measure amounts of a chemical substance, and in forensic toxicology, are used to
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screen biological samples for the presence of a drug antigen (Smith, 2003). The use of
monoclonal antibodies (antibodies with identical binding properties) as opposed to
polyclonal antibodies (antibodies with a spectrum of affinities/specificities towards an
antigen) has revolutionised the use of immunoassays, as monoclonal assays provide for a
test of defined specificity and sensitivity promoting standardisation (Crowther, 2001;
Smith, 2003). Immunoassays are generally based upon a competitive binding process
between a labelled drugconjugate and free drug in the specimen for limited antibody
binding sites, and the conjugates and/or detection systems used in assay depend on each of
several formats of IA (Smith, 2003):
·

Radioimmunoassay (RIA)

·

Enzymemultiplied immunoassay technique (EMIT)

·

Fluorescence polarisation immunoassay (FPIA)

·

Cloned enzyme donor immunoassay (CEDIA)

·

Kinetic interaction of microparticles in solution (KIMS)

·

Enzymelinked immunosorbent assay (ELISA)

The varying platforms of IA will be discussed below.

In RIA, radioactive

125

Ilabelled drug (γemitter) competes against nonlabelled drug for

the drug antibody, and following a wash step, radiation is measured in an inverse
relationship to free drug concentration (Smith, 2003).

It is a sensitive method with

reduced matrix effect; however, use is generally limited due to radioactive reagents
(Smith, 2003).

As such, particularly in terms of matrix influence, its use has been

reported in the analysis of postmortem blood for several drugs of abuse including
methamphetamine (Collison et al., 1998; Spiehler et al., 1998; Drummer &
Gerostamoulos, 2002). RIA assays for amphetamine and methamphetamine were also
assessed for crossreactivity against phenylpropanolamine (PPA) and ephedrine in urine,
in which none was observed at 100 mg/L (D’Nicuola et al., 1992).

EMIT has been one of the most popular IA platforms for many years for detecting drugs
and metabolites in urine (Lu & Taylor, 2006). In EMIT, the enzyme glucose6phosphate
dehydrogenase (6GPDH) is used as the label, which oxidises the substrate to
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gluconolactone6phosphate and reduces a nicotinamide adenine dinucleotide (NAD)
cofactor to NADH (Smith, 2003). The enzyme activity is reduced upon antibody binding,
therefore the presence of free drug in the system will increase the rate of NADH
production by occupying the binding sites; absorbance of the NADH at λ = 340 nm is then
measured, indicating a direct relationship in absorbance from free drug concentration
(Smith, 2003). The use of EMIT features prominently in the literature (Moeller et al.,
1998; Zhao et al., 2001; Moeller & Kraemer, 2002), with several publications addressing
the specificity of the assay.

In addition to the putrefactive amines interference as

previously discussed (Eichorst, 1991; Drummer & Gerostamoulos, 2002; Hino et al.,
2003), other studies have highlighted concerns with the crossreactivity of other
amphetaminetype substances such as MDA, MDMA, EPH, PSE, and PPA. Hsu et al.
(2003) concluded that the use of the EMIT d.a.u. monoclonal amphetamine and
metamphetamine system (Syva Co., USA) was not acceptable for the determination of
MDMA due to low crossreactivity at the 500 ng/mL cutoff level. D’Nicuola et al. (1992)
also describe falsepositive EMIT amphetamine and methamphetamine readings for 1000
mg/L of EPH and PPA in urine, with Woodworth et al. (2006) providing a serial dilution
method to distinguish PSE from methamphetamine in routine EMIT urine screening.

The FPIA platform (e.g. Abbott Laboratories TDx) utilises fluoresceinlabelled drug
conjugates for competition against free drug in the sample. Upon binding to an antibody,
the rotation of the fluorescein label is restricted resulting in little loss of polarisation upon
emission; introduction of free drug in the system will displace labelled drug from the
antibody resulting in reduction of the polarised emitted light (Smith, 2003). The degree of
polarisation is therefore expressed as inversely proportional to free drug present in the
specimen. In toxicology applications, several studies have been reported providing useful
information on the specificity of FPIA using antiamphetamine and/or anti
methamphetamine antibodies. A positive FPIA result assisted in identifying the
uncommon amphetamine anologue Nethyl4methoxyamphetamine in urine (Marson et
al., 2000). The study on multiple IA platforms by D’Nicuola et al. (1992) also showed no
falsepositive FPIA results for EPH and PPA at a concentration of 1000 mg/L in urine.
Other studies have reported varying effective FPIA crossreactivities for amphetamine
type substances, including amphetamine, methamphetamine, MDA, MDMA (Hsu et al.,
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2003) and other analogues in addition, including 2methoxyamphetamine, 2,5
dimethoxyamphetamine (DMA), DOB, 2CB, 3,4,5trimethoxyamphetamine (TMA),
MDEA, 2,5dimethoxy4ethylamphetamine (DOE), DOM, and mescaline (Cody &
Schwarzhoff, 1993). As well, Felscher and Schulz (2000) report variable FPIA
amphetamines specificity against amphetamine, methamphetamine, MDA, MDMA,
MDEA, DOB, DOM, BDB, MBDB, PMA, and the licit amphetaminil, pholedrine,
fenfluramine, and amfepramone.

CEDIA technology utilises βgalactosidase as the label, whose enzyme activity depends
upon the reassociation of an enzyme acceptor (EA) and donor (ED) to hydrolyse
chlorophenolredβgalactoside (CPRG) to chlorophenolred (CPR) and galactose (Smith,
2003). The absorption of CPR is measured at λ = 570 nm, and the reaction is inhibited if
the labelled drug is bound to the antibody; presence of free drug in the specimen will
displace the labelled drug resulting in an increase of absorbance (i.e. a directly
proportional relationship between absorbance and free drug concentration) (Smith, 2003).
The performance of CEDIA, as well as its applied use in screening urine samples, has
been demonstrated in several studies indicating its suitability for analysis (Zhao et al.,
2001; Moeller & Kraemer, 2002; Hsu et al., 2003; Huang et al., 2006). Recent work also
highlights a multiplex CEDIA assay for amphetamine, methamphetamine, and “ecstasy”
drugs in urine, with variable crossreactivity reported for a number of structurally related
compounds, including amphetamine, methamphetamine, MDA, MDMA, MDEA, MBDB,
BDB, PMA, and pmethoxymethamphetamine (PMMA) (Loor et al., 2002).

KIMS (e.g. Abuscreen Online) utilises druglinked microparticles whose conjugation with
antibodies in solution forms large aggregates that scatter transmitted light (Smith, 2003).
In the presence of free drug in the specimen, the antibodies bind to the free drug, reducing
the formation of aggregates and resulting in an inversely proportional relationship
between free drug concentration and absorbance (Smith, 2003). The effectiveness of the
use of the Abuscreen Online KIMS in amphetamines screening has been demonstrated in
recent studies, particularly in screening urine for amphetamine, methamphetamine, MDA,
and MDMA (Zhao et al., 2001; Hsu et al., 2003; Stout et al., 2003; Klette et al., 2006).
Study by Lu and Taylor (2006) also investigated the effectiveness of KIMS compared to
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EMIT for 10 different drugs in urine (including amphetamines), and found the two assays
to give fairly consistent results.

The last immunoassay platform to consider is ELISA. In typical ELISA systems for drugs
of abuse screening, a 96well ELISA microtiter plate is coated with drugspecific
antibody. In solution, the enzymelabelled drug conjugate (drughorseradish peroxidase)
converts a substrate (tetramethylbenzidine, TMB) to a colored product (λmax = 450 nm)
(Smith, 2003). The presence of free drug competitively restricts this activity resulting in
an absorbance reading inversely proportional to the concentration of drug in the sample
(Smith, 2003).

The use of ELISA in the toxicological testing of amphetaminetype

substances will be further explored in the following section 1.5.1.1 and Chapters 3 and 4.

1.5.1.1 ELISA in routine screening and its application in this research
Each IA platform has its own distinct advantages and disadvantages. The benefits of
ELISA are numerous and include simplicity, rapidity of procedural and analysis times,
excellent sensitivity (0.01–1.0 µg/mL), safety, commercial availability, and wide
acceptability in the analytical community (Crowther, 2001). This notably is in addition to
the advantages of monoclonal antibody specificity. Discussion on the use of ELISA in
screening for various drugs of abuse has been published in reviews (Moeller et al., 1998;
Drummer & Gerostamoulos, 2002; Moeller & Kraemer, 2002), mostly referencing the
work of Perrigo and Joynt (1995) and Moore et al. (1999).

Moore et al. (1999)

demonstrated fewer false positives with ELISA than with the use of RIA in the testing of
postmortem specimens, while Perrigo and Joynt (1995) noted advantages of increased
sensitivity and time and resource efficiency of ELISA in comparison with EMIT testing of
whole blood. Additional study was also reported by Spiehler et al. (1998) comparing
postmortem blood testing using automated microplate IA versus RIA for several drugs of
abuse, and Kerrigan and Phillips, Jr. (2001) examined ELISA testing for both whole blood
and urine.

In reports specifically examining ELISA for amphetaminetype substances, only a small
number have been published in the last five years. Kupiec et al. (2002) reported the use of
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commercially available ELISA (Neogen Corporation, USA) for the screening of
amphetamine and methamphetamine in postmortem blood. The authors demonstrate
variable crossreactivities for a number of related substances (including MDA, MDMA,
EPH, PSE), and also note a marginal crossreactivity of phenylethylamine resulting in
falsepositives.

Han et al. (2006a) reported the use of ELISA (from Immunalysis

Corporation, USA) to screen for methamphetamine in hair samples, demonstrating a
sensitivity of 97% and specificity of 100% against dmethamphetamine (cutoff
concentration of 0.5 ng/mg). Also, Far et al. (2005) reported the development of a
chemiluminescent ELISA model using a flow microchip to detect amphetamine in plasma
and urine with photodiode detection.

As discussed previously in section 1.3.2.1, the screening of oral fluid for drugs of abuse
has merited recent attention for its application in road safety testing.

As a result,

publications on the ELISA testing of oral fluid have been recently released. Laloup et al.
(2005) reported the validation of an amphetamine ELISA assay (from Cozart Bioscience
Ltd., UK), demonstrating variable crossreactivity with methamphetamine, MDA,
MDMA, MDEA, MBDB, PMA, EPH, and methylphenidate. Cooper et al. (2006) also
reported validation of the Cozart brand amphetamine ELISA, demonstrating similar cross
reactivity with methamphetamine, MDA, MDMA, MDEA, EPH, and methylphenidate.

The results over the duration of these doctoral research efforts are therefore timely, as is
evident with concurrent publication of the studies by both Laloup et al. (2005) and Cooper
et al. (2006). As studies have indicated the successes of ELISA in comparison with other
IA platforms (Perrigo and Joynt, 1995; Moore et al., 1999), it was selected as the most
appropriate for the investigation presented in Chapter 3 and the comparison versus the
innovative SBA platform presented in Chapter 4. In addition, investigation of ELISA
specificity for the compounds 2CB and 4MTA has not been reported in the previous
studies, and a better understanding of the interference of putrefactive amines is required
(e.g. falsepositives due to phenylethylamine).

Lastly, examination of the use of a

different commercially available ELISA assay was warranted, principally as analytical
performance can vary between manufacturers as well as batches of antibodies (Drummer
& Gerostamoulos, 2002).
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1.6 SAMPLE EXTRACTION
McDowall (1989) outlined the objectives of sample preparation in the context of isolating
and measuring organic compounds from a biological matrix. These include:
·

Removal of unwanted protein or nonprotein material that may interfere with
determination;

·

Removal of material if the resolving power of the chromatographic column is
insufficient to separate all the components in the specimen;

·

Removal of material that may affect chromatographic resolution or reproducibility;

·

Solubilisation of compounds to enable injection under the chromatographic
conditions;

·

Concentration of the analyte;

·

Dilution to reduce solvent strength or avoid solvent incompatibility;

·

Removal of material that may block chromatography tubing, valves, columns, or
frits; and,

·

Stabilisation of the analyte to avoid hydrolytic or enzymatic degradation.

In achieving this, there are two principle extraction schemes available to the analyst,
liquid–liquid extraction and solidphase extraction.

1.6.1 Liquid–Liquid Extraction (LLE)
Body fluids or aqueous tissue homogenates can be extracted directly with an organic
solvent to obtain organic substances (Siek, 2003). Following pH adjustment with a buffer,
acid, or base, isolation of the analyte is achieved by partitioning it from the aqueous phase
to the organic phase (Siek, 2003). This is based upon the distribution concentration ratio
created by the choice of extracting solvent, the pH of the aqueous medium, and the ratio of
the volumes of the organic to aqueous phases (McDowall, 1989). An advantage of LLE is
that it is straightforward and useful for quickly partitioning substances from blood or
urine, the most frequently chosen specimens for toxicological analysis (Siek, 2003). In
addition, it has a wide dynamic range and lack of sorption, the latter signifying that there
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should be no irreversible loss of analyte during the extraction procedure (Stimpfl &
Vycudilik, 2004).

Solvent selection is a significant factor in LLE, and is largely based upon hydrogen
bonding capability and solvent polarity (Siek, 2003). As such, it is the manipulation of
extraction solvents that provide LLE with its dynamic range. Upon buffering the system
to a pH where analytes are in a nonionised form, a variety of solvents and/or combination
of solvents may be used.

In systematic toxicological analysis of multiple drug types, numerous solvent systems
have been reported in the literature.

Maurer (1992, 1998) offers review of several

methods utilising LLE with detection by either GC/MS or LC/MS. Using GC/MS and
GC/ECD for detection, Gunnar et al. (2004) reported the use of butyl acetate as an
extraction solvent for 51 drugs from whole blood. Song et al. (2004) utilised chlorobutane
in extracting blood for analysis by GC×GC/TOFMS.

Variants of LLE solvent systems have also been reported for systematic analysis using
HPLC/DAD, and include chloroform:2propanol:nheptane (60:14:26 v/v; Tracqui et al.,
1995), nhexane:ethyl acetate (7:3 v/v; Lambert et al., 1995), acetonitrile (Drummer et al.,
1993), and toluene (Koves & Wells, 1992; Koves, 1995). Bogusz and Erkens (1995) also
reported the use of diethyl ether in their examination of the effects of biological matrix in
the detection of acidic, neutral, and basic drugs using HPLC/DAD, and Siek et al. (1997)
described
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methane:isopropanol. A rapid systematic screening technique of over 100 drugs involving
acetone extraction of postmortem blood is also described by Herrin et al. (2005) using
LC/MS/MS for identification.

Variation in LLE solvent systems is even more pronounced in methods specific for the
detection and identification of amphetaminetype substances, with the following methods
reviewed:
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·

dichloromethane (Paul et al., 2004)

·

nhexane:ethyl acetate, 7:3 v/v (Clauwaert et al., 2000; Decaestecker et al., 2001;
De Letter et al., 2002c; Mortier et al., 2002b; da Costa & da Matta Chasin, 2004);
1:1 v/v (Fallon et al., 1999)

·

nbutyl chloride (Moore et al., 1996)

·

ethyl acetate (Kaddoumi et al., 2001)

·

diethyl ether (Bogusz et al., 1997; Marquet et al., 1997)

·

ethyl acetate:nhexane:1butanol, 10:10:1 v/v (Michel et al., 1993)

·

dichloromethane:isopropanol:ethyl acetate, 1:1:3 v/v (Staack et al., 2003)

·

nhexane:chloroform, 3:1 v/v (Dasgupta & Hart, 1997)

·

isooctane (Jonsson et al., 1996; Kronstrand, 1996)

·

toluene (Eckler et al., 2001)

·

nhexane (Tedeschi et al., 1993; Sadeghipour & Veuthey, 1997)

·

tertbutyl methyl ether (Pizarro et al., 1999; Pellegrini et al., 2002; Hidvégi et al.,
2006)

·

chloroform:isopropanol, 9:1 v/v (Valentine & Middleton, 2000)

Interestingly, Curtis et al. (2003) compared several LLE extraction schemes for the
isolation and identification of the designer amine 2CT7. Utilising nchlorobutane,
dichloromethane, and 2% (v/v) isopropanol in pentane, they found that singlestep
extraction with nchlorobutane (with concentration in methanol) provided sufficient
recovery of the drug.

Additionally, in the analysis of amphetamines by GC (GC/MS or GC/ECD), several
methods have been published employing the use of simultaneous LLE with derivatisation
(to be discussed in more detail in section 1.7.1.1). These include:
·

0.1 mol/L Sheptafluorobutyrylprolyl chloride in dichloromethane, plus
cyclohexane (Peters et al., 2007)

·

heptafluorobutyric anhydride in toluene (Kankaanpää et al., 2004)

·

ethyl acetate:acetonitrile:pentafluorobenzenesulfonyl chloride, 9:1:0.01 v/v
(Asghar et al., 2002)
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·

pentafluorobenzoyl chloride in toluene, 30 µL/10 mL (Xie et al., 2004)

·

ethyl acetate:triethylamine:pentafluorobenzyl bromide, 5:0.03:0.03 v/v (Sato &
Mitsui, 1997)

Whether it is a general systematic procedure, or targeted for basic drugs such as the
amphetaminetype substances, these solvent systems reflect varying degrees of polarity
and hydrogen bonding capacity. As the reports cited above have been peerreviewed as
acceptable procedures for publication, it stands that any one method should be appropriate
for routine analysis. This choice depends entirely on the desires of the laboratory in terms
of extraction efficiency, resource management, and even reagent safety. Additionally,
alternatives lie in solidphase extraction.

1.6.2 SolidPhase Extraction (SPE)
While LLE has proven suitable in traditional toxicological analysis, there are several
disadvantages to LLE that SPE can largely overcome: SPE can offer cleaner extracts,
higher selectivity, improved reproducibility, avoidance of emulsion formation, use of
lower sample and solvent volumes, improved recoveries, and faster extraction times,
particularly as SPE lends itself to automation (Logan et al., 1990; Franke & de Zeeuw,
1998; Soriano et al., 2001; Stimpfl & Vycudilik, 2004; Telepchak et al., 2004).
Therefore, based upon these potential advantages, it has become a popular method of
sample preparation in routine toxicological analysis.

In addition to the objectives of sample preparation, McDowall (1989) also effectively
outlined the steps required to prepare and use SPE cartridges:
·

condition the column with an organic solvent (e.g. methanol) to open up the
carbon chains for increased surface area for analyte binding and remove residues
from the packing material that may interfere;

·

wash the column with water and/or buffer to remove excess solvent and prepare
the column in terms of polarity, ionic strength, and pH of the sample;

·

apply the sample;
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·

wash the column with a suitable solvent to selectively remove endogenous
compounds that may interfere; and,

·

elute the sample with a suitable solvent and collect for analysis or continued
preparation (e.g. concentration, derivatisation).

How these SPE preparation steps are performed depends upon the type of separation
mechanism used and the analyte(s) to be extracted. Maurer provides examples of using
SPE in the isolation of several drug classes with analysis by either GC/MS (1992) or
LC/MS (1998). The mechanisms of SPE columns are varied, and include diatomaceous
earth columns and bonded silica phase preparations. The latter is of particular relevance
to modern toxicological testing, and includes extraction based upon ionexchange and
copolymeric (or mixedmode) principles.

1.6.2.1 Diatomaceous earth extractions in toxicology
Diatomaceous earth extraction was effectively the precursor to the development of bonded
phase extractions, and is based upon analytes of interest partitioning into the organic phase
while aqueous impurities are adsorbed onto the diatomaceous earth (Telepchak et al.,
2004). Further discussion is beyond the scope of this research, however, examples of the
use of diatomaceous earth (e.g. Extrelut) have been reported in the recent past for isolating
amphetaminetype substances from blood, urine, and hair (Hara et al., 1997; Nishida et
al., 2002; Nishida et al., 2003; Nishida et al., 2004; Nishida et al., 2006).

1.6.2.2 Bonded phase extractions: Hydrophobic interactions–Reversed phase SPE
In reversed phase extractions, the sample is applied and the analyte retained by
hydrophobic interactions between nonpolar functional groups present on both the analyte
and the bonded phase sorbent (Platoff, Jr. & Gere, 1991). The sorbent is typically
composed of a silica backbone bonded with hydrocarbon chains, which may range from
C2 to C30 (Telepchak et al., 2004). Of these, C18 is the most commonly used, with
manufacturers producing columns prepacked with C18 resin or a variant (Platoff, Jr. &
Gere, 1991; Telepchak et al., 2004).
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Methods examining the use of C18 reversed phase SPE for the isolation of amphetamines
from biological specimens have been published, with detection by GC, LC, and capillary
electrophoresis (CE). These methods have included the use of Bond Elut C18 columns
(Varian Inc., USA; CampínsFalcó et al., 1996; Bogusz et al., 2000b; Boatto et al., 2005)
and SepPak C18 cartridges (Waters Corporation, USA; Yamada et al., 2002).

In

addition, Waters Corporation manufactures Oasis HLB columns, which is a patented
sorbent ([poly(divinylbenzenecoNvinylpyrrolidone)]) comparable to traditional C18
packing. Use of the HLB columns has been described in methods for general drug
screening and amphetamines determination in human samples using LC/MS/MS
(Hendrickson et al., 2004; Sauvage et al., 2006).

1.6.2.3 Bonded phase extractions: Ionexchange SPE
Ionexchange SPE can be classified as either anion or cation exchange, with binding to the
SPE sorbent based upon the ionic character of the drug (Platoff, Jr. & Gere, 1991). In ion
exchange SPE, the pH is manipulated to ionise the analyte(s) which will then bind to the
oppositely charged sorbent.

From this, interfering hydrophobic substances may be

washed away with organic solvents, polar interfering substances can be removed with
aqueous or weak aqueous/organic washes, and the analytes then selectively eluted with
changes in pH (Telepchak et al., 2004). SPE columns based on ionexchange are the most
selective available, and may yield the cleanest extracts (Platoff, Jr. & Gere, 1991).

In this research, cation exchange was employed in the application of reducedvolume
centrifugal SPE (SpinSPE; section 1.8.2 and Chapter 5). In cation exchange SPE, the
sorbents are negatively charged while basic analytes, such as the amphetamines, are
manipulated to carry a positive charge (Telepchak et al., 2004). Commonly used sorbents
may be sulfonic acids for strong cation exchange (benzenesulfonic acid, propylsulfonic
acid) or carboxylic acid for weak cation exchange (Platoff, Jr. & Gere, 1991; Telepchak et
al., 2004). Particularly for the amphetamines (and other basic drugs), few publications
were reviewed in which strong cation exchange (SCX) was discussed as the primary SPE
mechanism. Logan et al. (1990) reported a procedure for the rapid screening of 100 basic
drugs and metabolites from urine using HPLC/DAD, in which Bond Elut SCX columns
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(Varian Inc., USA) were employed. Notably, these columns also possess some
hydrophobic character due to the sorbent having an alkylbonded benzenesulfonylpropyl
functionality. Additionally, Helmlin et al. (1996) described the use of SCX SPE in the
determination of MDMA and its metabolites in plasma and urine using both HPLC/DAD
and GC/MS. In both of these published methods, the selectivity of the sorbent was proven
effective in both systematic screening of basic compounds and targeted determination of
MDMA. Following this work with SCX, the use of bonded phase copolymeric SPE has
significantly featured in the literature.

1.6.2.4 Bonded phase extractions: Copolymeric (mixedmode) SPE
Copolymeric SPE sorbent is comprised of a mixed bed of both hydrophobic and ion
exchange functionalities (Franke & de Zeeuw, 1998; Telepchak et al., 2004). These SPE
columns were designed to incorporate both reversed phase and cation (or anion) exchange
resins into a sorbent bed that would allow selective extraction of acidic, neutral, and basic
compounds from one column (Franke & de Zeeuw, 1998; Telepchak et al., 2004). As
such, the advent of mixedmode SPE revolutionised both systematic drug screening and
targeted analysis. Columns containing both a nonpolar alkyl chain and benzenefulfonic
acid SCX resin such as the Bond Elut Certify (Varian Inc., USA), the Isolute Confirm
HCX (International Sorbent Technology, UK), and the Clean Screen DAU columns
(United Chemical Technologies, Inc., USA) have been featured in the literature.

Mixedmode SPE is performed according to the same general extraction procedure offered
by McDowall (1989), however, manipulation of the solvent systems and selective elution
permit isolation of various acidic, neutral, and basic drugs as opposed to only drugs of one
character.

With the advantages of mixedmode SPE, systematic procedures for the

analysis of more than one drug class (including amphetamines) have been reported for
numerous toxicological matrices, including whole blood, serum/plasma, urine, liver, hair,
skin, bile, gastric contents, and, more recently, oral fluid.

These methods describe

extraction using the Bond Elut Certify, Isolute HCX, or Cleanscreen DAU SPE columns
with a variety of instrumental variations for detection, including GC/FID, GC/MS,
GC/NPD, HPLC/DAD, LC/MS, and LC/MS/MS (Chen et al., 1992a; Chen et al., 1992b;
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Chen et al., 1993a; Chen et al., 1993b; Zweipfenning et al., 1994; Huang et al., 1996; Lai
et al., 1997; Bogusz et al., 1998; Polettini et al., 1998; Bogusz, 2000a; Weinmann et al.,
2000; Soriano et al., 2001; Mortier et al., 2002b; Skender et al., 2002; Toennes et al.,
2005; Wylie et al., 2005a; Yang et al., 2006).

Methods using these or similar SPE columns for the targeted determination of
amphetamines have been also described for matrices including whole blood, plasma,
urine, hair, and again, more recently, oral fluid. Detection in these methods was achieved
by GC/MS, GC/NPD, and/or LC/MS(/MS) and included the identification of several
common and novel amphetaminetype substances (Gan et al., 1991; Ortuño et al., 1999;
Oyler et al., 2002; Peters et al., 2002a; Stout et al., 2002; Huang & Zhang, 2003; Peters et
al., 2003a; Peters et al., 2003b; Pujadas et al., 2003; Vorce & Sklerov, 2004; Ewald et al.,
2005; Klette et al., 2005; Laloup et al., 2005; Pirnay et al., 2006a; Scheidweiler &
Huestis, 2006).

Of particular relevance to the research reported in Chapter 5 is the design of the Oasis
MCX mixedmode SPE columns (Waters Corporation, USA).

These mixedmode

columns consist of SCX sulfonic acid moieties on the surface of a patented
poly(divinylbenzenecoNvinylpyrrolidone) copolymer which results in both cation
exchange and reversedphase hydrophobic functionalities (Waters Corporation, 2003).
Use of the Oasis MCX columns was reported in the general unknown screening of urine
and plasma with detection by GC/MS (Raes & Verstraete, 2005) and LC/MS/MS
(Marquet et al., 2003). In addition, recent work by Wood et al. (2005) applied the use of
these columns in the quantitative analysis of amphetamine, methamphetamine, MDA,
MDMA, cocaine, benzoylecgonine, morphine, 6monoacetylmorphine, and codeine in
oral fluid using LC/MS/MS. As well, in the targeted analysis of amphetamine, MDA, and
MDMA in oral fluid, Laloup et al. (2005) utilised the Oasis MCX columns in LC/MS/MS
validation of an amphetamines ELISA immunoassay.
1.6.2.5 Microextraction techniques
Forensic sample and/or reagent consumption is a significant challenge for the laboratory,
particularly in the testing of oral fluid where a limited sample volume may be available
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(Kintz & Samyn, 1999). As such, several reducedvolume options for extraction have
been reported in the recent literature. Telepchak et al. (2004) reported on the use of
reduced solvent volume (RSV) extraction columns that make use of disc technology,
resulting in clean extracts, high recoveries, and acceptable precision with 75% less solvent
than traditional packed columns. Nishida et al. (2004) described a miniaturised sample
preparation procedure for amphetamines in urine using 100 µL of sample and inhouse
column packing of Extrelut resin. Alternatively, a report by Pawliszyn and Pederson
Bjergaard (2006) addressed the current status and future trends of both solidphase
microextraction (SPME) and liquidphase microextraction (LPME) techniques. SPME
involves the partitioning of analytes from aqueous sample onto a small diameter stationary
phasecoated fibre, which is then thermally desorbed into the GC injector. LPME utilises
small droplets of organic solvents suspended from the tip of a microsyringe for phase
extraction from aqueous sample. Generally, SPME and LPME exist in various
configurations, and may require instrumental/injector modifications that may not be
desirable in the working laboratory. Irrespective of this, methods for the determination of
amphetamines and other drugs of abuse have been reported using SPME for a variety of
biological matrices (Chen & Pawliszyn, 1995; Yashiki et al., 1995; Centini et al., 1996;
Nagasawa et al, 1996; Battu et al., 1998; Jurado et al., 2000; Lee et al., 2000; Namera et
al., 2000; Okajima et al., 2001; Gentili et al., 2002; Namera et al., 2002; Raikos et al.,
2003; Yonamine et al., 2003; Gentili et al., 2004; Liu et al., 2006b). The application of
solvent microextraction of amphetamines and phencyclidine in urine was reported by
Casari and Andrews (2001), with detection by GC with a pulsed discharge helium
ionisation detector (GC/PDHID). Both SPME and LPME are beyond the scope of this
research, as technical modifications to the instrumentation proved to be impractical for the
laboratory environment. However, additional information on the applications of SPME in
biomedical analysis can be found in review by Ulrich (2000), while expanded review of
LPME in the bioanalysis of drugs is reported by PedersonBjergaard and Rasmussen
(2005).

Further investigation of reduced sample volume techniques led to an alternative from the
field of advanced protein purification: centrifugal ion exchange extraction (SpinSPE).
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The adapted use of SpinSPE for amphetaminetype substances will be discussed in
further detail in section 1.8.2 and Chapter 5.

1.6.2.6 SPE models employed in this research
In review of the literature, few studies were found which documented the advantages of
different SPE sorbents in direct comparison. In a report examining SPE of biological
tissues such as brain, muscle, liver, and others (Scheurer & Moore, 1992), the authors
indicated that the hydrophobic C8 sorbent is more selective than C18, and while all drugs
are retained to some extent on a nonpolar sorbent, the mixedmode sorbents are excellent
for drug screening. In the analysis of 70 psychoactive drugs or metabolites in serum
(including amphetamine, MDMA, and MDEA), Rittner et al. (2001) reported that the use
of a C18 column (Bakerbond C18; Mallinckrodt Baker Inc., USA) provided an extraction
yield the same or better than the mixedmode Isolute HCX columns in the majority of
instances. In addition, a comprehensive examination of commercial SPE sorbents using
LC/MS/MS detection undertaken by Decaestecker et al. (2003) demonstrated that
extraction yields for 18 substances (including MDMA) were best for C8 sorbent; yields
were only marginally less for the Oasis MCX mixedmode columns, however, the MCX
columns exhibited higher coefficients of variation (> 20% CV) in the yields (leading to
the authors progressing with the C8 sorbent).

Further investigation into mixedmode SPE procedures was justified for comparison
against a novel reducedvolume SpinSPE method (Chapter 5).

The objective of

demonstrating an effective mixedmode Oasis MCX SPE procedure for comprehensive
amphetamines extraction from oral fluid was both timely and warranted, as is evident by
research performed concurrently with this effort (Laloup et al., 2005; Wood et al., 2005).
The use of this SPE brand technology is underrepresented in the literature, and its
application offers valuable insight into the extraction behaviour of amphetaminetype
substances and the potential effects of a saliva matrix.

Upon investigation of reducedvolume alternatives, it was recognised that the ion
exchange chemistries incorporated into protein purification were similar to those used in
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both standard ion exchange and mixedmode SPE. In this sense, the mixedmode SPE
method could be adapted and optimised to demonstrate amphetamines behaviour under
centrifugal SCX extraction conditions. With significantly lower sample and reagent
volumes, this new SpinSPE technique would provide an effective alternative for
extraction and confirmation in instances where a lowvolume procedure is required.

1.7 CONFIRMATION: GC AND LC
From the previous discussion, it can be ascertained that the use of GC and LC
instrumentation predominates in the separation, identification, and quantitation phases of
systematic toxicological analysis. The functional breakdown of such instrumentation
requires extensive discussion beyond the scope of this work, however, key aspects of their
toxicological application will be discussed in the following sections both in the context of
general unknown screening and targeted amphetamines analysis. Additional background
information on the components of GC and LC instrumentation, particularly in regard to
forensic and postmortem toxicological analysis, can be found in the work by Stafford
(2003), Dawling (2004), and Kupiec et al. (2004).

1.7.1 Chromatography – GC in toxicology
Chromatography is a separation process involving two immiscible phases (e.g. gas–liquid,
gas–solid, liquid–solid), with separation of a mixture based upon the differential
distribution of the analyte between the two phases (Stafford, 2003). Following injection
of the sample extract and separation on the column, confirmation of the drug identity is
then achieved via a detector signal. The type and mechanism of GC detectors can vary
according to application, and several have been published in the systematic toxicological
analysis of various drug classes (including amphetamines):
·

electron capture, GC/ECD (Gunnar et al., 2004)

·

nitrogen–phosphorus, GC/NPD (Zweipfenning et al., 1994; Spiehler et al., 1998;
Soriano et al., 2001; Stimpfl et al., 2001)

·

flame ionisation, GC/FID (Chen et al., 1992a; Chen et al., 1992b; Chen et al.,
1993a; Chen et al., 1993b; Huang et al., 1996; Casari & Andrews, 2001)

·

pulsed discharge helium ionisation, GC/PDHID (Casari & Andrews, 2001)
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·

mass spectrometry, GC/MS (see below)

GC/MS analyses for systematic or targeted amphetamines analysis by electron impact (EI)
ionisation, and to a lesser extent, chemical ionisation (CI), feature prominently in the
literature. Mass spectrometric fragmentation and/or acquisition may be performed in full
scan mode (collecting all MS ions within a specified range) or with the use of selected ion
monitoring (or SIM), the latter providing significant gains in detection sensitivity when
the spectral fragmentation patterns of a targeted compound are known (de Hoffman &
Stroobant, 2001). When using SIM MS in molecular identification, consideration should
be given to guidelines set forth by scientific regulatory agencies, of which include the
following (de Zeeuw, 2004):
·

Diagnostic ions to be monitored must be characteristic of the compound;

·

Diagnostic ions should not originate from the same part of the molecule;

·

Diagnostic ions should include the precursor or molecular ion of the compound;

·

A minimum number of diagnostic ions is necessary (e.g. target ion, qualifier ion
Q1, qualifier ion Q2);

·

Relative abundances for all diagnostic ions should agree within specified tolerance
of the method; and,

·

Chromatographic retention and peak shape should be comparable to that of a
reference analyte peak.

Full scan MS provides for more spectral information in general unknown screening,
whereas SIM provides improved sensitivity for targeted detection and quantitation. Direct
application of the use of GC/MS with SIM analysis will be presented in Chapter 5 with
discussion of the extraction and confirmation of several amphetaminetype substances in
oral fluid.

Various publications exist from recent years discussing the use of GC/MS in the
systematic screening and identification of drugs of abuse. These have examined matrices
such as blood, serum/plasma, urine, hair, skin, and postmortem tissues (Maurer, 1992;
Zweipfenning et al., 1994; Polettini, 1996; Polettini et al., 1998; Segura et al., 1998;

69

Chapter 1: Literature Review

Spiehler et al., 1998; Moore et al., 1999; Weinmann et al., 2000; Kerrigan & Phillips, Jr.,
2001; Soriano et al., 2001; Stimpfl et al., 2001; Schütz et al., 2002; Skender et al., 2002;
Hino et al., 2003; Gentili et al., 2004; Gunnar et al., 2004; Raes & Verstraete, 2005;
Crifasi et al., 2006; Lu & Taylor, 2006; Yang et al., 2006). In addition, Song et al. (2004)
reported the use of GCxGC/TOFMS for a number of drugs and demonstrated the method
using extraction from whole blood. In the analysis of blood, additional methods are cited
in reviews by Moeller et al. (1998) and Moeller and Kraemer (2002). In the analysis of
oral fluid, Yonamine et al. (2003) reported the use of SPME–GC/MS for the detection of
tetrahydrocannabinol, amphetamine, methamphetamine, and cocaine in saliva, and
Toennes et al. (2005) utilised GC/MS in efforts to correlate symptoms of impairment with
concentrations of cannabinoids, amphetamines, opiates, and cocaine.

In the targeted analysis of amphetaminetype substances, the past several years have seen
a significant number of effective GC/MS methods published. As discussed in section 1.3,
the majority of these publications present the analysis of conventional matrices (however
others are represented):
·

Urine (Taylor et al., 1989; Gan et al., 1991; Yashiki et al., 1995; Centini et al.,
1996; Jonsson et al., 1996; Kronstrand, 1996; Dasgupta and Hart, 1997; Battu et
al., 1998; Fallon et al., 1999; Ortuño et al., 1999; Jurado et al., 2000; Valentine &
Middleton, 2000; Loor et al., 2002; Namera et al., 2002; Oyler et al., 2002;
Pellegrini et al., 2002; Stout et al., 2002; Huang & Zhang, 2003; Raikos et al.,
2003; Staack et al., 2003; Stout et al., 2003; Lin et al., 2004; Nishida et al., 2004;
Paul et al., 2004; Ewald et al., 2005; Klette et al., 2005; Klette et al., 2006; Liu et
al., 2006b; Pirnay et al., 2006a)

·

Blood (Nagasawa et al., 1996; Marquet et al., 1997; Sato & Mitsui, 1997; Namera
et al., 2000; Okajima et al., 2001; Peters et al., 2002a; Kupiec et al., 2002; Nishida
et al., 2002)

·

Serum/Plasma (Fallon et al., 1999; Ortuño et al., 1999; Pizarro et al., 1999; Lee et
al., 2000; Asghar et al., 2002; Peters et al., 2003a; Peters et al., 2003b; Hidvégi et
al., 2006)

·

Hair (Pujadas et al., 2003; Han et al., 2006a; Han et al., 2006b)
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·

Multiple fluids and tissues (including distribution studies or postmortem case
studies) (Moore et al., 1996; Hara et al., 1997; Barnhart et al., 1999; Eckler et al.,
2001; Curtis et al., 2003; Nishida et al., 2003).

·

Oral fluid (see below)

With emphasis on the GC/MS analysis of oral fluid as relevant to this research, only a
small number of publications exist in the literature. Navarro et al. (2001) examined the
correlation of MDMA concentrations in both saliva and plasma using GC/MS. Gentili et
al. (2002) assessed the use of SPME with GC/MS for the detection of MDA, MDMA,
MDEA, and MBDB in the hair and saliva of disco attendees.

Demonstrating the timeliness and relevance of the work contained in the following
chapters, several publications have been released only within the past 2–3 years.
Kankanpää et al. (2004) released their comprehensive combined LLE extraction
derivatisation GC/MS technique for the detection of numerous amphetamines in blood,
serum, urine, and oral fluid. Subsequently, Cooper et al. (2006) published validation of an
amphetamines immunoassay for oral fluid using GC/MS for confirmation, and
Scheidweiler and Huestis (2006) reported a GC/MS method for select amphetamines
(amphetamine, methamphetamine, MDA, MDMA, MDEA) and metabolites. Even more
recently, Peters et al. (2007) described a negativeion CI GC/MS method for
enantioselective amphetamines determination in oral fluid, focusing on the separation and
identification of enantiomers of amphetamine, methamphetamine, MDA, and MDMA.

These research efforts highlight the current interests of the toxicology community, as well
as how the research presented in the following chapters can make a useful contribution.

1.7.1.1 Derivatisation in GC
Volatility and thermal stability of the drug compound is required to be amenable to GC
and GC/MS analysis (Segura et al., 1998). Chemical derivatisation therefore is a useful
tool, providing a means to increase/decrease volatility, enhance thermal stability, improve
detector response (e.g. produce effective diagnostic ions), and provide for better peak
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separation and shape (Segura et al., 1998; Wang et al., 2005b).

The chemical

derivatisation of drug compounds with active functional groups has become a common
and routine step in analysis (Wang et al., 2005b), with several reagents available for use
based upon the preferred derivatisation mechanism (e.g. acylation, alkylation, silylation).

The analysis of amphetaminetype substances by GC requires derivatisation, primarily as
the functional groups of both the parent compounds and metabolites (e.g. NH2, OH)
prevent effective chromatography without it (Valentine & Middleton, 2000). As such,
publication efforts have sought to provide unique information by utilising standard or
innovative analytical techniques with changes to the derivatising reagent. Such
publications have been numerous over the past several years, and include the use of the
following derivatising reagents for amphetamines analysis:
·

trifluoroacetic acid anhydride, TFAA (Kronstrand, 1996; Jurado et al., 2000;
Eckler et al., 2001; Han et al., 2006a; Han et al., 2006b)

·

Nmethylbis(trifluoroacetamide), MBTFA (Ortuño et al., 1999; Pizarro et al.,
1999; Navarro et al., 2001; Pujadas et al., 2003; Hidvégi et al., 2006)

·

heptafluorobutyric acid anhydride, HFBTA (Taylor et al., 1989; Helmlin et al.,
1996; Nagasawa et al., 1996; Marquet et al., 1997; Lee et al., 2000; Namera et al.,
2000; Zhao et al., 2001; Stout et al., 2002; Peters et al., 2003b; Kankaanpää et al.,
2004; Pirnay et al., 2006a; Scheidweiler & Huestis, 2006)

·

pentafluorobenzyl bromide, PFBBr (Sato & Mitsui, 1997; Okajima et al., 2001)

·

heptafluoronbutyryl chloride, HFB chloride (Hara et al., 1997; Liu et al., 2006b)

·

propylchloroformate (Dasgupta & Hart, 1997; Nishida et al., 2002; Nishida et al.,
2003; Nishida et al., 2004)

·

pentafluorpropionic anhydride, PFPA (Barnhart et al., 1999; Kupiec et al., 2002;
Vorce & Sklerov, 2004; Wylie et al., 2005a; Cooper et al., 2006)

·

acetic anhydride:pyridine, 3:2 v/v (Ewald et al., 2005)

·

trichloroacetic anhydride, TCAA (Gan et al., 1991)

·

pentafluorobenzoyl chloride, PFBC (Xie et al., 2004)

·

pentafluorobenzenesulfonyl chloride, PFBSC (Asghar et al., 2002)

·

ltriproyl chloride, LTPC (Moore et al., 1996)

72

Chapter 1: Literature Review

·

ethylchloroformate (Namera et al., 2002)

·

4carbethoxyhexafluorobutyryl chloride, 4CB (Klette et al., 2005)

·

dansyl chloride, DNC (Yamada et al., 2002)

·

(–)(R)αmethoxyαtrifluoromethylphenylacetyl chloride, for enantiomeric
analysis (Fallon et al., 1999; Paul et al., 2004)

·

S(–)heptafluorobutyrylprolyl chloride, for enantiomeric analysis (Peters et al.,
2002a; Peters et al., 2003a; Peters et al., 2007)

So as may be inferred, there are a number of published analytical techniques with
variation primarily focused on alteration of derivatising reagent and the resultant GC and
GC/MS response (i.e. fragmentation).

There are also a number of reports either employing the use of, or comparison of, multiple
derivatising reagents for amphetamines analysis. Staack et al. (2003) utilised acetic
anhydride:pyridine (3:2 v/v), HFBTA, and diazomethane in diethyl ether in their work
characterising the urinary metabolites of PMMA.

Work by Jonsson et al. (1996)

suggested that the use of methyl chloroformate was advantageous to the use of fluorinated
anhydrides or silylating reagents as no heating is required and derivatisation can occur
under aqueous conditions. Examination of various deuterated amphetamines analogues
for internal standard efficacy also incorporated the use of multiple derivatising reagents,
including the use of TCAA, PFPA, and Nmethyltrimethylsilyltrifluoroacetamide (for
trimethylsilyl, or TMS, derivatisation) (Lin et al., 2000) and the examination of TFAA,
PFPA, HFBTA, TCAA, and TMS (Lin et al., 2004). Comparison of TFAA, PFPA, and
HFBTA by Valentine and Middleton (2000) demonstrated that the use of HFBTA gave
longer retention times and better separation, specifically for the resolution of
methamphetamine and ephedrine.

Sequential derivatisation has also been explored in recent work, with publications
presenting unique MS fragmentation data. Oyler et al. (2002), in efforts to detect urinary
amphetamine and methamphetamine, used dual derivatisation with NmethylN(tert
butyldimethylsilyl)trifluoroacetamide (with 1% tertbutyldimethylchlorosilane) followed
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by NObis(trimethyl)trifluoroacetamide (with 1% trimethylchlorosilane). Wang et al.
(2006) sequentially used either TFAA, PFPA, or HFBTA in combination with Nmethyl
N(tertbutyldimethylsilyl)trifluoroacetamide (with 1% tertbutyldimethylchlorosilane).

Additional references of derivatisation methods for the analysis of amphetamines can be
found in the review by Kraemer and Maurer (1998), while review by Segura et al. (1998)
cites references for other drugs of abuse and doping reagents in addition to the
amphetamines. Comprehensive MS fragmentation patterns are also presented in work by
Wang et al. (2005b), demonstrating the use of 15 different chemical derivatisation
techniques.

1.7.1.2 GC/MS in this research
With the significant number of analyses cited above, it may be deduced that this
discussion on the use of GC and GC/MS could be considerably expanded. However,
within the scope of this research, only a brief discussion on the application of GC/MS and
derivatisation as they relate specifically to amphetaminetype substances is warranted.

One of the primary objectives of this research is the examination of amphetamines
extraction behaviour in an oral fluid matrix, to include study of mixedmode SPE and
reducedvolume centrifugal SpinSPE (Chapter 5). In order to effectively accomplish this,
comprehensive reference data was necessary and therefore the established use of GC/MS
was both appropriate and justified. In addition, from this author’s professional experience
with the use of HFBTA, and the merits as inferred from section 1.7.1.1, this derivatising
reagent was selected for study.

Additionally, another goal of this research was to examine the use of the innovative Ultra
Performance™ LC instrumentation coupled to mass spectrometry for the separation and
identification of amphetaminetype substances (Chapter 7).

As one of the proposed

benefits of this new instrumentation is improved resolution to nearGC capability, it was
again appropriate to utilise an established GC/MS method for comprehensive comparison
of the UPLC™/MS(/MS) technology. This evaluation included the examination of
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resolution, identification power, and time of analysis, the last being important as
derivatisation is not required in the use of LC technology.

1.7.2 Chromatography – LC in toxicology
Hoja et al. (1997) reported that approximately 70% of compounds can be handled directly
using LC. As with GC, the type and mechanism of LC detection can vary according to
application, and several methods have been published in the systematic toxicological
analysis of various drug classes or in targeted amphetamines analysis:
·

electrochemical detection, HPLC/ECD (Michel et al., 1993; Krämer & Kovar,
1999)

·

ultraviolet, HPLC/UV, or diodearray detection, HPLC/DAD (Logan et al., 1990;
Koves & Wells, 1992; Drummer et al., 1993; Tedeschi et al., 1993; Bogusz &
Erkens, 1995; Koves, 1995; Lambert et al., 1995; Maier & Bogusz, 1995; Tracqui
et al., 1995; CampínsFalcó et al., 1996; Helmlin et al., 1996; Lai et al., 1997;
Lambert et al., 1997; DeRuiter et al., 1998; McAvoy et al., 1999; Talwar et al.,
1999; Elliott, 2001; Kaddoumi et al., 2001; Zhao et al., 2001; Yamada et al., 2002)

·

fluorescence detection, HPLC/FD (Sadeghipour & Veuthey, 1997; Mancinelli et
al., 1999; Clauwaert et al., 2000; HerráezHernández & CampínsFalcó, 2000; De
Letter et al., 2002c; da Costa & da Matta Chasin, 2004; Concheiro et al., 2005)

·

mass spectrometry, LC/MS, or tandem mass spectrometry, LC/MS/MS (see below)

Relatively recent advancements in the reliability of LC/MS interfaces have provided the
sensitivity and reproducibility required for routine forensic and toxicological analysis
(Bogusz, 2000a; Cody, 2003).

The development of reliable atmospheric pressure

ionisation (API) interfaces in the coupling of liquid chromatography to mass spectrometry
is regarded as the primary reason LC/MS systems have grown to be commonplace in the
working toxicology laboratory (Bogusz, 2000a). The principles of electrospray ionisation
(ESI) or atmospheric pressure chemical ionisation (APCI) in LC/MS analysis have been
detailed in the literature (de Hoffman & Stroobant, 2001; Silverstein et al., 2005), with
reported advantages in their application dependent upon the characteristics of the target
organic compound. While both have proven to be sensitive and robust, the ESI interface
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remains the more widely used in toxicology and therapeutic drug monitoring, as it allows
sensitive determination of analytes with higher molecular masses, such as proteins, and
those with high polarity, such as conjugated drug metabolites (Maurer, 1998; Marquet &
Lachâtre, 1999; Waters Corporation, 2002). Although the majority of organic compounds
of interest do respond to ESI, APCI was developed as an alternative for the analysis of
lipophilic compounds and molecules of generally moderate mass, polarity, and volatility
(Hoja et al., 1997; Cody, 2003; Fischer & Perkins, 2005). In addition, studies have
suggested that APCI demonstrates a reduced susceptibility to matrix effects (Lambert,
2004) and ion suppression (King et al., 2000). Additional discussion on the various forms
and components of LC/MS instrumentation can be found in the work by de Hoffmann and
Stroobant (2001).

With these improvements in instrument reliability, the number of publications dedicated to
the use of LC/MS and LC/MS/MS has risen dramatically in the past decade. This is
particularly evident in progressive and updated reviews presented by Hoja et al. (1997),
Maurer (1998), Marquet and Lachâtre (1999), Bogusz (2000a), and Wood et al. (2006). It
should be noted as well that several of the following cited procedures also include
detection by HPLC/UV or HPLC/DAD, as simultaneous detection by MS and DAD is
often intrinsic of the instrumental design.

In the systematic screening and identification of multiple drugs of abuse (including
amphetamines), the majority of publications reviewed employed the use of the ESI
interface with MS or MS/MS analysis (Rittner et al., 2001; Smyth, 2005; Wood et al.,
2005; Wylie et al., 2005a; Dresen et al., 2006; Zumwalt & Moore, 2006). Mortier et al.
(2002b) also utilised an ESI interface in the analysis of opiates, amphetamines, cocaine,
and bezoylecgonine in oral fluid using LC–quadrupoleTOFMS.

In addition, ESI

(positive and/or negative ionisation) was reported with the use of quadrupolelinear ion
trap MS/MS (QTrap by Applied Biosystems, USA; Marquet et al., 2003; Herrin et al.,
2005; Sauvage et al., 2006).

With the use of LC/APCI–MS in systematic screening, Bogusz et al. (1998) described the
determination of several compounds in serum, blood, urine, and other matrices. This
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work focused on opiates, cocaine, lysergic acid diethylamide, and their respective
metabolites; amphetamines were not examined.

In the analysis of amphetaminetype substances, the use of LC/ESI–MS or LC/ESI–
MS/MS again predominate in the literature. Hendrickson et al. (2004) demonstrated the
use of LC/ESI–MS/MS in a rat model for the detection of amphetamine and
methamphetamine in low volumes of serum, and Nishida et al. (2006) described the use of
LC/ESI–MS

in

their

studies

on

enantiomeric

separation

methamphetamine, selegiline, and desmethylselegiline in hair.

of

amphetamine,

In distribution studies

following fatal overdose, multiple matrix concentrations of MDA and MDMA were
examined using LC/ESI–MS/MS (De Letter et al., 2002c), and Decaestecker et al. (2001)
reported the LC/ESI–MS/MS detection of 4MTA. In an oral fluid matrix, recent work by
Wood

et al.

(2003a) utilised

the ESI interface

in

detecting

amphetamine,

methamphetamine, MDA, MDMA, MDEA, and EPH by MS/MS, and Laloup et al.
(2005) employed this detection technique in efforts to validate an amphetamines ELISA
immunoassay for routine screening of both saliva and blood.

Of additional interest is the work by Vorce and Sklerov (2004) and KikuraHanajiri et al.
(2005) describing the LC/ESI–MS separation and identification of numerous psychoactive
tryptamines in addition to amphetamines.

Krawczeniuk (2005) also employed the

technology in efforts to optimise amphetamines detection selectivity on multiple HPLC
columns.

While the use of APCI in LC/MS analysis of amphetamines is reported to a lesser extent,
effective methods have been published in the past. Bogusz et al. (2000b) demonstrated
the detection of numerous amphetamines and related compounds in serum using
LC/APCI–MS, including amphetamine, methamphetamine, MDA, MDMA, MDEA,
MBDB, 2CB, EPH, phentermine and others. Earlier work by Bogusz et al. (1997) had
also described detection of these same compounds in serum or urine, however, the use of
phenylisothiocyanate derivatisation was employed to enhance HPLC/DAD response and
to report novel LC/APCI–MS fragmentation. Recently, Nordgren et al. (2005) reported
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the direct LC/APCI–MS/MS analysis of urine from drug abusers for 23 novel compounds,
including MDA, MDMA, MDEA, MBDB, DOB, DOI, and 2CB.

Lastly, in the detection of the dangerous amphetamine analogue PMA, Mortier et al.
(2002a) presented a method for its detection with a unique approach. The authors used
neither ESI nor APCI, but instead utilised a novel sonic spray ionisation (SSI) interface
with iontrap MS. Reported advantages of this approach included that the SSI interface
can ionise compounds without applying heat or without an electrical field on the capillary
tip, thereby allowing for the analysis of thermally sensitive compounds (Mortier et al.,
2002a).

As the use of LC/MS in the working toxicology laboratory continues to grow, so do the
number of publications dedicated to its application. As well, the instrumentation itself
continues to evolve new and advanced capabilities. A primary example of this progression
is the emergence of the novel UltraPerformance™ LC system, which will be further
discussed in the following section 1.8.3 and Chapter 6, and demonstrated in the work of
Chapter 7.

1.8 BREATHING NEW LIFE INTO SYSTEMATIC TOXICOLOGICAL
ANALYSIS
The past efforts of numerous individuals has brought the field of analytical toxicology to
its current status, and the vast number of publications presented emphasise the
methodologies employed in toxicological analysis over the past decade or so. As with any
professional discipline, progress only occurs if individuals make the effort to incorporate
new tools; in toxicology, this is evident by the evolution of immunoassays, the design of
mixedmode SPE, the development of reliable LC/MS interfaces, and numerous other
achievements.

This research offers an introduction to innovative technologies that may progress towards
providing an alternative, even more streamlined systematic toxicological approach. As
described in the principal aims of this study (section 1.1.1), this work endeavours to
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examine the feasibility and practicality of several emerging technologies with potentially
substantial benefits in routine toxicological analysis. Additionally, this research focuses on
the continually problematic amphetaminetype substances and designer analogues, and
examines matrices of high interest (e.g. oral fluid).

Again, this research includes the initial development of a beadbased multiplex
immunoassay platform (Suspension Bead Array), the use of reducedvolume centrifugal
sample extraction (SpinSPE), and investigation of rapid chromatographic separation
coupled to mass spectrometry (UPLC™/MSn). The following sections provide a brief
introduction to the applications, with further information and discussion provided in the
respective results chapters.

1.8.1. Suspension Bead Array as an innovative multiplex immunoassay
Even given the successes of ELISA in drug screening, more recently a new technology
has emerged in immunology that can theoretically be adapted from current ELISA
fundamentals. This platform, known as Suspension Bead Array technology (SBA),
combines the strengths of ELISA with the significant advantage of performing multiple
assays of up to 100 analytes simultaneously from one volume of sample. Based on
Luminex xMAP technology (Luminex Corporation, USA), a drugprotein conjugate, drug
class specific antibody, or the drug itself is coated on the surface of spectrally addressable
5.6 µm polystyrene microspheres (Willis et al., 2003; Lim et al., 2005).

These

microspheres are internally labelled with a ratio of two spectrally distinct fluorophores,
hence the bead lots can be assigned to different drugs and/or drugclass specific antibodies
(e.g. ratios from 100:0 to 0:100). Mixtures of different bead suspensions could then be
used in the same well of a 96well filtration plate format, allowing for multiplex analysis
with theoretically the same (if not improved) sensitivity and selectivity of ELISA. For
end detection, the reacted beads are measured for spectral address by a red laser, and the
surface excitation fluorescence and subsequent analyte concentration is assessed using a
green laser. The advantages of SBA include not only being highly sensitive and selective,
but the bead format (i.e. large surface area and concentration of reactants on the bead
surface) should also improve binding kinetics (Kuller et al., 2004). Multiplex analysis
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also has additional advantages of reduced sample and reagent consumption, reduced assay
time, and increased sample throughput. A few comparisons of ELISA and SBA have been
reported to date based on nonforensic applications, and the results were promising,
particularly in comparison of multiplex cost and time efficiency (Jenmalm et al., 2003;
Joubert et al., 2003; Gao et al., 2004; BioRad Laboratories, Inc., 2005). At this time,
investigation of the application of SBA in forensic toxicology, particularly in the analysis
of oral fluid for amphetaminetype substances, has not been reported.

Therefore, the exploration of this technology and its potential in the field of analytical
toxicology was warranted. Further discussion of the principles of SBA will be presented
in Chapter 4, in addition to description of the complex developmental pathways and
comparison to ELISA.

1.8.2 Centrifugal reducedvolume SPE (SpinSPE)
As discussed in section 1.6.2, investigation of reduced sample volume techniques led to an
alternative from the field of advanced protein purification. Utilising Vivapure ion
exchange centrifugal SPE columns (Sartorius AG, Germany), separation of molecules
could be achieved on the basis of selective (and reversible) adsorption of charged analytes
to an ionexchange functionality immobilised onto a membrane in a 2 mL microcentrifuge
tube (Vivascience, Inc., 2005a). Further review showed that the Vivapure “MiniH” high
capacity columns could be utilised with a sulfonic acid (type “S’) strong cation exchanger
bound to regenerated cellulose (3–5 µm pore size) (Vivascience, Inc., 2005a; Vivascience,
Inc., 2005b). Recommendations for wash and sample load volumes are 0.4 mL for the
MiniH columns and elution volumes are as low as 0.05 mL (Vivascience, Inc., 2005a). In
this sense, the mixedmode SPE method for amphetamines could be scaled down and
optimised to use low sample and reagent volumes. Additional advantages of the Vivapure
columns in protein purification are that it is a fast process, centrifugebased for parallel
processing, easy to use, costeffective, and reproducible (Vivascience, Inc., 2003).

As there are believed to be no reported applications examining illicit drug extraction from
toxicological specimens using SpinSPE, the development of a method using the Vivapure
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ionexchange technology could prove to be a viable alternative to the other reduced
volume techniques. If demonstrated to be effective in comparison to the mixedmode SPE
method, SpinSPE could provide a more resourceefficient sample preparation technique
for routine extraction of amphetaminetype substances from significantly low volumes of
oral fluid.

Further discussion of the application of SpinSPE will be presented in Chapter 5, in
addition to direct comparison to mixedmode SPE.

1.8.3 UPLC™/MS and UPLC™/MS/MS: Moving LC towards GC resolution
With the use of LC/MS now commonplace, it was predictable that the separation
technology would continue to develop. Recently, the desire for significantly reduced
analysis times with increased sample throughput, sensitivity, and resolution has resulted in
the development of rapid separations and identification beyond traditional HPLC
techniques (Agilent Technologies, Inc., 2005; Yu et al., 2005). Termed Ultra
Performance™ liquid chromatography (UPLC™) or ultra fast liquid chromatography, the
performance improvements are largely due to advancements in the particle size and
bridging structure of the column packing, and complemented by additional instrumental
modifications (Henderson, 2005; Waters Corporation, 2005).

The Acquity UPLC™ instrument (Waters Corporation, USA) is an example of a
commercially

available

UPLC™

system

with

full

instrument

modifications.

Advancements in the solvent delivery module, in combination with the column
technology, allow the Acquity to run routinely at pressures up to 15000 psi; the Acquity
sample manager has been modified to inject down to 1 µL using a needleinneedle probe;
and, the UPLC™ diode array and tunable UVVis detectors have been modified
accordingly in terms of increased sampling rate and detector cell dispersion (Waters
Corporation, 2004a). At the center of the advancements, however, is the column, which
utilises pressuretolerant 1.7 µm hybrid particles containing a bridged ethylsiloxane/silica
structure (BEH) (Waters Corporation, 2004b).
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The combination of these UPLC™ developments is proposed to produce increased
sensitivities, improved peak resolution, and significant reductions in analysis time. In
addition, coupling of the Acquity system to a mass spectrometer then allows the analyst to
benefit from the high throughput of UPLC™ and the identification power of MS.

Recent applications in drug discovery and metabolism studies have been published
demonstrating improvements in sensitivity, resolution, and analysis time (Plumb et al.,
2004; CastroPerez et al., 2005; O’Connor et al., 2006; Yu et al., 2006). Churchill et al.
(2005) also examined the separation of ephedrine and pseudoephedrine. However, few
studies to date have examined the separation of illicit amphetaminetype substances and
designer analogues often encountered in the forensic laboratory in solidstate form or in
biological specimens.

As such, the investigation of this technology and its potential advantages in rapid
separation and throughput was of high interest.

Further discussion of the use of

UPLC™/MS and UPLC™/MS/MS will be presented in Chapter 7, in addition to
comprehensive comparison against an established GC/MS method.

1.9 CONTEXT FOR RESEARCH
As discussed in section 1.1.2, this research begins with a statistical survey of
amphetaminetype substances encountered in an accredited forensic laboratory supporting
the Australian Capital Territory and regional New South Wales.

With this unique

knowledge of amphetamines incidence, the analytical performance characteristics of the
existing or innovative technologies (e.g. immunoassay sensitivity and specificity,
chromatographic resolution) could be critically evaluated within a distinctive context.
Therefore, in offering insights into both technological needs and the workload of a
regional laboratory, the results of this survey are presented in Chapter 2.
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Chapter 2: The Context

Detection incidence and statistical survey of
amphetaminetype substances and select
drugs of abuse in routine laboratory analysis:
Australian Capital Territory and regional
New South Wales 2001–2005
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2.1 INTRODUCTION
According to census for the year 2001, the Australian Bureau of Statistics registered
309,184 individuals residing in the Australian Capital Territory (ACT), of which 192,488
(62.3%) were between the ages of 15–54 (Australian Bureau of Statistics, 2006). In the
ACT and nearby regional New South Wales, forensic toxicological and chemical drug
analyses are performed by the ACT Government Analytical Laboratory (ACTGAL) under
auspices of law enforcement, coronial services, road safety, and drug abuse rehabilitation
therapy.

For research and method development efforts, it was necessary to examine the detection
incidence of amphetaminetype substances across five distinct laboratory services: post
mortem toxicology, forensic toxicological analysis, road safety, alcohol and drug services
(drug rehabilitation), and illicit drug testing (forensic chemistry). With particular focus on
the detection of amphetaminetype substances and designer analogues, several valuable
insights can be gained from such statistical monitoring, including throughput analysis,
drug incidence, and metabolism implications. Specifically, such efforts also provide an
assessment of analytical performance needs which assist in guiding research direction.
Moreover, it provides a compelling look at what the working forensic laboratory
encounters in terms of the targeted drug use of a regional population. The substances
surveyed

included amphetamine, methamphetamine, ephedrine, pseudoephedrine,

phenylpropanolamine, phentermine, MDA, MDMA, MDEA, MBDB, PMA, 4MTA, and
2CB. Other drugs as relevant to polydrug use were also examined, such as ketamine,
benzodiazepines, cocaine, cannabinoids, opioids, and alcohol.

The data obtained in this survey will be used in the general discussion of this thesis, as
sample submission numbers and drug incidence figures can be uniquely used to compare
both traditional and innovative methods in systematic toxicological analysis.

The

information described in this chapter thus not only provides insight into the workload of
the ACT regional laboratory, but will also assist in defining the benefits or disadvantages
of the novel technologies examined in this research, particularly analytical method
performance and resource management.
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2.2 EXPERIMENTAL
2.2.1 Category definitions
For the purposes of this study, services provided by ACTGAL were categorised into five
distinct groups: postmortem toxicology, forensic toxicological analysis, road safety,
alcohol and drug services, and illicit drug testing. Of these, all but the alcohol and drug
services category serve to support law enforcement and coronial inquiries in accordance
with territory and national legislation. Analyses performed in the category of alcohol and
drug services support the efforts of drug rehabilitation, including local methadone and
buprenorphine maintenance programs.

2.2.2 Laboratory analysis
Details of specific laboratory procedures are beyond the scope of this survey. Dependent
upon the specific analytical task, presumptive screening procedures included colour
reactions, physical analysis, spectrophotometry, immunoassays, and general unknown
screening utilising chromatographic–mass spectrometric means. Several sample types
were examined in forensic chemical analysis, to include solidstate samples (e.g. powders,
tablets, liquids) and scene exhibits (e.g. syringes, bottles, bags, containers, blades, scales,
pillpresses, smoking implements, spoons, currency). Traditional biological matrices were
submitted for toxicological analysis, and included blood, urine, liver, and stomach
contents.

Sample preparation and extraction methods included liquid–liquid solvent

extraction to target basic, acidic, amphoteric, and neutral substances. Chromatographic
means were used in all confirmatory analysis and quantification efforts.

2.3 RESULTS AND DISCUSSION
2.3.1 Postmortem Toxicology
For this study, postmortem (PM) cases submitted for toxicological analysis from 2001–
2005 totalled 747, with annual case numbers showing increase in the years 2004 and 2005
(Figure 2.1).

Of these 747 cases, 49 (6.6%) were shown to have some form of

amphetaminetype substance present, ranging from 4.3–8.1% of the annual total (6 in
2001; 11, 2002; 8, 2003; 9, 2004; 15, 2005).
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These cases were categorised into eight classifications upon initial receipt of case
information and laboratory accessioning: asphyxia, homicide, motor vehicle accident
(MVA;

driver/passenger/pedestrian),

natural,

overdose,

“other”

(e.g.

drowning,

electrocution, fire, falls), suicide, and “unknown”. It should be noted that efforts to
reclassify cases upon final coronial disposition were not undertaken, primarily as complete
information for select cases was not available at the time of this writing. Therefore, each
classification as initially processed will be discussed in the following sections.

Postmortem Toxicology Samples
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Figure 2.1: Total postmortem cases received at ACTGAL 2001–2005

2.3.1.1 Deaths by Asphyxia
Deaths by known asphyxia totalled 9 through the years 2001–2005. Of these samples,
none were shown to have any type of amphetaminetype substance present in the
biological matrices tested. Annual incidence of known asphyxia in this time period can be
seen in Figure 2.2, where death by known asphyxia is shown to be of relatively minor
contribution to the total number of postmortem cases (1.2%).
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Figure 2.2: Postmortem asphyxia samples submitted to ACTGAL 2001–2005
2.3.1.2 Homicides
Homicide cases submitted to ACTGAL for toxicological analysis were also shown to be
of minor contribution to the total number of postmortem submissions (1.5%). Of 11
homicide cases from 2001–2005 (Figure 2.3), the highest number of cases (5) were
submitted in 2005, which could be reflective of an increase trend. Amphetaminetype
substances were detected in one case (2005), in which blood and urine specimens
indicated methamphetamine and metabolite amphetamine, as well as codeine,
paracetamol, and low levels of alcohol (0.022 g/100 mL).
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Figure 2.3: Homicide cases submitted to ACTGAL 2001–2005
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2.3.1.3 Motor Vehicle Accidents (MVA)
The number of motor vehicle accident deaths totalled 103 of the 747 postmortem
submissions, averaging 13.8% from 2001–2005. However, there is a relative increase
trend over this time period reflective of both the number of MVA postmortem
submissions and the number with amphetaminetype substances detected (Figures 2.4,
2.5).

Of the 103 postmortem MVA cases submitted, 11 were found to have an

amphetaminetype substance present (10.7%; annual detection incidence shown in Figure
2.6).
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Figure 2.4: Postmortem motor vehicle accident samples submitted to ACTGAL 2001–
2005
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Figure 2.5: Postmortem motor vehicle accident samples with amphetaminetype
substances detected
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Figure 2.6: Annual detection incidence of amphetaminetype substances in post
mortem motor vehicle accident samples
Two postmortem MVA cases exhibited only MDMA (with metabolite MDA), and one
case exhibited only pseudoephedrine (with metabolite phenylpropanolamine). It should
be

noted

here

that

the

analytical

methods

employed

may

not

distinguish

phenylpropanolamine as norephedrine from norpseudoephedrine; this is consistent with
reports from Baselt (2004), and is relevant throughout the remaining discussion. Other
amphetaminespositive cases showed a wide variety of polydrug use in addition to the
amphetaminetype substances listed in Figure 2.6, including codeine (with metabolite
morphine), paracetamol, amitriptyline, diazepam, methadone, cannabinoids, doxylamine,
citalopram, and alcohol (0.027–0.251 g/100 mL).
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2.3.1.4 Natural Deaths
Deaths of a known natural etiology submitted to ACTGAL for toxicological analysis were
sporadic over the time period 2001–2005 (Figure 2.7), and may be due to the notion that if
a death can be readily explained, it may not be submitted for testing. Total natural death
cases were 22 (2.9% of total postmortem submissions), and none were shown to have any
amphetaminetype substances present. However, it could be noted that ketamine was
detected in one case (2004). Ketamine will be further discussed in this research.
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Figure 2.7: Postmortem cases of known natural etiology submitted to ACTGAL 2001–
2005

2.3.1.5 Overdose Deaths
Overdose deaths are confounded due to several candidate cases being classified as deaths
by “unknown” or “other” circumstances, or even suicide, which may cause the numbers to
be underestimated. However, the following results are still valid as an indication of
known or suspected overdose cases as deemed so at the time of death. In this study,
overdose postmortem submissions constituted 7.1% of the total postmortem cases from
2001–2005, and revealed no significant trend (Figure 2.8). Of the 53 overdose cases, 8
(15.1%) were shown to have some form of amphetaminetype substance present (Figure
2.9).
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Figure 2.8: Postmortem overdose cases submitted to ACTGAL 2001–2005
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Figure 2.9: Postmortem overdose cases with amphetaminetype substances detected

In the overdose death cases, methamphetamine (n = 5), amphetamine (n = 6),
pseudoephedrine (n = 4), and ephedrine (n = 1) were detected as parent or metabolite. As
to be expected, a wide variety of polydrug use was detected, and in no circumstance was
an amphetaminetype substance indicated alone. Substances and/or metabolites detected
in the amphetaminespositive specimens included methamphetamine (with metabolite
amphetamine), and pseudoephedrine (with metabolite ephedrine), but also doxylamine,
diazepam, oxazepam, temazepam, codeine, acetylcodeine, morphine, paracetamol,
methadone,

cannabinoids,

paroxetine,

heroin

(monoacetylmorphine),

doxepin,
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buprenorphine, olanzepine, mirtazepine, propoxyphene, amitriptyline, and alcohol (0.055–
0.085 g/100 mL).

2.3.1.6 Deaths Classified as “Other”
Deaths classified as “Other” include a variety of causes or manners of death, including,
but not limited to, drowning, fire, electrocution, and falls. “Other” case submissions
constituted 21.2% (158) of the total postmortem case submissions and revealed no
significant trend (Figure 2.10). Of these 158 “Other” cases, 9 (5.7%) were shown to have
amphetaminetype substances present, again with no significant trend apparent (Figure
2.11; detection incidence depicted in Figure 2.12).

As with the overdose cases submitted during this time period, none of the “Other”
classification deaths showed amphetaminetype substances alone, but instead a variety of
polydrug use. In addition to those listed in Figure 2.12, other substances and/or
metabolites detected in the amphetaminespositive specimens included diazepam,
temazepam, oxazepam, alprazolam, methadone, cannabinoids, codeine, morphine,
monoacetylmorphine, norfluoxetine, moclobemide, dothiepin, paroxetine, doxylamine,
propoxyphene, paracetamol, citalopram, sertraline, and alcohol (0.256, 0.286 g/100 mL).
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Figure 2.10: Postmortem deaths classified as “Other” submitted to ACTGAL 2001–
2005
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Figure 2.11: Postmortem cases classified as “Other” with amphetaminetype
substances detected
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Figure 2.12: Detection incidence of amphetaminetype substances in postmortem
cases classified as “Other”
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2.3.1.7 Suicides
Suicide cases of a known cause (e.g. hanging, carbon monoxide poisoning) comprised a
significant portion of total postmortem submissions.

From 2001–2005, known or

suspected suicide cases totalled 174 (23.3%) of deaths submitted for postmortem
toxicological analysis (Figure 2.13), and while annual numbers showed some degree of
variation (28–41), overall annual percentages of the total number of postmortem
submissions exhibited consistent decrease from 29.7% (2001) to 15.1% (2005). Of the
174 suicide case submissions, 7 (0.9%) were shown to have an amphetaminetype
substance present, with no significant trend in annual incidence (Figure 2.14; annual
detection incidence depicted in Figure 2.15).
From these figures, for three of the five years studied, it can be seen that no suicides were
reported in which amphetaminetype substances were detected. In one case (2002), only
amphetaminetype

substances

were

detected

(methamphetamine,

pseudoephedrine, ephedrine, and phenylpropanolamine).

amphetamine,

The other amphetamines

positive cases again exhibited the presence of a variety of other substances, including
diazepam (nor), norpropoxyphene, quinine, nortriptyline, cannabinoids, venlafaxine
(desmethyl), propranolol, paracetamol, codeine, and alcohol (<0.01–0.03 g/100 mL). Of
particular interest is the implication of MDMA in suicide cases. Although it is
traditionally viewed as a social drug, rebound feelings of depression and general malaise
have been reported after use (Kalant, 2001, Green et al. 2003).
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Figure 2.13: Postmortem suicide cases submitted to ACTGAL 2001–2005
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Figure 2.14: Suicide cases with amphetaminetype substances detected

Detection Incidence  Suicide
4

3

2

1

0

2001

2002

2003

2004

2005

Amphetamine

0

2

0

0

3

Methamphetamine

0

2

0

0

3

Ephedrine

0

1

0

0

0

Pseudoephedrine

0

1

0

0

1

Phenylpropanolamine

0

1

0

0

0

MDA

0

0

0

0

1

MDMA

0

0

0

0

2

Figure 2.15: Detection incidence of amphetaminetype substances in suicide cases
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2.3.1.8 Deaths of “Unknown” Classification
Postmortem cases of unknown etiology comprised the largest fraction of the total post
mortem submissions with 217 (29.0%) of the 747 studied (Figure 2.16). In addition,
annual incidence of cases being submitted as “unknown” exhibits an increase trend. Of
the 217 cases, 8 (3.7%) were shown to have amphetaminetype substances, with little
apparent trend over the time period studied (Figure 2.17; annual detection incidence is
depicted in Figure 2.18). It is important to note here as well that the classification of
“unknown” etiology may in fact encompass other postmortem categorisations, such as
suicide, natural, and overdose. As mentioned in section 2.3.1, efforts to reclassify cases
upon final coronial disposition were not undertaken as complete information for select
cases was not available at the time of this writing.
Of the eight cases in which amphetaminetype substances were detected, none were
shown to have only such drugs present. In addition to the amphetaminetype substances
shown in Figure 2.18, other substances (with metabolites) detected in the amphetamines
positive specimens were venlafaxine, codeine (morphine), monoacetylmorphine,
benzodiazepines

(diazepam,

oxazepam,

temazepam,

midazolam),

paracetamol,

cannabinoids, tramadol, oxycodone, rofecoxib, olanzepine, citlopram, and alcohol (<0.01–
0.185 g/100 mL). Of additional significance are two case in 2003 in which ketamine was
detected. These two cases indicated the polydrug use of chlorpromazine, promethazine,
propranolol, and diazepam in one case, and diazepam in the other.
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Figure 2.16: “Unknown” etiology postmortem cases submitted to ACTGAL 2001–2005
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Figure 2.17: “Unknown” etiology postmortem cases with amphetaminetype
substances detected
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Figure 2.18: Detection incidence of amphetaminetype substances and ketamine in
“Unknown” etiology postmortem cases
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2.3.2 Forensic Toxicology Services
The laboratory services of ACTGAL routinely receive samples submitted by law
enforcement agencies for toxicological analysis in support of various criminal code
violations, including drink spiking and drugfacilitated crime. These samples are classified
as “Forensic Toxicology” within ACTGAL to distinguish them from other analytical
categories.

In this category, 329 cases were submitted for analysis, of which 49 (14.9%) were shown
to have amphetaminetype substances present (Figure 2.19; annual detection incidence is
shown in Figures 2.20a and 2.20b). From analysis of the data, there is no significant
trend, although the 2002 spike and subsequent decrease of total submissions may coincide
with increased media attention and initiatives to detect, investigate, and report related
crimes.

Of the 49 amphetaminespositive cases submitted, 11 (22.4%) were shown to have
evidence of exposure to only amphetaminetype substances, to include methamphetamine
(amphetamine),

MDMA

(MDA),

and

pseudoephedrine

(ephedrine

and/or

phenylpropanolamine). In addition to the substances shown in Figures 2.20a and 2.20b,
the following additional substances and metabolites were found in the amphetamines
positive specimens:

cannabinoids, fluoxetine, lignocaine, paracetamol, methadone,

codeine (morphine), doxylamine, benzodiazepines, citalopram, promethazine, cocaine,
sertraline, thiopentone, monoacetylmorphine, metoclopramide, paroxetine, venlafaxine,
and alcohol (<0.01–0.161 g/100 mL). It is also worth noting that there was one case in
which phentermine was detected (with alcohol), and one case in which ketamine was
confirmed (with methamphetamine/amphetamine, pseudoephedrine, codeine, paracetamol,
and alcohol).
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Figure 2.19: Forensic samples submitted to ACTGAL 2001–2005
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Figure 2.20a: Detection incidence of amphetaminetype substances in samples
submitted for forensic analysis
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Figure 2.20b: Detection incidence of MDA, MDMA, phentermine, and ketamine in
samples submitted for forensic analysis

2.3.3 Road Traffic Safety
The laboratory services of ACTGAL routinely receive specimens for analysis in
accordance with the Road Transport (Alcohol and Drugs) Act of 1977 for suspicion of
operating a motor vehicle while under the influence of alcohol or drugs or postaccident
(Australian Capital Territory Government, 2006). In addition, it should be noted that any
offence resulting in death will be detailed in the postmortem MVA category (section
2.3.1.3)

For this 2001–2005 study, ACTGAL received 5096 specimens to be tested (Figure 2.21),
of which 65 (1.3%) were accessioned for full toxicological analysis. Of these 65 samples,
13 (20.0%) confirmed positive for the presence of amphetaminetype substances (Figure
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2.22), with little apparent trend in incidence (annual detection incidence is shown in
Figure 2.23).
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Figure 2.21: Annual samples submitted to ACTGAL for road safety analysis 2001–
2005
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Number of road safety submissions with full toxicological analysis
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Figure 2.23: Detection incidence of amphetaminetype substances in road safety
sample submissions
Of the 13 road safety samples in which amphetaminetype substances were detected, only
one reflected evidence of sole exposure to methamphetamine. In addition to the
substances shown in Figure 2.23, all of the other amphetaminespositive cases exhibited
some form of polydrug use, with additional substances indicated being cannabinoids,
benzodiazepines, codeine (with metabolite morphine), paracetamol, methadone, and
alcohol (0.071–0.213 g/100 mL). Also, drugs likely administered in emergency response,
to include lignocaine, thiopentone, and midazolam, were also detected.

2.3.4 Alcohol and Drug Services
Samples submitted to ACTGAL under auspices of the alcohol and drug services initiative
provide analytical confirmation of maintenance therapy for drug addiction. As the service
aims to assist individuals in terms of rehabilitation therapy, there are a high number of
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drug positive samples reflective of several distinct drugclass addictions.

For this

statistical analysis, methadone and buprenorphine were omitted due to the program
providing these drugs in therapy. Cannabinoids were also not included, alcohol was not
reported, and the high number of benzodiazepinepositive samples includes both
prescription and undetermined illicit use. It should also be noted that case numbers may
reflect multiple submissions from the same individual, however, this study remains
relevant as this survey seeks to primarily examine detection incidence and not necessarily
population demographics of use. This latter point is particularly stressed to maintain the
anonymity of the individuals undergoing maintenance therapy.

From 2001–2005, for this study, ACTGAL received 5542 samples for analysis, of which
1163 (21.0%) indicated the presence of an amphetaminetype substance (Figure 2.24).
Examination of this data shows no significant overall trend apart from gradual decrease in
the years 2003–2005 in terms of both total submissions and those with amphetaminetype
substances detected. This trend is confirmed in the annual detection incidence shown in
Figure 2.25a, as well as seen in overall incidence of concurrent benzodiazepines use.

Investigation of comorbid drug use showed variation within the sample submissions.
However, of the 1163 samples that tested positive for amphetaminetype substances, 921
(79.2%) were attributed to methamphetamine (with and without metabolite amphetamine).
Additionally, benzodiazepines were indicated in 362 of the 1163 amphetaminespositive
specimens (31.1%), with minimal annual deviation from this percentage. This again is
likely due to licit use of the drug compounds. In addition to the compounds shown in
Figures 2.25a and 2.25b, the following substances and/or metabolites were also identified
in the amphetaminespositive specimens (note omission of methadone, burprenorphine,
cannabinoids, and

alcohol): metoclopramide, codeine, acetylcodeine, morphine,

propoxyphene (nor), doxylamine, amitriptyline (nor), olanzepine, paracetamol,
methylecgonine, cocaine, heroin, monoacetylmorphine, chlorpheniramine, citalopram,
pethidine, ibuprofen, doxepine, thioridazine, dothiepin, sertraline, carbamazepine
venlafaxine

(desmethyl),

metronidazole,

dextromethorphan,

trimethoprim,

clozapine,

tramadol,

promethazine,

fluoxetine,

paroxetine,

amisulpride,

mirtazepine,
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propranolol, canrenone (as parent or metabolite of spironolactone), oxycodone,
hydrocodone, fluvoxamine, and diphenhydramine.
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Figure 2.24: Total alcohol and drug services samples submitted to ACTGAL 2001–
2005
Detection Incidence  ADS
250

200

150

100

50

0

2001

2002

2003

2004

2005

Amphetamine

210

158

215

171

130

Methamphetamine

218

175

215

190

123

Ephedrine

31

31

14

21

25

Pseudoephedrine

69

52

26

52

51

Phenylpropanolamine

64

77

42

6

25

Benzodiazepines

83

85

79

66

49

Figure 2.25a:
Detection incidence of amphetaminetype
benzodiazepines in alcohol and drug services samples

substances

and

104

Chapter 2: Amphetamines in the ACT

Detection Incidence  ADS
6

5

4

3

2

1

0

2001

2002

2003

2004

2005

MDA

1

1

3

0

3

MDMA

4

3

5

2

2

Phentermine

0

2

0

2

0

Ketamine

0

1

1

0

0

Figure 2.25b: Detection incidence of MDA, MDMA, phentermine, and ketamine in
alcohol and drug services samples
Such extensive polydrug use of both licit and illicit drugs while undergoing drug
rehabilitation therapy provides a compelling look and impetus into investigating the
health, wellbeing, and support of such individuals.

2.3.5 Illicit Drug Analysis – Forensic Chemistry
In addition to the various toxicological analyses discussed in the previous sections,
ACTGAL also provides analytical testing, confirmation, and quantification of solidstate
substances and forensic exhibits suspected as relevant to drug investigations (e.g. syringes,
bottles, bags, containers, blades, scales, pillpresses, smoking implements, spoons,
currency). Statistical analysis of such may often provide insight into what may currently
be (or becoming) available to the drugusing or abusing population, which is especially
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relevant for amphetaminetype substances (particularly in the case of designer drug
analogues).

For the purposes of this study, 6196 exhibits were included, and consisted of the variety of
samples as mentioned prior. Additionally, in some instances, one exhibit may consist of
several items (e.g. multiple MDMA tablets). Of the 6196 exhibits, 1268 (20.5%) were
shown to either be or have been in contact with amphetaminetype substances (Figure
2.26). From Figure 2.26, it is evident that there is a consistent number of total exhibits
submitted per annum, however apart from increase in 2005, there is no significant trend in
the total incidence of amphetaminetype substances. Figures 2.27a, 2.27b, and 2.27c
depict annual detection incidence of the select amphetaminetype substances and other
compounds of interest.
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Figure 2.26: Forensic drug chemistry exhibits submitted to ACTGAL 2001–2005

Figure 2.27a shows that of the 1268 exhibits in which amphetaminetype substances were
detected, 938 (74.0%) tested positive for methamphetamine at a consistent annual rate.
The high number of pseudoephedrinepositive samples is also indicative of the
manufacturing process, as precursor pseudoephedrine may not be completely converted to
methamphetamine. Amphetamine was detected as both a pharmaceutical preparation and
as a byproduct of illicit drug (methamphetamine) manufacturing. Ephedrine was detected
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as both a precursor compound and as a manufacturing byproduct, the latter also being the
case for phenylpropanolamine.
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Figure 2.27a: Detection incidence of amphetaminetype substances in forensic
chemistry exhibits
Figure 2.27b shows an obvious and alarming trend in the recent incidence of two designer
analogues, MDMA and MDEA, and also highlights the availability and inclusion of
ketamine into the cycle of drug use. Of the 1268 exhibits in which amphetaminetype
substances were detected, 305 (24.1%) tested positive for MDMA, with trend indicating
almost 200% increase in incidence from 2004 to 2005. In the examination of MDEA,
while only 16 (1.3%) of the exhibits were positive, the 12 detected in 2005 is a significant
increase from the three or less in the four years prior. Also from Figure 2.27b, MDA was
detected as both the analogue itself or as a result of manufacturing, and as mentioned,
ketamine is depicted as being routinely encountered (n = 117), though there is apparent
slight decrease trend from 2002 onwards.
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Figure 2.27c highlights some additional considerations in terms of exhibits submitted for
forensic chemical analysis.

Firstly, although it appears as though the incidence of

phentermine and 2CB (as BDMPEA) is sporadic, the presence of the latter is indicative of
potential future problems in the incidence and use of the more nontraditional designer
analogues. Additionally, the incidence of detecting both an amphetaminetype substance
and cocaine on or in the same exhibit is unpredictable. Lastly, as caffeine is often an
adulterating agent used to produce stimulant activity in streetlevel methamphetamine and
MDMA, it was examined and found to be present in several of the 1268 amphetamines
positive exhibits. With caffeine, there was found to be a general decrease trend that may
simply correlate with the trend of methamphetamine purity, particularly with apparent
increased incidence of higher purity “ice” samples.
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Figure 2.27b: Detection incidence of MDA, MDMA, MDEA, and ketamine in forensic
chemistry exhibits
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Figure 2.27c: Detection incidence of phentermine, BDMPEA (2CB), caffeine, and
cocaine in forensic chemistry exhibits
There was also wide variation of substances being detected in addition to those shown in
Figures 2.27a, 2.27b, and 2.27c, as illicit polydrug preparations are commonly
encountered in forensic chemical analysis.

Whether by intent or contamination, the

following additional substances were detected in the amphetaminespositive exhibits:
codeine,

morphine,

monoacetylmorphine,

acetylcodeine,

heroin,

dothiepin,

methylecgonine, chlorpheniramine, olanzepine, delta9 tetrahydrocannabinol, para
cetamol, sugars (glucose, lactose, saccharose, sorbitol), contaminants (red phosphorus,
iodine, stearic acid, palmitic acid), solvents (ethanol, mineral terpentine, methyl ethyl
ketone, phenyl2propanone), oxymetholone, buprenorphine, triprolidine, lignocaine,
phenacetin, and nicotine.
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2.4 GENERAL SUMMARY
2.4.1 Postmortem toxicology: In postmortem toxicological analysis, deaths due to
homicide, motor vehicle accident, and “unknown” causes exhibited annual increase from
2003–2005 reflective of that of the increase of total postmortem submissions. True
trends in the incidence of specific amphetaminetype substances are difficult to discern
due to the low sample numbers, however, it can be stated that methamphetamine use has
remained consistent during the 20012005 time period, with an apparent increase in the
incidence of designer analogues being detected. Comorbid drug and alcohol use, as
expected, can confound toxicological interpretation, particularly in terms of metabolic
function and impairment.

2.4.1.1 Update: Postmortem toxicology data from 2006:
Possible trends from the 2001–2005 data set could be confirmed or disregarded based
upon available data from 2006. In this regard, the increase trend in total postmortem
submissions, particularly from 2003–2005, was proven unconfirmed as 2006 saw 148
postmortem cases submitted for analysis. Increase trends in homicide and MVA deaths
were also not confirmed (3 and 16 deaths, respectively), however, the number of deaths
due to “unknown” causes was consistent with the trend at n = 63. Again, the “unknown”
category can be confounded (section 2.3.1.8). Initial submission to the laboratory as
“unknown” ensures full toxicological analysis (i.e. nontargeted), therefore submitting in
this category may simply reflect a request for full analysis even when cause of death is
already presumed.

Of the 148 cases in 2006, 10 (6.8%) were shown to have some type of amphetaminetype
substance present, which is directly consistent with the annual average from 2001–2005
(6.6%). The use of methamphetamine is still the observed majority in these cases, with
consistent detection of the designer analogues. Evidence of polydrug use in 2006 was also
of concern, as in addition to the amphetaminetype substances detected, there were
indications of the concurrent use of alcohol, heroin, methadone, cocaine, cannabinoids,
and other compounds.
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2.4.2 Forensic Toxicology Services:

A spike and subsequent decrease of total

submissions is observable from 2002–2005, which again may coincide with increased
media attention and initiatives to detect, investigate, and report drugfacilitated crimes.
True incidence trends are again difficult to elucidate due to sample numbers, however, it
can be stated that implications of methamphetamine detection and designer analogues
have remained consistent during this time period.

Again, there was a high rate of

concurrent exposure to nonamphetaminetype substances and alcohol, which requires
care in the interpretation of toxicological findings.

2.4.3 Road Safety: As only a small fraction of samples submitted under law enforcement
directive undergo full toxicological analysis, and the majority undergoing blood alcohol
testing, it is believed that the number of drugpositive specimens may be underestimated.
Irrespective of this, there is no significant trend in the incidence of amphetaminetype
substances. However, it is important to note again that comorbid drug and alcohol use
plays a significant role in traffic accidents, as the majority of samples analysed contained
other drugs in addition to amphetaminetype substances, including benzodiazepines and
cannabinoids. In addition, it is important to note that motor vehicle accidents resulting in
death will be reflected in the postmortem category.

2.4.4 Alcohol and Drug Services: In this category, there was an observable decrease
from 2003–2005 in the number of amphetaminetype substances found, which largely
correlates to the incidence of detecting methamphetamine. However, it should be noted
that the relative occurrence of methamphetamine use was still high, as 921 specimens of
the 5542 submissions tested positive for the drug.

Of additional interest, high

benzodiazepines incidence (from licit or illicit use) was indicated in a significant portion
of the amphetaminespositive cases (31.1%). There was also little deviation in relative
detection percentage of benzodiazepines on an annual basis. Additionally, there was
alarming variation in polydrug use; substances from numerous distinct drug classes
beyond those traditionally abused were detected, and included antidepressant and anti
psychotic medications.
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2.4.5 Forensic Chemistry / Illicit Drug Analysis: In this analytical classification, there
was observable consistency from 2001–2005 in the total number of exhibits received and
the incidence of methamphetamine. However, of the 1268 exhibits in which
amphetaminetype substances were detected, increases in the occurrence of MDMA and
MDEA were observable in the recent data. As well, the routinely significant incidence of
ketamine in illicit drug samples brings attention to the availability of the drug compound,
and again highlights its relative presence in the toxicological data.

2.5 CONTEXT FOR RESEARCH
Overall, this study illustrates the potential challenges faced by a regional forensic
toxicological and chemical laboratory, and provides a unique snapshot into drug incidence
in the Australian Capital Territory and regional New South Wales.

For the general discussion of this thesis, the numbers acquired through this survey will be
used to assess the advantages of technological innovations for systematic toxicological
analysis.

With the focus on toxicology specimens (and therefore the exclusion of

submissions for forensic chemical analysis), it is deduced from this 5year period that
6683 samples would require presumptive screening and 1269 (19.0%) would require
confirmative analysis of amphetaminetype substances. Of these samples, the incidence
of amphetamine (942), methamphetamine (984), MDA (31), MDMA (45), MDEA (1),
ephedrine (134), pseudoephedrine (288), and phentermine (5) highlights concerns for
analytical testing. This information will be valuable in aiding the assessment of several
test considerations, including immunoassay specificity (Chapters 3 and 4), extraction
efficiency (Chapter 5), chromatographic resolution (Chapters 5–7), overall resource
efficiency, total analysis time, and laboratory throughput. This in turn will provide
insights into existing and novel analytical procedures and future direction for method
development.
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Chapter 3: Presumptive Screening – ELISA

Matrix effect and crossreactivity of select
amphetaminetype substances, designer
analogues, and putrefactive amines using the
BioQuant Direct ELISA presumptive assays
for amphetamine and methamphetamine
Journal of Analytical Toxicology, 31 (2007) 208–214
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The following chapter appears largely as published in the Journal of Analytical
Toxicology (Appendix).

3.1 INTRODUCTION
Immunoassays are antibodybased analytical tests that identify and measure amounts of a
chemical substance, and in forensic toxicological application, are typically used as
presumptive screening tools for drugs of abuse. Many different immunoassays are
commercially available for toxicological analysis, and generally differ in the compounds
or drugconjugates used for competitive binding and the method of detection (e.g.
fluorescence or absorbance). As dicussed in Chapter 1, several references are available
discussing the analysis of amphetaminetype substances and other drugs of abuse using
immunoassay

techniques

such

as

radioimmunoassay

(RIA),

enzymemultiplied

immunoassay (EMIT), fluorescence polarisation immunoassay (FPIA), and cloned
enzyme donor immunoassay (CEDIA) (D’Nicuola et al., 1992; Cody & Schwarzhoff,
1993; Collison et al., 1998; Spiehler et al., 1998; Felscher & Schulz, 2000; Marson et al.,
2000; Zhao et al., 2001; Loor et al., 2002; Hsu et al., 2003; Stout et al., 2003; Huang et
al., 2006). The focus of this study was to examine the applicability of enzymelinked
immunosorbent assay (ELISA) for the screening of forensic biological specimens while
considering practical aspects such as interference from putrefactive amines and the cross
reactivity of analogues.

ELISA assays for drugs of abuse are marketed by several companies, and in the case of
this

study,

the

BioQuant

Direct

ELISA

assays

for

amphetamine

and

for

methamphetamine were selected (BioQuant, Inc., USA). In typical ELISA systems for
drugs of abuse screening, the supplied 96well ELISA plate is coated with drugspecific
antibody (e.g. antiamphetamine, antimethamphetamine).
labelled

drug

conjugate

(drughorseradish

peroxidase)

In solution, the enzyme
converts

a

substrate

(tetramethylbenzidine) to a coloured product (λmax = 450 nm); the presence of free drug
competitively restricts this activity resulting in an absorbance reading inversely
proportional to the concentration of drug in the sample (Smith, 2003). The benefits of
ELISA are numerous and include rapidity of procedural and analysis times, excellent
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sensitivity (0.01–1.0 µg/mL), antibodybased specificity, commercial availability, and
wide acceptability in the analytical community (Crowther, 2001).

Proprietary ELISA assays specific for amphetamine and methamphetamine have been
evaluated for sensitivity and specificity in recent years, and have examined numerous
amphetaminetype substances in matrices such as plasma, blood, urine, and oral fluid
(Kerrigan & Phillips, Jr., 2001; Kupiec et al., 2002; Far et al., 2005; Laloup et al., 2005;
Cooper et al., 2006). For the evaluation of the specificity of the BioQuant Direct ELISAs
for amphetamine and methamphetamine, this study has included amphetamine,
methamphetamine, MDA, MDMA, MDEA, PMA, 4MTA, 2CB, MBDB, ephedrine,
pseudoephedrine, and phentermine. Prior studies have demonstrated varying degrees of
crossreactivity for MDA and MDMA (Kerrigan & Phillips, Jr., 2001; Kupiec et al., 2002;
Laloup et al., 2005; Cooper et al., 2006;), MDEA (Laloup et al., 2005; Cooper et al.,
2006), PMA and MBDB (Laloup et al., 2005), ephedrine (Kupiec et al., 2002; Far et al.,
2005; Laloup et al., 2005; Cooper et al., 2006), pseudoephedrine (Kupiec et al., 2002;
Cooper et al., 2006), and phentermine (Kupiec et al., 2002). This study confirms the
behaviour of these compounds and adds two other designer analogues (4MTA and 2CB)
to create a consolidated reference of this class of drugs as applied to the BioQuant Direct
ELISA systems.

In addition, crossreactivity of the putrefactive amines phenylethylamine, putrescine,
tryptamine, and tyramine with the BioQuant Direct ELISA was also examined. An
understanding of which would allow further confidence in the application of these ELISA
assays to the routine toxicological testing of postmortem blood, especially in cases when
decomposition is apparent. Several papers over the last few decades have discussed the
identification of putrefactive, or biogenic, amines (Kaempe, 1969; Oliver & Smith, 1973;
Stevens & Evans, 1973; Oliver et al., 1977; Stevens, 1984), while others have addressed
the potential of the putrefactives to interfere with antibodybased immunoassays such as
EMIT (Eichorst, 1991; Perrigo & Joynt, 1995; Moore et al., 1999; Drummer &
Gerostamoulos, 2002; Hino et al., 2003). In addition, the potential of ELISA cross
reactivity with putrefactive amines has been directly examined with the inclusion of
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phenylethylamine (Kupiec et al., 2002) and tyramine (Cooper et al., 2006) in specificity
studies utilising other commercially available kits.

Therefore, the goals of this study were threefold: (1) to assess the sensitivity and
precision of the amphetamine and methamphetamine BioQuant Direct ELISA kits and
hence their application to practical toxicology; (2) to examine the specificity of the
amphetamine and methamphetamine BioQuant Direct ELISA assays by examining the
crossreactivity of several common amphetaminetype substances, designer analogues,
and naturally occurring putrefactive amines; and, (3) to assess matrix influence.

3.2 EXPERIMENTAL
3.2.1 Samples and reagents
Reference standards (hydrochloride salts) of amphetamine, methamphetamine, MDA,
MDMA, MDEA, PMA, 4MTA, 2CB, MBDB, ephedrine, pseudoephedrine, phentermine,
phenylethylamine, putrescine, tryptamine, and tyramine were obtained from the reference
materials division of the National Measurement Institute (Sydney, Australia), and working
stock solutions were prepared at concentrations of 10 µg/mL in phosphate buffered saline
(PBS, pH 7.4).

Donated drugfree blood was prescreened inhouse to confirm the

absence of medications and illicit drugs. Synthetic urine positive (50 ng/mL) and negative
controls were supplied with each ELISA kit.

Drugfree saliva (singlesource) was

collected interday by expectoration and centrifuged at 3000 rpm for 3–5 min prior to
analysis. PBS (pH 7.4) was prepared from dissolution of tablets (AMRESCO, USA) in
deionised water.

3.2.2 Apparatus
Assay plate wash procedures were performed using deionised water and a plate washer
apparatus (BioTek Instruments, Inc., USA). Absorbance readings were determined at
dual wavelength (450 nm, 650 nm reference) using the ELx800 plate reader (BioTek
Instruments, Inc., USA).
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3.3 METHODS
3.3.1 Standard curve preparation
To evaluate the sensitivity and range of linearity of the BioQuant Direct ELISA kits for
amphetamine and methamphetamine, standard concentration curves of both individual
target compounds were prepared in PBS, pH 7.4. In addition to a blank negative control
in PBS, standard concentrations were prepared from serial dilution of a 50 ng/mL
preparation, giving final concentrations of 50, 25, 13, 6, 3, and 0 ng/mL for assay.

3.3.2 Crossreactivity/Specificity
For assessment of specificity, standard solutions of common amphetaminetype
substances (amphetamine, methamphetamine, ephedrine, pseudoephedrine, phentermine),
designer analogues (MDA, MDMA, MDEA, PMA, 4MTA, 2CB, MBDB), and
putrefactive amines (phenylethylamine, putrescine, tryptamine, tyramine) were prepared
at a concentration of 50 ng/mL in PBS, pH 7.4. The concentration of 50 ng/mL was
chosen as it is well above the detection limits of the target amphetamine and/or
methamphetamine, and near what could be utilised as a cutoff value in routine analysis.
PBS, pH 7.4 was chosen as the control matrix for crossreactivity study to eliminate
contributions from interferences present in the biological specimens.

3.3.3 Matrix effect
In each of the interday analyses, samples containing 50 ng/mL amphetamine or
methamphetamine were prepared in whole blood and saliva matrices for comparison
against the supplied positive urine control and the PBS, pH 7.4 preparation. In addition,
concentrations of either amphetamine or methamphetamine (0, 6, 13, and 50 ng/mL) were
prepared by serial dilution in saliva, whole blood, dilute whole blood (1:4 v/v with PBS,
pH 7.4), and in the supplied urine control(s) to be used for study of matrix influence on
absorbance.
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3.3.4 ELISA procedure
The BioQuant Direct ELISA is a competitive antibodybased enzyme immunoassay
designed to detect drugs of abuse in forensic applications. The assays were performed
according to the instructions of the manufacturer, and each assay consisted of target
standard preparations, a positive urine control, and negative controls. All standards and
controls were analysed as replicates in successive wells.
After pipetting 10 µL of standards, controls, and sample preparations to the appropriate
wells of the 96well plate, 100 µL of drugenzyme conjugate (drughorseradish
peroxidase) was added to each well, mixed, and incubated at room temperature for 60
min. The plate was then washed repeatedly with deionised water utilising a plate washer
(BioTek Instruments, Inc., USA), and 100 µL of substrate (3,3’,5,5’tetramethylbenzidine
and peroxide in buffer) was added and incubated for 30 min at room temperature. Finally,
100 µL of stop solution (1 N hydrochloric acid) was added and the absorbance of each
well at dual wavelength (450 and 650 nm) was determined using the ELx800 plate reader
(BioTek Instruments, Inc., USA). A sample is determined to be positive if the average
absorbance is equal to or less than that of the laboratory positive reference standard.

3.4 RESULTS
In the BioQuant Direct ELISAs for methamphetamine and amphetamine, the standard
curves exhibited a nonlinear response distribution characteristic of ELISA immunoassays
(Findlay et al., 2000) (Figure 3.1). In the PBS matrix, the absorbance of a positive
reading for either methamphetamine or amphetamine was distinguishable from the 0
ng/mL negative controls interassay throughout the concentration range tested
(methamphetamine: n = 12 at each concentration, CVs < 16%; amphetamine: n = 14 at
each concentration, CVs < 18%). The results from these standard curves are largely
consistent with the supplied quality assurance statements for assay limit of detection (1
ng/mL methamphetamine/amphetamine), as well as with typical control standard
absorbance values obtained in manufacturer precision studies. It is demonstrated that the
Direct ELISA systems are applicable for the sensitive determination of these
amphetaminetype substances as either target compound or principle metabolite.
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To determine crossreactivity, responses from the various amphetaminetype substances,
designer analogues, and putrefactive amines were statistically compared and reported
relative to that of the 50 ng/mL target analyte standard. Favourable repeatability was
observed for crossreactivity values obtained in the methamphetamine system over
multiple assays (n = 12, CVs < 19%) (Table 3.1, Figure 3.2). It was observed that several
of the substances reacted in addition to methamphetamine, with the most significant being
MDMA (73%), MDEA (18%), pseudoephedrine (19%), MBDB (8%), and ephedrine
(9%).

In comparison with the BioQuant Direct ELISA for methamphetamine, the

amphetamine ELISA offered a higher degree of specificity. Only MDA, PMA, 4MTA,
and phentermine exhibited crossreactivity to a significant degree (282%, 265%, 280%,
and 61% respectively). Interassay reproducibility was again favourable (n= 14, CVs <
18%, with the exception of PMA at 26%).

To assess the potential matrix influence on response, each assay also included samples
prepared in multiple lots of saliva (singlesource), whole blood, and the supplied synthetic
urine control at concentrations of 50 ng/mL (n = 12 total replicates for methamphetamine;
n = 14 for amphetamine). In the Direct ELISA for methamphetamine, little variation was
observed for the saliva, PBS, and urine matrices (CVs 11%), while a greater degree of
variation was observed for the whole blood matrix (CV 32%). Figure 3.3 illustrates that
in these trials, average absorbance at 450 nm was lowest for the saliva (0.22) and PBS
matrices (0.27), followed by that of the whole blood sample (0.41) and synthetic urine
control (0.51). In the Direct ELISA for amphetamine, the whole blood sample exhibited
the higher absorbance interday (0.35, CV 9%). The urine control gave the lowest average
response in this system (0.14, CV 18%), while saliva and PBS exhibited reproducible
response at 0.17 (CV 12%) and 0.21 (CV 18%), respectively.

Additionally, the

concentration study presented in Figure 3.4 reinforced these trends.
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Figure 3.1: Standard curve response for amphetamine and methamphetamine using
the BioQuant Direct ELISAs for amphetamine and methamphetamine (PBS, pH 7.4
matrix)
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Table 3.1: Relative crossreactivity of common amphetaminetype substances, designer
analogues, and putrefactive amines using the BioQuant Direct ELISA assays for
methamphetamine (MA) and amphetamine (AM) (all substance concentrations were
assayed at 50 ng/mL and compared versus the target analyte of amphetamine or
methamphetamine)
BioQuant Methamphetamine Direct ELISA (n = 12)
Relative Cross
Compound (50 ng/mL)
reactivity (%)
Amphetamine
2
MDA

MDMA
73
MDEA
18
MBDB
8
Ephedrine
9
Pseudoephedrine
19
PMA
4
4MTA
5
2CB

Phentermine

Phenylethylamine

Putrescine

Tryptamine

Tyramine

BioQuant Amphetamine Direct ELISA (n = 14)

Compound (50 ng/mL)
Methamphetamine
MDA
MDMA
MDEA
MBDB
Ephedrine
Pseudoephedrine
PMA
4MTA
2CB
Phentermine
Phenylethylamine
Putrescine
Tryptamine
Tyramine

Relative Cross
reactivity (%)

282





265
280

61
2




Concentration
equivalent to 50 ng/mL
MA
2080

69
284
627
561
267
1247
941






Concentration
equivalent to 50 ng/mL
AM

18





19
18

81
2226
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Figure 3.2: Relative crossreactivity of common amphetaminetype substances,
designer analogues, and putrefactive amines versus target amphetamine or
methamphetamine (all substances assayed at a concentration of 50 ng/mL; PBS, pH 7.4
matrix)
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1/avg Abs @ 450 (ref 650) nm
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Figure 3.3: Comparison of the influence of matrix on the absorbance response of the
BioQuant Direct ELISA assays for amphetamine or methamphetamine (assay
concentration = 50 ng/mL)
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Figure 3.4: Comparison of matrix influence on the absorbance response of the Bio
Quant Direct ELISA assays for amphetamine or methamphetamine; concentration
curves prepared in whole blood, dilute blood (1:4 v/v with PBS, pH 7.4), saliva, urine
(synthetic), and PBS, pH 7.4
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3.5 DISCUSSION
With regard to the sensitivity of the assays for the target methamphetamine or
amphetamine, the quality assurance statements provided by the manufacturer state a
capability to effectively detect a concentration of 1 ng/mL. The results obtained from
these standard curve studies support this limit of detection capacity (Figure 3.1) with
acceptable precision. The levels of positive detection exhibited in these trials demonstrate
both Direct ELISA systems to be acceptable for routine analysis, and reinforces the
advantages of ELISA in terms of sensitivity. This is true for both the nonbiological PBS
matrix and the biological matrices investigated in this study (Figure 3.4).

Assessment of relative crossreactivity revealed that several of the substances tested
reacted to the methamphetamine system, the most significant again being MDMA,
MDEA, pseudoephedrine, MBDB, and ephedrine (Table 3.1, Figure 3.2).

In illicit

methamphetamine screening, crossreactivity of pseudoephedrine and ephedrine is of
concern due to the potential of reporting false positives in unconfirmed samples.
However, the crossreactivity of designer analogues can be of significant advantage by
highlighting their presence.

The direct ELISA for amphetamine also demonstrated significant crossreactivity with
other amines (Table 3.1, Figure 3.2). In this case, MDA and the more novel PMA and 4
MTA analogues exhibited reactivity much higher than amphetamine, and phentermine
was also detectable. Minor levels of crossreactivity have been reported for a number of
structurally similar drugs of the amphetamine class, and the aforementioned published
ELISA studies repeatedly indicate the potential of such substances to crossreact with
methamphetamine and amphetamine antibodybased immunoassays. This is also
supported by the crossreactivity data provided by the manufacturer. The results seen in
this study therefore further support the necessity to implement an appropriate inhouse
cutoff value to minimise the risk of presumptive false positives, while offering the ability
to simultaneously screen for several novel amphetaminetype substances and designer
analogues. In addition, concurrent use of the two assays, Direct ELISA for amphetamine
and methamphetamine, allows for a practical means to determine the presence of both
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parent drug and primary metabolite (e.g. methamphetamine and amphetamine, MDMA
and MDA) in a range of biological fluid matrices.

As the influence of matrix substituents is a significant consideration in any analysis, it is
generally required that method validation be performed incorporating the matrix which is
routinely tested.

In these studies, a PBS matrix was selected to eliminate matrix

contributions while evaluating the crossreactivity of naturally occurring amines relating
to biological and/or postmortem specimens. However, it was observed in the other
matrices tested (saliva, whole blood, and urine) that there can be clear differences in the
absorbance values obtained (Figures 3.3, 3.4). Also of significance is that the trends in
matrix

influence

and

response

are

not

necessarily

consistent

between

the

methamphetamine and amphetamine immunoassays. In the former, average absorbance
was lowest for the saliva and PBS matrices, followed by that of the whole blood sample
and synthetic urine control. In the amphetamine system, the urine control gave the lowest
average response, then saliva and PBS, with the whole blood specimen exhibiting the
highest absorbance. The concentrations of the supplied controls were not verified by other
means (e.g. GC/MS) and may be contributing to the difference in response between these
and the inhouse preparations. Another factor to consider is that nondiluted blood can
result in stronger response. The manufacturer reports that hemoglobin can bind non
specifically to the well and subsequently react with 3,3’,5,5’tetramethylbenzidine to
cause an increase in background color. Irrespective of the differences observed between
the different matrices in both immunoassay systems, these results do demonstrate the
applicability of the Direct ELISA systems for use with the various biological fluids, and
reinforce the need for validation efforts to include each matrix of interest. Matrix effects
at lower concentrations than the aforementioned 50 ng/mL were also investigated by
including levels of 13 and 6 ng/mL inmatrix preparations by serial dilution (Figure 3.4).
The concentration curves in Figure 3.4 support the pattern of matrix influence seen in both
the Direct ELISA for amphetamine and methamphetamine (intraday replicate deviation
from < 1 % to 13 %), and also display several other interesting outcomes.

In most instances, the analysis of PBS resembled that of saliva. Testing of diluted blood
(1:4 v/v with PBS, pH 7.4) confirmed the manufacturer recommendation that this
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specimen type may reduce background noise, as the average absorbance improved in both
assays in comparison to whole blood. It should be noted, however, that dilution can also
by definition reduce sensitivity. The Direct ELISA for amphetamine also exhibited a
linear response in the range studied and most matrices (whole blood being the exception)
had correlation coefficients greater than 0.99. Most significantly, again in support of the
applicability of the Direct ELISA for a range of biological matrices, is that a concentration
of 6 ng/mL is detectable in all matrices; this concentration is well below a likely cutoff
value in routine presumptive screening, and reflects a subtherapeutic level of
toxicological relevance.

In the standard curve, specificity, and matrix effect studies, a considerable degree of inter
assay variability was observed. Standard deviation and CV were significant in some cases
(e.g. CV > 20%), which may be attributable to different ELISA kit lots, stability of the
working drug standard solutions, or analytical technique. Variation in absorbance reading
due to the spectrophotometric plate reader was discounted, as a certified filter plate was
tested prior to each analysis being performed.

It should be noted, however, that

immunoassays have been recognised as inherently imprecise, and that stipulations
regarding their validation are recommended to be less restrictive (e.g. precision
acceptance > 20 % CV) (Findlay et al., 2000). In any case, the assays performed well as a
nonquantitative presumptive assay in that they tested positive for appropriate
concentrations of the target compounds in every assay performed.

These results show the potential of the BioQuant Direct ELISA assays to be rapid and
accurate in routine toxicological screening for amphetaminetype substances and designer
analogues. Results of standard curves exhibit suitable subtoxic detection limits, while
observed drug classspecific relative crossreactivity indicates use of the kits may detect
other illicit amines in addition to the target compounds. In the screening of postmortem
blood, the application of both the amphetamine kit and the methamphetamine kit could
prove to be a useful analytical tool, particularly in the detection of parent drug and
metabolites, while it is unlikely that falsepositives would occur due to extraordinary
concentrations of putrefactive bases (2% crossreactivity for phenylethylamine was
observed in the methamphetamine Direct ELISA). To summarise, the benefits of ELISA
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in toxicological screening of various matrices for amphetamines have been demonstrated
here.

Additionally, the falsepositive rate due to the licit or incidental compounds

investigated in this study is minimal. Subsequent confirmation by a quantitative method
such as gas chromatography–mass spectrometry (GC–MS) or liquid chromatography–
mass spectrometry (LC–MS) is still always recommended.

3.6 CONCLUSIONS
These data indicate that the BioQuant Direct ELISA assays for the detection of
amphetamine and methamphetamine comprise a rapid and reliable technique for the
presumptive screening of forensic samples. Standard curves have demonstrated sub
therapeutic detection limits of toxicological relevance (< 3 ng/mL), while observed
relative crossreactivity has confirmed the capability of detecting other illicit or designer
amines in addition to the target compounds. This may be of significant advantage to the
working laboratory. Study of matrix effect demonstrated the applicability of the ELISA
kits to be effective for the screening of blood, urine, and saliva to concentrations at or
below 6 ng/mL. In addition, it has been demonstrated that the BioQuant Direct ELISA
kits are unlikely to be susceptible to falsepositives due to putrefactive amines, thereby
affirming confidence in their use for screening postmortem/decomposed blood
specimens. In conclusion, the BioQuant Direct ELISA kits for amphetamine and
methamphetamine are fast and accurate, and have demonstrated themselves to be useful
tools for immunoassay screening of forensic biological specimens.

3.7 FUTURE DIRECTIONS
Even given the success of ELISA, the working toxicology laboratory, particularly in the
interests of preserving forensic specimens for record and minimising throughput analysis
time, would investigate analytical options.

Twenty microliters of sample per assay,

though reasonable in this case, rapidly increases as one considers that several other drug
classes must be screened for and confirmed through extraction and chromatographic–mass
spectrometric means. This is also the case with both total analysis and turnaround time.
In examining the case of amphetaminetype substances, the logical supposition would be
to develop an immunoassay test in which the specific ELISA platforms could be
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combined

into

a

multiplex

analytical

scheme

for

both

amphetamine

and

methamphetamine. Such a screening tool could then be used to analyse the same sample
volume for these drugs, and dependent upon the success, could further incorporate other
drug classes into a powerful immunoassay tool which saves sample volume and both
sample preparation and analysis time.

In investigating method development options, it was desirable to find a novel approach
that could be adapted from the ELISA format and maintain (if not improve) the sensitivity
and selectivity of this technology. As well, a method that could be quantitative over a
concentration range of toxicological relevance would be of benefit, and the potential to
multiplex metabolitespecific antibodies could reduce false positive assumptions (e.g.
positive assays for both methamphetamine and amphetamine should negate interference
from pseudoephedrine). A new platform has emerged from the field of immunology for
this challenge—the Suspension Bead Array. Investigation into its development and
application will be the focus of Chapter 4.
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Development of Suspension Bead Array
(SBA) technology as a presumptive tool in
testing for amphetaminetype substances and
designer analogues
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4.1 INTRODUCTION
As discussed in Chapters 1 and 3, only within the past decade or two has ELISA emerged
as a powerful presumptive screening tool in forensic and postmortem toxicology (Perrigo
& Joynt, 1995; Smith, 2003). This is due not only to increased commercial availability of
manufactured readytouse kits, but also to the cost, resource efficiency, and performance
of the assay itself. In detecting drugs of abuse in specimens such as urine and blood,
ELISA utilises drug and/or drug classspecific antibodies and microplate technology in a
heterogenous, competitive format (Moore et al., 1999). ELISA kits consist of a microtiter
plate (e.g. 96 well) in which each well is coated with an antibody raised against the drug
or drug class of interest. Sample, most commonly blood or urine, is added to the well
along with a competitive drugenzyme conjugate. After incubation, unbound drug and
drugconjugate is washed from the well and substrate is added for detection. An inversely
proportional relationship exists between absorbance values and concentration of free drug
(Kerrigan & Phillips, Jr., 2001).

The principles in application of this assay have arguably elevated ELISA above other
routinely used immunoassay techniques for the presumptive screening of forensic
specimens for drugs of abuse. Use of the drug and/or drug classspecific antibodies
promotes substantially improved sensitivity and selectivity; additionally, kit designs have
made the assay readily available, cost effective, and both simple and rapid to use
(Crowther, 2001). To date, several reports on ELISA, both in immunology and forensic
applications, have been published (Chapters 1 and 3).

Several of the more recent

publications have addressed the presumptive analysis of illicit or controlled substances
such as those of the amphetamine class (Kupiec et al., 2002; Far et al., 2005; Laloup et
al., 2005; Cooper et al., 2006).

Section 1.8.1 of Chapter 1 introduced the emergent immunoassay technology known as
Suspension Bead Array (SBA). As discussed, SBA applications may be directly adapted
from current ELISA methodologies, however, the new instrument platform provides the
capability of analysing up to 100 analytes simultaneously from one volume of sample.
The ability to use mixtures of spectrally addressable drug or drugclass conjugated
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microspheres should allow for multiplex analysis with theoretically the same (if not
improved) sensitivity and selectivity of ELISA. Therefore, it is of interest to investigate
the potential of SBA in terms of assay performance, and to also explore any advantages in
terms of increased sample throughput, reduced sample and reagent consumption, and
reduced assay time. No active trials examining the application of SBA technology in
forensic toxicology have been reported in the literature to date.

4.1.1 Principle of SBA and its application to the toxicological screening of
amphetamines
The development and application of this technology to toxicological testing of
amphetaminetype substances and designer analogues will be presented in the following
discussion. In addition, the overall antibody coupling and assay performance (e.g.
sensitivity, selectivity) will be assessed.

The selected model is based upon the competitive interaction of a drugbovine serum
albumin (BSA) conjugate (coated onto the surface of the bead) and free drug present in
the sample (Figure 4.1).

Recognition and affinity binding then occurs with a monoclonal drugspecific antibody
that is raised in mouse (e.g. antiamphetamine, antimethamphetamine). Fluorescence
detection is achieved based upon the affinity binding of an antimouse antibody labelled
with fluorescein isothiocyanate (FITC) to the antidrug antibody. The presence of free
drug competitively binds to the antibody, hence interfering with the antibody binding to
the conjugated bead. This results in less labelled antimouse antibody binding and reduced
fluorescence. The fluorescence intensity is inversely proportional to the concentration of
free drug and was tested using three forms of instrumentation: a fluorescence plate reader,
a flow cytometer, and the BioPlex™ Suspension Array System.
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Figure 4.1: Assay scheme of Suspension Bead Array technology; competition occurs
between free drug and a drugBSA conjugated bead for monoclonal antibody (raised in
mouse); fluorescence detection is then due to the affinity binding of antimouseFITC
to the monoclonal intermediate
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4.2 MATERIALS AND METHODS
4.2.1 Standards and Reagents
The following items and reagents were supplied as indicated: Amine Coupling Kit,
COOH bead 28, COOH Bead 42 (BioRad Laboratories, Inc., USA); amphetamine,
methamphetamine, MDA, MDMA, MDEA, phentermine, ephedrine, and pseudoephedrine
drug standards (hydrochloride salts; National Measurement Institute, Australia); anti
amphetamine antibody (raised in mouse), antimethamphetamine antibody (raised in
mouse), amphetaminebovine serum albumin conjugate (AMBSA), methamphetamine
bovine serum albumin conjugate (MABSA) (BiosPacific, Inc., USA);

antimouse IgG

Fc specific fluorescein isothiocyanate conjugate (antiMouseFITC; raised in goat)
(SigmaAldrich Co., USA); EDC (1ethyl3[3dimethylaminopropyl] carbodiimide
hydrochloride) and SNHS (Nhydroxysulfosuccinimide) (Pierce Biotechnology, Inc.,
USA); phosphatebuffered saline (pH 7.4) tablets, Tween 20 (Amresco, Inc., USA).
Donated drugfree saliva was obtained by expectoration and centrifuged for use in the
assays. All additional chemicals and buffers used were reagent grade. Reagents prepared
inhouse included:
·

coating buffer, pH 9.6: 15 mM Na2CO3 and 35 mM NaHCO3 in 1 L nanopure
water

·

PBS (10x), pH 6.6: 1.38 M NaCl, 28 mM Na2HPO4*12H2O, and 11 mM
NaH2PO4*2H2O in 2 L nanopure water

·

PBS/Tween, 0.05% v/v: 100 mL PBS (10x), 500 µL Tween 20, and 900 mL
nanopure water

·

1% skim milk powder in PBS/Tween: 1 g skim milk powder in 100 mL
PBS/Tween

·

PBS, pH 7.4: dissolve one tablet per 100 mL nanopure water

4.2.2 Instrumentation
Initial assay recognition trials were analysed using the Fluoroskan Ascent FL
fluorescence/luminescence plate reader (Thermo Electron Corporation, USA).

Bead

coupling trials and bead assays were performed on the XLMCL Flow Cytometer
(BeckmanCoulter, Inc., USA).

Further assay analyses and multiplex assays were
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analysed using the BioPlex™ Suspension Array System (BioRad Laboratories, Inc.,
USA).

4.3 PROCEDURES
4.3.1 Testing antibody recognition in the 96well plate assay model (fluorescence
plate reader)
4.3.1.1 Protein preparation
As sodium azide, a common added preservative, may interfere with the amine coupling
procedure, it was removed from the amphetamineBSA and methamphetamineBSA stock
solutions via dialysis. The stock solutions were diluted to a concentration of 0.5 mg/mL
with PBS, pH 7.4 and injected into dialysis cassettes (Pierce Biotechnology, Inc., USA).
The cassettes were then placed into 1.5 L of PBS, pH 7.4 and left to stir overnight at room
temperature. The BSA conjugates were then removed and aliquots were frozen for future
use.

4.3.1.2 Assay protocol
AmphetamineBSA, methamphetamineBSA, antiamphetamine, and

antimetham

phetamine were individually diluted to a concentration of 1 µg/50 µL of coating buffer,
added to respective wells of a 96well plate (Polysorp F; Nunc, USA), and left overnight
at 4°C (dark). The plate was then washed with a solution of PBS/Tween (0.05%), and
then each well was blocked with 200 µL of a 1% skim milk powder/PBS/Tween for 1 hr
at 37° C. Following another wash step, 50 µL of varying concentrations of amphetamine
or methamphetamine were added (0–1500 ng/mL in PBS/Tween), immediately followed
by varying dilutions of antiamphetamine or antimethamphetamine (e.g. 1/50, 1/100,
1/1000 in PBS/Tween), and left to incubate at room temperature for 1 hr. Alternatively, to
test crossreactivity, 50 µL of 1000 ng/mL solutions of MDA, MDMA, MDEA,
ephedrine, pseudoephedrine, and phentermine were added instead of amphetamine or
methamphetamine.

Additionally,

to

test

matrix

effects,

amphetamine

and

methamphetamine concentrations were also prepared and tested using diluted saliva. The
plate was then washed again, and 50 µL of antimouseFITC dilutions (1/100, 1/1000 in
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PBS/Tween) were added and left to incubate at room temperature for 1 hr (dark).
Following a final wash step, 50 µL of PBS, pH 7.4 was added to all wells and the plate
was read on the Fluoroskan Ascent FL at an excitation wavelength of 485 nm and an
emission wavelength of 538 nm.

4.3.2 Bead coupling and testing recognition in the bead model (flow cytometry)
4.3.2.1 Protocol for protein coupling
Note: except where indicated, buffers and reagents were supplied in amine coupling kit
(BioRad Laboratories, Inc. USA)
All buffers and chemicals were brought to room temperature prior to use. The beads
(COOH28 and COOH42; BioRad Laboratories, Inc., USA) were vortexed and
sonicated for 30 seconds to remove any possible aggregations prior to coupling. 100 µL
of the monodisperse beads were then transferred to the reaction tube provided, centrifuged
at 14000 rpm for 4 minutes, and the supernatant removed and discarded. 100 µL of bead
wash buffer was added and the tube was both vortexed and sonicated for 10 seconds. The
tube was then centrifuged again at 14000 rpm for 4 minutes and the supernatant removed
and discarded. The bead pellet was resuspended in 80 µL of bead activation buffer and
vortexed and sonicated for 30 seconds.

Individual solutions of EDC and SNHS were prepared at concentrations of approximately
50 mg/mL in bead activation buffer immediately prior to use. 10 µL of the EDC solution
was added to the reaction tube followed by 10 µL of the SNHS solution, and the mixture
was vortexed for 30 seconds, covered with aluminium foil, and left agitating for 20
minutes at room temperature. 150 µL of PBS, pH 7.4 was then added, and the reaction
tube was vortexed for 10 seconds followed by centrifugation at 14000 rpm for 4 minutes.
The supernatant was discarded and this wash step repeated.

The beads were then

resuspended with 100 µL of PBS, pH 7.4, and vortexed and sonicated for 15 seconds.

Dialysed amphetamineBSA or methamphetamineBSA samples (10 µg) were then added
to the activated beads, the final volume adjusted to 500 µL with PBS, pH 7.4, and left
covered (with foil) to agitate for 2 hours at room temperature. The beads were then
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centrifuged at 14000 rpm for 4 minutes and the supernatant discarded. The beads were
washed with 500 µL PBS, pH 7.4 and centrifuged at 14000 rpm for 4 min, and the
supernatant discarded.

The coupled beads were then resuspended in 250 µL of the supplied blocking buffer,
vortexed for 15 seconds, covered with foil, and left agitating for 30 minutes at room
temperature. The beads were then centrifuged at 14000 rpm for 4 minutes, and the
supernatant discarded. Following this, the beads were washed with 500 µL of storage
buffer, centrifuged at 15000 rpm for 6 minutes, and the supernatant discarded.

Lastly, the coupled beads were resuspended in 150 µL of storage buffer, and the bead
concentration determined using a hemocytometer. The coupled beads were then stored at
4° C until future use.

4.3.2.2 Assay protocol
Various concentrations of amphetamine, methamphetamine, MDA, MDMA, MDEA,
ephedrine, pseudoephedrine, and phentermine were prepared in both a PBS, pH 7.4 matrix
and a diluted saliva matrix (1:4 v/v with PBS, pH 7.4). Antiamphetamine and anti
methamphetamine were prepared in stock dilutions of 1/100, 1/1000, 1/2500, or 1/10000
using PBS, pH 7.4, and antimouseFITC was prepared at a stock dilution of 1/100 using
PBS, pH 7.4.

As this assay was performed using a flow cytometer, the coated beads were assayed
individually (e.g amphetamineBSA or methamphetamineBSA). Firstly, 2 µL aliquots of
coupled bead solution were added to individual 1.5 mL microcentrifuge tubes (1–2 µL of
uncoated beads 28 or 42 were assayed as a negative control to assess nonspecific
binding). The beads were then washed with 200 µL PBS, pH 7.4, centrifuged at 14000
rpm for 4 min, and the liquid discarded. 50 µL of drug solution was then added and the
mixture vortexed, followed by the immediate addition of 50 µL of either the working anti
amphetamine or antimethamphetamine solution. The mixture was vortexed again and
agitated for 30 min at room temperature (dark). Following centrifugation at 14000 rpm
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for 4 min, removal of the liquid, and a wash step, 25 µL of the working antimouseFITC
dilution was added, the mixture vortexed, and agitated for 30 min at room temperature
(dark). Again, following centrifugation, liquid removal, and a wash step, the beads were
resuspended in 1 mL PBS, pH 7.4 and fluorescence measured in the FITC channel (505–
545 nm) of the BeckmanCoulter XLMCL model flow cytometer (100–250 beads
analysed).

4.3.3 Testing the assay model and multiplex analysis (BioPlex™ technology)
4.3.3.1 Assay protocol
Various concentrations of amphetamine, methamphetamine, MDA, MDMA, MDEA,
ephedrine, pseudoephedrine, and phentermine were prepared in both a PBS, pH 7.4 matrix
and a dilute saliva matrix (1:4 v/v with PBS, pH 7.4). Antiamphetamine and anti
methamphetamine were prepared in stock dilutions of 1/100, 1/1000, or 1/2500 using
PBS, pH 7.4, while antimouseFITC was prepared at a stock dilution of 1/100 using PBS,
pH 7.4.

Firstly, for the individual bead assays, the 96well filter plate (Multiscreen HTS;
Millipore, USA) was prewet with 150 µL of PBS/Tween, and the liquid pulled through
using a vacuum plate assembly. Working bead solutions were prepared by diluting the
amphetamineBSA and methamphetamineBSA bead stock solutions to a concentration of
approximately 5000 beads per 50 µL (for ~5000 beads per well). 50 µL of the working
bead solutions were added to the wells, followed with 100 µL of PBS/Tween, and the
liquid pulled through under vacuum. 50 µL of the drug solutions were then added to the
respective wells, followed by 50 µL of the working antiamphetamine or anti
methamphetamine dilutions, and the plate agitated at room temperature for 30 min (dark).
The plate was then washed three times under vacuum with 100 µL of PBS/Tween,
followed by the addition of 25 µL of the working antimouseFITC dilution to each
appropriate well. The plate was then agitated again for 30 min at room temperature
(dark), followed by another wash (3x 100 µL PBS/Tween under vacuum). The beads
were then resuspended in 125 µL of PBS, pH 7.4 and the plate read on the BioPlex™
Suspension Array System (100 beads or more analysed).
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For multiplex analysis, the working bead solutions were combined to give a concentration
of approximately 5000 beads per well each of amphetamineBSA and methamphetamine
BSA coated beads. As well, the working antiamphetamine and antimethamphetamine
dilutions were combined into one 50 µL addition step. To test the differentiating power of
the multiplex system, various samples of mixed drug concentrations (e.g. 500 ng/mL
amphetamine:500 ng/mL MDMA) were prepared in both a PBS, pH 7.4 and a dilute saliva
matrix.

4.4 RESULTS AND DISCUSSION
4.4.1 Fluorescence determination in the plate ELISA assay model
The goal of initial method development was focused primarily on the SBA bead model.
To remain within the scope of the project, the 96well plate ELISA model was employed
solely to determine antibody recognition, and not for rigorous analytical development.
Additionally, due to both the surface area available for coating and different methods of
fluorescence detection, the protein coupling concentrations may vary and the assay
concentrations will not translate. With such binding kinetics considered, these
introductory plate trials demonstrated recognition of both the amphetamineBSA and
methamphetamineBSA conjugates by their respective monoclonal drug antibodies with
subsequent detection by the antimouseFITC (e.g. increase in fluorescence intensity from
0.14 for the negative control to 0.31 for the amphetamine system, 0.14 to 0.25 for the
methamphetamine system). Alone, the antimouseFITC detection antibody recognised
coated monoclonal antiamphetamine and antimethamphetamine as being raised in mouse
(e.g. fluorescence intensity increase from 0.11 to 0.40 for antiamphetamine, 0.12 to 0.53
for antimethamphetamine). Therefore, this recognition allows for a competitive system
in which free amphetamine or methamphetamine in the sample matrix would compete
with the BSA conjugates for the intermediate monoclonal antibodies. From these trials, it
was observed that the system exhibited acceptable intraassay repeatability for
immunoassay (CVs < 10%), and that the greatest response from those tested was observed
between a protein coupling concentration of 1 µg/50 µL, 1/100 dilutions of anti
amphetamine and antimethamphetamine (24 µg/mL and 17 µg/mL respectively), and a
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1/100 dilution of antimouseFITC (21 µg/mL).

These concentrations all amount to

having approximately 1 µg each protein available for binding. Moreover, an observable
decrease in fluorescence intensity was demonstrated with the addition of free
amphetamine or methamphetamine into the system (500 and 1500 ng/mL).

This

confirmed that the assay model could be used as a competitive system where free drug in
the sample or specimen would have an inversely proportional effect on fluorescence
intensity (e.g. decrease in fluorescence intensity from 0.31 to 0.27 with 1500 ng/ml
amphetamine for competition, 0.25 to 0.15 for methamphetamine).

Lastly, it was

observed that there was negligible nonspecific binding between the BSA conjugates, the
coating and blocking reagents, and the antimouseFITC detection antibody.

4.4.2 Analysis of bead assays using flow cytometry
From 18 coupled bead lots for both amphetamineBSA and methamphetamineBSA (at a
coupling protein concentration of 10 µg available per lot), hemocytometer counts
demonstrated average bead recovery following the coupling protocol to be almost 6
million beads per millilitre, or nearly 48% of the initial 12.5 million beads/mL
concentration (CV 20%). Therefore, to approximate 10000 beads per tube, 2 µL of bead
solution (per well) was used in the assays to account for potential loss through
centrifugation and decantation. This allowed the results to be appropriately compared
with those obtained from the BioPlex™, in which the use of the 96well filter plate
prevents the loss of beads added (approximately 5000 beads per well).

To assess the amphetamine assay standard curves and specificity, the bead coupling
concentration (10 µg available) and antimouseFITC dilution (1/100) were held constant,
while varying working dilutions of antiamphetamine were studied for optimal response
(1/100, 1/1000, 1/2500, 1/10000). From this, it was observed that the 1/2500 working
dilution (or 0.048 µg protein available) provided an adequate response range that could be
used in a competitive system. The response was linear over the range of 0–1000 ng/mL of
free drug in the PBS matrix (r2 = 0.9894, CVs ≤ 10%; Figure 4.2), with the decrease in
response from competition following a nonlinear distribution as expected with
immunoassay (Figure 4.3).
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In addition, significant crossreactivity was observed in this system with MDA, in which a
concentration of 1000 ng/mL exhibited a response of 72% relative to that of 1000 ng/mL
amphetamine (CV < 1%; Figure 4.4).

It should also be noted that there was observable nonspecific binding of antimouseFITC
to the uncoated COOH bead 28, though the fluorescence intensity associated was well
below that of the 1000 ng/mL amphetamine sample at approximately onesixth of the
response. The fluorescence of the individual beads was examined using fluorescence
microscopy (Leica, Germany), which saw a uniform green fluorescence on the bead
surface utilising the laser excitation of FITC (Figure 4.5).

Optimal concentrations from the

amphetamine assay were translated

to the

methamphetamine system, however, this system proved much more responsive. The
dilution of 1/100 (0.83 µg available) was then ultimately selected as it provided an
adequate linear response of inverse fluorescence over 0–1000 ng/mL methamphetamine in
competition (r2=0.9795, CVs < 12%; Figure 4.2). It also provided a decrease in response
with increase in free drug concentration similar to that of the amphetamine system (Figure
4.3). It was observed that there was also similar nonspecific binding of the antimouse
FITC to the uncoated COOH bead 42, however, in using the 1/100 dilution of anti
methamphetamine, the fluorescence was still less than onetenth of the response of that of
the 1000 ng/mL methamphetamine sample. The specificity of the methamphetamine
system exhibited significant crossreactivity with the drugs MDMA, MDEA, and
ephedrine relative to the 1000 ng/mL methamphetamine standard (110%, 25%, and 41%
respectively; CVs < 5%; Figure 4.4). While the crossreactivity of ephedrine may be of
concern to the toxicology laboratory, the ability to utilise this system to screen for the
methylenedioxy analogues is of significant benefit.
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SBA for Amphetamine/Methamphetamine: Standard
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Figure 4.2:
Suspension Bead Array standard curves for amphetamine and
methamphetamine in a PBS, pH 7.4 matrix using flow cytometry and the BioPlex™
Suspension Array System
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Signal Reduction from Competition
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Figure 4.3: Suspension Bead Array fluorescence reduction from competitive binding of
free amphetamine or methamphetamine using flow cytometry and the BioPlex™
Suspension Array System (matrix as noted in figure legend)
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Figure 4.4: Relative crossreactivities of select amphetaminetype substances and
designer analogues for Suspension Bead Array using flow cytometry and the Bio
Plex™ Suspension Array System (all concentrations at 1000 ng/mL and compared
relative to that of either amphetamine or methamphetamine; PBS, pH 7.4 matrix)
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Figure 4.5: Photograph of the 0.0 ng/mL amphetamineBSA bead after assay; the
beads observed under normal light are at left, and fluorescence of the bound anti
mouseFITC is observed as brilliant green in the right figure (~5.6 µm diameter)
The results reported above are associated with a PBS matrix, but investigations were
extended to reveal the matrix effects of saliva on these assays. In the trials above, studies
with drugspiked saliva showed a significant reduction in overall fluorescence intensity.
To elucidate this outcome, several replicates of 0.0 ng/mL standards in both PBS, pH 7.4
and saliva were prepared and assayed for both systems (1/2500 antiamphetamine
dilution; 1/100 antimethamphetamine dilution). As saliva is a complex matrix containing
proteins, mucin, salts, epithelial cells, food debris, and oral microorganims (Kidwell et al.,
1998), the mechanism of direct interference in SBA is unknown; however, reductions of
approximately 30–40% in signal were observed. In the trial shown in Figure 4.6, multiple
replicates exhibit fluorescence reductions of an average of 40% for the amphetamine assay
(CVs ≤ 11%) and 39% for the methamphetamine model (CVs ≤ 8%). This stresses the
importance that any inhouse validation efforts must include direct studies of the sample
matrix of interest. Further discussion of matrix interference is found in the following
sections.
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Matrix Effect on Amphetamine/Methamphetamine
SBA: Flow Cytometer
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Figure 4.6: Effect of an oral fluid matrix on the fluorescence intensity of the
amphetamine and methamphetamine Suspension Bead Array assays
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4.4.3 Individual bead assays using the BioPlex™
From the trials performed using flow cytometry, the format for the BioPlex™ 96well
filtration plate model was to include the amphetamineBSA and methamphetamineBSA
coated beads concentration (10 µg coupling protein), antimouseFITC at a 1/100 working
dilution, and antimethamphetamine at a 1/100 working dilution. Antiamphetamine was
assayed at both a 1/1000 and a 1/2500 working dilution, and again, though the 1/1000
dilution provided a higher response, the 1/2500 dilution provided a better working range
for distinguishing competition over the standard concentration curve.

As expected, there was a significant difference in fluorescence intensity measured by the
flow cytometer and the BioPlex™ instrumentation due to the excitation/emission
wavelengths of the fluorescence laser used (as evident in the 1/avg intensities of Figure
4.2). As described, the fluorescence was determined in the FITC channel of the flow
cytometer (emission 505–545 nm), while the BioPlex™ excitation laser (532 nm) is more
optimised for the use of a phycoerythrin (PE) fluorescent label. Irrespective of this, the
interest of this study was to see if the trend in signal reduction from drug competition was
consistent with that of the flow cytometer, and to determine linearity of the response and
specificity of the assays.

For the amphetamine system (in PBS), a linear response was observed over the full
concentration range tested (r2 = 0.9997, CVs ≤ 14%; Figure 4.2), and the trend in signal
reduction due to competition was similar to that observed in flow cytometry (Figure 4.3).
While the measured fluorescence intensities are significantly lower due to the wavelength
of excitation, the trends have been confirmed with the use of the BioPlex™. This is
evident as well in drug specificity, as MDA exhibited significant crossreactivity at the
1/2500 antiamphetamine working dilution (71% relative to 1000 ng/mL amphetamine,
CV < 4%; Figure 4.4).

Due to the lower response of FITC, the use of the BioPlex™ for determining a drug
positive sample under these conditions requires optimisation, and would be improved by
incorporation of the currently unavailable antimousePE conjugate for detection.

147

Chapter 4: Presumptive Screening – SBA

A degree of interpretation is also required for the methamphetamine system, although
responses observed were slightly higher than those of amphetamine.

The standard

competition curve (in PBS) exhibited slight curvature from 0–1000 ng/mL of
methamphetamine (r2 = 0.9751; Figure 4.2), which may reflect the system approaching
saturation with increasing concentration (note, however, that a higher degree of inter
assay variability was exhibited with CVs > 20%). It may be noted in this instance that
immunoassays have been recognised as inherently imprecise, and that stipulations
regarding their validation are recommended to be less restrictive (e.g. precision
acceptance > 20% CV) (Findlay et al., 2000). Moreover, the sensitivity of the system
necessitates statistical analysis on relatively small values.

With this increased variability, it was important to confirm the trend in signal reduction
due to competition so that normalisation of the assay could be assessed. By plotting the
average signal reduction, it was demonstrated that the nonlinear distribution pattern was
similar to that observed in the flow cytometry model (Figure 4.3). However, there is a
more sensitive response than observed before.

With regard to specificity, the methamphetamine system again showed crossreactivity to
MDMA, MDEA, and ephedrine, with an average of 93%, 39%, and 56% relative to that of
the 1000 ng/mL methamphetamine standard (CVs 9% for MDMA and > 20% for MDEA
and ephedrine; Figure 4.4). This limits the use of SBA to its presumptive identification
role, and affirms the necessity that this analytical procedure be followed by appropriate
confirmative analysis using instrumentation such as gas or liquid chromatography coupled
to mass spectrometry (GC/MS, LC/MS).

As with the flow cytometry assays, the saliva matrix again caused a consistent reduction
in overall fluorescence intensity. As seen in Figure 4.6, the influence of the saliva matrix
exhibited signal reduction interassay ranging from 31–39% for the amphetamine system
and 13–32% for the methamphetamine assay. While average responses of the 0–1000
ng/mL standard curves in saliva exhibited a degree of linearity (amphetamine r2 = 0.9778;
methamphetamine r2 = 0.9858), it was of primary interest to assess whether the trend in
signal reduction was comparable to that of the PBS matrix. As seen in Figure 4.3, it is
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demonstrated that the trends are observable in the saliva matrix, with which a degree of
interpretation would allow the use of these individual assays for the presumptive screening
of oral fluid. To reiterate, this effect of the oral fluid matrix reinforces the importance of
method validation protocols to include the analysis of the matrix of interest.

4.4.4 Multiplex analysis using the BioPlex™
One of the major advantages of using the BioPlex™ instrumentation is the potential for
use in multiplex analysis to effectively reduce the time of analysis and forensic sample
consumption. With this in mind, replicate assays were performed in which the
amphetamineBSA and methamphetamineBSA coated beads were combined into single
wells of the 96well filter plate. In addition, the working concentrations of 1/2500 anti
amphetamine and 1/100 antimethamphetamine were combined in solution to be added in
one step.

The multiplex system was tested with individual and mixed concentrations of
amphetamine, methamphetamine, MDA, and MDMA in both PBS and diluted saliva.
Considering the apparent specificity of the individual assays and monoclonal antibodies,
the results were unexpected.

When only antimethamphetamine was present, the amphetamineBSA coated bead
appeared able to bind it and subsequently the system behaved similarly to the
methamphetamineBSA coated bead; the average fluorescence intensity increased from
29.8 (CV 13%) to 45.8 (CV 3%) when tested with only antiamphetamine 1/2500 or anti
methamphetamine 1/100 respectively. Similarly, the methamphetamineBSA coated bead
appeared to bind antiamphetamine at the working concentration of 1/2500, decreasing
fluorescence intensity from the 44.5 seen with 1/100 antimethamphetamine (CV 1%) to
24.8 (CV 4%). Therefore, when examining the average intensities and signal reduction
through competition, little differentiation was apparent in the multiplex system, with
varying effects on response observable in the mixed ratios of amphetamine to
methamphetamine or MDA to MDMA (Table 4.1; Note: percent signal reduction was
normalised relative to the average response of the 0.0 ng/mL replicates).

149

Chapter 4: Presumptive Screening – SBA

Table 4.1: Mean fluorescence intensities and relative signal reductions for the
multiplex Suspension Bead Array analysis of amphetamine (AMBSA) and
methamphetamine (MABSA) using the BioPlex™ Suspension Array System (PBS, pH
7.4 matrix; n=4)

Mean Fluorescence Intensity
Sample/Conc. (ng/mL)
Amphetamine (AM)
0.0
62.5
125
250
500
1000
Methamphetamine (MA)
0.0
62.5
125
250
500
1000
MDA (MDA)
0.0
62.5
125
250
500
1000
MDMA (MDMA)
0.0
62.5
125
250
500
1000
Mixed Samples
AM 500, MA 500
AM 750, MA 250
AM 250, MA 750
AM 1000, MA 1000
MDA 500, MDMA 500
MDA 750, MDMA 250
MDA 250, MDMA 750
MDA 1000, MDMA 1000
AM 500, MDMA 500
MDA 500, MA 500

Mean % Signal Reduction from
Competition

AMBSA
Assay

%CV

MABSA
Assay

%CV

AMBSA Assay

MABSA Assay

44.5
47.5
44.5
45.8
46.3
44.3

6.5
10.9
3.9
4.5
6.2
5.6

44.8
46.8
45.0
43.3
43.3
43.8

4.6
7.7
2.6
4.8
3.5
7.6

2.1
4.4
2.1
0.7
1.7
2.7

2.9
7.5
3.4
0.6
0.6
0.6

46.8
30.3
29.3
27.8
26.8
27.0

2.0
12.8
7.6
5.4
6.4
5.2

42.5
35.5
35.3
28.0
25.0
21.8

4.5
8.1
9.1
2.9
6.5
4.4

2.9
33.4
35.7
38.9
41.1
40.6

2.3
18.4
19.0
35.6
42.5
50.0

44.3
45.0
50.0
43.5
43.5
43.5

6.5
5.4
12.0
10.7
8.5
3.0

43.8
43.5
46.5
44.5
43.8
42.5

3.4
6.9
14.2
10.1
5.1
5.6

2.7
1.0
9.9
4.3
4.3
4.3

0.6
0.0
6.9
2.3
0.6
2.3

46.3
36.8
31.3
29.0
26.8
26.8

3.2
6.4
6.6
2.8
9.8
8.3

43.0
43.8
38.3
32.0
26.5
24.0

5.0
2.2
2.5
11.4
6.5
6.8

1.8
19.1
31.2
36.2
41.1
41.1

1.2
0.6
12.1
26.5
39.1
44.8

17.0
16.0
20.8
12.8
21.8
21.0
22.8
17.5
16.3
20.8

0.0
10.2
9.1
11.8
10.2
3.9
5.5
7.4
5.9
8.2

18.3
24.8
18.5
13.0
22.3
30.3
21.5
17.3
20.5
19.5

8.2
6.9
12.9
18.8
4.3
5.0
6.0
16.7
12.3
12.2

62.6
64.8
54.3
71.9
52.1
53.8
49.9
61.5
64.2
54.3

58.0
43.1
57.5
70.1
48.9
30.5
50.6
60.4
52.9
55.2
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A potential rationale to explain this nonspecific binding involves the amine functionality
of the drugs and its ability to partially participate in the coupling of the drugBSA
conjugate to the bead. This would expose protein structural components to participate in
nonspecific antibody coupling with sample matrix proteins. This model would therefore
give a varying degree of both selective and nonselective binding on the bead surface that
may be unavoidable (and again necessitate matrixspecific validation). Additional studies
were performed to examine the validity of this explanation for nonspecific interactions:

The assays were repeated on the flow cytometer, however, instead of sample, 50 µL of an
amphetamineBSA or methamphetamineBSA solution (in PBS) was added (1/100
dilution in excess; amphetamineBSA added to methamphetamine assay system,
methamphetamineBSA added to the amphetamine assay system). In both cases, there
was almost a complete reduction of the FITC response due to the addition of excess
protein (reduction in intensity from 202 to 20 for the amphetamine system, 193 to 22 for
the methamphetamine system; in replicate, CVs ≤ 24%). Trials with uncoated beads 28
and 42 were also performed, and as already demonstrated with antimouseFITC,
exhibited nonspecific binding of the drugantibody proteins. This caused a significant
fluorescence response in comparison with that of the respective coated beads (intensity of
101 uncoated versus 202 amphetamineBSA coated in the amphetamine system; 161
uncoated versus 193 methamphetamineBSA coated in the methamphetamine system; in
replicate, CVs ≤ 24%). The difference between using coated or uncoated beads indicates
there may likely be a varying combination of both selective and nonselective binding in
these assay systems. In an attempt to reduce the number of sites on the bead surface
available for nonselective binding, the amphetamineBSA protein concentration in bead
coupling was increased from 10 µg to both 25 and 50 µg. But again, almost complete
reduction in intensity was observed when excess protein was added to the system in
solution. Coupling above these concentrations is impractical and costprohibitive, and
from preliminary results, it is predicted that such measures would not correct the
interference. In addition, this highlights the potential effectiveness or interaction issues
involved in the blocking step of the bead coupling procedure.
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Another explanation for the observed multiplex specificity issues involves conformational
change or steric restriction associated with the conjugation of BSA to the drugs. This may
lead to reduced specificity of the drugBSA to its repective antibody. To insure that the
amine functionality of the drugs is free to react, it would be practical to conjugate BSA to
the paraposition of the benzene ring. However, considering relative molecular size, the
conjugation of BSA may still result in steric restriction causing the primary and secondary
amine functionalities to behave similarly to one another when in solution. In this study,
antimethamphetamine antibodies reacted strongly with the amphetamineBSA, while the
antiamphetamine antibodies reacted with methamphetamineBSA to a lesser extent.
These findings are supported by Jehanli (2006), where a similar behaviour was
demonstrated with development efforts on a different multiplex immunoassay platform.
This hypothesis that conjugating BSA imposes conformational rigidity on the drug was
further supported in experimentation by Jehanli (2006), as by using a conjugate with the
methamphetamine derivative linked to BSA via the orthoposition of the benzene ring, the
problem of crossreactivity of antiamphetamine with methamphetamineBSA was
overcome.

This obstacle appears upon attempts to multiplex conjugates and antibodies of
amphetamine analogues. On the basis of molecular structure and amine functionality,
there is nothing to suggest that this problem would be encountered in trying to multiplex
other drugs of abuse on the SBA platform. This will be further discussed in section 4.8.

The effect of matrix proteins offers an explanation of the multiplex results as well as the
signal reduction observed in saliva, and indicates that in the multiplex amphetamines
system, the protein interactions with the coated beads may be difficult to elucidate.
However, this application of SBA for multiplex amphetamines analysis has not been
completely disregarded, as the analyst has an effective methamphetamine assay while the
amphetamine bead assay acts as a complementary test in general amines screening. As
seen in the mixed samples of Table 4.1, there appears to be an almost potentiated effect of
fluorescence reduction in the presence of more than one amphetaminetype substance.
This is consistent with the report by Smith (2003) discussing the effects of cooperative
binding when amphetamines immunoassay systems are combined (i.e. in FPIA and
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KIMS). A benefit of this is the capability to detect drugs from the entire drug class,
including designer analogues.

While the results from this system indicate complexities in the multiplexing of
amphetamineBSA and methamphetamineBSA coated beads, it still remains that the
individual assays work appropriately using traditional flow cytometry for the presumptive
determination of amphetaminetype substances and designer analogues. Moreover, the
assays are effective over a wide concentration range of toxicological significance. It has
been demonstrated that the application of SBA for multiplex drugs of abuse analysis using
this technique (drugBSA conjugated bead, monoclonal antidrug antibody raised in
mouse, and antimouseFITC) merits more developmental optimisation, as the ability to
multiplex several drugs of abuse with the sensitivity and specificity of ELISA could be of
great benefit to the working laboratory.

4.5 CONCLUSIONS
These results have demonstrated an innovative beadbased immunoassay model that
exhibits specificity comparable to commercially available ELISA assay kits and linearity
over a concentration curve of toxicological relevance (0–1000 ng/mL amphetamine and/or
methamphetamine). In addition, the results have indicated the practical applicability of the
assays for salinebased matrices and oral fluid (the latter stressing the importance of
matrixspecific method validation efforts). While efforts to combine the amphetamine and
methamphetamine models into a multiplex bead assay did exhibit some degree of non
specific crossreactivity, the merits of both individual assays have been demonstrated.
These results show that additional research on the use of multiplex SBA technology could
be of great benefit to the working toxicology laboratory, as the ability to multiplex several
drugs of abuse with the sensitivity and specificity of ELISA could lead to increased
laboratory throughput, reduced sample consumption, and increased confidence in
presumptive screening results.
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4.6 NOTES ON THE ORIGINAL ASSAY MODEL
Prior to the approach discussed above, comprehensive study was performed using an
alternative model that ultimately proved unsuccessful. This initial model was based upon
the competitive interaction of drugBSA conjugate with free drug present in the sample
for a bead coated with monoclonal drug antibody (Figure 4.7).

Figure 4.7: Initial assay scheme of Suspension Bead Array technology; competition
occurs between free drug and drugBSA conjugate for antibodyconjugated bead
(monoclonal antibody raised in mouse); fluorescence detection is then due to the
affinity binding of antiBSAFITC (raised in sheep) to the intermediate
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Recognition and affinity binding occurs with the antibody, and fluorescence detection is
performed based upon the affinity binding of an antiBSA antibody labelled with FITC
(raised in sheep). In this system, the detection of drug present was again based upon
inverse proportionality of the fluorescence response.

Testing for this assay (e.g. antibody recognition) was performed using the fluorescence
plate reader in a procedure similar to that described in section 4.3.1 for the reported assay.
After extensive testing, this model was abandoned as the antiBSAFITC recognition of
amphetamineBSA and methamphetamineBSA proved unsatisfactory.

In testing,

fluorescence intensity was not achieved that was significant enough for differentiation in a
competitive model.

That said, it is difficult to determine if further development and optimisation of this model
could overcome the steric implications experienced in efforts to multiplex; perhaps
conjugation of the antibody to the bead surface, or recognition of the drugBSA conjugate
by antiBSA, would further impose conformational changes to permit distinguishable
amine functionality. Alternatively, this model may be successful with the incorporation of
antiBSAPE as the detection antibody to increase fluorescence response for the Bio
Plex™ platform.

Such are the difficulties associated with the development and

optimisation of immunological assays, and such are the basis for future research
directions.

4.7 COMPARISON WITH ELISA
ELISA serves as a sensitive and reliable technique for detecting amphetaminetype
substances in human specimens. From Chapter 2, it was observed that 6683 sample
submissions required presumptive screening over the years 2001–2005. Including control
samples and replicates for precision, this number of samples would require 146 ELISA
plates for each amphetamine and methamphetamine. At a minimum, considering no
sample dilution or preparation time, this amounts to almost 268 mL in total volume of
sample (at 10 µL per well in replicate for both amphetamine and methamphetamine), 1.4
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L of each antibody conjugate (at 100 µL per well), over 2.8 L of each substrate and stop
solution (at 100 µL per well), and 438 total hours of incubation time (at 90 min per plate).

For a comprehensive comparison, this sample number will be used to assess the potential
advantages of the SBA method in terms of assay performance and resource efficiency.

With regard to sample volume, it was demonstrated that traditional ELISA for both
amphetamine and methamphetamine would require 40 µL of each sample for a total
volume of approximately 268 mL. In the current SBA system, 100 µL of each sample
would be required amounting to a total of 669 mL (including replicated). While this
volume is more than twice that of the ELISA systems, the fact remains that this same 669
mL of sample could be used to screen for up to 100 different drugs and/or metabolites in
an optimised multiplex system.
amphetamines,

cocaine,

If considering an example standard drug screen for

cannabis,

opioids,

phencyclidine,

methadone,

and

benzodiazepines, one can immediately see that multiplex analysis would provide
substantial preservation of forensic specimen for drug confirmation. This is also to say
that optimisation of the SBA platform sensitivity would further save specimen when
considering sample dilution.

In terms of sensitivity and working range, it has been demonstrated that ELISA is capable
of detecting down to 1 ng/mL of target analyte. However, the working linear range is
considered negligible for quantitative toxicological purposes (as the system saturates
quickly at or above therapeutic concentrations). In the SBA system, working antibody
dilutions were studied to try and optimise the system over a more relevant toxicological
range (0–1000 ng/mL). With the observed relative linearity, it has been demonstrated that
the individual SBA assays could be used to estimate drug concentrations at or above
therapeutic levels. Sensitivity and selectivity could then be defined as a functional cutoff
concentration for routine analysis.

Considering specificity, the BioPlex™ assays for amphetamine and methamphetamine
performed comparably to the traditional ELISA. Using the PBS model, it was observed
that the amphetamine ELISA exhibited high crossreactivity with MDA (282%) and
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phentermine (61%), while the methamphetamine ELISA showed crossreactivity with
MDMA (73%), MDEA (18%), ephedrine (9%), and pseudoephedrine (19%).

For

comparison, the BioPlex™ amphetamine assay exhibited significant crossreactivity with
MDA and phentermine again (71%, 10% respectively), and while the percentages are
lower, this reinforces the potential to effectively distinguish amphetamine from the others.
The methamphetamine SBA system revealed significant crossreactivity again with
MDMA (93%), MDEA (39%), and ephedrine (56%), and to a lesser extent,
pseudoephedrine (6%), amphetamine (9%), MDA (9%), and phentermine (8%).
Therefore, while the variable crossreactivity of amphetaminetype substances such as
ephedrine, pseudoephedrine, and phentermine limit these assays to their presumptive role,
the fact remains that a significant benefit of the immunoassay is its capability to detect
both the target analytes and the illicit methylenedioxy analogues and/or metabolites. The
positive outcome here is that in terms of specificity, the novel SBA system performs
comparably to the widelyaccepted and utilised ELISA.

It is of little practicality to attempt a cost analysis on ELISA versus SBA, as pricing
fluctuates both regionally and internationally.

However, there is merit to discussing

reagent use and analysis time. In order to analyse the 6683 samples submitted from 2001–
2005, it was demonstrated that 146 plates would be required for each of the amphetamine
and methamphetamine ELISA assays.

With an effective SBA multiplex panel for

amphetamines, this would still require 146 plates. Over 1.4 L of each diluted conjugate
would be required for ELISA, while this volume could be halved in the SBA design (e.g.
50 µL of combined antibodies per well versus 100 µL). The ELISA assays would also
require 2.8 L each of tetramethylbenzidine substrate and stop solution, while the SBA
model would only require 351 mL of the detection antibody antimouseFITC (25 µL per
well at a dilution of 1/100 in excess). Upon examining the SBA procedure, it can be
deduced that significant volumes of PBS are required for wash steps and analysis;
however, this reagent is affordable, and may even be replaced with deionised water upon
studying effect of the substitution.

SBA also requires the beads, which add substantial cost to assay. However, these beads,
when conjugated, store for a considerable time to analysis. The bead coupling procedure
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is also efficient in that it produces millions of conjugated beads, with the recommended
number of beads per well being ~5000.

In this regard, one conjugation effort may

produce beads for months of analysis at no additional cost.

In terms of analysis time, both ELISA and SBA required similar sample preparation time.
As well, the time for actual analysis readings using the absorbance plate reader or Bio
Plex™ were comparable. Therefore, incubation time becomes the significant
differentiator. At 90 min incubation time for ELISA, 438 hours would be required for
incubation of the 6683 samples for both the amphetamine and methamphetamine assays.
In the working SBA model, only 146 hours would be required to incubate each of the 146
plates at 60 min per plate. That is a considerable difference, and even running individual
amphetamines assays using SBA would reduce time compared with ELISA. Time
efficiency is always a desirable improvement for the working toxicology laboratory as
throughput and sample turnaround time for legal purposes is a significant concern.

It therefore stands that while ELISA will remain an effective and reliable tool for the
practical toxicologist, SBA is advancing immunoassay technology for the future. The
introduction of SBA, along with the development of other multiplex analytical tools, is
proving an exciting and challenging time for the laboratory.

4.8 FUTURE DIRECTIONS
The individual SBA assays for amphetamine and methamphetamine have showed promise
with regards to working concentration range, specificity, and time and resource efficiency.
However, the greatest strength of the SBA technology is the potential for multiplex
analysis, which has been demonstrated here as inadequate for the differentiation of
amphetamine and methamphetamine (as well as MDA, MDMA, MDEA, and other
amphetaminetype substances). As corroborated by Jehanli (2006), this issue may prove
unlikely to be resolved without systematically testing alternative amphetamines
conjugates and antibodies until the observed crossreactivity is reduced to insignificant
levels.
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That said, it remains that there is no indication that difficulties would occur with other
drug classes. The molecular size and amine functionality of the amphetamines lead to this
crossreactivity, and it appears unlikely that conformational issues due to protein
conjugation would cause drugs or compounds such as THC, benzoylecgonine, opioids, or
benzodiazepines to behave similar to the amphetamines. Therefore, the best design to
progress SBA analysis would be to attempt the multiplex interaction of antibodies and
BSA conjugates for only methamphetamine with those of other drugs of interest such as
cocaine, THC, opioids, PCP, and benzodiazepines. It is likely that the successes of SBA
would be much more evident in such an instance.

As discussed above, it is also evident that the use of a phycoerythrin label would
significantly improve the fluorescence response in the BioPlex™ system. Antimouse
PE was not available at the time of this study, but could possibly be obtained in the future
or even prepared inhouse with the assistance of an experienced immunologist.
Additionally, it stands to reason that other assay models (such as the unsuccessful model
presented above in section 4.6) may prove far superior with a change in both competitive
format and use of the PE label. Such format changes also do not preclude the experienced
chemist from chemically constructing fluorescent analogues of the drugs themselves in an
effort to minimise conformational problems associated with protein conjugation.

Finally, it would be of considerable interest to actually observe and document the
proposed conformational phenomena associated with the complications of multiplexing
these amphetamines. Such molecular information could be of great insight in the
development of antibody/antigenbased assays, particularly in the strength of being able to
simultaneously screen for both parent and metabolite. Such redundancy in a sensitive
multiplex screen could approach confirmative capability with optimisation of the assay.
For example, if a highly selective multiplex assay screens positive for both MDMA and
MDA, it is likely that the exposure was due to MDMA (although the use of mass
spectrometry for molecular identification is always recommended).

With time and resources, the development and optimisation of SBA and other novel
multiplex technologies will progress to significant proportions. Simple concepts such as
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the addition of a third fluorophore to the internal identification dye ratio of the bead may
exponentially increase the number of analytes that the assay may test for. Technological
innovations such as this will eventually permit customisable systems capable of detecting
hundreds of compounds from the same few microliters of sample.
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Chapter 5: Extraction – SPE and SpinSPE

Comparison of mixedmode solidphase
extraction and reducedvolume ionexchange
spin column extraction for the determination
of amphetaminetype substances in oral fluid
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5.1 INTRODUCTION
Chapters 3 and 4 have discussed current and novel procedures for the presumptive
screening of biological specimens for amphetaminetype substances. Chapters 5–7 will
discuss the identification of these drug compounds using chromatographic/mass
spectrometric means. For the benefit of recent interest in the testing of oral fluid for road
safety purposes, this research has focused on saliva as a sample matrix, and has included a
number of amphetaminetype substances and designer analogues.

Therefore, with samples now screened for drugs of abuse, the next stage of systematic
toxicological analysis may be considered the most significant in terms of the accurate
confirmation of a drug’s identity–sample extraction for instrumental analysis.

5.1.1 Oral fluid testing and road safety interests in the Australian Capital Territory
As presented in Chapter 1, several reports have been published in recent years on the
current international focus of oral fluid testing for detecting illicit drug use and driving
under the influence (Toennes et al., 2005; Verstraete, 2005; Wylie et al., 2005b). In
addition, several reviews have been released discussing the physiology of saliva, the
pharmacokinetics of drugs in saliva, and the detection of illicit drugs (including “ecstasy”
components) in alternative biological specimens such as oral fluid (Pichini et al., 1996;
Kidwell et al., 1998; Kintz & Samyn, 1999; Aps & Martens, 2005; Drummer, 2005).

Oral fluid has received particular attention for roadside testing as its collection precludes
the invasiveness of blood testing and the privacy concerns of urine sampling. In addition,
oral fluid is useful in that illicit drugs such as cannabis, cocaine, and amphetamines can be
quickly detected in the sample following dosing, and may have similar timecourses when
compared to plasma (Drummer, 2005). In addition to physiological distribution into oral
fluid, it should also be noted that interpretation of drug concentrations in saliva requires
careful consideration as concentrations may reflect oral cavity contamination due to orally
ingested, smoked, or insufflated drugs (Kidwell et al., 1998). Irrespective of this, the
presence of drugs in oral fluid from whichever means indicates exposure and is relevant to
driving under the influence. This is often reflected in legislation in that presence or
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absence of a drug in oral fluid is grounds for violation (i.e. “zero tolerance”), and not
necessarily quantitation of the drug as a definition of impairment.

It was recently decided in the Australian Capital Territory to examine procedures for drug
detection in oral fluid in preparation for legislation authorising police to conduct random
roadside screening. In addition to cannabis use, this attention was particularly focused on
the determination of amphetaminetype substances (methamphetamine) and designer
analogues (“Ecstasy” or MDMA) in collected saliva. Therefore, in addition to the drug
screening methodologies discussed in Chapters 3 and 4, effective sample preparation
procedures needed to be examined for this matrix in order to proceed with confirmation
using analytical instrumentation such as GC/MS. Several studies have been published on
the detection of amphetaminetype substances in various biological matrices, therefore
providing direction for extraction procedure development and optimisation (Chapter 1).
From this information, SPE was selected for its potential advantages in routine analytical
testing.

5.1.2 General applications of SPE
As discussed in Chapter 1, LLE techniques have historically been used in routine
toxicological analysis, which achieves the isolation of an analyte by partitioning it
between the aqueous medium and an immiscible organic solvent phase (McDowall, 1989).
While LLE has proven suitable in analysis, there are disadvantages to LLE that SPE can
largely overcome, including cleaner extracts, higher selectivity, improved reproducibility,
avoidance of emulsion formation, use of lower sample and solvent volumes, improved
recoveries, and faster extraction times (Logan et al., 1990; Franke & de Zeeuw, 1998;
Soriano et al., 2001; Stimpfl & Vycudilik, 2004; Telepchak et al., 2004).

As described in Chapter 1, SPE exists in many configurations. However, for the purpose
of this study, only two will be discussed as relevant in the following sections: strong
cationexchange and copolymeric (mixedmode). Generally, strong cationexchange
sorbents, such as benzenesulfonic acid or propylsulfonic acid, are negatively charged
while basic analytes such as amphetaminetype substances are manipulated to carry a
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positive charge (Telepchak et al., 2004). In the use of mixedmode SPE, the sorbent is
composed of a silica backbone with two types of functional groups attached, an ion
exchange functionality and a hydrophobic carbon chain (Telepchak et al., 2004). The use
of mixedmode SPE in systematic toxicological analysis is particularly beneficial as
acidic, neutral, and basic drugs can be separated on the same column with manipulation of
the solvents.

5.1.3 SPE model for amphetaminetype substances in oral fluid
Several analytical methods have been described for the extraction and isolation of
amphetaminetype substances in various biological matrices (Chapter 1). This study
utilised Oasis MCX mixedmode SPE columns (Waters Corporation, USA) similar to that
reported by Laloup et al. (2005) and Wood et al., (2005), however, confirmation analysis
in this case was performed by GC/MS as opposed to LC/MS/MS. The Oasis MCX
technology consists of strong cationexchange sulfonic acid moieties on the surface of a
poly(divinylbenzenecoNvinylpyrrolidone) copolymer, resulting in both cationexchange
and reversedphase (hydrophobic) functionalities (Waters Corporation, 2003). The
advantage of this mixedmode application, as described, is selectivity for basic
compounds such as the amphetamines. In this research, mixedmode SPE was performed
on oral fluid specimens spiked with several common and novel amphetaminetype
substances and analogues. Overall performance of the SPE–GC/MS method was then
assessed in terms of working linear range, sensitivity, precision/robustness, and other
analytical parameters. Such research then offers valuable insight into the SPE method
itself, and provides an appropriate model for the development of reducedvolume Spin
SPE.

5.1.4 Reducedvolume SpinSPE
One of the problems associated with the testing of oral fluid for amphetaminetype
substances and designer analogues is that there may be a very limited sample volume for
both screening and confirmation (Kintz & Samyn, 1999). Many factors may contribute to
the amount and constitution of saliva secreted, to include the use of medications or drugs
affecting the central or peripheral nervous system, anxiety, age, time of day, hydration
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status, disease state, and diet (Aps & Martens, 2005).

As salivary flow may vary

significantly both intra and interindividually, collection may be difficult; therefore, the
amount of sample for testing becomes critical in cases of forensic or roadsafety interest.

As forensic sample consumption remains a significant challenge for the laboratory, several
reducedvolume options for extraction have been reported in the recent literature (Chapter
1). In this research, examination of the extraction efficiency of Vivapure ionexchange
spin columns (Sartorius AG, Germany) was warranted. This was due to the proposed
advantages of the technology in protein purification, which include low wash and sample
load volumes (0.4 mL; Vivascience, Inc., 2005a), low elution volumes (down to 0.05 mL;
Vivascience, Inc., 2005a), and that it is a fast process, centrifugebased for parallel
processing, easy to use, costeffective, and reproducible (Vivascience, Inc., 2003).

As previously discussed, separation of molecules is achieved on the basis of selective (and
reversible) adsorption of charged analytes to an ionexchange functionality immobilised
onto a membrane in a 2 mL microcentrifuge tube (Vivascience, Inc., 2005a). In addition,
the Vivapure “MiniH” high capacity columns can be utilised with a sulfonic acid (type
“S’) strong cation exchanger bound to regenerated cellulose (3–5 µm pore size)
(Vivascience, Inc., 2005a; Vivascience, Inc., 2005b). In this sense, the mixedmode SPE
method for amphetamines could be scaled down and optimised to provide a viable
alternative for routine extraction of amphetaminetype substances from significantly low
volumes of oral fluid.

5.1.5 Choice of elution reagent for SPE
Different elution solvents can contribute significantly to the extraction efficiency of a
given SPE procedure. In this case, with use of the Oasis MCX mixedmode SPE columns
(Waters Corporation, USA), several reagent mixtures were analysed to determine which
provided the most favourable response upon derivatisation and analysis by GC/MS. This
was performed while keeping the buffering system (100 mM phosphate buffer, pH 6.0),
wash reagents (deionised water, methanol, 0.1 M aqueous acetic acid), and other reagents
(e.g. for evaporation, derivatisation, reconstitution) constant. These elution reagents were
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included for study based upon their frequent incidence in published methods for
amphetamines SPE extraction from a variety of matrices (e.g. blood, plasma, urine, oral
fluid):
·

ammonium hydroxide in methanol, 2% and 5% v/v (Lai et al., 1997; Peters et al.,
2002a; Decaestecker et al., 2003; Kraemer et al., 2003; Peters et al., 2003b;
Laloup et al., 2005; Wood et al., 2005)

·

dichloromethane:isopropanol:ammonium hydroxide, 78:20:2 v/v (Mortier et al.,
2002a; Vorce & Sklerov, 2004)

·

ammonium hydroxide in ethyl acetate, 2% v/v (Gan et al., 1991; Chen et al.,
1992a; Chen et al., 1992b; Chen et al., 1993a; Chen et al., 1993b; Zweipfenning et
al., 1994; Ortuño et al., 1999; Navarro et al., 2001; Huang & Zhang, 2003; Klette
et al., 2005; Wylie et al., 2005a; Cooper et al., 2006)

·

ethyl acetate:methanol:ammonium hydroxide (Stout et al., 2002 [80:20:2 v/v];
Scheidweiler & Huestis, 2006 [78:20:2 v/v])

The results of the elution reagent study for this mixedmode SPE model then serve to
support the choice of reagent for the subsequent SPE and SpinSPE studies, as well as
provide a unique insight into the procedure itself.

5.1.6 Derivatisation of amphetaminetype substances for analysis using GC/MS
Derivatisation is required when using GC/MS for identification and/or quantitation of
amphetaminetype substances. Recent studies have examined several derivatising reagents
used in amphetamines analysis, including the use of trichloroacetyl (TCAA),
trimethylsilyl (TMS), pentafluoropropionyl (PFPA), trifluoroacetyl (TFAA), and
heptafluorobutyric (HFBTA) derivatives (section 1.7.1.1). Of these, Valentine and
Middleton (2000) reported that HFBTA resulted in longer retention times and better
separation of the individual amphetaminetype substances, with Kankaanpää et al. (2004)
reporting that HFBTA is probably the most widely accepted derivatisation agent for these
drug compounds.

From this author’s experience with the use of HFBTA, and the

discussion presented in section 1.7.1.1, this derivatisation reagent was selected for the
following SPE and SpinSPE studies.
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5.2 EXAMINATION OF THE MIXEDMODE SPE METHOD
5.2.1 Experimental
5.2.1.1 Standards and reagents
Hydrochloride salts of amphetamine, methamphetamine, ephedrine, pseudoephedrine,
PMA, MDA, 4MTA, MDEA, MBDB, and 2CB were obtained from the National
Measurement Institute (Sydney, Australia), and a combined working stock solution was
prepared at a concentration of 10 µg/mL (in methanol). MethamphetamineD5 (MAD5)
and MDMAD5 internal standards (Novachem Pty. Ltd., Melbourne, Australia) were
obtained and diluted to a working stock solution of 10 µg/mL in methanol. Oasis MCX
Vac RC SPE columns (20 cc/60 mg, 60 µm pore size; Waters Corporation, USA) were
used for sample extraction. All other reagents used in extraction and derivatisation were
reagent grade.

5.2.1.2 Specimens
Oral fluid specimens (singlesource) were collected by expectoration either immediately
prior to analysis or frozen until future use (below 10 ° C). In preparation for analysis, the
specimens were centrifuged at 5000 rpm for 3–5 min to prevent column flow difficulties.
After centrifugation, the sample was decanted and aliquotted for use (sample precipitate
discarded to biological waste).

5.2.1.3 Extraction and derivatisation procedure
Oral fluid samples were spiked with 10 µg/mL working solution to final concentrations
ranging from 0–1000 ng/mL (serial dilution with drugfree oral fluid). Internal standards
MAD5 and MDMAD5 were then added (500 ng/mL), and the sample extracted using the
Oasis MCX Vac RC SPE columns by the following procedure.

Sodium phosphate buffer (3 mL; 100 mM, pH 6.0) was added to 1 mL of spiked oral fluid
and followed by vortexmixing and centrifugation. The SPE column was conditioned
with 3 mL methanol, 3 mL deionised water, and 1 mL phosphate buffer. The sample was
introduced to the column, allowed to pass, then followed by 3 mL deionised water, 1 mL

167

Chapter 5: Extraction – SPE and SpinSPE

0.1 M acetic acid, and 3 mL methanol. The column was then dried under vacuum at
approximately 5 psi for 10 minutes, then elution performed using two 1 mL fractions of
2% (v/v) ammonium hydroxide in methanol. Following the addition of 100 µL 1% (v/v)
hydrochloric acid in methanol, the samples were dried under air on moderate heat and
derivatised with 25 µL HFBTA/75 µL ethyl acetate for 30 min at 70 °C. The samples
were then evaporated to dryness under air on moderate heat, reconstituted with 50 µL
ethyl acetate, and analysed using GC/MS in SIM mode (Table 5.1). Note that the retention
times as listed are approximate; routine preventative instrument maintenance may cause
shifting in time, but not elution order.

For elution study:
As described in section 5.1.5, the study on the influence of elution reagent on response
consisted of different reagents: 2% (v/v) ammonium hydroxide in methanol, 5% (v/v)
ammonium hydroxide in methanol, dichloromethane:isopropanol:ammonium hydroxide
(78:20:2

v/v),

2%

(v/v)

ammonium

hydroxide

in

ethyl

acetate,

and

ethyl

acetate:methanol:ammonium hydroxide (78:20:2 v/v). In addition, the elution reagent
studies consisted of extracting samples only spiked with 500 ng/mL of the 10 µg/mL
working stock solution. Additionally, 500 ng/mL of internal standards MAD5 and
MDMAD5 were added.

5.2.1.4 GC/MS instrumentation
The GC/MS instrumentation used in analysis was from Agilent Technologies, Inc. (USA),
and consisted of the following components: 6890 GC module, 5973 Network MSD, 7683
series autosampler, 7683B series injector, and 59864B ionization gauge controller.
Operating system was Chemstation (v. D.02.00275 and v. D.01.0075), and the carrier gas
was generated hydrogen (40H by Domnick Hunter; 250 cc @ 100 psig). More details of
the instrumentation, in addition to the conditions used for the analysis of the select
amphetaminetype substances, can be found in Table 5.2. This instrument is a non
dedicated instrument used for several different analyses, and includes frequent EI source
changes in addition to CI source use.
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Table 5.1: Selected ion monitoring (SIM) specifications for the extraction and
confirmation of amphetaminetype substances from oral fluid using SPE–GC/MS
Selected Ion Monitoring (SIM) Parameters
Target Ion
Compound (HFBTA deriv.)
(m/z)
Amphetamine
240
Methamphetamine
254
Ephedrine
254
Pseudoephedrine
254
PMA
121
MDA
135
4MTA
137
MDMA
254
MDEA
268
MBDB
268
2CB
242
Internal Standards (HFBTA
deriv.)
MethamphetamineD5
MDMAD5

258
258

Qualifier Ions
(m/z)
118, 91
210, 118
210, 169
210, 344
148, 361
162, 375
164, 377
210, 162
162, 240
176, 210
229, 455

Retention Time
(min)
7.42
8.40
8.86
9.25
9.50
10.31
11.00
11.21
11.55
11.70
12.73

8.38
11.17
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Table 5.2: Instrument and analytical method specifications for the extraction and
confirmation of amphetaminetype substances from oral fluid using SPE–GC/MS
GC

Agilent Technologies 6890

Inlet
Mode
Split ratio
Inlet temp
Pressure
Total flow
Gas
Gas saver
Saver flow
Saver time
Injection volume

Splitless
n/a
250 °C
0.94 psi
30.0 mL/min
Hydrogen
On
20.0 mL/min
2.00 min
1.00 µm

Oven
Initial temp
Initial time
Ramps:
Ramp 1
Total run time
Equilibration time
Oven max temp

65 °C
1.00 min
Rate Final temp
13.00
320.00
22.62
0.50 min
320 °C

Column
Length
Diameter
Film thickness
Mode
Initial flow
Inlet pressure
Inlet
Outlet
Outlet pressure

DB1ms capillary
30.0 m
250.00 µm
0.25 µm
constant flow
1.0 mL/min
0.94 psi
front inlet
MSD
Vacuum

MSD
Solvent delay
Resulting EM
voltage
Acquisition
Quad temp
Source temp
Transfer line temp
Emission
Repeller voltage

5973 Network (multiple sources)
4.00 min

Final time
2.00

1317.6
SIM
150 °C
230 °C
310 °C
35 µamp
as per tune
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5.2.2 Results and Discussion
5.2.2.1 Elution reagent study
In order to assess whether selected elution reagents could enhance extraction efficiency,
several interday replicates (n = 6) were analysed upon extraction with 2% and 5% (v/v)
ammonium hydroxide in methanol, dichloromethane:isopropanol:ammonium hydroxide
(78:20:2

v/v),

2%

(v/v)

ammonium

hydroxide

in

ethyl

acetate,

and

ethyl

acetate:methanol:ammonium hydroxide (78:20:2 v/v). The oral fluid samples, as described
prior,

contained

500

ng/ml

of

amphetamine,

methamphetamine,

ephedrine,

pseudoephedrine, PMA, MDA, 4MTA, MDMA, MDEA, MBDB, and 2CB (plus internal
standards MAD5 and MDMAD5), and were derivatised with HFBTA.

Figure 5.1 illustrates the average SIM target ion response observed for each elution
reagent. From this chart (and Table 5.3), it can be seen that 5% (v/v) ammoniated
methanol provided for the best response in the majority of cases. However, this elution
reagent also resulted in a matrix interference peak coeluting with the methamphetamine
target ion m/z 254 in all replicates, therefore it was unacceptable under these current
GC/MS conditions.

Considering this, and when examining the relative variation in

response, the superior option was the use of 2% (v/v) ammoniated methanol as it provided
acceptable peak abundances in comparison with the other three reagents (Table 5.3). An
example chromatogram obtained when using this reagent can be seen in the total ion
chromatogram (TIC) presented in Figure 5.2.

As there may be considerable deviation in interday abundance, it is of benefit to examine
interday precision with the use of the ratio of analyte response to that of the internal
standard (I.S. ratio). In these analyses, MAD5 (m/z 258) was used as the internal standard
for SIM quantitation of amphetamine, methamphetamine, ephedrine, pseudoephedrine,
and PMA. MDMAD5 (m/z 258) was used for the SIM quantitation of MDA, 4MTA,
MDMA, MDEA, MBDB, and 2CB.

171

Chapter 5: Extraction – SPE and SpinSPE

Elution Reagent Comparison
45000000
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Response
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MDA
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2% Amm MeOH

5% Amm MeOH

78:20:2 DCM:Iso:Amm

2% Amm EA

78:20:2 EA:MeOH:Amm

Figure 5.1: Average GC/MS target ion response for elution reagents used in the mixed
mode solidphase extraction of select amphetaminetype substances (Oasis MCX SPE
columns, Waters Corporation, USA; elution performed in two 1 mL fractions;
compounds derivatised with HFBTA)
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Abundance
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Figure 5.2: Total ion chromatogram for amphetaminetype substances using mixed
mode SPE–GC/MS with HFBTA derivatisation; retention time (min): amphetamine
(7.42), methamphetamine (8.40), ephedrine (8.86), pseudoephedrine (9.25), PMA (9.50),
MDA (10.31), 4MTA (11.00), MDMA (11.21), MDEA (11.55), MBDB (11.70), and 2CB
(12.73)
Table 5.3 and Figure 5.3 present a comparison of the five elution reagents normalised by
use of the I.S. ratio. From this, it can immediately be discerned that there is comparability
across the elution reagents apart from significantly increased deviation around ephedrine,
pseudoephedrine, and PMA when eluting with either 78:20:2 (v/v) dichloro
methane:isopropanol:ammonium hydroxide or 2% (v/v) ammoniated ethyl acetate. In
combination with the average target ion abundance, this again supports the use of the 2%
(v/v)

ammoniated

methanol

reagent

under

these

GC/MS

conditions

for

quantitation/validation studies of the extraction method.
The results obtained for 4MTA, irrespective of elution reagent used, were inconsistent
and unsatisfactory. This will be addressed in the following sections discussing method
validation parameters and other analytical considerations.
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Table 5.3: Average target ion response and internal standard ratios of five SPE elution
reagents for amphetaminetype substances in oral fluid using GC/MS (initial
concentration at 500 ng/mL; derivatised with HFBTA; n = 6)
Response

2% Amm MeOH

5% Amm MeOH

78:20:2
DCM:Iso:Amm

2% Amm EA

78:20:2
EA:MeOH:Amm

MethamphetamineD5

16684585

26504364

6848245

8825459

12906782

Amphetamine

9571713

11002488

3454492

4315351

6942094

Methamphetamine

15486811

28410659

6081079

7878428

11683327

Ephedrine

19449952

18964700

7082004

10213903

11476906

Pseudoephedrine

33461837

39488200

21377188

23581254

22466672

PMA

19055359

22397716

12360419

13563970

13639829

MDMAD5

6794061

8744173

6666913

7953822

6788348

MDA

11471951

12664374

8477853

9408173

8565389

4MTA

3402101

2871496

5485952

6480312

3089666

MDMA

7194723

7112036

4932918

6993590

5257211

MDEA

9432909

10079196

8640199

8977158

7953702

MBDB

7226083

9453818

7669359

8437458

6504629

2CB

1870295

2486715

1472021

1545588

1438272

2% Amm MeOH

5% Amm MeOH

78:20:2
DCM:Iso:Amm

2% Amm EA

78:20:2
EA:MeOH:Amm

MethamphetamineD5

1.00

1.00

1.00

1.00

1.00

Amphetamine

0.57

0.42

0.50

0.46

0.52

Methamphetamine

0.93

1.07

0.90

0.92

0.92

Ephedrine

1.17

0.71

1.25

2.29

0.91

Pseudoephedrine

2.01

1.51

4.09

8.32

1.91

PMA

1.14

0.85

2.50

5.77

1.19

MDMAD5

1.00

1.00

1.00

1.00

1.00

MDA

1.73

1.45

1.30

1.17

1.25

4MTA

0.49

0.32

0.85

0.77

0.47

MDMA

1.07

0.82

0.74

0.85

0.78

MDEA

1.45

1.12

1.32

1.06

1.16

MBDB

1.07

1.10

1.15

1.14

0.95

0.22

0.19
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Drug:

Internal Standard
Ratio

Drug:

2CB
0.28
0.29
2% (v/v) ammonium hydroxide in methanol
5% (v/v) ammonium hydroxide in methanol
dichloromethane:isopropanol:ammonium hydroxide 78:20:2 (v/v)
2% (v/v) ammonium hydroxide in ethyl acetate
ethyl acetate:methanol:ammonium hydroxide 78:20:2 (v/v)
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Elution Reagent Comparison
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8.00
7.00

I.S. Ratio
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5.00
4.00
3.00
2.00

2CB

MBDB

MDEA

MDMA

4MTA

MDA

MDMAD5

PMA

Pseudoephedrine

Ephedrine

Methamphetamine

Amphetamine

0.00

Methamphetamine
D5

1.00

Compound (500 ng/mL)
2% Amm MeOH

5% Amm MeOH

78:20:2 DCM:Iso:Amm

2% Amm EA

78:20:2 EA:MeOH:Amm

Figure 5.3: Average GC/MS analyte to internal standard ratio (I.S. ratio) for the five
select elution reagents (note: compounds derivatised with HFBTA)
5.2.2.2 Peak response
To assess the extraction model, seven interday analyses (n = 14) were analysed for
calibration range, limit of detection/quantitation, and precision. In addition, these analyses
were distributed over time to examine the effects, if any, of mass spectrometer
maintenance and autotuning on method robustness (Chapter 6).

In all cases, the chromatograms exhibited acceptable peak resolution and negligible matrix
interference under the reported SIM conditions. The latter is particularly significant, as
efforts were made to closely resemble random oral fluid screening (i.e. the interday saliva
samples were not controlled in terms of dietary intake or time of collection).
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Working Linear Range and Specificity:
The interday analyses of the SPE model each consisted of serial dilution of a 1000 ng/mL
spiked oral fluid sample and a matrix blank calibrator resulting in the following
concentrations (in replicate): 1000, 500, 250, 125, 62.5, 31.3, and 0 ng/mL. As well, each
sample contained 500 ng/mL of MAD5 and MDMAD5 internal standards.

From the data presented in Table 5.4, with the exception of 4MTA, all compounds
exhibited acceptable linearity over the range of 0–1000 ng/mL (r2 > 0.98). However, upon
examining the 0–500 ng/mL calibration range, the methylenedioxlated compounds
showed improvement to r2 > 0.99. Additionally, there was slight nonlinearity apparent in
the calibration model from 500 to 1000 ng/mL. This could be due to the added methanol
from the stock standard solution when spiking the oral fluid; higher concentrations of
standards require higher volumes of methanol so an increase in extraction efficiency may
be observed. This should therefore be accounted for when preparing standards for routine
laboratory analysis (e.g. preparation of working stock solution in deionised water or buffer
or addition of equal volumes of standard solutions). With this point implemented,
determination of sample concentration should not be affected and linearity should be
maintained above the range reported here.

Table 5.4: Average linearity, internal standard ratio (at 500 and 125 ng/mL), and
quantitation (at 125 ng/mL) of amphetaminetype substances using mixedmode SPE–
GC/MS (note: compounds derivatised with HFBTA; * denotes results from 0–500
ng/mL range)
2

Compound
Amphetamine
Methamphetamine
Ephedrine
Pseudoephedrine
PMA
MDA
MDMA
MDEA
MBDB
2CB

r
01000
ng/mL
0.9977
0.9950
0.9963
0.9880
0.9939
0.9916
0.9887
0.9895
0.9829
0.9980

2

r
0500
ng/mL*
0.9982
0.9995
0.9973
0.9991
0.9975
0.9997
0.9987
0.9995
0.9986
0.9995

slope*
0.0012
0.0020
0.0025
0.0048
0.0024
0.0030
0.0021
0.0024
0.0026
0.0006

yintercept*
0.0111
0.0117
0.0269
0.0378
0.0301
0.0148
0.0040
0.0141
0.0275
0.0015

IS ratio
at 500
ng/ml*
0.62
0.99
1.22
2.37
1.20
1.48
1.03
1.19
1.27
0.27

IS ratio
at 125
ng/mL*
0.14
0.23
0.24
0.52
0.25
0.35
0.24
0.28
0.28
0.07

Quantitation
at 125
ng/mL*
113.7
113.6
96.6
107.9
103.9
117.3
112.2
118.4
106.6
109.8
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It was also of interest to examine the I.S. ratio at 500 ng/mL to assess whether or not the
selected internal standard to analyte pairing provided a response appropriate for
quantitation. As described above, MAD5 (m/z 258) was used as the internal standard for
SIM quantitation of amphetamine, methamphetamine, ephedrine, pseudoephedrine, and
PMA; MDMAD5 (m/z 258) was used for quantitation of MDA, 4MTA, MDMA,
MDEA, MBDB, and 2CB. In this calibration model, the majority of compounds had an
I.S. ratio at 500 ng/mL of ≥ 20% of the target value of 1.00, and are therefore suitable for
analysis (Table 5.4). In the case of amphetamine (0.62) and 2CB (0.27), the values were
acceptable for analysis, however, response could be improved upon the use of either
deuterated analogues (if available) or the use of an alternative internal standard with a
reproducible relative response.

This is further supported when examining the I.S. ratio and quantitation at the lower 125
ng/mL standard. From the 0–500 ng/mL calibration curve, a linear reduction in I.S. ratio
can be observed, particularly with 2CB approaching zero. Irrespective of this, with the
exception of ephedrine, it can be seen that acceptable quantitation has been observed for
all compounds at ± 20% of the target 125 ng/mL. For compounds at the lower standard
concentrations, all were detected, however, skewing of the averaged calibration model
produced concentrations slightly out of the ± 20% target of 31.3 ng/mL for amphetamine
(24.9 ng/mL), pseudoephedrine (24.7 ng/mL), PMA (22.2 ng/mL), and MBDB (21.8
ng/mL). This was also the case at the 62.5 ng/mL level for ephedrine (48.7 ng/mL), PMA
(47.1 ng/mL) and MBDB (46.8 ng/mL). Such variation at the lower end of the calibration
curve may be expected, and in the case of random roadside screening of oral fluid, may be
considered acceptable as the approach is again often a “zerotolerance” policy in terms of
drug detection (e.g. “positive” or “negative” only). In addition, when considering oral
fluid testing for illicit drug use, the goal is often detection of recent use, and not
impairment (as the latter is difficult to discern). Additionally, oral fluid drug
concentrations may reflect higher concentrations in comparison to plasma due to direct
oral cavity contamination in a relatively small volume. Even in the case of physiological
distribution into oral fluid, the ratio of amphetamines in saliva versus plasma is reported to
be 2.76 (Pichini et al. 1996). Therefore, the ability to detect and quantify the majority of
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the reported compounds at an approximate concentration of 31.3 ng/mL is both
appropriate and acceptable for routine roadside testing.

Limit of Detection/Quantitation (LOD/LOQ):
To assess the analytical limits of testing, interassay extraction replicates (n = 6) at 125,
500, and 1000 ng/mL standards were analysed, and averaged signaltonoise (S/N) ratios
for each target and qualifier ion were calculated. As per stipulations of the National
Association of Testing Authorities (1998), this study incorporated (3)×(baseline noise) to
estimate LOD and (10)×(LOD) to estimate LOQ. It should be reiterated here that this
approach is considered an estimate, as baseline noise in bioanalytical chromatography can
be difficult to reproduce (Peters & Maurer, 2002b). This effect is apparent in the variation
observed. Considering such low concentration estimations, LOD results were acceptable
across the target ions, and are as follows: amphetamine (0.9 ± 0.1 ng/mL, 7.3% CV),
methamphetamine (0.3 ± 0.1 ng/mL, 23.4% CV), ephedrine (0.2 ± 0.1 ng/mL, 29.0% CV),
pseudoephedrine (0.3 ± 0.1 ng/mL, 44.9% CV), PMA (0.7 ± 0.1 ng/mL, 11.2% CV),
MDA (0.5 ± 0.2 ng/mL, 30.8% CV), MDMA (0.6 ± 0.2 ng/mL, 39.4% CV), MDEA (1.0
± 0.3 ng/mL, 30.2% CV), MBDB (0.8 ± 0.1, 11.3% CV), and 2CB (1.4 ± 0.0 ng/mL, 0.4%
CV).

Similarly, calculation of the LOQ resulted in the following values (with the same
precision as the LOD): amphetamine (8.8 ± 0.6 ng/mL, 7.3% CV), methamphetamine
(2.8 ± 0.7 ng/mL, 23.4% CV), ephedrine (1.9 ± 0.5 ng/mL, 29.0% CV), pseudoephedrine
(2.9 ± 1.3 ng/mL, 44.9% CV), PMA (7.2 ± 0.8 ng/mL, 11.2% CV), MDA (5.1 ± 1.6
ng/mL, 30.8% CV), MDMA (5.9 ± 2.3 ng/mL, 39.4% CV), MDEA (9.9 ± 3.0 ng/mL,
30.2% CV), MBDB (7.9 ± 0.9, 11.3% CV), and 2CB (14.0 ± 0.1 ng/mL, 0.4% CV).

It can therefore be seen that the SPE–GC/MS method is theoretically quite sensitive.
However, these LOD/LOQ estimates are marginally useful if the analysis also requires the
acceptance of qualifier ion ratios (i.e. for simultaneous identification and quantitation).
This is seen in the interday quantitation issues observed in the working calibration range,
and will be discussed further in section 5.2.2.3.
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Precision and Robustness:
As described above, interday analyses for validation were performed to gauge both intra
day and intermediate precision. Insights into robustness evolved from the intermediate
precision, as the validation runs occurred over preventative instrument maintenance (e.g.
source changes and tuning; Chapter 6). This becomes more significant as the reported
method shows true robustness with acceptable interassay variation over the concentration
range tested. Upon examining I.S. ratios from the 0–500 ng/mL calibration model, all
compounds showed interday precision/robustness to be < 20% CV with the exception of
PMA at 62.5 ng/mL (I.S. ratio of 0.11 ± 0.02, 22.1% CV) and ephedrine at

the

concentrations of 125 ng/mL and below (I.S. ratio of 0.06 ± 0.01 at 31.3 ng/mL, 0.12 ±
0.03 at 62.5 ng/mL, 0.24 ± 0.06 at 125 ng/mL; 20.6–24.5% CV). However, considering
the determined values in the context of robustness, these values reflect acceptable
precision in the SPE–GC/MS method. This is further supported in that intraday precision
between replicates was < 20% CV in the majority of cases.

Extraction Recoveries:
Efforts to assess recoveries included nonextracted 500 ng/mL standards processed both
with and without elution reagent. These samples were treated similarly to the oral fluid
specimens in terms of drying and derivitisation, but only consisted of methanolic stock
standard, internal stock standard (500 ng/mL), and 100 µL of acidified methanol (plus 2
mL elution reagent in such cases). These standards were prepared in replicate and
included in each interday analysis.

Due to reasons difficult to elucidate, these standards produced erratic and irreproducible
results. In some cases, the chromatography was poor with significant peak tailing or poor
response. Possible causes were explored, including silylation of glassware, solvent
interaction, and/or utilising nonglass preparation tubes, however, the direct cause was not
determined. However, good recoveries may be considered nonessential if the use of
internal standards produces accurate and reproducible results (Peters & Maurer, 2002b).
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5.2.2.3 Qualifier ion ratios
Table 5.5 summarises the average ion ratio range and precision observed over 14 interday
replicates for each of the six standard concentrations (1000, 500, 250, 125, 62.5, 31.3
ng/mL; total n = 84 at each mass ion).

Table 5.5: Average qualifier ion ratios for select amphetaminetype substances using
mixedmode SPE–GC/MS (note: compounds are HFBTA derivatised)
Compound
Amphetamine
Methamphetamine
Ephedrine
Pseudoephedrine
PMA
MDA
MDMA
MDEA
MBDB
2CB

Qualifier
m/z
118
210
210
210
148
162
210
162
176
229

Ion Ratio (%)
82.9 ± 6.3
24.6 ± 2.5
18.8 ± 1.8
19.4 ± 2.4
39.0 ± 2.8
52.0 ± 1.8
40.4 ± 9.2
70.8 ± 15.0
60.2 ± 12.9
76.6 ± 4.2

%CV
7.6
10.1
9.6
12.6
7.3
3.5
22.7
21.1
21.5
5.4

Qualifier
m/z
91
118
169
344
361
375
162
240
210
455

Ion Ratio (%)
62.0 ± 10.3
24.4 ± 6.9
14.3 ± 17.5
4.0 ± 0.6
3.4 ± 0.7
10.3 ± 2.1
97.2 ± 27.0
46.6 ± 11.7
23.2 ± 5.7
40.8 ± 9.8

%CV
16.6
28.3
122.5
15.8
20.8
19.9
27.8
25.2
24.4
24.1

Again, as the interday analyses were performed over an extended time period, this
information reflects both intermediate precision and method robustness, including where
instrument preventative maintenance has occurred. Considering the range, the first
qualifier ion (Q1) variation is acceptable for all of the compounds (< 25% CV), and is
supported by the fact that instrument performance can fluctuate significantly over time
(i.e. sensitivity adjustments from both MSD tuning and during analysis; Chapter 6). Table
5.5 therefore provides guidance in future ion ratio acceptance judgements, and is further
substantiated in that the majority of intraday replicate variation was < 20% CV.

The data observed for the listed second qualifier ions (Q2) also offer valuable insights into
the robustness of the method, again considering the variability of instrument performance
interday. Of particular significance, the variation observed for the Q2 of ephedrine
HFBTA (122.5% CV) indicates that m/z 169 may not be the most suitable fragment. In
this case, the shared m/z 344 of pseudoephedrineHFBTA may suffice for ephedrine as
well, however, the analyst should consider the relatively low expected ion ratio (~4%).
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There is also recognised potential contribution to ion ratio percentage due to
fragmentation of the deuterated internal standards (Wang et al., 2005b). This is important
for methamphetamineHFBTA Q2 m/z 118 and MDMAHFBTA Q2 m/z 162. To estimate
this contribution, quantitation of these fragments was performed from interday replicates
of 0.0 ng/mL standards (n = 16). The ratio between the peak response of the m/z 118 and
162 fragments to the peak response at the respective target m/z 258 was calculated, and
reflects the ion percentage that is a contribution from the deuterated compounds.

The results showed that the use of MAD5 may contribute up to 4.1 ± 0.9% at m/z 118
(22.1 %CV), while MDMAD5 may contribute up to 2.5 ± 1.1% at m/z 162 (45.5% CV)
(an example chromatogram of the contribution of MAD5 to m/z 118 can be seen in
Figure 5.4). These values may be considered negligible when analysing samples of
relatively high concentrations, however, they may be significant in analyst judgement
when assessing low concentration specimens. It stands to reason that such a contribution
could greatly affect the Q2 ion response for samples approacing LOQ, therefore the
analyst can use this and other ion ratio information at their professional discretion.
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Figure 5.4: Peak/Ion contribution of MAD5HFBTA to m/z 118 using SPE–GC/MS
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5.2.3 Summary
From the data presented above, an effective and robust mixedmode SPE method for oral
fluid has been demonstrated for the isolation and identification of amphetamine,
methamphetamine, ephedrine, pseudoephedrine, PMA, MDA, MDMA, MDEA, MBDB,
and 2CB. Upon demonstrating that the 2% (v/v) ammoniated methanol elution reagent
was preferential for analysis using the Oasis MCX SPE columns, the linearity of the
resultant calibration curves was found to be acceptable for these compounds. Under these
conditions, with the exception of ephedrine being low at 96.6 ng/mL, quantitation was
satisfactory for all of the compounds at 125 ng/mL. In addition, ion ratio percentages
were reproducible considering that the SPE precision study was in effect also a study of
method robustness (noting again that the m/z 169 Q2 ion for ephedrine is not ideal). With
the exception of 4MTA, and despite the difficulties experienced with ephedrine, all other
compounds were easily detectable and identifiable as their HFBTA derivatives at (and
likely below) 31.3 ng/mL. Therefore, this serves as a useful guide to substance response
and fragmentation should the laboratory choose to implement this SPE–GC/MS method in
the routine analysis of oral fluid for amphetaminetype substances.

5.3 EXAMINATION OF THE REDUCED VOLUME SPINSPE METHOD
5.3.1 Experimental
5.3.1.1 Standards and reagents
The same standard solutions, internal standards, and reagents as noted in section 5.2.1.1
were used in the development studies of SpinSPE. For this study, Vivapure MiniH (high
capacity) “S” membrane spin columns were used (sulfonic acid strong cation exchanger
on regenerated cellulose; Sartorius AG, Germany).

5.3.1.2 Specimens
Specimens were the same as noted in section 5.2.1.2.
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5.3.1.3 Extraction and derivatisation procedure
Oral fluid samples (200 µL) were spiked with the 10 µg/mL working solution to final
concentrations ranging from 0–2000 ng/mL (serial dilution with drugfree oral fluid).
Internal standards MAD5 and MDMAD5 were added (1000 ng/mL), and the sample
extracted by the following procedure using the Vivapure MiniH “S” membrane columns
(Sartorius AG, Germany).

Sodium phosphate buffer (0.6 mL; 10 mM, pH 6.0) was added to 0.2 mL of spiked oral
fluid, followed by vortexmixing and centrifugation. The column was conditioned with
0.4 mL methanol and 0.4 mL phosphate buffer, with each reagent addition followed by
centrifugation at 5000 rpm for 3 min (phosphate buffer centrifuged twice at 5000 rpm for
3 min).

The sample was introduced to the column in two 0.4 mL fractions and passed using two
centrifugation steps each at 5000 rpm for 3 min. This was then followed by 0.4 mL 0.1 M
acetic acid and 0.4 mL methanol (two centrifugation steps each at 5000 rpm for 3 min).

The collection tube was then changed, and elution performed using two 0.4 mL fractions
of 2% (v/v) ammonium hydroxide in methanol (one centrifugation each step at 2000 rpm
for 3 min). The sample was transferred to a glass vial, and following the addition of 100
µL 1% (v/v) hydrochloric acid in methanol, was dried under air on moderate heat and
derivatised with 25 µL HFBTA/75 µL ethyl acetate for 30 min at 70 °C. The samples
were then evaporated to dryness under air on moderate heat, reconstituted with 30 µL
ethyl acetate, and analyzed on the GC/MS using SIM (Tables 5.1, 5.2).

It should be noted that during early developmental trials, the deionised water conditioning
and wash steps were hypothesised to cause column flow inconsistencies due to possible
swelling of the regenerated cellulose column support beds. As a result, these steps were
omitted in subsequent trials. Column drying effectively occurred with centrifugation of
the methanol wash.
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5.3.1.4 GC/MS instrumentation
Instrumentation was the same as noted in section 5.2.1.4.

5.3.2 Results and Discussion
5.3.2.2 Peak response
Following development efforts to assess effective column flow and centrifugation, inter
day analyses were assessed for working calibration range, limit of detection/quantitation,
and precision (n = 6). As demonstrated in the previously reported SPE method, the
chromatograms exhibited acceptable peak resolution and negligible matrix interference
under the reported SIM conditions (Figure 5.5).
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Figure 5.5: Total ion chromatogram for amphetaminetype substances using Spin
SPE–GC/MS with HFBTA derivatisation; retention time (min): amphetamine (7.20),
methamphetamine (8.20), ephedrine (8.66), pseudoephedrine (9.05), PMA (9.30), MDA
(10.11), MDMA (11.01), MDEA (11.35), MBDB (11.50), and 2CB (12.53)
Working Linear Range and Specificity:
The analyses of the SpinSPE model each consisted of serial dilution of a 2000 ng/mL
spiked oral fluid sample and a matrix blank calibrator resulting in the following
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concentrations (in replicate): 2000, 1000, 500, 250, 125, 62.5, and 0 ng/mL. As it was
hypothesised that SpinSPE would result in lower peak response in comparison with
mixedmode SPE, this higher concentration range and reduced volume of ethyl acetate for
reconstitution (30 µL) were chosen to maximise response. Also, each sample contained
1000 ng/mL each of the internal standards MAD5 and MDMAD5 to ensure recovery.

From the data presented in Table 5.6, it can be seen that all compounds exhibited
acceptable linearity over the range of 0–2000 ng/mL (r2 > 0.99 with the exception of 2CB
at r2 = 0.9897). There is little improvement overall upon omission of the 2000 ng/mL
standards, however, upon examining the 0–1000 ng/mL calibration range, all of the
compounds showed r2 > 0.99. In addition, it was desirable to omit the highest standard to
be consistent with the mixedmode SPE analyses in terms of miminising methanol content
from standard solution spiking. As with the mixedmode SPE procedure, preparation of a
working standard solution in deionised water or buffer may accurately increase the
working quantitation range above 2000 ng/mL.

Table 5.6: Average linearity, internal standard ratio (at 1000 and 125 ng/mL), and
quantitation (at 125 ng/mL) of amphetaminetype substances using SpinSPE–GC/MS
(note: compounds derivatised with HFBTA; * denotes results from 0–1000 ng/mL
range)

Compound
Amphetamine
Methamphetamine
Ephedrine
Pseudoephedrine
PMA
MDA
MDMA
MDEA
MBDB
2CB

r2
02000
ng/mL
0.9996
0.9998
0.9956
0.9983
0.9986
0.9906
0.9962
0.9954
0.9925
0.9897

r2
01000
ng/mL*
0.9988
0.9992
0.9976
0.9982
0.9957
0.9972
0.9995
0.9988
0.9964
0.9995

slope*
0.0006
0.0010
0.0006
0.0015
0.0012
0.0014
0.0010
0.0011
0.0010
0.0002

yintercept*
0.0134
0.0107
+0.0025
0.0329
0.0405
0.0354
0.0011
0.0196
0.0285
0.0011

IS ratio
at 1000
ng/ml*
0.63
0.96
0.55
1.52
1.21
1.39
0.99
1.07
0.98
0.20

IS ratio
at 125
ng/mL*
0.06
0.11
0.07
0.15
0.10
0.13
0.12
0.11
0.08
0.02

Quantitation
at 125
ng/mL*
118.2
116.2
104.9
119.4
117.0
117.0
124.0
118.0
110.8
129.9

Given the extraction column chemistry employed in SpinSPE, the I.S. ratio at 1000
ng/mL was also assessed to affirm whether or not the selected internal standard to analyte
pairing provided a response appropriate for quantitation. In this extraction model, it has
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been demonstrated that for the majority of compounds, the I.S. ratio at 1000 ng/mL is ≥
20% of the target value of 1.00 (Table 5.6). In the case of amphetamine (0.63), ephedrine
(0.55) and 2CB (0.20), the values were acceptable for analysis; however, response could
again be improved upon the use of either deuterated analogues (if available) or the
implementation of an alternative internal standard with a reproducible relative response.

This is further supported when examining the I.S. ratio and quantitation at 125 ng/mL.
From the 0–1000 ng/mL calibration curve, the linear reduction in I.S. ratio can be
observed, particularly with amphetamine, ephedrine, and 2CB approaching zero at lower
concentrations. Irrespective, it can be seen that acceptable quantitation has been observed
for all compounds at ± 20% of the target 125 ng/mL. For compounds at the lower
standard concentration, all were detected and quantified within ± 20% of the target 62.5
ng/mL. That such quantitation was achieved from onefifth the sample volume of mixed
mode SPE (e.g. 200 µL) is very promising in terms of forensic sample consumption. In
addition, the results of SpinSPE in this case show potential to take the sample volume
down even further (note that 1 mL of sample for SPE was used to attempt to maximise
matrix interference; similarly, 200 µL was selected for the SpinSPE model).

Effectively, however, the 62.5 ng/mL sample concentration is likely the quantitation limit
under these conditions as the I.S. ratios for calculation are near zero (particularly 2CB at
0.01).

LOD/LOQ:
The theoretical LOD and LOQ were estimated for SpinSPE in a similar manner as SPE:
interassay extraction replicates (n = 6) at each 125, 500, and 1000 ng/mL were analysed
for S/N ratios at each target and qualifier ion, with (3)×(baseline noise) defining LOD and
(10)×(LOD) for the LOQ (with subsequent averaging). From this, the variation in LOD
concentration was acceptable across the target ions, and calculated concentrations are as
follows (again noting that this approach is considered an estimate due to difficulties in
reproducing S/N): amphetamine (0.7 ± 0.2 ng/mL, 20.9% CV), methamphetamine (0.2 ±
0.0 ng/mL, 14.0% CV), ephedrine (0.2 ± 0.1 ng/mL, 50.1% CV), pseudoephedrine (0.4 ±
0.2 ng/mL, 62.4% CV), PMA (0.8 ± 0.3 ng/mL, 36.5% CV), MDA (1.6 ± 0.4 ng/mL,
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26.9% CV), MDMA (0.3 ± 0.1 ng/mL, 49.2% CV), MDEA (0.3 ± 0.0 ng/mL, 11.3% CV),
MBDB (0.4 ± 0.0, 11.2% CV), and 2CB (1.8 ± 0.6 ng/mL, 34.0% CV).

Similarly, calculation of the LOQ resulted in the following values (with the same
precision): amphetamine (7.3 ± 1.5 ng/mL, 20.9% CV), methamphetamine (1.7 ± 0.2
ng/mL, 14.0% CV), ephedrine (2.3 ± 1.2 ng/mL, 50.1% CV), pseudoephedrine (3.5 ± 2.2
ng/mL, 62.4% CV), PMA (7.9 ± 2.9 ng/mL, 36.5% CV), MDA (16.2 ± 4.3 ng/mL, 26.9%
CV), MDMA (2.9 ± 1.4 ng/mL, 49.2% CV), MDEA (3.2 ± 0.4 ng/mL, 11.3% CV),
MBDB (4.3 ± 0.5, 11.2% CV), and 2CB (17.6 ± 6.0 ng/mL, 34.0% CV).

As with mixedmode SPE, it can be seen that the SpinSPE–GC/MS method is also
theoretically quite sensitive. Again, these LOD/LOQ estimates are marginally useful as
the analysis may also require the acceptance of qualifier ion ratios. Additionally, if using
I.S. ratio for quantitation, examination of the calibration model effectively shows that
quantitation below 31.3 ng/mL may be limited (particularly for the 2CB I.S. ratio of 0.02
at 125 ng/mL). Whether this extraction could be optimised for lower quantitation by
GC/MS remains for future research, and could prove difficult considering column
chemistry and capacity. Irrespective of this, the ability to effectively quantitate to 62.5
ng/mL is appropriate for the routine confirmation of amphetaminetype substances in oral
fluid.

Precision:
Variation observed in the 0–1000 ng/mL calibration model was mixed, yet generally
acceptable. The majority of compounds exhibited interday precision/robustness at < 20%
CV with certain exceptions: ephedrine exhibited > 20% CV at all concentrations (37.8–
49.4% CV); pseudoephedrine showed 31.4% CV at an I.S. ratio of 0.07 ± 0.02 (62.5
ng/mL) and 22.0% CV at 0.71 ± 0.16 (500 ng/mL); MBDB was > 20% CV at 62.5 ng/mL,
125 ng/mL, and 500 ng/mL (21.6–28.5% CV); and, 2CB showed 30.4% CV at an I.S.
ratio of 0.01 ± 0.00 (62.5 ng/mL) and 0.09 ± 0.03 (500 ng/mL).

The immediate implication of this data is that SpinSPE may prove imprecise for the
quantitation of ephedrine, pseudoephedrine, and MBDB (the I.S. ratio values justify the
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higher CVs observed for 2CB). Irrespective of this, these peaks are still detectable at
these concentrations and could be used as qualitative markers for presence or absence of
the compounds, particularly as the mere presence of these peaks in confirmative testing by
GC/MS should satisfy the “positive” or “negative” stipulations set forth in road safety oral
fluid legislation.

Lastly, considering the calculated I.S. ratio values, these results reflect acceptable
precision in the SpinSPE–GC/MS method. Additionally, this is further supported by
intraday precision between replicates, which were acceptable in the majority of cases (i.e.
higher CV may be observed at lower concentration/I.S. ratio values). Regardless of any
problems associated with the precision for ephedrine, pseudoephedrine, and even MBDB,
the fact remains that they are easily detectable and there is potential for continued
optimisation. In addition, the procedure is proven appropriate for the identification and
quantitation of amphetamine, methamphetamine, PMA, MDA, MDMA, MDEA, and 2CB.

Extraction Recoveries:
Efforts to assess recoveries using SpinSPE also included processing nonextracted
standards. These samples were treated similarly to the oral fluid specimens in terms of
drying and derivitisation, but only consisted of methanolic stock standard, internal
standard stock, and acidified methanol. These standards were prepared in replicate and
included in each interday analysis. Unfortunately, as seen in the mixedmode SPE results,
the unextracted standard responses were inconsistent, often resulting in poor
chromatography. But as with mixedmode SPE, extraction efficiency in SpinSPE may be
considered insignificant if the use of deuterated internal standard provides for
reproducible results.

5.3.2.3 Qualifier ion ratios
Table 5.7 summarises the average ion ratio range and precision observed over 6 interday
replicates for each of the six standard concentrations (2000, 1000, 500, 250, 125, 62.5,
ng/mL; total n = 36 at each mass ion).
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Table 5.7: Average qualifier ion ratios for select amphetaminetype substances using
SpinSPE–GC/MS (note: compounds are HFBTA derivatised)
Compound
Amphetamine
Methamphetamine
Ephedrine
Pseudoephedrine
PMA
MDA
MDMA
MDEA
MBDB
2CB

Qualifier
m/z
118
210
210
210
148
162
210
162
176
229

Ion Ratio (%)
81.9 ± 7.9
24.8 ± 1.9
20.4 ± 2.6
20.7 ± 2.3
39.5 ± 3.9
53.8 ± 4.4
38.0 ± 4.2
62.6 ± 14.1
73.0 ± 19.8
75.0 ± 3.9

%CV
9.7
7.7
12.7
10.9
9.9
8.2
11.0
22.6
27.1
5.1

Qualifier
m/z
91
118
169
344
361
375
162
240
210
455

Ion Ratio (%)
74.4 ± 12.5
24.1 ± 7.6
14.2 ± 6.1
4.7 ± 0.8
2.8 ± 0.5
9.4 ± 1.2
96.1 ± 16.9
44.6 ± 6.4
27.2 ± 7.1
35.8 ± 6.8

%CV
16.7
31.6
43.2
17.5
18.9
12.8
17.6
14.4
26.0
18.9

Considering the range, the first qualifier ion (Q1) variation is again acceptable for all of
the compounds (< 20% CV), with slightly elevated values for MDEA (22.6% CV) and
MBDB (27.1% CV). The data observed for the listed second qualifier ions (Q2) also offer
valuable insights for ion ratio acceptance judgements. Of particular significance, the
variation observed for the Q2 of ephedrine (43.2% CV) again supports the notion that the
m/z 169 fragment may not be ideal for quantitation under these conditions. In addition,
the methamphetamine Q2 m/z 118 is again slightly elevated, and the variation of both
ephedrine and MBDB (26.0% CV) reflect the discrepancies noted for these analytes in the
previous discussion on precision.

In terms of mass fragmentation, the deuterated internal standard contribution to
methamphetamine Q2 (m/z 118) and MDMA Q2 (m/z 162) was consistent with SpinSPE.
As with the mixedmode SPE method, quantitation of these fragments were performed
from interday replicates of 0.0 ng/mL standards (n = 6). This was achieved again by
calculating the ratio between the peak response of the m/z 118 and 162 fragments to the
peak response at the respective target m/z 258 (an example chromatogram of the m/z 118
contribution is depicted in Figure 5.6). Upon determination, the results confirmed that the
use of MAD5 may contribute up to 4.2 ± 1.2% at m/z 118 (29.4 %CV), while MDMAD5
may contribute up to 2.7 ± 0.7% at m/z 162 (27.2% CV). These values reflect not only the
robustness of the two extraction methods, but also the general robustness of the mass
spectrometer performance.
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Figure 5.6: Peak/Ion contribution of MAD5HFBTA to m/z 118 using SpinSPE–
GC/MS

5.3.3 Summary
From the data presented here, an effective centrifugal ionexchange extraction method for
oral fluid has been demonstrated for the isolation and identification of amphetamine,
methamphetamine, ephedrine, pseudoephedrine, PMA, MDA, MDMA, MDEA, MBDB,
and 2CB using 200 µL of sample. The linearity of the resultant calibration curve was
found to be acceptable from 0–2000 ng/mL (r2 > 0.99) for all compounds, with the
exception of 2CB, which improved to r2 > 0.99 upon examining only the 0–1000 ng/mL
range. Under these conditions, quantitation was satisfactory for all of the compounds at
125 ng/mL, and ion ratio percentages were consistent considering the significantly lower
peak response. In addition to the problems experienced with ephedrine, difficulties were
also observed with the precision of MBDB. But despite these difficulties, and with the
exception of 4MTA, all other compounds were easily detectable and identifiable at 62.5
ng/mL. SpinSPE has therefore been demonstrated to be a viable alternative to both LLE
and the mixedmode SPE, particularly when considering reduced forensic sample
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consumption and improved resource efficiency at little to no sacrifice of working linear
range, sensitivity, or precision.

5.4 CONCLUSIONS: COMPARISON OF MIXEDMODE SPE TO SPINSPE
5.4.1 Peak response
As presented in these studies, both the mixedmode SPE and SpinSPE procedures have
been demonstrated as effective for the isolation of several amphetaminetype substances
and designer analogues from oral fluid. One of the primary aims of the development of
SpinSPE was to demonstrate an extraction procedure requiring significantly less reagent
and sample volumes, particularly as the collection of saliva under duress or substance
use/abuse can be difficult. For this study, 1 mL of sample was used in the mixedmode
SPE extraction in an attempt to maximise matrix interference, but the working linear range
(0–1000 ng/mL) exhibits sensitivity and precision in both detection and quantitation that
could allow for reduced sample volume or sample dilution. Alternatively, the SpinSPE
model demonstrated comparable efficacy at onefifth the sample volume (200 µL), with
the linear working range (0–2000) and sensitivity showing even more potential to reduce
sample volume. This is the primary strength of investigating this extraction procedure, as
forensic sample may be required for the screening and confirmation of several other drug
classes—an especially difficult task if only 1 mL or less of sample can be collected on
site.

5.4.2 Ion ratios
Examination of Tables 5.4–5.7 illustrates the effectiveness of both extraction methods as
well as the robustness of the mass spectrometer fragmentation, as it can be seen that there
is insignificant deviation in the qualifier ion percentages across the two extraction
procedures. As such, these findings serve as a valuable consolidated reference for the
laboratory in terms of expected ion ratios if using either mixedmode SPE or SpinSPE
with HFBTA derivatisation under these GC/MS conditions. The data therefore provides
insight into any toxicological cases where borderline ion ratios (e.g. > ±20% of the mean)
complicate definitive identification.
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5.4.3 Comments on internal standard
As reports have discussed the potential contribution of deuterated analogues to ion ratio
percentages, it was necessary to document the actual values observed under these GC/MS
conditions. The data from both methods confirmed that the use of MAD5 may contribute
approximately 4% to the methamphetamine Q2 m/z 118 ion ratio percentage, while the use
of MDMAD5 may contribute approximately 2% to that of MDMA Q2 m/z 162. This
information is particularly valuable when considering that contribution from the internal
standard could easily skew the Q2 qualifier ion ratio for samples with low concentrations
(e.g. 500 ng/mL internal standard versus subtoxic sample levels). Therefore, such
information provides additional support of analyst judgement should very low levels of
either methamphetamine or MDMA be detected in roadside collected oral fluid.

5.4.4 Resource efficiency of the reducedvolume extraction procedure
With regard to overall procedural and analysis time, both the mixedmode SPE and Spin
SPE methods were comparable. Both required equivalent time for standard preparation,
derivatisation (30 min at 70 °C), and GC/MS analysis (~22 min), while any disadvantages
in terms of the time of the mixedmode SPE extraction itself (e.g. larger volumes to pass,
column drying) were offset by the additional centrifugation steps required to pass the
sample and reagents through the high capacity SpinSPE columns.

The advantages of SpinSPE are clearly reflected in the reduced volumes needed, which
effectively minimises forensic sample consumption and reagent use and/or waste. If
considering the 1269 cases that required confirmation of amphetaminetype substances
(Chapter 2), mixedmode SPE would potentially require 1269 mL of sample, over 7.6 L
each of methanol and water (for column conditioning and wash steps), over 5 L of
phosphate buffer, over 2.5 L of elution reagent, 127 mL of acidified methanol, 31.8 mL of
HFBTA, and 153 mL of ethyl acetate.

The mixedmode SPE method is, however,

effective for the identification and quantitation of amphetamine (as seen in 942 samples),
methamphetamine (984 samples), MDA (31 samples), MDMA (45 samples), MDEA (1
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sample), and the detection of ephedrine and pseudoephedrine to exclude illicit drug use
(134 and 288 cases, respectively).

Conversely, the reported SpinSPE method would require the following: 254 mL of
sample (20% of mixedmode SPE), 1.02 L of methanol for conditioning and wash steps
(13%), no deionised water for conditioning or wash steps, 1269 mL of buffer (25%), 1.02
L elution reagent (40%), 127 mL of acidified methanol (no change), 31.8 mL of HFBTA
(no change), and 134 mL of ethyl acetate (88%). These volumes, particularly in terms of
buffer and wash steps, are considerably less, and again highlight the potential for
improved resource efficiency. In addition, the SpinSPE method has also been
demonstrated to be effective for the confirmation of amphetamine, methamphetamine,
MDA, MDMA, MDEA, ephedrine, and pseudoephedrine as observed in the reported
toxicology cases.

Modifications to both methods could effectively be undertaken to improve upon
procedural strengths. Regardless, the mixedmode SPE method is a sensitive and reliable
procedure for the isolation of amphetaminetype substances from oral fluid and other
biological matrices. But, as the desire increases to use fewer resources and minimise
sample consumption, SpinSPE has emerged as a viable alternative for the working
toxicology laboratory.

5.5 FUTURE DIRECTIONS
From the results presented above, it has been demonstrated that both the reported mixed
mode SPE and SpinSPE methods are effective in the routine extraction of oral fluid.
Moreover, the extraction methods, in combination with HFBTA derivatisation and
GC/MS analysis, are acceptable for the identification of amphetamine, methamphetamine,
ephedrine, pseudoephedrine, PMA, MDA, MDMA, MDEA, MBDB, and 2CB from low
sample volumes. That said, further optimisation and research on both methods could be
performed, particularly in terms of the use of SpinSPE in other drug class applications.
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In the reported mixedmode SPE study, it would be of interest to reduce the sample
volume until a minimum response was determined with acceptable reproducibility. In this
sense, the advantages of the mixedmode column chemistry could be utilised with reduced
sample consumption. In addition, the problems associated with ephedrine could be
confirmed with the use of a Q2 ion other than m/z 169 (e.g. m/z 344) if deemed necessary
for excluding illicit drug use.

The behaviour of 4MTA merits investigation, as a further consolidated method for illicit
amine analogues could be of benefit to the laboratory. This could be examined in a variety
of ways, such as looking further into derivatisation options (e.g. acetylation using acetic
anhydride:pyridine, 3:2 v/v as per Ewald et al. 2005), mass fragmentation, and the
selection and transition of SIM ions used for quantitation. Moreover, as seen in Figure 5.1
and Table 5.3, the elution reagent study exhibited higher response for 4MTA with the use
of either 78:20:2 dichloromethane:isopropanol:ammonium hydroxide or 2% ammoniated
ethyl acetate. Therefore, if 4MTA is suspected in a toxicological specimen, these may be
employed to increase extraction efficiency for quantitation efforts.

An elution reagent study should also be performed on the SpinSPE method, as the choice
of elution solvent and pH could potentially increase recovery in the ionexchange
chemistry (however, the effect of solvent on the column support must be considered to
avoid structural failure). This could also possibly assist in resolving the precision issues
exhibited by ephedrine and MBDB.

The novel SpinSPE procedure has proven effective for the extraction of amphetamine
type substances and designer analogues from low volumes of oral fluid. The next direction
would be to assess its suitability for either a standard alkaline drug screen, or to evaluate
its usefulness for other distinct drug compounds, classes, and/or metabolites. It would be
of obvious benefit to the laboratory to determine the efficacy of SpinSPE chemistries for
cocaine/benzoylecgnonine,

THC/THCCOOH,

opioids,

phencyclidine

and

benzodiazepines. As well, optimised SpinSPE of oral fluid could prove advantageous in
terms of the noninvasive therapeutic drug monitoring that is desirable for various
prescription medications.
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An additional future research direction of particular benefit would be the use of SpinSPE
in conjunction with LC/MS or LC/MS/MS. The excellent sensitivity inherent of LC/MS
could allow extracted samples to be analysed without the need for derivatisation. That is,
the elution volume of SpinSPE could be injected directly onto the LC/MS system without
additional drying and derivatisation steps. In addition, the MS(/MS) sensitivity could even
allow for further reduction of the elution volume (more information on the use of LC/MSn
in the separation and identification of amphetaminetype substances is presented in
Chapter 7).

Lastly, as this study focused on oral fluid analysis for road safety purposes, further matrix
specific validation may also be carried out using either the mixedmode SPE or SpinSPE
methods (e.g. blood, plasma, urine, vitreous humor, treated tissue homogenates). Special
care must be taken, however, to avoid introducing samples that will block column flow;
samples such as blood and tissue may require additional dilution and pretreatment (e.g.
protein precipitation, enzymatic hydrolysis), and particularly with the use of SpinSPE,
may need additional buffering or prefiltration to prevent difficulties with column flow
efficiency.
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Chapter 6: Robustness of the GC/MS Method

Examination of mass spectrometer autotuning
in the context of method robustness and
internal standard applicability for GC–MS
analysis of amphetaminetype substances in
oral fluid

196

Chapter 6: MS Robustness

6.1 INTRODUCTION
Robustness (ruggedness) is a measure of a method’s susceptibility to changes that may
occur during routine analysis, and is often not addressed in validation efforts of analytical
methods. These changes, such as pH, temperature, mobile phase composition, extended
time between analyses, and general instrumental or procedural modifications, can affect
the reproducibility of a method (Karnes et al., 1991; Hartmann et al., 1998; Peters &
Maurer, 2002b). While robustness is generally not experimentally required in validation
guidelines, it is often recommended in method development efforts and/or as a
preventative problemsolving step if routine testing falters (Hartmann et al., 1998; Peters
& Maurer, 2002b). In most cases, validation of a method appears to occur on either a
dedicated instrument or during dedicated time on a shared instrument. This is certainly
acceptable within current validation recommendations, but there are several factors to
explore which may or may not affect robustness over time.

In Chapter 5, a method for the extraction and quantitation of amphetaminetype
substances using GC/MS was reported. Analyses performed for this effort occurred over
the span of several months, during which routine preventative maintenance occurred (e.g.
detector source changes and change of analytical column). As a result, there was expected
and observed interassay variation contributing to the robustness of the method. Several
items were considered as potentially contributing to robustness, and one of particular
interest was the possible influence of mass spectrometer autotuning on the interday
abundance of target ions used for quantitation. Typically, a system can be monitored for
robustness using quantitative results of QC samples (Karnes et al., 1991), but monitoring
concentration does not clearly offer insights into abundance discrepancies as the data will
be normalised to ratios of the target analyte to internal standard (I.S. ratio).

It is indeed the case that, in tuning the mass spectrometer employing abundances at m/z
69, 219, and 502, some variation may occur interday due to instrument settings
(particularly in the region of the higher masses). As it is often not possible or cost
effective to source individualised deuterated internal standards, it is common for several
drugs to be quantitated versus fewer internal standards. In the reported GC/MS method of
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Chapter 5, methamphetamineD5 (MAD5) and MDMAD5 were employed as the
internal standards. In this effort, the HFBTA derivative of PMA was quantitated versus
MAD5HFBTA, and MDAHFBTA was quantitated against MDMAD5HFBTA. As
the target ions for the derivatised analogues are m/z 121 for PMA and m/z 135 for MDA
versus m/z 258 for both MAD5 and MDMAD5, it was of interest to see if the variation
in abundance from mass spectrometer autotuning could carry over and potentially affect
the robustness of the quantitative amphetamines method.

To examine this phenomenon, autotune data from approximately one year’s worth of
routine analyses were assessed for correlation between the following parameters: m/z 69
abundance (plus isotope abundance and isotope ratio), m/z 219 abundance (isotope
abundance and isotope ratio), m/z 502 abundance (isotope abundance and isotope ratio),
electron multiplier voltage (EMV), repeller voltage, ion focus voltage, entrance lens
voltage/offset, and AMU gain/offset. For statistical analysis, two data sets were used: “all
tune data” (n = 288) and “corrected data” (n = 178). Inclusion of all tune data (including
operationally unacceptable data) provides a demonstration of the correlation of instrument
settings as noted in manufacturer mass spectrometer training provisions (Agilent
Technologies, Inc., 2004). These included the following:
·

If the repeller voltage is too low, too few ions leave the source, resulting in poor
sensitivity and poor high mass response. If the repeller voltage is too high, too
many ions at too high a velocity leave the ion source. This results in less
fragmentation of the “precursor” ion and poor low mass response.

·

Poor ion focus adjustment results in poor high mass response.

·

Increasing the entrance lens voltage increases the abundances at high mass but
decreases the abundance of low mass ions.

·

Peak widths are adjusted by using AMU gain and offset: AMU gain has the
greatest effect at high mass while AMU offset has an equal effect across the entire
mass range.

·

EMV is used to adjust the absolute abundance for all masses, m/z 69 in particular.

·

Repeller, ion focus, entrance lens, and entrance lens offset are used to adjust the
relative abundance of one mass to another mass.
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The data set was then reduced to contain only tune results acceptable for routine analysis
based upon isotope ratio and EMV specifications. In reducing the data set, this allowed
for a demonstration of true variation in absolute abundance for the working system. As
quality control samples are often recorded only in terms of calculated concentration, this
“corrected” tune data should then reflect the actual variation in abundance that an
analytical method may be subject to interday. In this regard, the instrumental variation
may account for larger variations contributing to method robustness. This can be
statistically elucidated by examining coefficients of variation percentages (% CV).

6.2 EXPERIMENTAL
6.2.1 Chemicals and reagents
Hydrochloride salts of amphetamine, methamphetamine, ephedrine, pseudoephedrine,
PMA, MDA, 4MTA, MDMA, MDEA, MBDB, and 2CB were obtained from the
National Measurement Institute (Sydney, NSW). A methanolic working stock solution
containing each was prepared to a concentration of 10 µg/mL. MAD5 and MDMAD5
internal standards (Cerilliant Corporation, USA) were obtained and diluted to a working
stock solution of 10 µg/mL in methanol. Oasis MCX solid phase extraction columns (60
mg, Waters Corporation, USA) were used for sample extraction, and all reagents used in
extraction and HFBTA derivatisation were reagent grade.

6.2.2 Extraction of oral fluid specimens
Oral fluid samples were spiked with the 10 µg/mL working solution to a final
concentration of 500 ng/mL (plus 500 ng/mL internal standards MAD5 and MDMAD5)
and extracted using an Oasis MCX solid phase extraction column (60 mg, Waters
Corporation, USA) by the following example procedure.

Sodium phosphate buffer (3 mL, 100 mM, pH 6.0) was added to 1 mL of spiked oral fluid,
vortexmixed and centrifuged. The SPE column was conditioned with 3 mL methanol, 3
mL deionised water, and 1 mL phosphate buffer. The sample was introduced to the
column, allowed to pass, then followed by 3 mL deionised water, 1 mL 0.1 M acetic acid,
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and 3 mL methanol. The column was then dried under vacuum at approximately 5 psi for
10 minutes. Elution was then performed under gravity using two 1 mL fractions of 2%
(v/v) ammonium hydroxide in methanol. Hydrochloric acid in methanol (100 µL; 1% v/v)
was added to the eluate, which was then dried under a stream of air on moderate heat. The
dried extracts were then dissolved in 75 µL ethyl acetate and derivatised with 25µL
HFBTA for 30 min at 70 °C. The extract was then evaporated to dryness under air on
moderate heat, reconstituted with 50 µL ethyl acetate, and analyzed on the GC/MS using
SIM. SIM ions monitored are those listed in Table 5.1 of Chapter 5.

6.2.3 GC/MS instrumentation
The GC/MS instrumentation used in analysis was from Agilent Technologies, Inc., (USA)
and consisted of the following components: 6890 GC module, 5973 Network MSD, 7683
series autosampler, 7683B series injector, and 59864B ionization gauge controller.
Operating system was Chemstation (v. D.02.00275 and v. D.01.0075), and the functional
gas was generated hydrogen (40H by Domnick Hunter; 250 cc @ 100 psig). Mass
spectrometer tuning was from standard perfluorotributylamine (PFTBA) intrinsic of the
MSD module. More details of the instrumentation, in addition to the conditions used for
the analysis of the select amphetaminetype substances, can be found in Table 5.2 of
Chapter 5. It is important to note that this instrument is a nondedicated instrument used
for several different analyses, and includes frequent EI source changes in addition to CI
source use.

6.2.4 Analysis of tune data
Tune data were analysed for correlation between the following parameters: m/z 69
abundance (plus isotope abundance and isotope ratio), m/z 219 abundance (isotope
abundance and isotope ratio), m/z 502 abundance (isotope abundance and isotope ratio),
EMV, repeller voltage, ion focus voltage, entrance lens voltage/offset, and AMU
gain/offset. This data was extracted from the autotune file records of Chemstation and
analysed for reproducibility, robustness, and correlation using SPSS (version 14.0; SPSS
Inc., USA). In addition, the tune data was reduced from n = 288 to n = 178 according to
isotope ratio and EMV stipulations to represent only viable tunes (“corrected” data).
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Stipulations for tune acceptance were as follows: m/z 70/69 isotope ratio 0.5–1.6 %, m/z
220/219 isotope ratio 3.2–5.4 %, m/z 503/502 isotope ratio 7.9–12.3 %, EMV < 2500.

6.2.5 Internal standard applicability
In this analysis, derivatised MAD5 (m/z 258) was used as the internal standard for SIM
quantitation of derivatised amphetamine, methamphetamine, ephedrine, pseudoephedrine,
and PMA. Derivatised MDMAD5 (m/z 258) was used for the SIM quantitation of
derivatised MDA, 4MTA, MDMA, MDEA, MBDB, and 2CB. From abundance data for
the primary tuning fragments (m/z 69, 219, 502), interday regression models were
averaged and used to predict relative abundances at the target ions of m/z 121 (PMA
HFBTA) and m/z 135 (MDAHFBTA) versus the respective internal standard standards at
m/z 258. Derivatised PMA and MDA were considered because they are the only analytes
with target ion mass substantially dissimilar to the internal standards. This then allows an
estimation of interassay variation over the tune mass calibration range, particularly the
deviation exhibited around m/z 219.

In addition, it offers valuable insight into the

contribution of the mass spectrometer autotuning to the robustness of the quantitative
amphetamines method over an extended period of routine analysis (including preventative
maintenance of the instrument).

6.3 RESULTS AND DISCUSSION
6.3.1 Examination of tune data
As described above, two data sets were used to examine mass spectrometer robustness and
the correlation between instrument parameters: “all tune data” (n = 288) and “corrected
data” (n = 178). Inclusion of all tune data allows for an indication of the effects of
correlation between mass spectrometer parameters, as well as providing insights into the
influence of instrument maintenance on response. In reducing the data set to n = 178, a
true estimation of variation in absolute abundance can be assessed. In the assessment of
variation, it should be noted that CV by definition is the ratio of the sample standard
deviation to the sample mean (expressed as a percentage).
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6.3.1.1 Statistical analysis: All tune data
One of the primary aims of this study was to record variation around m/z 219 and m/z 502
in autotuning. From qualitative and statistical analysis of the full data set (n = 288; Table
6.1, Figure 6.1), it has been demonstrated that the parameters with significant variation
observed (i.e. CV > 20%) include the following: m/z 69 isotope abundance (57.5% CV
with effect on isotope ratio), m/z 219 abundance (31.0% CV with effect on isotope
abundance), m/z 502 abundance (35.1% CV with effect on isotope abundance and isotope
ratio), entrance lens voltage (142.9% CV), and repeller voltage (36.9% CV). All other
parameters exhibited < 20% CV. It is this variation that then provides some basis for
positive or negative statistical correlation between parameters. This will be expanded
upon in section 6.3.1.3.

6.3.1.2 Statistical analysis: Omission of poor tune data
Upon the omission of poor tune data (i.e. tunes that would render the instrument
unacceptable for forensic analysis or indicate the need for preventative maintenance such
as source cleaning), an accurate reflection of instrument ruggedness and its potential
influence on analytical method robustness may be discerned. Again, based upon the
isotope ratio and EMV specifications stated previously, the data set was reduced to n =
178 for approximately one year of routine analysis on a nondedicated instrument. In the
corrected data (Table 6.1, Figure 6.2), variation in the m/z 69 isotope abundance was
significantly reduced, bringing it to a more appropriate level (17.0% CV). The other
parameters showed some reduction in variation, however, those that had exhibited > 20%
CV in the full data set remained above this level. This change around m/z 69 is interesting,
and offers insight in terms of mass spectrometer tune robustness and parameter
correlation. This will be expanded upon later in this section.
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Table 6.1: Statistical analysis of tune data

Parameter
m/z 69 abundance
m/z 69 isotope
abundance
m/z 69 isotope ratio
m/z 219 abundance
m/z 219 isotope
abundance
m/z 219 isotope ratio
m/z 502 abundance
m/z 502 isotope
abundance
m/z 502 isotope ratio
m/z 219/69 ratio
m/z 502/69 ratio
EMV (V)
AMU gain
AMU offset
Entrance lens
(mV/amu)
Entrance lens offset (V)
Ion focus (V)
Repeller (V)

All Tune Data (n = 288)
Average
SD
%CV
398805
64402
16.2

After Correction (n = 178)
Average
SD
%CV
413254
47800 11.6

5699
1.43

3275
0.79

57.5
55.2

5066
1.22

860
0.15

17.0
11.9

187465

58014

31.0

196325

51111

26.0

8218
4.37
22443

2618
0.55
7869

31.9
12.6
35.1

8612
4.36
21850

2246
0.31
6898

26.1
7.2
31.6

2365
10.67
47.05
5.77
2057
1997
123

892
2.25
13.13
2.34
353
14
3

37.7
21.1
27.9
40.5
17.1
0.7
2.5

2237
10.23
47.52
5.27
1937
1999
123

756
1.10
11.22
1.43
204
11
3

33.8
10.7
23.6
27.2
10.5
0.6
2.5

6.31
20.30
88.8
4.37

9.01
3.95
3.8
1.61

142.9
19.5
4.3
36.9

4.11
19.24
88.2
4.22

5.48
2.56
4.5
1.62

133.2
13.3
5.1
38.3
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Figure 6.1: Cluster graphs for all tune data (n = 288)
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Figure 6.2: Cluster graphs for corrected tune data (n = 178)
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6.3.1.3 Statistical correlation between parameters
The determination of correlation is accompanied with a caveat: correlation should not be
interpreted as a definitive causal relationship, but as a statistical tool to examine the
pattern consistency between data sets (e.g. positive or negative linear correlation). As a
general rule, as correlation approaches the value of 1, the pattern relationship is viewed as
strong. In addition, statistical significance values should be provided to support whether
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the correlation values are due to chance. In this study, bivariate correlation was calculated
with Pearson correlation coefficients and twotailed significance using SPSS statistical
software. From this, several of the following correlation values were determined to be
between 0.2 and 0.4, indicating slight to moderate correlation (with statistical significance
defined as p < 0.05).

This suggests a general stability in the instrument autotune

performance and less pronounced changes amongst MSD parameters.

Repeller
If the repeller voltage is too low, poor sensitivity should lead to observable poor high mass
response. Conversely, higher repeller voltages result in poor low mass response. In
addition, the repeller settings can be used in adjusting the relative abundance of one mass
to another mass. Therefore, fluctuations in repeller voltage may be reflected in the total
tune data at m/z 69 and 502 abundance and in the relative ratios of m/z 69, 219, and 502 to
each other. In Table 6.1, the average repeller voltage is observed to be 4.37 ± 1.61 V
(36.9% CV) with little change upon omission of the poor tune data. Correlation data for
the repeller to m/z 69 abundance is statistically insignificant (p > 0.05), and against m/z
502 abundance, the correlation is negative and does not exceed a value of 0.275 for the
corrected data set (p < 0.05; Table 6.2). This suggests a minor correlation between repeller
voltage and response at higher mass, more so than at m/z 69.

Ion focus
Poor ion focus adjustment may result in poor high mass response. Additionally, ion focus
can be used to adjust the relative abundance of one mass to another mass. Therefore,
fluctuations in ion focus voltage may be reflected in the total tune data at m/z 69 and 502
and in the relative ratios of m/z 69, 219, and 502 to each other. However, as seen in Table
6.1, the ion focus voltage remains stable in the system at 88.8 ± 3.8 V (4.3% CV) with
little change upon omission of poor tune data. As a result, there is no reflection of
correlation of ion focus and m/z 69 or 502 abundance as no values exceed 0.1 (positive or
negative; p > 0.05; Table 6.2).
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Table 6.2: Correlation of select tune parameters
All Tune Data (n = 288) After Correction (n = 178)
Parameter 1
Parameter 2
m/z 69 ab
EMV
m/z 219 ab
EMV
m/z 502 ab
EMV
EMV
AMU gain
EMV
AMU offset
EMV
Entrance lens
EMV
Entrance lens offset
EMV
Repeller
Entrance lens
Entrance lens offset
m/z 69 ab
Entrance lens
m/z 502 ab
Entrance lens
Entrance lens offset m/z 69 ab
Entrance lens offset m/z 502 ab
m/z 69 ab
Repeller
m/z 502 ab
Repeller
m/z 69 ab
Ion focus
m/z 502 ab
Ion focus
m/z 69 ab
m/z 69 isotope ab
m/z 69 ab
m/z 69 isotope ratio
m/z 69 isotope ab m/z 69 isotope ratio
m/z 219 ab
m/z 219 isotope ab
m/z 219 ab
m/z 219 isotope ratio
m/z 219 isotope ab m/z 219 isotope ratio
m/z 502 ab
m/z 502 isotope ab
m/z 502 ab
m/z 502 isotope ratio
m/z 502 isotope ab m/z 502 isotope ratio
m/z 69 ab
AMU gain
m/z 219 ab
AMU gain
m/z 502 ab
AMU gain
m/z 69 ab
AMU offset
m/z 219 ab
AMU offset
m/z 502 ab
AMU offset
m/z 219/69
Repeller
m/z 502/69
Repeller
m/z 219/69
Ion focus
m/z 502/69
Ion focus
m/z 219/69
Entrance lens
m/z 502/69
Entrance lens
Entrance lens offset m/z 219/69
Entrance lens offset m/z 502/69

Correlation r (p)
0.476 (0.000)
0.440 (0.000)
0.019 (0.751)
0.253 (0.000)
0.103 (0.082)
0.388 (0.000)
0.612 (0.000)
0.089 (0.130)
0.217 (0.000)
0.159 (0.007)
0.055 (0.348)
0.376 (0.000)
0.080 (0.178)
0.051 (0.384)
0.123 (0.037)
0.049 (0.411)
0.004 (0.949)
0.278 (0.000)
0.031 (0.598)
0.952 (0.000)
0.958 (0.000)
0.022 (0.706)
0.216 (0.000)
0.875 (0.000)
0.163 (0.005)
0.294 (0.000)
0.142 (0.016)
0.200 (0.001)
0.150 (0.011)
0.028 (0.640)
0.041 (0.485)
0.096 (0.103)
0.217 (0.000)
0.050 (0.394)
0.070 (0.236)
0.043 (0.468)
0.400 (0.000)
0.082 (0.163)
0.140 (0.017)
0.338 (0.000)

Correlation r (p)
0.031 (0.684)
0.290 (0.000)
0.063 (0.403)
0.071 (0.349)
0.211 (0.005)
0.303 (0.000)
0.311 (0.000)
0.111 (0.140)
0.303 (0.000)
0.126 (0.093)
0.133 (0.078)
0.009 (0.907)
0.074 (0.324)
0.023 (0.762)
0.275 (0.000)
0.059 (0.437)
0.051 (0.498)
0.712 (0.000)
0.052 (0.489)
0.734 (0.000)
0.944 (0.000)
0.051 (0.501)
0.274 (0.000)
0.952 (0.000)
0.015 (0.843)
0.310 (0.000)
0.174 (0.020)
0.009 (0.905)
0.349 (0.000)
0.179 (0.017)
0.231 (0.002)
0.298 (0.000)
0.397 (0.000)
0.304 (0.000)
0.097 (0.198)
0.088 (0.243)
0.343 (0.000)
0.093 (0.215)
0.311 (0.000)
0.105 (0.163)
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Entrance lens and offset
Increasing the entrance lens voltage can increase the abundance at high mass but decrease
the abundance of low mass ions. As well, entrance lens and offset can be used to adjust
the relative abundance of one mass to another mass. In addition to the repeller and ion
focus, fluctuations in entrance lens and offset voltages may be reflected in the total tune
data at m/z 69 and 502 and in the relative abundances of m/z 69, 219, and 502.

It is immediately observed that there is considerable fluctuation in entrance lens voltage at
6.31 ± 9.01 mV/amu (142.9% CV) and that the offset remains relatively stable at 20.30 ±
3.95 V (19.5% CV) (Table 6.1). As a result, there is a relatively higher correlation
observed between the entrance lens/offset and the m/z 69 abundance versus the m/z 502
abundance, with only the data against m/z 69 being statistically significant at p < 0.05
(entrance lens: 0.159; offset: 0.376; Table 6.2). As seen particularly with the offset, this
correlation of 0.376 reflects the stated correlation that adjustments of the entrance lens
may inversely affect the abundance of the low mass ions. This is supported in that
correlation becomes negligible upon omission of the poor tune data; the value of 0.376
for the entrance lens offset and m/z 69 abundance is reduced to 0.009 in the corrected data
set, which reflects stability in the working system.

AMU gain and offset
Peak widths are adjusted by using AMU gain and offset: AMU gain has the greatest effect
at high mass while AMU offset may have an equal effect across the entire mass range. As
a result of peak width adjustment, amplitude can be affected as well as abundance.
Therefore, it is possible that changes to AMU gain and offset may be observed in the
absolute abundances for m/z 69, 219, and 502. However, as can be seen in Table 6.1, the
AMU gain and offset remained stable throughout all tunes at 1997 ± 14 (0.7% CV) and
123 ± 3 (2.5% CV) with little change upon omission of the poor tune data.

Irrespective of this stability, there is some merit to the data supporting the stated
correlation.

As seen in Table 6.2, the correlation values for AMU gain versus the

abundances are similar apart from m/z 502 showing a negative relationship (m/z 69 =
0.142; m/z 219 = 0.200; m/z 502 = 0.150; p < 0.05). With the data set reduced to reflect
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only acceptable tunes, the greatest correlation is observed at the higher m/z 502 mass (
0.349; p < 0.05). As for offset, the difference in correlation is not statistically significant
overall across the masses in the total tune data set (m/z 69 = 0.028; m/z 219 = 0.041; m/z
502 = 0.096; p > 0.05). This may be expected as AMU offset should affect the entire
mass range roughly the same. The correlation and significance improve with omission of
the poor tune data, but remains similar over the masses apart from m/z 502 being slightly
higher again (m/z 69 = 0.179; m/z 219 = 0.231; m/z 502 = 0.298; p < 0.05).

EMV
EMV is an indicator of sensitivity, and therefore can affect absolute abundance for all
masses, m/z 69 in particular. In the total tune data set, EMV remained relatively stable at
2057 ± 353 V (17.1% CV), but variation significantly reduced upon omission of tune data
with EMV >2500 V (1937 ± 204 V; 10.5% CV) (Table 6.1). With all tunes included,
there is a moderate relationship apparent with EMV and both the m/z 69 and 219
abundance (0.476 and 0.440 respectively, p < 0.05; with effect on isotope abundance),
while correlation with m/z 502 abundance is negligible (0.019, p > 0.05) (Table 6.2). As
the greatest relationship should be seen in the absolute abundance of m/z 69, this is
supported by the significant reduction to a correlation of 0.031 upon omission of poor
tune data.

This change signifies stability in the system when the instrument (and

autotuning) is working effectively. Interestingly, the relatively slight reduction in
correlation for m/z 219 abundance from 0.440 to 0.290 upon omission of poor data
reflects the higher degree of variation around this mass. This point is again the driving
consideration around the internal standard applicability that will be discussed later in
section 6.3.2.

Relative mass abundance
In the total tune data set, it is demonstrated that there is a significant degree of variation
for m/z 219/69 and m/z 502/69 (27.9%, 40.5% CV) that improves marginally upon
omission of poor tune data (23.6%, 27.2% CV) (Table 6.1). These values again show the
degree of interday fluctuation in abundance around these higher masses that may be
inherent of the system.
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As described above, the repeller, ion focus, entrance lens, and entrance lens offset can be
used to adjust the relative abundance of one mass to another, and therefore changes may
be reflected in the ratios of m/z 69, 219, and 502 to each other. In examining correlation
in the corrected data set, there appears to be some degree of relationship in the repeller
voltage, entrance lens voltage, and entrance lens offset on the abundance ratio of m/z
219/69 (0.397, 0.343, 0.311 respectively, p < 0.05; Table 6.2); these values either
improved or stayed relatively the same from the total tune data set (0.217, 0.400, 0.140
respectively).

In examining m/z 502/69 in both the total and corrected data sets,

correlation for the repeller voltage increases (0.304 from 0.050, p < 0.05), stays similar
for the entrance lens (0.093 from 0.082; statistically insignificant at p > 0.05), and
decreases for the offset (0.105 from 0.338; p > 0.05 from p < 0.05). Overall, while these
correlation values are not strong, this is consistent with the notion that fluctuations in
repeller voltage, entrance lens, and offset may affect relative response over increasing
mass. As for ion focus adjustment, there is little correlative information on the relative
abundance ratios as there was little effect observed in terms of m/z 69 and m/z 502
abundance; the correlation values were < 0.1 and statistically insignificant (p > 0.05) in
both the full tune data set and upon correction.

m/z 69, 219, and 502 (and isotope) abundance and isotope ratio
In the full tune data set, there was acceptable variation seen in m/z 69 abundance (16.2%
CV) and significant variation observed for m/z 219 and 502 (31.0%, 35.1% CV; Table
6.1). As a result of poor tune adjustments, this had an effect on the related isotope
abundance and ratio.

As the omission of tune data was based upon isotope ratio

specifications, these values obviously improved upon correction of the data set. However,
the variation in m/z 69 isotope abundance vastly improved upon omission (from 57.5% to
17.0% CV) as evidence of the effects of EMV on sensitivity. For m/z 219 and 502 (and
isotope) abundances, there is little change upon omission signifying that variation will
exist around these masses regardless of tune status.

This higher deviation around m/z 219 and 502 is also evident when comparing the
relationships between ion abundance, isotope abundance, and isotope ratio (Table 6.2). In
the total tune data set, there is a slight correlation between m/z 69 ion abundance and m/z
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69 isotope abundance (0.278, p < 0.05), with the isotope abundance being the primary
predictor of isotope ratio (r = 0.952, p < 0.05). These two values correct to 0.712 and
0.734 upon omission of the poor tune data demonstrating influence of the system on
variation at low mass. This is not the case for m/z 219 and m/z 502, however; there is
stronger correlation between the ions and their respective isotope abundances (m/z 219 =
0.958; m/z 502 = 0.875; p < 0.05) that do not significantly change upon omission of the
poor tune data. Also, it is observed in both cases that the isotope abundances are not as
strong in predicting the isotope ratio (m/z 219 = 0.216; m/z 502 = 0.294; p < 0.05). As
well, these values do not change significantly upon data correction. The variation
observed around these masses in a working system is the reason for examining influence
of the tune on robustness of the quantitative amphetamines method. There will be some
degree of variation interday when using quantitative target ions over this mass range, to
be discussed in the following sections.

6.3.2 Internal standard applicability
The underlying question in this examination is whether the variation around m/z 219
abundance in tuning may be reflected in interday quantitative analysis using target ions of
m/z 121 (PMAHFBTA) and m/z 135 (MDAHFBTA) versus derivatised internal standard
ions at m/z 258 (MAD5 and MDMAD5). To assess this, a model was proposed to
examine the data set while remaining independent of the influence that extraction
efficiency may play on ion abundance. In plotting daily tune abundance versus mass for
m/z 69, 219, and 502 respectively, the average slope and intercept of the instrument
response across the mass axis could be determined. Then, theoretical abundances for m/z
121, 135, and 258 could be interpolated from the line equation. With this estimation of
interday variation from these target ion abundances, influence on robustness could be
gauged as an additional contribution to the uncertainty of the method.

6.3.2.1 Theoretical model
Initially, it can be seen in Table 6.3 that there was little change in the data upon omission
of the poor tune results; however, for this study only the corrected data (n = 178) will be
discussed as it is directly relevant to routine analysis.

211

Chapter 6: MS Robustness

Table 6.3: Summary of interday regression for m/z 69, 219, and 502 abundance and
predicted mass abundance at m/z 258, 121, and 135
All Tune Data (n = 288)

After Correction (n = 178)

Mass curve
(m/z 69, 219, 502)
Slope
yintercept
correlation r
2
r

Avg.
832
422018
0.96
0.923

SD
138
70801
0.04
0.074

%CV
16.6
16.8
4.2
8.1

Avg.
867
438692
0.96
0.932

SD
99
53832
0.04
0.066

%CV
11.4
12.3
3.7
7.1

Theoretical Abundance
m/z 258 (MAD5, MDMAD5)
m/z 121 (PMA)
m/z 135 (MDA)

207342
321337
309688

37137
54697
52859

17.9
17.0
17.1

215098
333828
321695

29981
42399
41097

13.9
12.7
12.8

From the data, it can be seen that there was acceptable interday variation in the slope (
867; 11.4% CV), intercept (438692; 12.3% CV), and correlation (r2 = 0.932; 7.1% CV).
It is important to note that the average correlation indicates that the system operates in a
relatively nonlinear fashion around m/z 219.

From statistical analysis on the interday line equations, the theoretical abundance is
calculated to be 333828 at m/z 121 (12.7% CV), 321695 at m/z 135 (12.8% CV), and
215098 at m/z 258 (13.9% CV). From this, two points may be noted: Firstly, on a non
dedicated instrument, the overall system is very robust considering that this data set
reflects multiple detector source changes; secondly, even when the system is working
optimally, up to 14% variation at these ion abundances may be observed over an extended
time period.

6.3.2.2 Example of data from extracted samples
For this study, five batch analyses over six months (representing eleven extraction dates
and 22 replicates) were analysed for variation in abundance for the tune ions (m/z 69, 219,
502) and abundance for the target ions m/z 121 (PMAHFBTA), m/z 135 (MDAHFBTA),
m/z 258 (MAD5HFBTA), and m/z 258 (MDMAD5HFBTA). These five batch dates
cover five tunes, one of which exhibited a low m/z 502 isotope ratio (7.29) and one which
exhibited a high m/z 502 isotope ratio (13.93). In these two cases, the analyst has the
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option of routine maintenance or proceeding with analysis given that the target ions have
significantly different mass; the analyst should then monitor the system and adjust
accordingly through preventative maintenance. With this in mind, they are included here
to aid in assessment of robustness.

For the five tunes described above, there was 6.3% variation observed for m/z 69
abundance (412326), 28.6% for m/z 219 (221811), and 36.6% for m/z 502 (25032). These
values are notably similar to the averages listed in Table 6.1, and do not significantly
improve upon omission of the tunes with m/z 502 isotope ratios that were out of range.

For sample analysis, 500 ng/mL specimens were extracted according to the procedure
described in the previous experimental section. In this case, all four analytes exhibited
variation in abundance > 30% over the 22 replicates (MAD5 = 15499285 at 36.6% CV;
PMA = 18252437 at 36.2% CV; MDMAD5 = 6590652 at 35.4% CV; MDA = 10209694
at 39.0% CV). These abundances are considerably larger than those exhibited in the tune.
This makes a direct comparison difficult because factors such as extraction efficiency will
have an impact. Variation in abundance from day to day due to the extraction process is
expected irrespective of contribution from the tune, and necessitates the use of I.S. ratios
of target ion abundances to internal standards when quantitation is performed. The ratios
should remain relatively consistent interday, and is the reason why QC sample
concentrations are often monitored for system robustness. However, sole use of the ratios
will mask changes in the instrument performance in terms of sensitivity and abundance,
and may merely reflect degradation or improper preparation of the QC specimen, poor
analyst technique, or other circumstances.

The interday variation in abundance from the tune settings compared with each analyte is
not obviously reflected in a simple ratio, particularly as such is normalised intraday. It is
demonstrated in this data that the PMA/MAD5 ratio (at 500 ng/mL) is reproducible at
1.19 ± 0.16 over 22 replicates (13.5% CV). In the case of MDA/MDMAD5 (at 500
ng/mL), the ratio is reproducible at 1.55 ± 0.32 (20.4% CV) over 22 replicates, which
corrects to 1.50 ± 0.20 (13.3% CV) upon omission of an obvious outlier (ratio = 2.66). So
while it is difficult to assess the true contribution of abundance discrepancies due to mass
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spectrometer autotuning, particularly as routine analytical data is normalised per analysis,
the fact remains that it may contribute in cases of elevated variation when measuring
method robustness. Irrespective of any contribution from the tune, which again was
demonstrated to potentially vary up to 14% in abundance around the target ions interday,
it has been shown that the use of these particular deuterated internal standards is
acceptable for the routine quantitation of PMA and MDA.

6.4 CONCLUSIONS
The findings from this study suggest that the overall ruggedness of GC/MS instrument
autotuning precludes any strong demonstration of correlation between the tune parameters
and performance. The relationships between EMV, repeller, entrance lens/offset, ion
focus, and AMU gain/offset versus ion abundance did not approach correlation near 1.0 as
hoped. However, the effect of EMV on sensitivity and m/z 69 absolute abundance was
fairly clear in the reduction of the correlation value upon omission of poor tune data (from
0.476 to 0.031). These relationships would perhaps be more discernible using manual
tune MSD adjustments.

Another aim was to determine the variation, if any, in abundance from MSD autotuning
around the target ions used for the quantitation of PMA (m/z 121) and MDA (m/z 135)
versus their respective internal standards, MAD5 and MDMAD5 (m/z 258). From inter
day regression models of the tune data (abundance versus mass at m/z 69, 219, and 502),
predicted abundances at m/z 121, 135, and 258 exhibited up to 14% CV when the tune
dictated that the system is functionally acceptable for forensic analysis. This did not
translate appropriately to the extracted sample data due to significantly higher abundances
observed; coincidentally, however, there was similar variation noted in ratios of analyte to
internal standard (PMA/MAD5 = 13.5% CV; MDA/MDMAD5 13.3% CV).

It therefore remains difficult to assess the true contribution of abundance discrepancies
due to mass spectrometer autotuning, particularly as routine analytical data is normalised
with the use of the I.S. ratio. In any case, it remains that the use of MAD5 and MDMA
D5 are appropriate for the quantitation of PMA and MDA, and that interday fluctuations
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in abundance from MSD autotuning may assist in explaining elevated deviations when
measuring method robustness in terms of abundance.

6.5 FUTURE DIRECTIONS
Several interesting considerations have arisen from this effort. Firstly, it would be of
benefit to clearly demonstrate how changes in MSD parameters can affect response,
particularly how the adjustment of the entrance lens/offset, the repeller, and the ion focus
can improve relative mass abundance. This could be accomplished by using manual
tuning of the MSD and documenting response. This study focused on autotuning, as it is
largely the recommended tune to maximise sensitivity in routine analysis (Agilent
Technologies, Inc., 2004).

Another direction would be to modify the extracted sample study to closer approximate
the abundances and parameters from the tune (e.g. EMV) and monitor results for any
significance. Being able to demonstrate a reproducible contribution of the tune to variation
in the analytical method would be of benefit in explaining ruggedness or uncertainty
values and would allow for additional instrument optimisation.

Finally, it may be of benefit to consider such influences on any other analytical methods
requiring comparison between target ion and internal standards that span the tuning mass
range. This again may offer insight when gauging method robustness over time or
instrument maintenance.

6.6 THE EMERGENCE OF UPLC™: MOVING LC TOWARDS GC
RESOLUTION
Chapters 5 and 6 have examined methods for the isolation of amphetaminetype
substances from oral fluid with confirmation using GC/MS. To be acceptable for analysis
by GC, it is understood that a compound must have at least 1 torr vapour pressure at 300
°C or below and be stable in the vapour phase (Stafford, 2003). Several organic
compounds, such as amphetaminetype substances, may not satisfactorily meet these
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criteria and are therefore subject to the additional time and resources required for sample
derivatisation (as discussed in Chapters 1 and 5).

Such compounds alternatively may be analysed using LC, and relatively recent
advancements in the reliability of LC/MS interfaces have provided the sensitivity and
reproducibility required for routine forensic and toxicological analysis (Bogusz, 2000a;
Cody, 2003). Hoja et al. (1997) reported that approximately 70% of compounds can be
handled using LC, however GC remains cheaper and simpler (Stafford, 2003).

In

addition, GC has maintained significantly higher resolution due to column length and
composition in comparison with the traditional HighPerformance LC systems.

With such a variety of compounds amenable to direct analysis using LC (i.e. without
derivatisation), a paradigm shift in the analytical community was predicted. Seeking the
development of LC system technologies capable of significantly improved resolution,
sensitivity, and analysis time, highperformance LC has evolved into UltraPerformance™
or ultra fast LC. Chapter 7 will discuss the use of this emergent technology, and culminate
in a comprehensive comparison of UPLC™/MS with GC/MS for the separation,
identification, and throughput analysis of amphetaminetype substances and designer
analogues.
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A demonstration of the use of Ultra
Performance™ liquid chromatography–mass
spectrometry [UPLC™/MS] in the determination
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forensic and toxicological analysis
Journal of Chromatography B, 836 (2006) 111–115
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substances, designer analogues, and ketamine
using UltraPerformance™ liquid
chromatography–tandem mass spectrometry
[UPLC™/MS/MS]
Rapid Commun. Mass Spectrom., 20 (2006) 2259–2264

A comparison of atmospheric pressure chemical
ionization [APCI] and electrospray ionization
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Rapid Commun. Mass Spectrom., 20 (2006) 2777–2780
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The following chapter sections appear largely as published in the Journal of
Chromatography B and in Rapid Communications in Mass Spectrometry (Appendix).

7.1 TITLE: A DEMONSTRATION OF THE USE OF ULTRAPERFORMANCE™
LIQUID CHROMATOGRAPHY–MASS SPECTROMETRY (UPLC™/MS) IN
THE DETERMINATION OF AMPHETAMINETYPE SUBSTANCES AND
KETAMINE FOR FORENSIC AND TOXICOLOGICAL ANALYSIS

7.1.1 Introduction
It is only within the last decade that the use of traditional highperformance liquid
chromatography–mass spectrometry (HPLC/MS) has been readily accepted by the
practical working toxicology laboratory for throughput analysis. Relatively recent
advances, notably the use of atmospheric pressure ionization (API) techniques such as
electrospray ionisation (ESI) and atmospheric pressure chemical ionisation (APCI), have
now promoted the widespread use of LC/MS as an analytical tool (Bogusz, 2000a; Cody,
2003). Since review articles by Maurer (1998) and Marquet and Lachâtre (1999), the
number of publications directly relevant to applications in forensic and clinical toxicology
has increased, mainly with a focus on improvements in separation and identification
relative to GC/MS.

Hoja et al. (1997) noted that nearly 70% of everyday samples

encountered in toxicological laboratories can be handled using LC, and the advantages of
LC have been well described, particularly the capabilities in analysing polar or
thermolabile compounds without requiring derivatisation (Bogusz et al., 2000a; Rittner et
al., 2001; Marquet et al., 2003; Wood et al., 2003a).

As discussed in Chapter 1, the desire for significantly reduced analysis times with
increased sample throughput, sensitivity, and resolution has recently resulted in the
development of ultra fast separations and identification using LC/MS techniques (Agilent
Technologies, Inc., 2005; Yu et al., 2005). Termed UltraPerformance™ liquid
chromatography (UPLC™) or ultra fast liquid chromatography, the improvements in such
parameters are largely due to advancements in the particle size and bridging structure of
the column packing, though complemented by additional instrumental modifications
(Henderson, 2005; Waters Corporation, 2005).
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The Acquity UPLC™ instrument (Waters Corporation, USA) is an example of a
commercially

available

UPLC™

system

with

full

instrument

modifications:

advancements in the solvent delivery module, in combination with the column technology,
allow the Acquity to run routinely at pressures up to 15000 psi; the Acquity sample
manager has been modified to inject down to 1 µL using a needleinneedle probe; and,
the UPLC™ photodiode array and tunable UVVis detectors have been modified
accordingly in terms of increased sampling rate and detector cell dispersion (Waters
Corporation, 2004a). At the center of the advancements is the column, which utilises
pressuretolerant 1.7 µm hybrid particles containing a bridged ethylsiloxane/silica
structure (BEH) (Waters Corporation, 2004b). It is the combination of these technological
developments that produce increased sensitivities and improved peak resolution, while
significant reductions in analysis time provide the rapid throughput desirable to the
working laboratory. Recent publications examining its application in drug discovery and
metabolism have been produced demonstrating the improvements in sensitivity,
resolution, and analysis time (Plumb et al,, 2004; CastroPerez et al., 2005; O’Connor et
al., 2006; Yu et al., 2006), and have also included the separation of the common Ephedra
alkaloids ephedrine and pseudoephedrine (Churchill et al., 2005). However, few studies
to date have examined the separation of common and novel illicit amphetaminetype
substances and designer analogues often encountered in the forensic laboratory in solid
state form or in biological specimens.

Therefore, as this technology should be of significant practical advantage to the
forensic/postmortem toxicology laboratory, the system was initially tested with a
polydrug

reference

standard

containing

several

amphetaminetype

substances:

amphetamine, methamphetamine, MDA, MDMA, MDEA, ephedrine, pseudoephedrine,
and phentermine. This polydrug standard also contained phenylethylamine, a commonly
encountered putrefactive amine indicative of decomposition (Oliver & Smith, 1973;
Oliver et al., 1977; Eichorst, 1991; Paterson, 1993). In addition to the standard mix, a
whole blood extract reflective of the high toxic range observed in forensic/postmortem
toxicology was evalutated. This sample contained amphetamine, methamphetamine,
MDA, MDMA, phenylethylamine, and ketamine, the latter of which was included due to
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its increasing occurrence in designer drug street samples (Wang et al., 2005a). From
analysis of these two reference solutions, a demonstration of the new UPLC™ technology
is provided, as well as an indication of any potential in improvements in analysis time,
peak separation, and identification power when coupled to mass spectrometry.

7.1.2 Experimental
7.1.2.1 Standards, reagents, and sample preparation
Amphetamine, methamphetamine, MDA, MDMA, MDEA, ephedrine, pseudoephedrine,
phentermine, and phenylethylamine (hydrochloride salts) were obtained from the National
Measurement Institute (Sydney, Australia), and a combined methanolic stock solution was
prepared in a concentration of 10 µg/mL. 4 µL of this stock was then injected on the
Acquity system (approximating 40 ng of each drug of interest injected).

In addition, a whole blood sample was spiked with amphetamine, methamphetamine,
MDA, MDMA, phenethylamine, and ketamine for a final concentration of 2 µg/mL.
Extraction of this sample was then performed using an Oasis MCX solid phase extraction
column (60 mg, Waters Corporation, USA) by the following procedure: 2 mL of 100 mM
sodium phosphate buffer (pH 6.0) was added to the 1 mL of spiked blood, followed by
vortexmixing and centrifugation. The column was conditioned with 3 mL methanol, 3
mL deionised water, and 1 mL phosphate buffer. The sample was introduced to the
column, allowed to pass, then followed by 3 mL deionised water, 1 mL 0.1 M acetic acid,
and 3 mL methanol. The column was then dried under vacuum at approximately 5 psi for
10 minutes, then elution performed using two 1 mL fractions of 10% ammonium
hydroxide in methanol. 5 µL of this was injected on the Acquity system. No concentration
step was performed, leading to approximately 5 ng of each drug injected assuming 100%
recovery.

7.1.2.2 UPLC™ Conditions
The column used was Waters UPLC™ BEH C18 (2.1 ´ 50 mm), with the target
temperature set at 40 °C. The Waters Acquity TUV single wavelength detector was
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programmed for analysis at 254 nm. The mobile phase used for the Waters Acquity
UPLC™UV and MS system was aqueous pyrrolidine (0.5 mL glacial acetic acid and 1.0
mL pyrrolidine in 500 mL reagent grade water) and methanol under isocratic conditions
(flow rate 0.4 mL/min; 50:50 for methanolic standard; 52:48 for whole blood extract).

7.1.2.3 MS Conditions
A Waters Micromass Quattro Micro API mass spectrometer instrument (data analysis
software MassLynx V4.0) was used in positive electrospray ionisation mode. Nitrogen
was used as the drying gas. Desolvation gas flow was 648 L/hr, and cone gas flow was
maintained at 58 L/hr. Desolvation temperature was 445°C and source temperature was
119°C. Observed capillary and cone voltages were 3510 V and 22.83 V, respectively
(note: improved response was observed for MDA using a cone voltage of 50 V, therefore
this parameter was included for MDA in the range for the whole blood extraction analysis
program; similarly, 15 V was used for amphetamine).

7.1.3 Results and Discussion
The injection of the polydrug reference standard showed favourable separation and
acceptable peak resolution with regard to the concentration injected (Figure 7.1a), and it
was observed that all eight amphetaminetype substances separated in less than 2.5
minutes under the 50:50 isocratic conditions. While analytical methods using MS and
MS/MS have been described for such substances with individual peak retention times
ranging from 1.5 minutes to 13 minutes (Bogusz et al., 1997; Bogusz et al., 2000b; Rittner
et al., 2001; Wood et al., 2003a), none of these exhibit both the peak separation and total
analysis time observed here from a drug mixture by both tunable UV detection and
selected ion recording (SIR). This is strong indication of the potential of UPLC™ to
significantly reduce analysis time while promoting baseline separation for these
licit/prohibited drug compounds.
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Figure 7.1: (a) Selected ion recording (SIR) chromatograms of a methanolic drug poly
standard containing eight amphetaminetype substances with phenylethylamine
putrefactive marker ([M+ H]+ ions monitored are in right hand margin; isocratic 50:50
aq. pyrrolidine:methanol at 0.4 mL/min); (b) Selected ion recording (SIR)
chromatograms of four amphetaminetype substances, phenylethylamine, and ketamine
from extracted whole blood (baseline at zero, nonlinked vertical axes; isocratic 52:48
aq. pyrrolidine:methanol at 0.4mL/min)
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The individual SIRs for each of the eight substances are shown in Figure 7.1a, in addition
to that of the decomposition marker, phenylethylamine. Note that the protonated
molecular ions ([M+H]+) monitored are indicated along the right margin of the SIR
chromatograms. From the elution order and approximate peaktopeak resolution (Table
7.1), the observed potential for coelution interference appears minimal under the applied
instrument conditions and sample concentration.

Table 7.1:
Retention times and peaktopeak (PtP) resolution of ephedrine,
phenylethylamine, pseudoephedrine, MDA, amphetamine, MDMA, phentermine,
methamphetamine, MDEA, and ketamine (by elution order)
Retention Time
Approximate PtP
(min)
Resolution
Peak
Next Peak
Methanolic polydrug standard (isocratic 50:50 aq. pyrrolidine:methanol at 0.4 mL/min)
Ephedrine
0.79
Phenylethylamine
1.0
Phenylethylamine
0.87
Pseudoephedrine
0.5
Pseudoephedrine
0.91
MDA
2.1
MDA
1.07
Amphetamine
1.7
Amphetamine
1.20
MDMA
3.6
MDMA
1.56
Phentermine
2.1
Phentermine
1.72
Methamphetamine
1.2
Methamphetamine
1.81
MDEA (2.38 min)
3.8
Whole blood extract (isocratic 52:48 aq. pyrrolidine:methanol at 0.4 mL/min)
Phenylethylamine
0.93
MDA
3.3
MDA
1.18
Amphetamine
2.2
Amphetamine
1.35
MDMA
5.6
MDMA
1.77
Methamphetamine
2.7
Methamphetamine
2.04
Ketamine (2.38 min)
3.4
Approximate baseline peaktopeak resolution was calculated from R = (trb - tra) /
(1/2)(Wba + Wbb), where tr is retention time and Wb is peak width at base; the value of 1.0
indicates 10% overlap, and 1.5 illustrates complete resolution of two peaks of equal size
(Stafford, 2003). From these results, the resolution of the phenylethylamine putrefactive
base (0.87 min) indicates potential concentrationdependent coelution with either
ephedrine (0.79 min) or pseudoephedrine (0.91 min), but it is unlikely this would interfere
with mass spectral identification in a forensic toxicological case with the use of selected
ion recording. Similarly, there is partial coelution of phentermine (1.72 min) and
methamphetamine (1.81 min) observable at m/z 150. This potential quantitation
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interference could be alleviated with the use of an optimised gradient in the circumstance
that these two compounds are encountered in a toxicological specimen.

In the analysis of the extracted whole blood sample (Figure 7.1b), the change in isocratic
conditions (from 50% to 52% aq. pyrrolidine) caused an expected shift in the separation of
the five compounds (phenylethylamine, MDA, amphetamine, MDMA, metham
phetamine). Again, there was favourable separation and resolution taking into account
concentration considerations, as indicated by the SIRs (Table 7.1, Figure 7.1b). Note that
ketamine is observable in less than 2.5 minutes as well. Thus, while there is potential for
ketamine to coelute with MDEA when using UV detection, there are markedly discernible
fragmentation patterns in the mass spectral data that would allow positive identification
and quantitation of both. Should coelution of ketamine and MDEA be observed in a
toxicological or forensic chemistry case utilising only UV detection (e.g at 254 nm),
altering the isocratic conditions or employing an optimised gradient too would likely
correct this. Also, it should be noted that a major fragment from ketamine occurs at m/z
180, the ion used for the identification and quantitation of MDA. This is observable as the
peak at 2.37 minutes in the MDA SIR of Figure 7.1b. From the separation using the stated
conditions, this ketamine artefact does not interfere with the identification of MDA in any
way, but could possibly be used as a secondary confirmation for the presence of ketamine.
Therefore, from the data for the extracted whole blood specimen, the UPLC™ conditions
again indicate favourable separation, sensitivity, and resolution when challenged with the
task of toxicological interpretations of therapeutic to toxic drug levels.

With peak widths (Wp) ranging from 0.1–0.2 min in both the methanolic polydrug
standard and the whole blood extract, the improved resolving power of UPLC™ is evident
in reference to the total run time. The initial peak to final peak analysis time in the case of
the standard solution is 1.75 min, providing a separation range of 5–11 peaks based on a
resolution factor of 1.5 for complete baseline separation [calculated as 1.75/(1.5*Wp)].
Resolving power for the whole blood extract is similar at 7–10 peaks in 1.60 min. One
could then imagine the further power of the UltraPerformance™ instrumentation when
considering adjustments to column length and run time.
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7.1.4 Conclusions
These trials of the UltraPerformance™ technology have demonstrated the potential of
rapid separation and identification of illicit drugs such as amphetaminetype substances.
Analysis has indicated prospective gains in sensitivity and resolution, with a strong
illustration of the reduction in time of analysis. The ability to separate and identify eight
amphetaminetype substances and ketamine in less than three minutes with acceptable
baseline resolution is a powerful tool providing opportunity to increase the throughput of
the working toxicology laboratory without sacrificing the quality of the analysis.
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7.2 TITLE: PRODUCT ION MASS SPECTRA OF AMPHETAMINETYPE
SUBSTANCES, DESIGNER ANALOGUES, AND KETAMINE USING ULTRA
PERFORMANCE™
LIQUID
CHROMATOGRAPHY–TANDEM
MASS
SPECTROMETRY (UPLC™/MS/MS)

7.2.1 Introduction
The use of liquid chromatography coupled to mass spectrometry has become widely
accepted in routine toxicological analysis, as demonstrated in recent studies and reviews
(Hoja et al., 1997; Maurer, 1998; Marquet & Lachâtre, 1999; Bogusz, 2000a; Marquet et
al., 2003). Tandem or series mass spectrometry, MSn, has also emerged from research
studies, where it has historically been used to elucidate chemical structures, to its place in
practical throughput analysis.

With regards to toxicological testing, tandem mass

spectrometry has demonstrated significant advantages in sensitivity and selectivity in
comparison with single quadrupole methods (Wood et al., 2003a; Wood et al., 2003b;
Hendrickson et al., 2004), and the ability to initially isolate the molecular ion of the drug
compound of interest all but eliminates the chance of interference, most notably that
which may arise from chromatographically coeluting peaks (Cody, 2003).

Of the many mass spectrometer scan modes available, one of the more common
applications is that of the product ion scan. The product ion scan, or “daughter” scan,
consists of selecting a precursor (“parent”) ion of a specific masstocharge ratio, and
determining the product (“daughter”) ions that result from collisioninduced fragmentation
(CID) (de Hoffman & Stroobant, 2001). This type of tandem MS analysis, which was the
mode employed in this demonstration, is often performed using a triple quadrupole mass
analyser. In this case, the first quadrupole serves to isolate the desired ion for further
analysis (often the molecular ion), the second quadrupole functions as the collision cell for
CID, and the third quadrupole effectively separates the product ions, producing a daughter
ion mass spectrum (Silverstein et al., 2005). This then provides more indepth, valuable
information for the identification of compounds, offering more confidence than that
provided from the use of the single quadrupole analyser.
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Therefore, with the benefits of improved selectivity and lower limits of quantitation, the
continued development of LC/MS/MS systems is predicted. Recently, the use of Ultra
Performance™ LC was reported as an alternative to traditional, or highperformance,
systems (section 7.1). The advantages that UPLC™ offers (e.g. increased sensitivity and
resolution, improved throughput from significantly reduced analysis times) center on
advancements in the particle size and bridging structure of column packing, with
complementary instrumental modifications (Agilent Technologies, Inc., 2005; Henderson,
2005; Waters Corporation, 2005). The Acquity UPLC™ instrument (Waters Corporation,
USA) is a commercially available system that proposes marked improvements in analysis
speed and peak separation. In promoting this, the Acquity system utilises advanced
column chemistries (pressuretolerant 1.7 µm bridged ethylsiloxane/silica hybrid particles
[BEH]) and modified fluidics which can routinely perform at pressures up to 15000 psi,
and features reduced sample injection requirements, fast cycle times, and improvements in
UVVis or diode array detector sampling rates and cell dispersion (Waters Corporation,
2004a; Waters Corporation, 2004b). Coupling of the Acquity system to a triple quadrupole
mass spectrometer, or in the case of this study, the Micromass Quattro Micro API mass
spectrometer (quadrupolehexapolequadrupole; Waters Corporation, USA), could then
allow the analyst to benefit from the quality throughput of UPLC™ and the identification
power of MS/MS.

Traditional LC/MS/MS analysis for the separation and identification of drugs of abuse has
been described (Decaestecker et al., 2003; Marakilova & Weinmann, 2004; Wood et al.,
2004; Wood et al., 2005), as well as the studies performed by Wood et al. (2003a) and
Hendrickson et al. (2004) for the analysis of amphetaminetype substances. However, at
this time, limited published information exists on the use of, and improvements associated
with, UPLC™/MS/MS. Yu et al. (2006) described a comparison of UPLC™/MS/MS
with HPLC/MS/MS for the separation of five drugs (ibuprofen, alprazolam, naproxen,
prednisolone, diphenhydramine) and found that UPLC™ demonstrated improved
sensitivity, sharper peaks, and faster separation. Similarly, this was demonstrated by
Churchill et al. (2005) for the analysis of a wide variety of compounds, including Ephedra
alkaloids.

With an interest in the separation and identification of amphetaminetype

analogues, it is beneficial to apply the UPLC™/MS/MS technique in the analysis of such
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drugs.

The implications of the use of amphetaminetype substances and their designer analogues
have been widely described in the literature. Several publications have addressed the
epidemiology, metabolism, and toxicological analysis of drugs such as amphetamine,
methamphetamine, MDA, and MDMA (Cox & Williams, 1996; Moeller et al., 1998;
Christophersen, 2000; Kalant, 2001; Logan, 2001; Patel et al., 2004). Traditional
HPLC/MS and HPLC/MS/MS analysis for such drugs has also been described in recent
papers (Bogusz et al., 1997; Bogusz et al., 2000b; Rittner et al., 2001; Wood et al., 2003a;
Hendrickson et al., 2004; Herrin et al., 2005; Krawczeniuk, 2005; Smyth, 2005; Zumwalt
& Moore, 2006). Therefore, these drug compounds have been included in this study as
reference for the results obtained from the UPLC™/MS/MS technology. Also included,
due to its increasing occurrence in street drug samples, is ketamine, which has been
discussed in recent HPLC/MS/MS studies (Krawczeniuk, 2005; Herrin et al., 2005; Wang
et al., 2005a).

It was also of benefit to examine three novel amphetaminetype substances whose
incidence in the testing laboratory is sporadic. PMA may be misrepresented as MDMA,
and is known to be responsible for several fatalities (Buchanan & Brown, 1988; Noggle et
al., 1989; LoraTamayo et al., 1997; Byard et al., 1998; Felgate et al., 1998; Kraner et al.,
2001; Martin, 2001; Mortier et al., 2002a; Krawczeniuk, 2005). Another unpredictable
analogue associated with fatalities is 4MTA, which has been described in several
publications, including development of an HPLC/MS/MS method for toxicological
analysis (Poortman & Lock, 1999; Elliott, 2000; Decaestecker et al., 2001; De Letter et
al., 2001; Elliott, 2001). Lastly, a third drug associated with fatalities that was included in
this study was MBDB, for which misuse and analysis of has been discussed in literature
(Nichols, 1986; Kronstrand, 1996; Furnari et al., 1998; Carter et al., 2000; Maurer et al.,
2000; Kraemer & Maurer, 2002; Aalberg et al., 2003; Concheiro et al., 2005;
Krawczeniuk, 2005; Nordgren et al., 2005).

In summary, the aims of this study were twofold: (1) to present a demonstration of the
reduced analysis times characterising the use of UPLC™/MS/MS in drug analysis; and,
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(2) to provide a reference for UPLC™/MS/MS spectral data for amphetaminetype
substances, designer analogues, and ketamine under the stated instrumental conditions.

7.2.2 Experimental
7.2.2.1 Drug standards
Amphetamine, methamphetamine, MDA, MDMA, PMA, 4MTA, MBDB, ketamine, and
phenylethylamine (hydrochloride salts) were obtained from the National Measurement
Institute (Sydney, Australia), and concentrated methanolic stock solutions were prepared
and injected (conentrations noted in Figures 7.2, 7.4, 7.5).

7.2.2.2 UPLC™ Conditions
The column used was the Waters UPLC™ BEH C18 (2.1 ´ 50 mm), with temperature
control programmed at 40 °C. Injection volumes ranged from 1–5 µL (Figures 7.2, 7.4,
7.5). The Waters Acquity TUV single wavelength detector was programmed for analysis
at 254 nm. The mobile phase used for the Waters Acquity UPLC™UV and MS system
was aqueous pyrrolidine (0.5 mL glacial acetic acid and 1.0 mL pyrrolidine in 500 mL
reagent grade water) plus methanol, and injections were analysed using both isocratic
(52:48 v/v aq. pyrrolidine:methanol at 0.4 mL/min) and gradient mobile phase conditions
(0.4 mL/min; 0–2.0 min 100:0 to 50:50, 2.0–4.0 min 50:50, 4.0–4.1 min 50:50 to 100:0,
Curve 6).

7.2.2.3 MS Conditions
A Waters Micromass Quattro Micro API mass spectrometer instrument (data analysis
software MassLynx V4.0) was used in positive electrospray ionisation mode for all
analyses. Nitrogen and helium were used as drying and collision gases, respectively. The
MS parameters (as imported from MassLynx experimental log files) observed are as
follows: capillary 3.51–3.52 kV; cone 20.88–23.08 V (47.50 for MDA); source
temperature 119–120 °C; desolvation temperature 446 °C; cone gas flow 57–59 L/hr;
desolvation gas flow 447–448 L/hr; collision 15.0 eV; multiplier 648–649 V. Where
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applicable, dwell time, interscan delay, and interchannel delay times were programmed
at 0.05 sec; cycle time was 0.38 sec.

7.2.3 Results and Discussion
The separation of amphetaminetype substances and ketamine using UPLC™/MS was
previously reported (section 7.1), and in the current study, injection of the polydrug
reference standard mix again showed favourable separation (Figure 7.2a). It was observed
that, in elution order, MDA, amphetamine, MDMA, methamphetamine, and ketamine
separated in less than 2.5 minutes. All peaks of interest were well resolved under the
isocratic conditions (52:48 v/v aq. pyrrolidine:methanol at 0.4 mL/min), and demonstrate
the potential of UPLC™ to provide rapid, quality separations.

Figure 7.2b shows

individual retention times and indicates separation of the novel analogues PMA, 4MTA,
and MBDB, each of which exhibited acceptable peak response at 254 nm. Note that 4
MTA exhibits a substantial response at 254 nm, which is consistent with previously
reported UV spectrum maxima (Moffat et al., 2004).

To compare the separation of the various amphetaminetype substances and ketamine
under isocratic conditions, an overlay of the UPLC™UV chromatograms of the eight
compounds is presented in Figure 7.2c, which illustrates the elution order, time of
analysis, and potential concentrationdependent coelution interference using UV detection
at 254 nm. From this, it was observed that under the current isocratic conditions, there
was adequate separation in less than 4 minutes for MDA, amphetamine, MDMA,
methamphetamine, and MBDB. With regards to potential interference, there is clear
possible coelution of 4MTA with ketamine at 2.37 minutes, and the position of PMA,
MDA, and amphetamine implies potential concentrationdependent coelution when
analysed at 254 nm. The use of an optimised gradient would provide better separation,
though this may be unnecessary as these substances exhibit different mass fragmentation.
Under these conditions, however, mass spectral scans of each did exhibit several
fragments at a consistent ratio which could indicate matrix or mobile phase influence (m/z
130, 139, 143, 153, 155, 224). Irrespective, the use of tandem mass spectrometry
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alleviates coelution or interference complications as unique precursor ions can be selected
at the first quadrupole.

To produce daughter, or product, ion scans to assist in the MS/MS identification of PMA,
4MTA, and MBDB, it was necessary to evaluate the efficacy of the protonated molecular
ion, or [M+H]+, to produce adequate fragmentation under the stated conditions. The
selection of [M+H]+ m/z 166 was demonstrated to be satisfactory for MS/MS analysis of
PMA. As well, m/z 208 was shown to be optimal for the tandem MS analysis of MBDB.
For 4MTA, the ion m/z 165 provided an improved response over [M+H]+ m/z 182 and
other primary fragments under the stated conditions, therefore it was selected for further
analysis. This fragment at m/z 165 is consistent with fragmentation of the molecular ion
m/z 182 as observed in a prior study (Decaestecker et al., 2001).

With the selection of m/z 166, 165, and 208 for PMA, 4MTA, MBDB respectively, the
key daughter fragments useful for confirmative identifications are presented (Figure 7.3).
Note that incomplete fragmentation of m/z 165 for 4MTA has been observed.

For

reference comparison, UPLC™/MS/MS product ion fragmentation of amphetamine,
methamphetamine, MDA, MDMA, and ketamine was also investigated. For this, gradient
conditions were used, and favourable separation and resolution was achieved for the five
substances in a total analysis time of less than four minutes (Figure 7.4). Using multiple
reaction monitoring (MRM), the separation of MDA, amphetamine, MDMA,
methamphetamine, and ketamine are adequately resolved under these conditions, and
UPLC™ allows the separation of the five compounds within 1.5 minutes from elution of
the first peak of interest. This is again a demonstration of the capability of UPLC™ to
significantly reduce analysis time and increase throughput. For reference, and to satisfy
additional needs for confirmative identification, Figure 7.3 also provides MS/MS product
ion information for these more commonly encountered compounds. Note that as 4MTA
(m/z 165), MDMA ([M+H]+ m/z 194), and ketamine ([M+H]+ m/z 238) show incomplete
fragmentation with the current MS/MS instrumental parameters, these precursor ions
could be further fragmented with adjustment of the MS system parameters if determined
necessary for the confirmation of these analytes.
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Figure 7.3: Acquired product ion mass spectra for PMA, 4MTA, MBDB, MDA,
amphetamine, MDMA, methamphetamine, and ketamine (precursor ions used for
analysis are indicated in right margin)
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Figure 7.4: Multiple reaction monitoring chromatograms for MDA, amphetamine,
MDMA, methamphetamine, and ketamine ([M+ H]+ and primary product ion transitions
used for analysis are indicated in right margin; axes nonlinked; gradient conditions at
0.4 mL/min; 2 µL of 100 µg/mL solution injected)
Lastly, phenylethylamine, a putrefactive amine commonly encountered in forensic/post
mortem toxicological analysis (Oliver & Smith, 1973; Oliver et al., 1977; Eichorst, 1991;
Paterson, 1993), was investigated as it may interfere with compounds of interest. While
not necessarily of concern when using tandem mass spectrometry, phenylethylamine is
observed by UV or diode array detection. Therefore, the MS/MS information in Figure
7.5 is provided as an aid in identifying an unknown peak suspected as phenylethylamine
in postmortem toxicological specimens.
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Figure 7.5: Ion chromatogram for product ion scan at m/z 122 and acquired mass
spectrum for phenylethylamine, a common putrefactive amine (gradient conditions at
0.4 mL/min; 5 µL of 339 µg/mL solution injected)

7.2.4 Conclusions
These trials of UltraPerformance™ technology have indicated the practical advantages of
using UPLC™ coupled to tandem mass spectrometry as an analytical tool for the
identification of amphetaminetype drugs of abuse and ketamine. This study has exhibited
acceptable peak separation and identification, as well as a significant reduction in the
overall time of analysis. The system was demonstrated to be capable of rapidly identifying
several amphetaminetype substances, novel designer analogues, and ketamine in less than
four minutes, in addition to gaining product ion mass spectra. As a result, the opportunity
to increase both the throughput and identification confidence in the working laboratory is
realised through use of UPLC™/MS instrumentation.
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7.3 TITLE: A COMPARISON OF ATMOSPHERIC PRESSURE CHEMICAL
IONISATION (APCI) AND ELECTROSPRAY IONISATION (ESI) IN TESTING
FOR AMPHETAMINETYPE SUBSTANCES AND KETAMINE USING ULTRA
PERFORMANCE™ LIQUID CHROMATOGRAPHY–MASS SPECTROMETRY
(UPLC™/MS)

7.3.1 Introduction
As previously discussed, the development of reliable ESI and APCI interfaces in the
coupling of liquid chromatography to mass spectrometry is regarded as the primary reason
LC/MS systems have grown to be commonplace in the working toxicology laboratory
(Bogusz, 2000a). Again, while both interfaces have proven to be sensitive and robust, the
ESI interface remains the more widely used in toxicology and therapeutic drug
monitoring, allowing for sensitive determination of analytes with higher molecular
masses, such as proteins, and those with high polarity, such as conjugated drug
metabolites (Maurer, 1998; Marquet & Lachâtre, 1999; Waters Corporation, 2002). APCI
was developed as an alternative for the analysis of lipophilic compounds and molecules of
generally moderate mass, polarity, and volatility (Hoja et al., 1997; Cody, 2003; Fischer &
Perkins, 2005), and has been reported to have reduced susceptibility to matrix effects
(Lambert, 2004) and ion suppression (King et al., 2000).

With significant overlap in applicability for the analysis of controlled or prohibited
substances, the use of ESI and APCI has been reported in several recent studies. Using
either ESI or APCI, the determination of licit substances and drugs of abuse such as
cocaine and opiates has been described (Bogusz et al., 1998; Wood et al., 2003b;
Marakilova & Weinmann, 2004; Wood et al., 2004; Zhu et al., 2005). Of particular
interest is the ionisation behaviour of amphetaminetype substances and designer
analogues, with consideration of their molecular mass and volatility. LC/MS and
LC/MS/MS procedures using ESI or APCI have been published for the analysis of these
drugs, including amphetamine, methamphetamine, MDA, and MDMA (Bogusz et al.,
1997; Bogusz et al., 2000b; Decaestecker et al., 2001; Rittner et al., 2001; Wood et al.,
2003a; Hendrickson et al., 2004; Churchill et al., 2005; Nordgren et al., 2005; Wood et
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al., 2005). While both ionisation interfaces have proven reliable, efforts to document a
comparison in response would be of benefit to the analytical community.

The separation of selected amphetaminetype substances, novel analogues, and ketamine
was recently reported utilising the newly developed Acquity UPLC™ instrument with
both single quadrupole and tandem mass spectrometric analysis (sections 7.1, 7.2). As
described, the UltraPerformance™ instrumentation allows for rapid separation of these
compounds in less than four minutes with acceptable resolution and potential
improvements in sensitivity. Coupling with the Micromass Quattro Micro API mass
spectrometer instrument permitted selected ion recording (SIR) and multiple reaction
monitoring (MRM) for analyte identification. In these studies, positive ESI was used in
all analyses. While the response for each of the target analytes was acceptable at varying
concentrations using the ESI interface, it was of benefit to directly compare results from
injection of a polydrug reference standard using both ESI and APCI under identical
UPLC™ conditions.

Using a reference methanolic stock solution containing known equal concentrations of
amphetamine, methamphetamine, MDA, MDMA, and ketamine, the aim of this study was
to measure any differences in peaktopeak signaltonoise ratios (S/N PtP) of extracted
ion chromatograms for each of the protonated molecular ion species ([M+H]+). While
several other factors must be considered in the selection of an ionisation procedure,
including ion suppression and total recovery, the signaltonoise ratio is an important
indicator. In addition, the matrix (e.g. from sample extraction) can have a significant
influence on the ratio, and must be considered for inhouse validation of the method. In
this procedure, analysis of the methanolic stock solutions provides a fundamental base
study for comparison of the ionisation methods, and calls attention to the potential
advantages of either interface for future studies. From interpretation of the data, the
objective was to report any improvement in response and signal quality in preferentially
using either ESI or APCI, and to provide a reference for the justification of using either
ionisation source in the routine analysis of these drug compounds.
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7.3.2 Experimental
7.3.2.1 Drug standards
Amphetamine, methamphetamine, MDA, MDMA, and ketamine (hydrochloride salts)
were obtained from the National Measurement Institute (Sydney, Australia), and a
combined methanolic stock solution was prepared at a concentration of 100 µg/mL. This
stock solution was diluted further with aqueous pyrrolidine mobile phase (1:1 v/v), and 4
µL was injected on the UPLC™ (concentration injected to approximate 200 ng).

7.3.2.2 UPLC™ Conditions
The column used was the UPLC™ BEH C18 (2.1 x 50 mm; Waters Corporation, USA)
with temperature control at 40 °C. The Waters Acquity TUV single wavelength detector
was programmed for analysis at 254 nm. The mobile phase for the Waters Acquity
UPLC™–UV and MS system was aqueous pyrrolidine (0.5 mL glacial acetic acid and 1.0
mL pyrrolidine in 500 mL reagent grade water) plus methanol under gradient program
conditions (0.4 mL/min; 0.0–2.0 min 100:0 to 50:50 v/v aq. pyrrolidine:methanol, 2.0–4.0
min 50:50 v/v, 4.0–4.1 min 50:50 to 100:0 v/v; Curve 6).

7.3.2.3 MS Conditions
A Micromass Quattro Micro API mass spectrometer instrument (Waters Corporation,
USA) was used under full scan acquisition with both positive ESI and positive APCI.
Data analysis was performed using MassLynx V4.0 operating software (Waters
Corporation, USA). Nitrogen was used as the drying and nebulization gas for ESI and
sheath gas for APCI analyses (Note: as per APCI, the LC mobile phase acts as the reagent
gas). Mass spectrometer parameters for ESI and APCI are as follows (as imported from
MassLynx experimental log files): ESI–capillary 3.51 kV, cone 23.08 V, source
temperature 120 °C, desolvation temperature 446 °C, cone gas flow 58 L/hr, desolvation
gas flow 447 L/hr, multiplier 648 V; APCI–corona 8.29 uA, cone 23.08 V, source
temperature 119 °C, desolvation temperature 544 °C, cone gas flow 49 L/hr, desolvation
gas flow 547 L/hr, multiplier 648 V. For both APCI and ESI, scanning mass range was
m/z 130 to 250, and cycle time, scan duration, and interscan delay were 0.15, 0.10, and
0.05 (secs) respectively.
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7.3.2.4 Calculating SignaltoNoise (PtP S/N)
To quantitatively determine the degree to which the peak response is improved by the use
of either ESI or APCI , the peaktopeak signaltonoise ratio (S/N PtP) was determined
for all five compounds (MDA, amphetamine, MDMA, methamphetamine, ketamine)
utilising the statistical feature in the MassLynx V4.0 operating software.

This was

performed on the extracted [M+H]+ ion chromatogram for each of the compounds by
selecting the representative peak width at approximately 50% abundance and
representative baseline sections for 0.5 minutes either preceding or following the target
peak.

7.3.3 Results and Discussion
In this study, rapid separation of the amphetaminetype substances was again achieved in
less than four minutes utilising gradient programming on the UPLC™ (Figure 7.6). From
this figure, is can be seen that a stronger peak response is achieved for MDA, MDMA,
methamphetamine, and ketamine using the APCI interface versus ESI.

A summary of S/N ratios are presented in Table 7.2, as well as the calculated percent
increase in S/N response for the use of APCI versus ESI. The results indicate that for four
of the five drug compounds (MDA, MDMA, methamphetamine, ketamine), the use of
APCI increased the peak signaltonoise by over 100%. While the peak responses were
consistently improved for methamphetamine ([M+H]+ m/z 150), MDMA ([M+H]+ m/z
194), and ketamine ([M+H]+ m/z 238) by 122%, 152%, and 106% respectively, the most
remarkable increase under these instrumental conditions was for MDA ([M+H]+ m/z 180),
which exhibited an S/N ratio increase from 8.81 to 43.44 (or nearly 400%).
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Figure 7.6: Overlays of extracted ion chromatograms for amphetamine ([M+H]+ m/z
136), methamphetamine ([M+H]+ m/z 150), MDA ([M+H]+ m/z 180), MDMA ([M+H]+
m/z 194), and ketamine ([M+H]+ m/z 238) using positive electrospray and atmospheric
pressure chemical ionisation (baseline at lowest point, vertical axes linked; UPLC™
gradient conditions at 0.4 mL/min)
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Table 7.2: Summary of signaltonoise ratios (peaktopeak) observed for positive
electrospray and atmospheric pressure chemical ionization modes using ultra
performance™ liquid chromatographymass spectrometry (UPLC™/MS)
Drug
Amphetamine
Methamphetamine
MDA
MDMA
Ketamine

ESI S/N PtP

APCI S/N PtP

29.34
315.17
8.81
371.32
367.02

22.90
700.25
43.44
934.57
756.00

% Improvement of
APCI over ESI
22
122
393
152
106

In the analysis of amphetamine ([M+H]+ m/z 136) using the stated APCI conditions, the
S/N response decreased by 22% in comparison with that of ESI. However, the
significance of this change may be regarded as slight due to the difference in the
calculated S/N values (22.90 for APCI, 29.34 for ESI). In the analysis of
methamphetamine, MDA, MDMA, and ketamine, all differences were considerably more
pronounced, and the improvement in both spectral response and quality are discernible in
the data analysis (Figure 7.6). The response for all five drug compounds, and particularly
those of amphetamine and MDA, could be further enhanced through optimisation of
conditions involving the mobile phase system and/or inlet source parameters, and applied
to subsequent quantitative analyses using selected ion recording. Nevertheless, when using
LC/MS in full scan analysis, such as in the general unknown screening analysis of
toxicological specimens, it may be of benefit to routinely incorporate APCI to increase the
likelihood of detection of low level amphetaminetype substances, ketamine, and similar
compounds.

From this information, the advantages of APCI have been demonstrated for the analysis of
these drug compounds of moderate molecular mass and volatility. Again, however, it
should be stressed that matrix may have a significant influence on signal, and that the
matrix routinely analysed should be included in future comparisons (e.g. blood, urine, oral
fluid extracts). Irrespective, for toxicological analysis of amphetaminetype substances
and ketamine, it could be advantageous to utilise the APCI interface to improve response,
primarily in the case of lowlevel metabolites. In this case, while ESI still proved to be
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applicable, the use of APCI comparatively exhibited minimal difference in amphetamine
response and marked improvement in response for MDA, the principal metabolites used in
confirmative identification of methamphetamine and MDMA use. Considering the
improvements under these experimental conditions, it is therefore suggested that the use
of APCI may be preferable in the LC/MS determination and quantitation of these drugs
and other related compounds when encountered in the laboratory.

7.3.4 Conclusions
This study has demonstrated the benefit of using the APCI interface in the analysis of
amphetaminetype substances, designer analogues, and ketamine. Although ESI provided
adequate peak response for all of the target analytes, the observation that APCI showed
comparative

improvement

in

signaltonoise

response

by

over

100%

for

methamphetamine, MDA, MDMA, and ketamine is a powerful demonstration of the use
of this ionisation technique for compounds of moderate mass, polarity, and volatility.
While this evaluation was performed using the newer UPLC™ instrumentation, it still
reflects the general LC/MS ionisation behaviour of these substances under both APCI and
ESI conditions, and provides a valuable reference for the justification of ionisation
technique in routine analysis.

7.5 CONCLUSIONS: COMPARING UPLC™/MS TO GC/MS
From the data presented above, it has been demonstrated that UPLC™/MS provides rapid
separation and identification of illicit drugs such as amphetaminetype substances,
designer analogues, and ketamine in less than five minutes. In addition, UPLC™/MSn
provides further confidence in detection with the use of precursor to production
transitions.

As discussed in Chapters 1 and 6, the development of UPLC™ evolved from the desire to
improve the resolution, sensitivity, and analysis time of LC separations. From section 7.1,
UPLC™/MS demonstrated a resolving power of 7–10 peaks in 1.60 min from a whole
blood sample extracted using copolymeric SPE. Similarly, upon examining the GC/MS
TIC separation observed in Chapter 5 (Figure 5.2), the initial peak to final peak analysis
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time is 5.5 min, providing a separation resolution of approximately 18–36 peaks based on
a factor of 1.5 for complete baseline separation [calculated as 5.5/(1.5*Wp) with peak
widths ranging from 0.1–0.2 min].

Comparably, if examining 1.60 min in GC/MS,

resolution translates to approximately 5–10 peaks in this separation time. This is an
excellent result, demonstrating that the technological advancements in UPLC™ have in
fact brought LC resolution in line with that of GC.

With this in mind, further advantages of UPLC™/MS are revealed. In the GC/MS SIM
analysis of oral fluid (Chapter 5), the method has been demonstrated to effectively
separate

HFBTA

derivatives

of

amphetamine,

methamphetamine,

ephedrine,

pseudoephedrine, PMA, 4MTA, MDA, MDMA, MDEA, MBDB, and 2 CB.

Prior

studies (not shown) on whole blood samples also demonstrated the effective separation of
HFBTA derivatives of phenylethylamine (7.01 min; m/z 104, 91, 169) and phentermine
(7.26 min; m/z 254, 132, 91), in addition to amphetamine (7.10 min), methamphetamine
(8.07 min), ephedrine (8.54 min), pseudoephedrine (8.93 min), MDA (9.97 min), MDMA
(10.87 min), and MDMA (11.21 min). Separation of all of these compounds occurred in
less than 13 min, however GC/MS temperature ramp programming results in a 22 min
total analysis time. If confirming the 1269 amphetaminespositive samples from 2001–
2005 (Chapter 2), this would require at least 465.3 hours of separation time.

When considering analysis using UPLC™/MS/MS, the method proved capable of
identifying phenylethylamine, amphetamine, phentermine, methamphetamine, ephedrine,
pseudoephedrine, PMA, 4MTA, MDA, MDMA, MDEA, MBDB, and ketamine in a total
analysis time of 5 min (note: 2CB was not available at the time of analysis therefore the
retention time is unknown). This translates to 105.8 hours of separation time, or 22.7% of
that utilised by GC/MS analysis. Considering comparable resolution between the two
technologies, this is a substantial improvement in analysis time that has considerable (and
favourable) implications for laboratory throughput.

In addition, six toxicology cases received from 2001–2005 indicated recreational use of
the drug ketamine. Ketamine was not analysed in the GC/MS method reported in Chapter
5, and it is hypothesised that the HFBTA derivatisation step would be marginally useful in

243

Chapter 7: UPLC/MS and UPLC/MS/MS

enhancing GC/MS Scan or SIM response. In Chapter 7, however, the extraction method
has proven useful for the separation and identification of ketamine in addition to the
various amphetaminetype substances (Figure 7.1). This is particularly beneficial, as this
verifies that the same procedure could be utilised in confirming the 1269 toxicological
specimens containing amphetamines and those containing the anaesthetic.

Lastly, while no cases submitted to ACTGAL in 2001–2005 contained the designer drug
4MTA, both the GC/MS and UPLC™/MS methods were capable of successfully
identifying it. Peters et al. (2003b) reported a validated method for the screening and
identification of HFBTAderivatised 4MTA using GC/MS, however the conditions
reported in Chapter 5 did not result in robust quantitation.

Nevertheless, the SIM

conditions did allow for positive identification using the SPE–GC/MS method.
Conversely,

the

response

for

4MTA

using

simultaneous

UPLC™–UV

and

UPLC™/MS/MS was significantly strong (Figure 7.2), and again reinforces the potential
benefits of validating a consolidated UPLC™ amphetamines method for screening and
quantitation.

7.6 FUTURE DIRECTIONS
In the context of this research, it would be useful to optimise a reducedvolume extraction
technique in conjunction with the use of LC/MS/MS. As discussed in Chapter 5, the
sensitivity and specificity of MS(/MS) could allow extracted samples to be analysed with
direct injection of minimised elution volumes onto the LC/MS system. Considering the
implementation of UPLC™, analytical throughput could be even further improved with
reductions of both sample preparation and separation time. That said, it would again be of
further benefit to assess various biological matrices (in addition to oral fluid) for reduced
volume extraction efficiency.

Regarding the use of either ESI or APCI ionisation in LC/MS, newer technological
developments have evolved allowing simultaneous positive and negative ESI and APCI.
In effect, this results in four mass spectrometer channels further documenting the
ionisation and fragmentation behaviour of drugs under specified conditions. Such
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instrumental capabilities provide a tremendous amount of information and additional
confidence in identification. Irrespective of this technology, it would be of interest to
comparatively study other drug classes in addition to the amphetamines and ketamine in
terms of using ESI or APCI ionisation, particularly as this research demonstrated such an
improvement with use of the latter (section 7.3).

It is therefore an exciting time in terms of developments in separation science, particularly
in the use of LC/MS for toxicological screening and quantitation. As the UPLC™/MS
instrumentation becomes more widely used, it is anticipated that more comprehensive
drug screening procedures will be reported in the literature. The continued cataloguing
and standardisation of acidic, basic, neutral, and amphoteric drug behaviour utilising
LC/MS will be of significant benefit to the toxicology community, and adaptability to
UltraPerformance™ or ultra fast LC will further enhance the confidence, analytical
throughput, and efficiency of the working laboratory.
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8.1 GENERAL DISCUSSION AND FUTURE DIRECTIONS
The principle aims of this research were to investigate the feasibility and practicality of
innovative approaches in the systematic toxicological analysis of amphetaminetype
substances and designer analogues. As described in the previous chapters, this included
efforts to develop a beadbased multiplex immunoassay platform (SBA), examination of
the efficiency of reducedvolume ionexchange centrifugal extraction (SpinSPE), and
separation and identification of drug compounds using rapid liquid chromatography
coupled to mass spectrometry (UPLC™/MSn).

Critical evaluation of the performance of these new technologies also required the
examination of established methodologies, including the application of ELISA
immunoassay screening, mixedmode SPE for sample preparation, and confirmation using
GC/MS. In effect, these efforts afforded the opportunity to assess parallel systematic
approaches comprised entirely of either the currently practiced technologies or the novel
procedures being investigated. A unique context of analytical requirements was provided
by the statistical survey of the incidence of amphetaminetype substances encountered by
a regional Australian forensic laboratory over a fiveyear time period.

It was also desirable to undertake original research that was in accordance with the present
interests of the toxicology community. As such, this research focused primarily on
applications that were both feasible and practical for the analysis of amphetaminetype
substances in oral fluid.

In addition, this work also examined the determination of

amphetamines in whole blood reflective of postmortem changes, which is a matrix of
historical concern due to potential interferences from endogenous compounds formed
during the putrefaction process.

By experimental design, this afforded the potential to contribute to the current literature
pool by introducing these novel technologies to the field of forensic toxicology and
providing expanded information for conventional procedures. The following sections
therefore summarise findings of this work and highlight future directions for research.
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8.1.1 Statistical survey of amphetaminetype substances in the Australian Capital
Territory and regional New South Wales 2001–2005
A statistical survey was undertaken to examine the amphetaminetype substances
encountered in an accredited forensic laboratory supporting the Australian Capital
Territory and regional New South Wales (submissions from 2001–2005; Chapter 2).
Compounds

surveyed

included

amphetamine,

methamphetamine,

ephedrine,

pseudoephedrine, phenylpropanolamine, phentermine, MDA, MDMA, MDEA, MBDB,
PMA, 4MTA, and 2CB. In addition, drug detection incidence was subdivided across five
distinct laboratory services: postmortem toxicology, forensic toxicological analysis, road
safety testing, alcohol and drug services (drug rehabilitation), and illicit drug testing
(forensic chemistry).

Focusing on toxicology specimens (thereby excluding forensic chemistry exhibits), it was
determined from this 5year period that 6683 samples required presumptive screening
(postmortem toxicology, 747; forensic toxicology, 329; road safety, 65; alcohol and drug
services, 5542). Of these cases, 1269 (19.0%) required confirmative analysis of
amphetaminetype substances (postmortem toxicology, 44; forensic toxicology, 49; road
safety, 13; alcohol and drug services, 1163). The case incidence of amphetamine (942),
methamphetamine (984), MDA (31), MDMA (45), MDEA (1), ephedrine (134),
pseudoephedrine (288), and phentermine (5) is therefore useful in the following
assessment of analytical parameters for the methodologies employed this research, to
include immunoassay specificity, extraction efficiency, chromatographic resolution,
overall resource efficiency, total analysis time, and laboratory throughput. As well, the
frequent and consistent toxicological detection of illicit amphetamines illustrates the
potential challenges faced by a regional forensic toxicological laboratory–this data
provides a unique snapshot into drug incidence of the region, which is significant when
considering a population just in excess of 300,000.

8.1.2 Presumptive screening of amphetaminetype substances: ELISA and SBA
The work presented in Chapter 3 demonstrated that the BioQuant Direct ELISA assays
for amphetamine or methamphetamine were rapid and reliable for the presumptive
screening of forensic samples for amphetaminetype substances and designer analogues.
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Standard curves for the assays in a phosphatebuffered saline matrix demonstrated sub
therapeutic detection limits of toxicological relevance (<3 ng/mL), and relative cross
reactivity confirmed the capability of detecting other illicit or designer amines in addition
to the target amphetamine or methamphetamine compounds. Studies of blood, urine, and
oral fluid matrices also demonstrated the ELISA kits to be effective for detection of
amphetamines at concentrations of 6 ng/mL or lower. In addition, low crossreactivity to
select putrefactive amines indicated the use of the BioQuant Direct ELISA kits to be
appropriate in the screening of postmortem/decomposed blood specimens.

To improve on the successes of ELISA, it was of significant value to develop an antibody
based model in which the separate amphetamine and methamphetamine immunoassay
platforms could be combined into a single, multiplex analytical scheme. Such a screening
tool could then be used to analyse the same sample volume for these drugs, and dependent
upon the success, could further incorporate other drug classes to comprise a powerful
immunoassay tool. In investigating method development options, the Suspension Bead
Array platform emerged from the field of immunology for this challenge. Of particular
merit, SBA technology is theoretically adaptable from an ELISA format while
maintaining (if not improving upon) sensitivity and selectivity.

As discussed in Chapter 4, the development of SBA for multiplex amphetamines analysis
proved a difficult and complex task, as efforts to combine the amphetamine and
methamphetamine immunoassay models into a multiplex bead assay exhibited a
significant degree of nonspecific crossreactivity. However, the merits of the presented
individual bead assays were demonstrated in that the models exhibited specificity
comparable to commercially available ELISA assay kits and linearity over a concentration
range of toxicological relevance (0–1000 ng/mL amphetamine or methamphetamine). In
addition, the results indicated the practical applicability of the individual bead assays for
both salinebased matrices and oral fluid.

The sensitivity and working range of ELISA was demonstrated as capable of detecting
down to 1 ng/mL of target analyte. However, due to saturation of the system at or above
therapeutic concentrations, the working linear range is considered negligible for
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quantitative toxicological purposes. In the SBA system, working antibody dilutions were
studied in an attempt to optimise the system over a more relevant toxicological range (0–
1000 ng/mL). In examining assay specificity, the SBA assays for amphetamine and
methamphetamine performed similarly to ELISA. Using the PBS matrix model, it was
observed that the amphetamine ELISA exhibited high crossreactivity with MDA (282%)
and phentermine (61%), while the methamphetamine ELISA showed crossreactivity with
MDMA (73%), MDEA (18%), ephedrine (9%), and pseudoephedrine (19%).

For

comparison, the SBA amphetamine assay exhibited significant crossreactivity with MDA
and phentermine again (71%, 10% respectively). The methamphetamine SBA system
revealed significant crossreactivity again with MDMA (93%), MDEA (39%), and
ephedrine (56%), and to a lesser extent, pseudoephedrine (6%), amphetamine (9%), MDA
(9%), and phentermine (8%). A positive outcome here is that the novel SBA systems
have exhibited similar analytical performance to that of the widelyaccepted ELISA
assays.

Other objectives in the development of SBA involved examination of resource efficiency
in comparison to ELISA. In order to screen the 6683 samples submitted from 2001–2005
(Chapter 2), it was determined that 146 plates would be required for each of the
amphetamine and methamphetamine ELISA assays. With an effective SBA multiplex
panel, this would still require 146 plates. However, in reviewing the SBA procedure,
there are significant reductions in both the volume of reagents needed and total analysis
time. Both ELISA and SBA required similar time for sample preparation and actual
analysis readings using the absorbance plate reader or BioPlex™ platform. However,
incubation time was significantly reduced in the SBA system, as only 146 hours would be
required to incubate each of the 146 plates at 60 min per plate. At 90 min incubation time
for ELISA, 438 hours would be required for incubation of both the amphetamine and
methamphetamine assays. In fact, even running individual amphetamines assays using
SBA would reduce total incubation time compared with ELISA. Time efficiency is a
desirable improvement in the working toxicology laboratory as throughput and sample
turnaround time for legal purposes is always of concern.

250

Chapter 8: General Discussion and Future Directions

The required sample volume of the assays is also of forensic significance.

It was

demonstrated that ELISA for both amphetamine and methamphetamine would require 40
µL of each sample for a total volume of approximately 268 mL. In the current SBA
system, 100 µL of each sample would be required (including replicates), or a total of 669
mL. Considering that the 268 mL in ELISA constitutes only two amphetamines assays, it
can be deduced that multiplex analysis would provide a substantial preservation of
forensic specimen; this same 669 mL of sample could be used to screen for up to 100
different drugs and/or metabolites in an optimised multiplex system.

Consequently, the individual SBA assays for amphetamine and methamphetamine have
showed promise with regards to working concentration range, specificity, and time and
resource efficiency. With regard to multiplex analysis, it would be of considerable interest
to actually observe and document the proposed conformational phenomena associated
with the complications of multiplexing these amphetamines. However, it remains that
there is no indication that difficulties with nonspecific antibody binding would occur with
other drug classes. Therefore, the best design to progress SBA analysis would be to
attempt the multiplex interaction of antibodies and conjugates for only methamphetamine
or amphetamine with those of other drugs or metabolites of interest such as cocaine,
benzoylecgonine, THC, opioids, PCP, and benzodiazepines. It is likely that the successes
of SBA would be much more evident in such experimentation. This is another benefit of
the SBA system–customisation.

Additionally, investigation of other viable detection options could significantly improve
the fluorescence response in the SBA system. This includes use of the phycoerythrin
label, but can also extend to the synthesis of fluorescent analogues of the drugs themselves
in efforts to minimise conformational problems associated with protein or other chemical
conjugations.

With time and resources, the continued development and optimisation of SBA will
progress. Technological innovations such as SBA will eventually permit customisable
systems capable of detecting hundreds of compounds from the same volume of sample,
providing a powerful tool for high throughput toxicological analysis.

251

Chapter 8: General Discussion and Future Directions

8.1.3 Sample preparation: mixedmode SPE and reducedvolume cation exchange
SpinSPE
Effective methods utilising both conventional mixedmode SPE and the novel centrifugal
ionexchange SpinSPE have been demonstrated in Chapter 5. From the observed results,
successful isolation and identification of amphetamine, methamphetamine, ephedrine,
pseudoephedrine, PMA, MDA, MDMA, MDEA, MBDB, and 2CB has been achieved
from an oral fluid matrix using both alternative extraction procedures.

One of the primary objectives of the development of SpinSPE was to develop an
extraction procedure requiring significantly less reagent and sample volume. In extracting
1 mL of oral fluid in the mixedmode SPE procedure, a working linear range was
observed (0–1000 ng/mL) with no significant matrix interference. Therefore, the
sensitivity and precision of the reported mixedmode SPE–GC/MS procedure could allow
for further reduction in sample volume or sample dilution. Alternatively, the SpinSPE
model demonstrated comparable extraction efficacy at onefifth the sample volume (200
µL), and the linear working range (0–2000 ng/mL) and sensitivity exhibited potential to
reduce sample volume even further.

This is of significant benefit in toxicological

applications such as roadside saliva testing, where the collection of saliva under duress or
substance use/abuse can be problematic.

Chapter 5 also explored the precision and robustness of GC/MS diagnostic ion
fragmentation for both the mixedmode SPE method and that of SpinSPE (target and
qualifier ions Q1 and Q2). From the results observed, it has been demonstrated that there
is insignificant deviation in the qualifier ion ratios across the two extraction procedures.
As such, these findings serve as a valuable reference in terms of expected ion ratios if
using either mixedmode SPE or SpinSPE with HFBTA derivatisation under these
GC/MS conditions.

This chapter also assessed the suitability of internal standards and found that use of
methamphetamineD5 may contribute approximately 4% to the methamphetamine
HFBTA Q2 m/z 118 ion ratio, while the use of MDMAD5 may contribute approximately
2% to that of MDMAHFBTA Q2 m/z 162. This information is particularly useful when
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interpreting results, considering that contribution from the internal standard could easily
skew the Q2 qualifier ion ratio for samples with low methamphetamine or MDMA
concentrations.

Internal standard suitability was also discussed in the work of Chapter 6, which examined
the mass spectrometer autotuning as it related to the robustness of the GC/MS method.
From models of the tune data, predicted abundances at m/z 121 (PMAHFBTA), 135
(MDAHFBTA),

and

258

(methamphetamineD5HFBTA,

MDMAD5HFBTA)

exhibited up to 14% CV even when the tune dictated that the system is functionally
acceptable for forensic analysis. While it proved difficult to assess the true contribution of
ion abundance discrepancies due to mass spectrometer autotuning, it was confirmed that
the use of methamphetamineD5 and MDMAD5 as internal standards is appropriate for
the respective quantitation of PMA and MDA.

Evaluation of the extraction procedures revealed the mixedmode SPE and SpinSPE
methods to be comparable with regard to procedural and analysis time. However, the
advantages of SpinSPE are reflected in the reduced sample and reagent volumes needed.
When considering the 1269 toxicology samples that required confirmation of
amphetaminetype substances (Chapter 2), the mixedmode SPE procedure could
potentially require up to 1269 mL of sample, over 7.6 L each of methanol and water (for
column conditioning and wash steps), over 5 L of phosphate buffer, and over 2.5 L of
elution reagent. Conversely, SpinSPE could utilise 254 mL of sample or less (20% of
SPE), with significant reductions in the volumes needed for column conditioning/washing
and elution.

From these results, it has been demonstrated that both the reported mixedmode SPE and
SpinSPE methods are effective in the routine extraction of oral fluid. Moreover, the
extraction methods, in combination with HFBTA derivatisation and GC/MS analysis, are
acceptable for use with low sample volumes (e.g. 200 µL). In both procedures, however,
it would be of interest to further reduce the sample volume until a minimum response is
determined with acceptable reproducibility.
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In the toxicological application of SpinSPE, future research should include evaluation of
its suitability for other drug compounds, classes, and/or metabolites. It would be
advantageous to the laboratory to have an alternative reducedvolume extraction technique
for isolating compounds such as cocaine/benzoylecgnonine, THC/THCCOOH, opioids,
phencyclidine, and benzodiazepines. In addition, reducedvolume techniques such as ion
exchange SpinSPE could be of benefit in applications of noninvasive therapeutic drug
monitoring of oral fluid.

An additional future research direction of significant benefit would be the use of SpinSPE
in conjunction with LC/MS, particularly as the sensitivity of LC/MS could allow the low
elution volume of SpinSPE to be injected directly onto the system.

To summarise, the mixedmode SPE method has been demonstrated to be a rapid,
sensitive, and reliable procedure for the isolation of amphetaminetype substances from
oral fluid. However, SpinSPE has emerged as a practical and effective alternative in
circumstances where low sample volumes are desired or required, such as in roadside
saliva drug testing for driving under the influence offences.

8.1.4 Separation and identification of amphetamines: GC/MS and UPLC™/MSn
As introduced in Chapter 1, the development of UPLC™ evolved from the desire to
improve the resolution, sensitivity, and analysis time of LC separations. From the trials of
the UPLC™ technology, the potential of rapid separation and identification of illicit drugs
such as amphetaminetype substances has been realised. As presented in Chapter 7,
separation of numerous amphetaminetype substances, designer analogues, and ketamine
has been accomplished with acceptable baseline resolution in less than five minutes. In
addition, the reported use of tandem mass spectrometry to gain product ion mass spectra
provides the opportunity to significantly increase analytical throughput with confident
molecular identification.

As discussed in Chapter 7, UPLC™/MS demonstrated a resolving power of 7–10 peaks in
1.60 min upon analysis of a sample extracted using mixedmode SPE. Upon examining
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the GC/MS separation observed in Chapter 5, GC/MS resolution comparably translates to
approximately 5–10 peaks in this same separation time. This is a significant result,
demonstrating that the technological advancements in UPLC™ have in fact brought LC
resolution to nearGC capability.

If confirming the 1269 amphetaminespositive samples from 2001–2005 (Chapter 2),
further advantages of UPLC™ are revealed. In the GC/MS analysis of oral fluid (Chapter
5), the method has been demonstrated to effectively separate HFBTA derivatives of
amphetamine, methamphetamine, ephedrine, pseudoephedrine, PMA, 4MTA, MDA,
MDMA, MDEA, MBDB, and 2CB. Separation of all of these compounds occurred in less
than 13 min, however, 465.3 hours of GC/MS separation time would be required as
temperature ramp programming results in a total analysis time of 22 min.

Alternatively, analysis by UPLC™/MS exhibited effective separation and identification of
phenylethylamine, amphetamine, phentermine, methamphetamine, ephedrine, pseudo
ephedrine, PMA, 4MTA, MDA, MDMA, MDEA, MBDB, and ketamine in a total
analysis time of 5 min (note: 2CB was not available at the time of analysis therefore the
UPLC™/MS retention time is unknown). This translates to 105.8 hours of separation
time, or 22.7% of that of GC/MS analysis.

Considering the comparable resolution

between the two detection systems, the substantial improvement in UPLC™ analysis time
could greatly enhance laboratory throughput.

Additional study examined the potential benefit of using the APCI interface in comparison
with ESI for UPLC™/MS analysis of these drug compounds. While ESI proved effective
for all of the target analytes, APCI showed comparative improvement in signaltonoise
response under the same UPLC™ conditions. For four of the five drug compounds tested
(methamphetamine, MDA, MDMA, ketamine), peaktopeak signaltonoise increased by
over 100% with the use of the APCI interface. This result is a significant demonstration
of the use of APCI for compounds of moderate mass, polarity, and volatility, and provides
justification for the use of this ionisation technique in routine LC/MS analysis.
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As the UPLC™/MS instrumentation becomes more widely used, it is anticipated that
more comprehensive drug screening procedures will continue to be reported in the
literature. The characterisation of acidic, basic, neutral, and amphoteric drug behaviour
utilising LC/MS is of significant benefit to the toxicology community, and adaptability to
UltraPerformance™ or ultra fast LC will continue to enhance the analytical capabilities
of the working laboratory.

8.1.5 Closing comments
This research reveals the promise of these new applications in advancing towards a more
efficient and modernised systematic toxicological approach. The continued development
and optimisation of SBA multiplex immunoassays will permit customisable systems
capable of simultaneously detecting numerous compounds with antibodybased sensitivity
and selectivity. In circumstances where low sample volumes are required for confirmation
of drug use, such as in roadside saliva drug testing for driving under the influence
offences, reducedvolume SpinSPE has been demonstrated to be a practical and effective
alternative for sample preparation. In addition, a more streamlined procedure is further
enhanced with the use of UPLC™ coupled to mass spectrometry for analyte separation
and molecular identification.

It is expected that illicit drug use will persist as a significant public concern. With the
continued desire for more rapid, comprehensive methodologies, further study of these and
other innovative technologies will be of considerable future benefit to laboratories such as
that serving the Australian Capital Territory region.
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