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ABSTRACT
The increasing role of hair analysis in forensigid¢ological investigations principally owes to

recent improvements of mass spectrometric instratien. Research achievements during the last
six years in this distinctive application area nalytical toxicology are reviewed. The earlier stat
of the art of hair analysis was comprehensivelyecet by a dedicated book (Kintz, 2007a), that
represents key reference of the present overvieler@as the traditional organization of analytical
methods in forensic toxicology divided target sabses into quite homogeneous groups of drugs,
with similar structures and chemical propertieg thirrent approach often takes advantage of the
rapid expansion of multiclass and multiresidue il procedures; the latter is made possible by
the fast operation and extreme sensitivity of monderass spectrometers. This change in the
strategy of toxicological analysis is reflectedtive presentation of the recent literature material,
which is mostly based on a fit-for-purpose logibus$, general screening of unknown substances is
applied in diverse forensic contexts than drugalafse testing, and different instrumentation @ripl
guadrupoles, time-of-flight analyzers, linear amdital traps) is utilized to optimally cope witheth
scope. Other key issues of modern toxicology, sashost reduction and high sample throughput,
are discussed with reference to procedural ancuim&ntal alternatives.
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[. INTRODUCTION

The analysis of biological specimens to detectafous types of drugs is consistently requested
within forensic investigations as a necessary gigprove exposure to these substances. Although
blood and urine remain the matrices of choice teaterecent exposure, hair analysis is gaining
ever-increasing importance, as its potentials, titions, and new application areas are
progressively uncovered. Although, for most druaysy evidence of exposure is erased from blood
and urine a few days (or hours) after their inthlkeause of the natural metabolic and excretion
body processes, a minute portion of the same dangs metabolites is ultimately incorporated
through several routes (blood capillaries, swead, sebum) into the keratin structure of the hair,
from which it is hardly removed. This drug-fixingto the hair structure resists hair growth for
several months and leads to a potential chronabdiace of drug exposure, with farther periods
corresponding to the hair segments more distant fre hair root. The continuous improvement of
analytical procedures and instrumental technologflesvs one to determine the very small amounts
of drugs included into the hair at ever-decreasiogcentrations, insomuch as there are currently
several scientific reporting of drug detection imirhafter a single exposure. Progresses in
chromatographic and mass spectrometric techniguese Hoth equally contributed to the
impressive results achievable nowadays with mofteensic toxicology in hair analysis.

On the negative side of hair analysis, there aweraé potential sources of bias that should
always be taken into account in order to produdiable conclusions from experimental results.
First of all, hair is not a homogeneous matrix;sthoareful and representative hair sampling is a
necessary prerequisite of correct analysis. Segptith degree of hair incorporation depends on the
chemical structure and related properties of theydincluding melanin affinity, lipophilicity and
membrane permeability (Kintz, 2012a). Third, adsorp of external substances from the
environment is occasionally claimed as a source fal$e-positive results, especially for
professionally-exposed subjects and volatile sulgsts, such as, for example, cocaine (LeBeau &
Montgomery, 2009). To prevent this inconvenienaeliminary washing of hair samples is always
recommended to eliminate any possible interferufgstances adsorbed onto the external surface of
the hair. Segmental analysis and acceptance obftutalues often rule out the chance that
exogenous drug sources might have contaminatednteenal keratin structure. Forth, strong
cosmetic hair treatments, such as the use of otddamhighly basic coloring, might damage the
keratin structure to favor release of incorporaelstances to finally lead to false-negative result

Also, repeated shampooing might partly wash outhygrophilic drugs incorporated into the hair.
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Lastly, the use of cosmetic products such as grepsays, and gels might also interfere with hair
analysis.

A comprehensive review of drug testing in hair veablished in a dedicated book edited by
Pascal Kintz (2007a). Since then, only one revieag wublished on abused drug analysis in hair
samples, in which chapters are organized on this bashe various classes of substances (Wada et
al., 2010). The present review updates Kintz's hagolder the perspective of its chapters 10-15
(Kintz, 2007a); namely, under application areasipof view. The studies published before 2006
are only incidentally cited in the present reviewhereas extensive coverage of the papers

published in the last six years is presented.

[I. APPLICATION AREAS OF MASS SPECTROMETRY TO HAIR
ANALYSIS IN FORENSIC TOXICOLOGY

A. Targeted Drug Screening for Specific Drug Classes

Although screening of psychoactive substances atogical specimens might have a variety of
objectives, in terms of target chemical classespmgoses of control, legislation of most countries
make a clear distinction between drugs of abusepsehuse is prohibited in almost all
circumstances, and pharmaceutical substances, wisases permitted under medical control and
prescription, even though they are occasionallysalu Most routine screening, such as, for
example, workplace testing, are addressed to thhgsdsf abuse only, whereas other psychoactive
pharmaceuticals are searched in selected subjedtfohow anamnestic indications. In particular,
detection of the most-common drugs of abuse in samples (Kintz, 2007a; Kintz et al., 2006;
Pragst & Balikova, 2006; Wada et al., 2010) is @asingly requested for the retrospective
withdrawal control of habitual drug abusers, aslaglin other toxicological investigations, such as
workplace drug testing [EWDTS (European WorkplaageigdTesting Society), 2010; Caplan &
Goldberger, 2001], driving re-licensing, occasiooalpre-natal exposure to drugs (Kintz, 2007b;
Falcon et al., 2012), and post-mortem toxicologlgergfore, although hair samples are routinely
collected and analyzed in forensic and toxicoldglahoratories, most published methods were
implemented to determine class-specific groups ammounds, mainly cannabinoids,
amphetamines, cocaine, and opiates, even thoughnigtical procedures have been constantly
updated (Kintz, 2007a; Pragst & Balikova, 2006; \Watlal., 2010).
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1. Classes of drugs

Although the widespread abuse of hashish or margumakes the detection of long-term
exposure taA’-tetrahydrocannabinol (THC) by hair analysis extgmimportant in clinical and
forensic contexts, drug inhalation and adsorptromfenvironmental smoke are frequently claimed
to justify positive detection of THC and/or its manetabolite. Although a cut-off of 0.1 ng/mg was
traditionally recommended, more recently a cutadfD.05 ng/mg has been proposed as a suitable
level to detect also occasional users (Pragst &ubs&d 2005) and for confirmation analyses
(Cooper et al., 2012).

GC/MS is the technique of choice for THC deteciiotthe majority of published methods, and
no particular analytical improvement has been psedorecently, except for the increasing role
played by headspace solid-phase microextraction§HABIE) procedures. Nadulski and Pragst
developed, validated, and routinely applied to idgvability examination a new method for
cannabidiol (CBD) and cannabinol (CBN) with imprdveensitivity (Nadulski & Pragst, 2007).
The authors used alkaline digestion of 15-30 mg &lguots, subsequent liquid-liquid extraction
(LLE), automated HS-SPME after in-sample silylafiand GC/MS-SIM (selected ion monitoring)
analysis. For THC, a limit of detection (LOD) o0@2 ng/mg was obtained. A similar procedure
without derivatization with 10 mg of hair samplesnaoposed (Rodrigues de Oliveira et al., 2007),
but the reported LOD and LOQ (limit of quantifiaat) values of 0.07 ng/mg and 0.12 ng/mg,
respectively, are above the recommended cut-offtdimmand make the method apparently not
appropriate for routine analysis. Emidio et al. eleped and validated a method for the
determination of THC, CBD, and CBN in hair samplegh HS-SPME combined with GC/MS/MS
(ion trap) detection (Emidio et al., 2010). FroriGamg hair sample, an LOD of 0.031 ng/mg and
LOQ of 0.062 ng/mg were obtained; the latter waghtlly higher than the cut-off value of 0.05
ng/mg. Nonetheless, from 10 hair samples from daisnasers, an average concentration of 0.056
ng/mg was found; i.e., below the reported LOQ.

Unlike THC, the improvement of existing analyticakthods for stimulants, including cocaine
and amphetamines, in hair samples has been widedgtigated recently. Lee et al. used a standard
GC/MS procedure, after derivatization with trifloacetic anhydride, in order to study the
abundance ratio of methamphetamine (MA) and itabwite amphetamine (AP) in hair and hence
aid the positive results interpretation (Lee et2009). High MA concentrations, together with low
AP percentage, were related to severe and chramig dbuse (Lee et al., 2009). In order to
facilitate MA and AP analysis in hair, Miyaguchiadt developed a simple and fast (1 hour) method
for sample preparation named MiAMi (micropulverizegxtraction-acqueous acetylation-
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microextraction by packed sorbent) followed by G&/¥MMiyaguchi et al., 2009). The amount of

hair sample required for qualitative analysis basedfull-scan mass spectra was only 5 mg,
whereas 1 mg of a hair specimen was sufficientafbphetamine quantitation. The same group
(Miyaguchi et al., 2007) previously published aragtion method on micropulverized hair for the

HPLC-MS/MS determination of MA and AP, in which grl mg of sample were used.

An LC-MS/MS method that used electrospray ionizatiESI) and a triple quadrupole
instrument was developed and validated by Chézealetto determine AP, MA, 34-
methylenedioxyamphetamine (MDA), 3,4-methylenediogthamphetamine (MDMA, “ecstasy”),
3,4-methylenedioxyethamphetamine (MDEA), and N-milelh(3,4-methylenedioxyphenyl)-2-
butanamine (MBDB) at low concentration levels, @rhblood, and urine (Chéze et al., 2007).
With 20 mg of decontaminated hair, the experimeb@Ds ranged from 0.3 pg/mg for MBDB to
6.3 pg/mg for MDA, where the recommended cut-offilifor amphetamines is 200 pg/mg (Cooper
et al., 2012). The same study reported a real sicazase, in which the high sensitivity of the LC-
ESI-MS/MS method was exploited to detect MDMA irhair sample, after a single oral dose
administration to an unaware victim (Cheze et a007). Another recent study reported the
development of an LC-MS/MS method for the simultare determination of a large set of
amphetamine-like anorectics and their metabolitdsir samples (Lee et. al., 2012). The procedure
was used to analyze the diffusion of anorecticssabn Korea. The hair incorporation of MA and
AP following controlled administration of MA to sew volunteers was recently studied (Polettini et
al., 2012). For these amphetamines, significanedéence (i.e.; linear direct correlation) of drug
incorporation on hair melanin content was cleadyndnstrated.

Besides MALDI-imaging techniques, several tradiibmethods were recently proposed to
determine the most common stimulant drug (i.e.aow® in hair samples. The suggested cut-off
concentration is 500 pg/mg for cocaine and 50 pgfangts main metabolite, benzoylecgonine
(BZE) (Cooper et al.,, 2012). A GC/MS analytical hwd to quantify cocaine and its main
metabolite BZE in hair samples was proposed (Barres al., 2008). Despite the simple
instrumentation utilized, the method proved to ees#tive and specific, and allowed one to detect
20 and 15 pg/mg of cocaine and BZE, respectivetynfonly 20 mg of sample.

Improved sensitivities were obtained with LC-MS/M&thods. Moore et al. developed and
validated an LC-MS/MS procedure for the analysis cofcaine and its metabolites (BZE,
cocaethylene, and norcocaine) in hair with an apthesc pressure chemical ionization (APCI)
source and a triple quadrupole (QgQ) mass analjdepre et al., 2007). For all analytes, the

LOQs (50 pg/mg) and LODs (25 pg/mg) made the mesghuiicble for routine forensic analysis.
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A simple and fully validated procedure for the giadive and quantitative determination of
opiates in hair was presented (Barroso et al., 01this paper describes a GC/MS method for the
analysis of codeine, morphine, 6-monoacetylmorpl@®AM), 6-acetylcodeine, and tramadol in
20 mg hair samples. The presence of the screersdgeswas demonstrated in several real cases,
among which it was proven that tramadol is occadlgrabused by opiate addicts. A combination
of opiates, cocaine and metabolites was simultasig@creened with an LC-ESI-MS/MS method
(Huang et al., 2009). This method was fully valethtind used in the analysis of 79 authentic hair
samples, and demonstrated that a multiresidue apprmight screen different classes of drugs at
the same time.

The objective of cost reduction of workplace drugesning with a multiresidue UHPLC-
MS/MS strategy was explicitly cited in a recentdstyDi Corcia et al., 2012). Thirteen analytes,
including opiates, cocaine, amphetamines, THC, dngmphine, methadone, and a few metabolites,
were simultaneously screened in hair samples. Aplsinsample preparation combined with
multiclass analysis and fast chromatographic séparaallowed one to obtain high sample
throughput, together with excellent sensitivity aselectivity; the procedure is valuable for large

sample workload and reduced costs of analysis @ci@ et al., 2012).

2. New instrumental set-up

A new and original study, aimed to the direct detecof MA in hair samples, used imaging
mass spectrometry (IMS) to perform micro-segmeamalysis (Miki et al., 2011). In practice, a hair
shaft was affixed to a carbon tape and manuallylengthwise to produce micro-incisions at
extremely close range with a razor and a microscAfier matrix deposition, IMS was obtained by
matrix-assisted laser desorption ionization timdlight (MALDI-TOF) and MALDI-Fourier
transform ion cyclotron resonance (FTICR) mass tspewters. IMS produced a barcode-like
image of methamphetamine on the longitudinal sestiof the hair shafts, obtained from a
methamphetamine chronic abuser, to indicate thieggeand sequence of single MA intake (Miki
et al., 2011). This innovative approach appeatsetgery promising in the forensic context, as soon
as the hair sample preparation can be automated.

A MALDI hybrid triple quadrupole linear ion trap @ r) instrument, equipped with a high
repetition rate laser, was recently proposed tdopar MS imaging on a single hair, for cocaine
consumption monitoring (Porta et al., 2011). The QQRg technology was exploited to
simultaneously achieve target quantification witlested reaction monitoring (SRM) mode of

operation and sensitive M@cquisition for confirmatory analysis. MS imagiogjintact single hair
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sample offers much higher resolution than segméx@aMS/MS analysis, and only depends on the
distance between two adjacent laser shots. Howdweminimal 0.1 mm resolution allowed by the
laser and corresponding to a theoretical averageghawth of less than 12 h, has currently little
significance in forensic investigations, beacuse ttomplex nature of keratin incorporation
mechanisms and the heterogeneous physiology ofhawth might provide a much larger bias on
chronological assessment. Single washed hair sampdee fixed onto a stainless steel MALDI
plate with a double-sided adhesive foil, and the INDA matrix was manually sprayed. First, an
imaging profile of cocaine and metabolites was &eguin the SRM mode over the whole hair
length, taking into account that highly selectiv@nsitions should be chosen to compensate for the
absence of chromatographic separation. SecondlyM®Snd MS experiments were performed
for confirmatory identification. The entire anabal workflow is represented in Figure 1 (Porta et
al., 2011). An experimental LOD of 5 ng/mg alloves tocaine detection in the hair of chronic
abusers, but not after a single administration.édwer, scaling down to single-hair analysis makes
the choice of representative sampling crucial, ssla further source of uncertainty and bias is
introduced.

In order to detect all cocaine metabolites, inaligdihe highly polar ecgonine methyl ester
(EME), Quintela et al. developed and validated draghilic interaction liquid chromatography
(HILIC) method to be coupled to tandem mass spewtoy (Quintela et al., 2010). With as little as
10 mg of specimen, experimental LODs were betten thr equal to 1 pg/mg. The recognition of
ultra-trace amounts, at low pg/mg of hair, appdarbe crucial for EME detection, because this
metabolite has a very low incorporation rate irfte hair shaft (Quintela et al., 2010). Recently,
Thibert et al. adopted a clean-up process for drdhacts based on molecularly imprinted polymers
(MIP) selective for cocaine and BZE, followed by IMS/MS analysis (Thibert et al., 2012). An
LOD lower than 70 pg/mg was reached for both madésguslightly above the suggested cut-off
value for BZE (Cooper et al., 2012).

A fast, but only qualitative, screening method &dedt cocaine and its metabolites from hair
samples used MALDI-TOF technology (Vogliardi et &009). The whole hair sample preparation
for MALDI analysis turned out to be significantlyome rapid and simpler than for GC/MS, and data
acquisition in MALDI analysis is, in turn, much gker than in GC/MS. Thus, the MALDI
technique shows clear advantages over the tradltiapproach, when fast screening of a large
number of sample is required, as the same authursequently demonstrated by validating and
testing the new method on 304 real hair samplegl{&uali et al., 2010). High throughput and fit-
for-purpose principles both find neat applicationthis well-designed example of fast cocaine

screening in hair samples.



201
202

203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

B. Non-Targeted Drug Screening

Most of the methods cited in the preceding chapterspecific for a class of drugs. The highly-
focused objective of these analytical investigatialiows one to optimize sample treatment, clean-
up, and chromatographic conditions in order to maéze recoveries and to meet the acceptance
criteria of sensitivity and specificity that leaal dccurate quantification for confirmation. However
their applicability in general drug screening faute intoxication and autopsic analysis appears
limited. In practice, these class-specific proceduind useful application when the target analytes
can be predicted in advance; for example, in heveardose fatalities.

In the daily activity of forensic laboratoriesjstquite frequent that the target analytes caneot b
foreseen, so that a wide range or "general” sangewii abused drugs is commonly required, as it
occurs in most acute intoxications and post-moriamestigations. Whenever a multitude of
candidate substances might represent the causentaXidation or death, several analytical
procedures are likely to be used on the collectelbdgical specimen, with a direct impact on time,
costs, and efficiency. For this reason, comprelvenscreening procedures of multiclass drugs are
progressively introduced into the analytical praeti even if the method conditions should
compromise on absolute performances, in termsafvery, sensitivity, selectivity, and accuracy,
due to the presence of target analytes with widdfgrent physico-chemical properties.

Even though hair is not the preferred biologicaltnmato ascertain acute intoxication, hair
analysis is frequently commissioned to complete dineumstantial evidences; i.e., to ascertain
whether the victim formerly abused drugs or whetrgy drug was administered to him/her earlier.
To meet the high demand for drug screening in $einples, toxicology laboratories are forced to
update their procedures in order to target an maeasing number of drugs, but also to achieve
rapid, simple, and sensitive testing with reducesnge preparation and fast instrumental

processing so as to increase the overall sammaghput.

1. Methods based on GC separation

Cordero and Paterson developed and validated a SQidtocol to simultaneously quantify
fourteen compounds, including some amphetamindates) cocaine and metabolites, diazepam,
and metabolite (Cordero & Paterson, 2007). A tvapsiderivatization withN-methyl-bis
trifluoroacetamide (MBTFA) andN-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) + 1%
trimethylchlorosilane (TMCS) was used. Due to teeayal availability of GC/MS instrumentation

in toxicology laboratories and the good analytigatformances obtained in this study, this method
8
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might find useful application in a variety of cloal and forensic investigations. An interesting
evolution of the preceding method was developedleksa et al., that used an HS-SPME-GC/MS
to improve the protocol sensitivity (Aleksa et @012). Seventeen drugs of abuse, including
opiates, cocaine, amphetamines, and opioids, wesieted with the same derivatizing agents
described above, and were detected at LOD levels36f200 pg/mg. The method was validated
with only 5-10 mg of hair, and was especially ukdfw newborn, when sample availability is
limited. Among the wide screening protocols to detmmmon panels of abused drugs, only few
comprehensive methods include THC, regardlesseofrtstrumental technique used. Merola et al.
developed a new procedure with HS-SPME and GC/Mfawide concomitant determination of
several drugs of abuse, including THC, but not esigMerola et al., 2010). A different approach
and derivatizing agent, namely heptafluorobutynbyaride (HFBA), was used (Wu et al., 2008a)
to develop a GC/MS method for the simultaneous radetation of amphetamines, opiates,
ketamine, and their metabolites at LODs of 30-80mgg The same group (Wu et al., 2008b)
improved selectivity and sensitivity to reach tloevlpg/mg level with electron capture negative
chemical ionization (NCI) to detect the same deives.

TOF mass analyzers have also been used for bragdsdreening in hair samples that take
advantage of their full-scan and high-resolutiopatalities. In an original study, Guthery et al.
developed a GE&GC-TOF-MS procedure to provide a comprehensiveigtiae drug screening of
hair samples (Guthery et al.,, 2010). The hair ekdravere subjected to derivatization with N-
methyl-N-(tert-butyldimethyl)trifluoroacetamide (MBISTFA), which efficiently reacted with a
broad range of multiclass analytes, including ggabpioids, cocainics, and benzodiazepines. The
2D chromatographic plot obtained from @&GC separation offers an extremely clear depictibn o

the drug content profile, as Figure 2 demonstr@ieghery et al., 2010).

2. Methods based on LC separation

Although the latter GC/MS methods proved suitablaest simultaneously several classes of
drugs of abuse, the need to further expand thertassat of target substances within the same
protocol, without the necessity of derivatizatiomade the highly flexible LC-MS/MS approach to
multiclass screening more profitable and more wideded than GC/MS. An LC-APCI-MS/MS
method was developed, validated, and applied ®réfrospective multi-parameter evaluation and
distribution of eleven drugs of abuse in hair sasplKlis et al., 2007). Subsequently, ESI was
more extensively utilized than APCI, as in a vakdbalL.C-MS/MS method (Miller et al., 2008) that
was aimed at the simultaneous quantification of laetgmines, opiates, cocaine and metabolites,

9
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and diazepam and metabolites (17 compounds) inrpogem hair samples. The use of an ion trap
mass spectrometer was suggested (Bucelli et £9)20 screen 16 drugs of abuse in human hair.
Despite the flexibility of ion traps to provide aasy switch between full-scan and MS/MS or"MS
modes of data acquisition, the method was not eggeto provide accurate quantitative
determinations, and needs further validation anchae extended panel before it might find
widespread application in forensic laboratories. @orcia et al. proposed a simple sample
extraction and direct injection into a UHPLC-MS/M$stem to avoid solid-phase and liquid-liquid
extraction and to achieve fast and simultaneousctliet of the most common drugs of abuse,
including THC, in hair samples (Di Corcia et aD12) . Lendoiro et al. developed and validated an
LC-MS/MS multiclass screening method for the sirmmdtous detection of 35 substances, including
THC, and the other most common drugs of abuse t@giamphetamines, cocaine, LSD, ketamine
and scopolamine) and pharmaceuticals (benzodiazgpamtidepressants and hypnotics) (Lendoiro
et al., 2012). For the entire range of investigatedecules, LODs were 0.2-50 pg/mg and achieved
better cut-offs than Society of Hair Testing (SOH&ommendations. In the screening mode of
operation, only one SRM transition per compound wssd, but the same procedure could be
transformed into a confirmation method with additiof further target-specific SRM transitions
(Lendoiro et al., 2012). Confirmatory analysis et&mine and norketamine was the objective of a
recent study that used molecularly imprinted sphése microextraction (MISPE) followed by LC-
MS/MS (Harun et al., 2010).

An effective method to check for the presence afide set of drugs in hair samples was
proposed (Nielsen et al., 2010), to validate aryéinal method for the simultaneous screening and
guantification of 52 common drugs and pharmacelstica hair with the novel UHPLC-TOF-MS
technology. The panel of compounds was very braaisse it included common drugs of abuse,
benzodiazepines, analgesics, antidepressants apdyahotics. The authors underlined, however,
that the TOF instrument was less useful than detgoadrupole on low-mass molecules, such as
amphetamines, due to the presence of high backdnooise and the consequent lack of sensitivity
and linearity (Nielsen et al., 2010). Similar broddug screening, based on accurate mass
measurements with LC-TOF-MS, was also achieveda(iéelr et al., 2008). Also in this study, the
potential to conduct a comprehensive screen (3feted analytes) was clearly demonstrated;
however, the authors recommended more-specificuim&ntation for target confirmation analyses.
More recently, an automated screening method #istimultaneous identification and quantitation
of 30 compounds (including most drugs of abuse,dat a few anabolic steroid$;agonists and
other pharmaceuticals) in hair samples was propusgdfast LC-TOF-MS (Dominguez-Romero

et al., 2011). Progressive instrumental upgrading aethod refinement provided improved

10
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sensitivity with TOF mass spectrometers to allow dietection of the target compounds in the low
pg/mg range (LODs ranged from 5 pg/mg to 50 pg/mg).

General screening of unknown drugs in hair sampkes performed with LC combined with a
guadrupole time-of-flight mass spectrometer (LC—-@M@S) (Broecker et al., 2012). Systematic
collection of CID (collision-induced dissociatiospectra from quadrupole-selected protonated
molecule used a data-dependent acquisition modestdte a wide dataset to allow the retrospective
investigation of potentially toxic substances prese the hair sample. These CID spectra were
compared with an accurate-mass CID spectral libcagpted by the authors that contained more
than 2500 toxicologically relevant substances (Bkee et al., 2011; Niessen, 2011). For 24 tested
illegal drugs and benzodiazepines, significantly 16ODs (3-15 pg/mg) were observed. The
method was applied to hair samples from 90 deatbsct reveal 212 substances altogether, even if
only partial agreement with the positive identifioas from urine and blood analysis was found,
with many unexpected drugs detected and many egbdrugs not detected in hair (Broecker et al.,
2012). A similar approach was also applied to lsamples (Liu et al., 2010) with an in-house
spectral library of about 800 substances for tlemtification of unknown drugs. In this case, the
hybrid QqQ;r mass spectrometer produced low-resolution CID tspefrom mass-selected

precursor ions, with good sensitivity provided hg ton-accumulation capability of ion trap.

3. Other methods

Besides GC and LC, capillary electrophoretic meshadre also occasionally used to separate
drugs extracted from hair samples and to introdbem into the mass spectrometer. Capillary zone
electrophoresis was combined with TOF analysis (TZE-MS) to detect four amphetamines,
ephedrine, opiates, cocaine, and metabolites in $@nples. The method proved suitable for
gualitative screening of all drugs below the prigat cut-off limits, but was not fully satisfactory
for accurate quantification, possibly due to theklaf deuterated internal standards (Gottardo.et al
2007; Gottardo et al.,, 2012). Also, another methcatjon-selective exhaustive injection and
sweeping micellar electrokinetic chromatographyvpd compliant with the cut-off values in hair
(Lin et al., 2007); however this method and theceding study represented isolated proposals with
no further application in common laboratory praetic

Quite uniquely, Jackson et al. proposed to elingirthe chromatographic separation with an
ambient ionization technique, defined as low terapge plasma (LTP) ionization, to analyze
biological specimens, including urine, saliva, drair extracts (Jackson et al., 2010). The method

was tested on 14 drugs that belonged to differasses (amphetamine, BZE, cannabidiol, caffeine,
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cocaine, codeine, diazepam, ephedrine hydrochlorideeroin, ketamine, methadone,
methamphetamine, morphine, and THC) with a lineartiap mass spectrometer in the positive-ion
mode. However, LOD values were rather high [ng/mile.( 10 ng/mL) to the mg/mL
concentrations] and only one real hair sample wedyaed that showed the presence of cocaine.
The main focus of the study was on the potentiaLD® ionization and its compatibility with

miniaturized and portable instrumentation for aie-sicreening analysis.

C. Rape Drug Detection and Segmental Analysis

Drug-facilitated crime (DFC) is a general term thavolves the administration of a drug to
perpetrate a variety of crimes, including rape thieo sexual assault, robbery, money extortion, as
well as the deliberate maltreatment of elderly pess or children under the influence of
psychotropic substances [UNODC (United Nations ¢effon Drug and Crime), 2011]. In most
DFCs, the victims are subjected to violence or posensual acts while they are incapacitated by
the effects of a drug, often unknowingly ingestBdychoactive substances used in DFCs might
alter the victim’s degree of consciousness, stdt@veareness, judgment, and memory. Such
substances can make the victim vulnerable and anialfight off the attacker, or are used to sedate
the victim in order to facilitate his/her transpday the perpetrator. The drugs used for these
criminal purposes include benzodiazepines, hypspsedatives and anesthetics, drugs of abuse
(such as cannabis, ecstasy, LSD, or heroin), niésw@us drugs (e.g., scopolamine), and, most
frequently, ethanol (Kintz, 2007b). The ideal sabsk to be dispensed to perpetrate a crime is the
one that is readily available, easy to adminisbte to rapidly impair consciousness, and produce
anterograde amnesia (LeBeau & Montgomery, 2010).

Among DFCs, a drug-facilitated sexual assault (D}8&curs when a person is subjected to
unwilling sexual acts while incapacitated or unaioss, due to the effects of ethanol, drugs, and/or
other intoxicating substances (generally calleghérarugs”). It is highly unlikely that the specific
drug used in a DFSA could be determined only bywms because the depressant effects of most
of these drugs are similar. This factor makes afudentification of the administered drug in the
victim’s biological specimen (Negrusz & Gaenss2003). It is well-known that sexual assaults are
significantly under- and late-reported. Evidentiny delay to report a DFSA implies that the
victim’s biological fluids (i.e., blood and uringre not timely collected, hence rendering more
difficult the toxicologists’ task to identify thencapacitating agent (LeBeau & Mozayani, 2001).
Whenever the natural metabolic processes have relted the drug from biological fluids
(typically, urine and blood), hair is the most Halpspecimen to be investigated (Negrusz et al.,

2000; Villain et al., 2004; Negrusz et al., 200&o®, 2009; Parkin & Brailsford, 2009).
12
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Toxicology laboratories are frequently asked tolymea hair from victims in order to reveal
allegedly administered drugs. Further informatisrfurnished by segmental analysis to generally
provide chronological setting. Head hair shouldcbéected at least four weeks after the alleged
assault [UNODC (United Nations Office on Drug anh@), 2011]. Since the average growth rate
of human scalp hair is about 1 cm/month, admirtistneof a single dose can be confirmed by drug
detection in the corresponding segment, with noseaee in the preceding and subsequent
segments. The expected concentration in hair iergég in the low pg/mg range for most drugs
(Kintz, 2007b; Villain et al., 2005). Thereforegthse of highly sensitive instrumental techniqses i
mandatory in the investigation of DFCs (Kintz et 2D05; Chéze et al., 2005).

1. Methods based on LC-MS/MS with triple quadrupoles

The analytical strategy generally starts with a pehensive screening for benzodiazepines and
other drugs commonly involved in DFCs (Parkin & Bfard, 2009). In recent years, several
methods have been proposed for the simultaneouigsanaf a large series of pharmaceuticals and
drugs with LC-MS/MS with triple-quadrupole instrums. Hegstad et al. developed a multiclass
LC-MS/MS method to screen several drugs of abuse2@nmg of hair, which included 7-
aminonitrazepam, 7-aminoclonazepam, 7-aminoflungpam, oxazepam, diazepam, alprazolam,
and two benzodiazepines-like z-drugs (zopiclone awdidem) (Hegstad et al., 2008). Similarly,
Irving and Dickson described an LC-MS/MS procedoréetect sedatives in hair and nail samples
(Irving & Dickson, 2007). Nine benzodiazepines, ethir metabolites, and zopiclone and its
metabolite were selected and detected at low iev@0 mg specimen, with LODs that ranged from
0.02 pg/mg for zopiclone to 6.00 pg/mg for temanepé@his procedure was applied to the analysis
of a hair sample collected 17 months after the weage of a DFSA: zopiclone and its metabolite
were both detected in different hair segments ateotrations below 7 pg/mg (Irving and Dickson,
2007). Our group developed an LC-MS/MS method tteatel4 pharmaceuticals, including 10
benzodiazepines, ketamine, scopolamine, zopickama,zolpidem with LODs that ranged from 0.2
pg/mg for ketamine and zolpidem to 4.0 pg/mg foaniirazepam (Salomone et al., 2012a). The
method was applied to a real case of segmentaysisaif the hair from two women, and showed
conclusive discrimination between occasional aneraeutic administration (Salomone et al.,
2012a). An interesting study of high-resolutionreegtal analysis on single hairs was developed to
investigate the history of a multiple poisoningeagth clozapine (Thieme & Sachs, 2012). From
1-2.5 mm segments of a single hair, a highly-spetiC-MS/MS procedure allowed to detect as
little as 30 fg (1 pg/mg) of clozapine and its nbetge norclozapine. The collection of hair samples
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after a 165 days interval, combined with the subsaticomparison of drug concentration profiles,
provided an accurate estimation of hair growth fatethe selected individuals (Thieme & Sachs,
2012).

Another LC-MS/MS method was proposed and valida(gthng et al., 2011) for the
guantitative determination of 18 benzodiazepine2drmimg of hair. LODs ranged from 0.2 pg/mg
for estazolam to 5 pg/mg for 7-aminoclonazepammifianitrazepameg-hydroxytriazolam, and-
hydroxymidazolam. This method determined the distion of estazolam after single dose intake
in hair segments of healthy volunteers: estazolantentrations ranged between 0.56 pg/mg and
2.60 pg/mg. Two real cases were studied with tineesaethod, where the victims of DFCs were
exposed to clonazepam: the presence of this drggfowand in several hair segments from victim
#1, and ranged from 1.63 pg/mg to 15.47 pg/mg,iamdo segments from victim #2 at 1.31 pg/mg
and 11.93 pg/mg concentrations. The metabolite in@tonazepam was found in hair segments at
considerably higher concentrations than the padlemng to demonstrate the opportunity to include
also the main metabolites in the benzodiazepineesing procedure (Xiang et al., 2011). Similarly,
Kim et al. established and validated an analytica¢thod to simultaneously detect 27
benzodiazepines and metabolites plus zolpidem inviigh LC-MS/MS (Kim et al., 2011). The
absolute LODs ranged from 0.005 ng (zolpidem) t )y (bromazepam and chlordiazepoxide).
The protocol was successfully applied to five fatencases of either DFCs or benzodiazepines
abuse, together with a study on drug incorporaititm the hair of rats. As model for human hair, it
was proved that rat-hair pigmentation does not hawg significant effect on the degree of
benzodiazepines (and metabolites) deposition in Asia matter of fact, the incorporation rates of
other classes of drugs proved to depend on thepgnentation, to create ethnic discrimination
(Gambelunghe et al., 2007; Polettini et al. 20T2)e panel of screened compounds was expanded
further by Lendoiro et al., who recently presendei@drget multi-analyte LC-ESI-MS/MS screening
method to detect 35 licit and illicit drugs, incind THC, in 50 mg hair samples (Lendoiro et al.,
2012). Among the screened substances, zolpidenglang, and 12 benzodiazepines were detected
at LODs that ranged from 2 pg/mg (7-aminoflunitizer®, flunitrazepam, lorazepam,
lormetazepam, nordiazepam, and diazepam) to 10gpfgrazepam, clonazepam, and tetrazepam).
Analysis of seventeen hair specimens from variomensic cases demonstrated the method
applicability: several illicit and prescription dysi were tentatively identified, and subsequently
confirmed with two SRM transitions in place of ofieendoiro et al., 2012). In all the cited LC-
MS/MS procedures, triple-quadrupole instrumentsemesed, and proved the efficiency of this
instrument for wide multi-analyte screening. SimilZC-MS/MS configuration was also used in

confirmation methods specifically designed to deiae acepromazine (Gaulier et al., 2008),
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diazepam, nordiazepam and tetrazepam (Laloup ,e2@0.7), sildenafil (Kintz et al., 2009), and
gamma-hydroxybutyrate (Stout et al., 2010) in lsamples, with the purpose to investigate DFSA

cases.

2. High-resolution mass spectrometers

Mass spectrometers other than triple quadrupole® weed for wide-range screening and
confirmation analysis. Mass analyzers with highehetson capability and accurate mass detection,
such as TOF-MS and FTICR-MS, are particularly sliter a-posteriori reevaluation of the
presence of drugs not considered in a preliminarget analysis. UHPLC-TOF-MS and UHPLC-
MS/MS were both used in the development of a sjpatliy validated confirmation protocol, aimed
to quantification of triazolam in an emblematic €as DFC (Stybe Johansen and Dahl-Sgrensen,
2012). In the hair segments (2 cm) that correspdridethe period of the alleged assaults, the
presence of triazolam was revealed at a concemtrafi 1.0 pg/mg. A wider range of analytes was
covered in a high-resolution mass spectrometricNI3iRdrug screening with TOF-MS (Pelander et
al., 2008). The authors initially developed an wiiedl strategy for the comprehensive screening of
drugs and doping agents in urine, but afterwardag@icability of the method to other matrices,
such as keratin, was also studied. Although thergi@ of the LC-TOF-MS approach to obtain a
comprehensive drug screening in the hair of drudjcasl was clearly proved, the study did not
clarify whether the method sensitivity was high egio to detect drug traces from single intake. A
UHPLC-TOF-MS screening procedure previously cititelsen et al., 2010) targeted 52 analytes,
among which 13 benzodiazepines and metaboliteszalleplon, zolpidem, and zopiclone. For the
screened molecules, homogeneous LODs were obt#iaedanged from 10 pg/mg for diazepam
and zolpidem, to 40 pg/mg for 7-aminoflunitrazepamad lorazepam. The method was applied to 15
autopsy hair samples. In most strands, severaldognzepines were identified. Although accurate-
mass analysis provided comparable selectivity ttiphes SRM transitions from a triple-quadrupole
instrument, the authors recommended positive fogslito be confirmed with an additional method
(Nielsen et al., 2010).

Orbitrap technology was also used for HRMS multiyé screening of hair samples (Vogliardi
et al., 2011). The purpose of this study was tcettgand validate a specific method based on LC-
HRMS for the simultaneous detection in 50 mg hdnargls of 28 benzodiazepines (and
metabolites) registered in the Italian market. Thelrugs" were not included, despite the fact that
zolpidem is significantly prescribed among theidtalpopulation. The use of a hybrid linear ion

trap-Orbitrap mass spectrometer yielded LODs frord Pg/mg (clotiazepam) to 10 pg/mg
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(delorazepam). The validated procedure was appidir samples from suspected benzodiazepine
consumers and showed its suitability for screerang identification of the target compounds.
Indeed, the potential of such an instrument incdudell-scan exact-mass measurement of
protonated molecule ions and CID fragment ionsfosic pattern recognition, and ion ratio
determination between moleculand fragment ions. Recently, the same group degdlgnd
validated an analogous method to detect 28 sulestatiat belonged to several drug classes:
cocaine, amphetamines, opioids, benzodiazepingslepressant, and hallucinogens. Although a
mass spectrometric approach similar to the oneiquely described was applied, a new and faster
extraction process on micropulverized hair allowelthble identification and quantification of the
target drugs on as little as 2.5 mg of hair sam(#asretto et al., 2012). The combined use of full-
scan HRMS and CID offered the possibility of refrestive analysis to detect previously untargeted

substances.

D. Biomarkers for Alcohol Abuse

An important goal of forensic toxicology and cliaicmedicine is to identify appropriate
biological markers of ethanol consumption to evauaarmful drinking and to ascertain alcohol
abstinence (Pragst & Balikova, 2006). The detertronaof direct ethanol metabolites, such as
ethyl glucuronide (EtG), ethyl sulfate (EtS), fattgcid ethyl esters (FAEEs), and
phosphatidylethanol (PEth), in different biologicalatrices currently represents the most-valid
strategy to provide unbiased evidence of chrorgotal abuse. Among direct biomarkers, FAEEs
and EtG can be detected in a variety of matriaeduding hair (Pragst & Balikova, 2006), and
allow one to gain information on alcohol consumptior several months. Hair analysis proved
very useful to monitor ethanol use/abstinence, plade testing, driving license reissue/renewal,
child custody, divorce proceeding, withdrawal tneamt (Politi et al., 2006), and post-mortem or
pre-natal alcohol exposure investigation (Bendsithl., 2008; Pragst & Yegles, 2008), even if the
straightforward interpretation of analytical resultas been fiercely questioned and warning about
possible intra- and inter-individual variabilityshheen raised (Tagliaro et al., 2011).

According to the Society of Hair Testing, analysisthe proximal 3 cm hair segment is
recommended in order to avoid partial loss of thalges. The suggested cut-off values that
support a diagnosis of chronic excessive alcohnsemption are 30 pg EtG/mg scalp hair, and 0.5
ng FAEEs/mg scalp hair, respectively; both meastmethe 0-3 cm proximal segment (Kintz,
2012b). Figure 3 shows the effectiveness of theg@EtG/mg cut-off value (horizontal line) to
discriminate harmful drinkers (red dots) from loskrdrinkers and non-drinkers (yellow and green

dots), whereas the cut-off value (vertical line)meoonly adopted for an esteemed indirect
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biomarker, such as carbohydrate-deficient transfé@DT), proved to have reasonable specificity
but largely insufficient sensitivity, that led tb@ut 50% false negative results (Pirro et al., 2011

In contrast to other forensic applications, a vemyall number of direct alcohol biomarkers
represent for toxicologists the target analyteshair samples, essentially FAEEs and EtG.
Consequently, considerable effort has been dewvotéakeir extraction procedures and instrumental
arrangements, in order to obtain continuously inprg analytical performances and, above all,
minimal LOD and LOQ values. In particular, the nefiment of existing methods was addressed to
(i) increase the laboratory throughput, with a tttun of sample preparation steps, analysis-time,
and costs, (ii) increase the sensitivity and dedeatapability, so as to accurately quantify minute
biomarkers hair concentrations (in the pg/mg ranggpecially to ascertain alcohol abstinence, (iii)
improve the method validation protocols in orderctinsider all potential sources of bias and
uncertainty and assure highly reliable analytiesluits. Under such circumstances, quite traditional
instrumentations, such as triple-quadrupole masstspneters in the SRM mode, combined with
either GC or HPLC, were almost uniquely utilizesgcause they assure sensitive and accurate

guantification of few pre-determined target anayte

1. FAEE determination in hair samples

Due to the relatively high volatility and hydrophaby of FAEEs, HS-SPME-GC/MS is the
suggested method-of-choice for the routine deteatiun of ethyl myristate (E14), ethyl palmitate
(E16), ethyl stearate (E18), and ethyl oleate (ElL8t hair extracts (Kintz, 2012b). Among over 20
ethyl esters detected in hair, these four selemtadites were found to best reflect harmful drigkin
(Pragst et al., 2001). In brief, deuterated intestandards are added to decontaminated hair
samples, and subsequently extracted overnight witheptane-dimethylsulfoxide mixture. The
hydrocarbon layer is evaporated and the residuoldisd into a phosphate buffer, on which HS-
SPME is executed. The SPME fiber is analyzed wi@INES in the electron impact (El) ionization
mode under SIM conditions.

Over time, laboratories interested in testing f&fEEs adopted the protocol (Pragst et al.,
2001), with small changes for in-house revalidatbthe method and to optimize the experimental
conditions, to determine E14, E16, E18 and E18ith the purpose to better clarify the reliability,
limitations, and potential of FAEE biomarkers inirh@ ascertain harmful drinking. Later, Pragst
and Yegles presented an updated procedure, wikctd@at limits ranging between 0.003-0.01
ng/mg, as determined on 30 mg of hair (Pragst &l&&d008).
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Kulaga et al. investigated the potential effechair pigmentation on FAEES incorporation into
the keratin matrix, and used, for the first timairfcollected from rats as a model matrix for FAEE
production and hair inclusion (Kulaga et al., 20085 expected for neutral and lipophilic
molecules such as FAEES, they concluded that FAGtiEantration in hair does not depend on hair
pigment. However, they noted that FAEE hair con@giun in rats was much lower than that
typically observed in humans, at comparable dosage,still measurable with the analytical
protocol adopted. Gareri et al. used the same t@calynethod to study the potential bias from use
of ethanol-containing hair-care products on FAEmoemtration measured on hair of a non-
compliant female population (Gareri et al., 201Eyjom the comparison of FAEE and EtG
concentrations in the same hair samples, they adadlthat use of hair-care products that contain
ethanol (even at low percentage; i.e., less th&o b9 volume) might affect FAEE levels in real
hair samples, with experimental values from apprately 0.5 to 5.0 ng/mg, to possibly produce
false non-compliant outcomes (Gareri et al., 20$1iisse et al. considered the experimental results
from as many as 1872 hair samples from forensiexcéSusse et al., 2012). They deduced that (i)
the use of hair spray might affect (increase) detk€AEES, but not EtG, hair concentrations; (ii)
conversely, bleaching and dying hair treatmentshinédfect (decrease) EtG, but not FAEESs, hair
concentrations, whereas (iii) hair gel, hair wai, and grease have apparently no influence on
FAEEs and EtG.

Susse et al. reported a method with detection dimanging from 0.008 to 0.026 ng/mg, as
measured on 20-50 mg hair samples (Susse et &4D).ZDhese analytical features allowed the same
authors to accurately measure the basic levelgiofHAEES in strict teetotalers: the results showed
that 20% of abstainers (N=242) presented total EEFAoncentration that exceeded the cut-off
values of 0.5 or 1.0 ng/mg, as a function of thanexed hair length (Susse et al., 2012). In
contrast, Albermann et al. reported total a FAE&scentration lower than 0.2 ng/mg for 74% of
drivers who self-claim as abstinent (N=160), wherealy 9% of these samples showed a FAEE
concentration that exceeded 0.5 ng/mg, among wdoche true-positive cases (Albermann et al.,
2011).

Lately, Hastedt et al. updated and revalidated H&SPME-GC/MS method originally
developed by Pragst et al. (Hastedt et al., 20i2g<® et al., 2001). Better detection limits were
achieved (0.004-0.014 ng/mg), although an expanideel to complete the chromatography cycle
was needed (over 30 min) than in the original mgtho
On the other hand, Caprara et al. and Kulaga etledcribed a different analytical strategy to
quantify a larger number of FAEEs in neonatal hunaawl animal hair samples, with ethyl

heptadecanoate as the internal standard (Caprala @006; Kulaga et al., 2006). They adopted
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solid-phase extraction (SPE) in place of SPME ¢taie FAEESs from hair extracts, followed with
either GC/MS or GC/MS/MS in the chemical ionizati@l) mode, with isobutene as the ionizing
gas. Unlike EI, which typically leads to an exteesibut nearly identical, fragmentation patterns fo
all FAEEs, CI virtually generates only the protathimolecule ion, which is distinctive for each
ethyl ester. MS/MS performed in an ion-trap devibearly adds specificity to the method. In
choosing ClI rather than EI for the analysis, goetection limits were achieved (<2.4-6.6 pg/mg),
only recently outperformed, as reported above. FaB&lysis profile was also expanded to six,
rather than four esters, by adding ethyl laure&&2), and ethyl palmitoleate (E16:1), and
cumulative analysis of all commonly occurring FAEi&sbiological matrices was suggested to
provide a more effective way to identify neonatathvsuspected pre-natal exposure to ethanol
(Caprara et al., 2006; Kulaga et al., 2006).

By taking advantage of the preceding experiencasym&rmann and Jackson proposed a
globally revisited analytical method to determineefFAEEs (E12, E14, E16, E18, and E18:1) in
human hair, and aimed to combine high sample thmoulg with analytical performances
(Zimmermann & Jackson, 2010). Instead of extenswsshing procedures and an overnight
extraction, followed by a 20 or 40 min-long GC/M&adysis, they proposed a method that required
a total analysis-time of less than 1 hour, inclgdar 15-minute sonication-extraction procedure,
followed with HS-SPME-GC/MS/MS, performed with aagliupole ion trap. Positive-Cl combined
with MS/MS provided high selectivity and detectioapability, despite a total chromatography
cycle time of only 9 min. The limits of detectioanged from 0.002 to 0.030 ng/mg (Zimmermann
& Jackson, 2010). More recently, Politi et al. deped a sensitive (LOQ = 0.01 ng/mg for each
FAEE) analytical protocol for FAEE determinationhair, based on the widespread SPE and GC-
EI-MS techniques (Politi et al., 2011). These teghes are affordable by any toxicology laboratory
- a key feature to make this determination routifeur ethyl esters (E14, E16, E18, and E18:1)
were chromatographically separated in about 16 Faster chromatographic analysis is prevented
by the need to obtain well-separated peaks anchteoferences, because FAEEs share most El

fragment ion signals.

2. EtG determination in hair samples

EtG is a polar substance with a relatively low rocalar weight. Due to these attributes, a single-
stage of MS analysis is generally insufficient eanply with the low detection limits in the pg/mg
range required for its determination in a complesrakinic matrix. Either GC/MS/MS after

derivatization or LC-MS/MS are the methods of ckedior EtG determination in hair samples; both
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are capable to minimize the background interferenaed to achieve the optimal detection
capability and high specificity, required in toxicgical and forensic applications. The limitations
of the simple GC-EI-MS approach for EtG determimaiin hair samples is indirectly demonstrated
by a recently developed method, which barely rem@melLOD of 100 pg/mg with as much as 100
mg of hair in the SIM acquisition mode (Alvarezadt, 2009). This LOD value is considerably
higher than the established cut-off limit to evideralcohol use disorders (Kintz, 2012b).

Although the simplicity and progressively increasperformances of ESI make the LC-MS/MS
approach prevalent nowadays, several highly-efitc@C/MS/MS methods have been recently
developed and updated to fulfill the legal regesientailed by regulations of many countries. Paul
et al. proposed and validated a GC/MS/MS proceduvgh EI, triple-quadrupole mass
spectrometer, and SRM (Paul et al., 2008). Theunsntal analysis followed water extraction,
SPE purification, and derivatization with N,O-bisfiethylsilyl]Jtrifluoroacetamide (BSTFA). An
LOD of 5 pg/mg was obtained, and the chromatograpttye was 7.30 min (Paul et al., 2008). A
modified protocol was reported by the same groupOil, in which the SRM transitions for GHB
were added to the same analytical protocol, sooasletect EtG and GHB within a single
chromatographic procedure. This combination is mpartance in the investigation of drug-
facilitated crimes, because GHB and alcohol arguieatly combined substances used to perpetrate
these offences (Paul et al., 2011).

Large-volume injection (LVI) GC-EI-MS/MS was propakto increase the sensitivity in hair
EtG determination. The authors suggested that, optimization of streaming volume, purge time,
programmable temperature vaporization (PTV) tentpesa injection volume, and other
experimental parameters, the detection capabilty be improved by at least 1-2 orders of
magnitude, as compared to the traditional apprd¢&tin et al., 2010). Even so, they estimated an
LOD value of 5 pg/mg, with 20 mg of hair, as in thethod previously cited (Paul et al., 2008).

NCI with methane was proposed as an alternativel twithin a GC/MS/MS protocol in order
to improve analytical sensitivity (Kharbouche et 2D09). A high cross-section for electron capture
was induced by double derivatization of EtG withflob®ropentanoic anhydride. The choice of two
selective SRM transitions allowed high specifigitythe analyte identification, despite the fast GC
protocol. The estimated LOD value for EtG was 3wg/with 30 mg hair. This analytical protocol
was adopted to analyze rat hair samples, so asatoate any potential hair-pigmentation effect on
EtG incorporation into the keratin matrix. No stéitially significant differences were observed
between pigmented and non-pigmented hair (Kharbmusthal., 2010). The same group also

evaluated the possible effect of hair-care prodant&tG incorporation (Sporkert et al., 2012).
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A similar GC-NCI-MS/MS approach was also proposadiys et al., 2010), but the final EtG
enrichment was performed with HS-SPME, after deation with heptafluorobutyric anhydride.
HS-SPME injection yielded further clean-up in theatispace extraction and accumulation of the
derivatized analyte on the fiber, with a significalecrease of the LOD value: 0.6 pg/mg, with 10
mg hair (Agius et al., 2010). No further improversemere recorded with nonafluorobutyrric
anhydride for EtG derivatization instead of heptafbbutyric anhydride. A similar LOD value (0.7
pg/mg) was also achieved (Kerekes et al., 2009 f20-30 mg of hair, although NCI was
followed by single MS detection, with two monitorgmhs in the SIM acquisition mode. The EtG
concentration was in hair collected from severatgaf the body for the same subjects determined
and compared (Kerekes et al., 2009).

Even though the GC/MS/MS procedures for EtG deteation in hair proved to be accurate and
highly sensitive, especially when electron captues used, most toxicology laboratories currently
prefer LC-MS/MS, because the sample-purificati@pstare easier and no derivatization is needed.
These simplifications substantially contribute éduice the work and time for sample processing - a
crucial aspect in laboratories with high samplalloa

Although the first LC-MS/MS method dates back to020the real bloom of analytical
procedures based on LC separation and ESI start2d07. ESI is commonly used in the negative
ion mode because of the acidic nature of EtG. Amtireglarge variety of proposed methods,
different sample-preparation steps, amounts ofyaedl hair, and chromatographic conditions were
adopted that yielded excellent selectivity and L@dues between 1 and 10 pg/mg. The proposed
methods proved highly reliable to support evaluatad harmful drinking (Morini et al., 2009;
Marques et al., 2010; Pirro et al., 2011a; Agiualgt2012); monitor total abstinence (Kronstrahd e
al., 2012); study hair-treatment effects that gagdiead to partial disappearance of EtG from the
keratin matrix (Morini et al., 2010); and evalu#te effect of individual and external parameters on
EtG accumulation and persistence in hair, so akefime the boundaries and to exclude conditions
for its use as a biomarker of ethanol consumptitmagst et al., 2010, Susse et al., 2012; Hastedt et
al., 2012; Cabarcos et al., 2012; Pirro et al., 1PQ)1AImost all these methods made use of triple-
guadrupole instruments to monitor SRM transitioasMeen the deprotonated molecule ion of EtG
(m/z221) and two fragment ions(z 75, 85). For EtG determination in hair sampledetailed list
of MS conditions used in the cited articles is praéed in Table 1. Conditions for GC and LC
methods are reported.

The major critical point of hair EtG determinatiaith LC-ESI-MS/MS methods is the possible
occurrence of matrix effects (Matuszewski et 2002 Peters & Remane, 2012), especially when a

non-polar stationary phase is used for LC separatie., EtG eluted quickly. In any case, matrix
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effects need to be carefully evaluated during netthevelopment and validation (Lamoureux et al.,

2009; Tarcumnicu et al., 2010; Cabarcos et al.,2P0%everal authors proposed to modify

previously developed analytical protocols in ortierimprove sample clean-up (essentially with

SPE) and consequently reduce ion-suppression amease the signal-to-noise ratio. Politi et al.

reported an extreme case, in which SPE clean-upefdraseful to decrease ion suppression and
identify EtG traces in three hair segments of avkmalcoholic, 27 years after his death (Politi et

al., 2008).

Carbon-blend SPE columns, based on porous graphéterial, are suitable for the extraction
of EtG from complex matrices such as hair (Lamoxretial.,, 2009). Besides, the use of silica
HPLC columns, in place of reversed-phase columiiays one to elute EtG with a mobile phase
that contain a high percentage of organic solvewt law percentage of water, to improve ESI
efficiency (Lamoureux et al., 2009). An alternatsteategy, proposed previously, made use of post-
column addition of acetonitrile to the eluate. Huog same goal, the use of HILIC coupled to mass
spectrometry was proposed and successfully apfiethe analysis of EtG in hair (Kintz et al.,
2008; Tarcumnicu et al., 2010). Recently, Albermanal. proposed a modification of their method
for EtG determination in hair, aimed to solve o@maal chromatographic problems during routine
work (Albermann et al.,, 2012). The new method usadLC column with stationary phase
composed of 100% porous graphitic carbon, instdatieoreversed-phase LC column previously
used (Albermann et al., 2010). However, the newhoteted to a longer analysis-time and slightly

higher LOD value (1.7 pg/mg) than previously repdr(l pg/mg).

E. Antidoping Analysis

In amateur and professional sport, the artificrdi@cement of the athletic performance with drugs
or forbidden practices is subjected to systematiotrol. Doping controls in sport events are
managed by the World Anti-Doping Agency (WADA), dligh tests of urine or blood sample
collected from athletes in and out of competitibtair analysis is currently not accepted as an
alternative to urine and blood analysis for dopoantrol (WADA, 2012) for several reasons,
including its heterogeneous nature, the uncertaintynechanisms that regulate drug incorporation,
and alleged diversity in occurrence and extenhes¢ mechanisms among different ethnic groups
(Kintz, 2007a). However, it is evident that haiabysis would be of practical significance in severa
circumstances, because it provides complementdoyniation with respect to urine and blood
testing (Galillard et al., 2000; Kintz, 2003). Inrcfaurine and blood analyses detect recent drug
intake, but cannot distinguish between chronic arssingle exposure, whereas hair analysis can

offer this distinction (Kintz, 2007a). Indeed, dogiagents are partially excreted in the sweat and
22



709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741

incorporated into growing hair, and remain stableléng periods of time. Thus, hair testing might
offer a large detection window to allow long-termtettion of prohibited drugs and a retrospective
estimation of the intake period. This opportunippears to be particularly important to detect out-
of-competition doping treatments; for example,he aithletes who use anabolic substances during
the training period and interrupt their intake Idyejore the start of competition (Kintz et al., 2D0

The need for equal conditions for all athletes #nedfreedom for them to make use of whatever
cosmetic treatment, including complete body shavimgvented any official use of hair analysis in
doping controls. For example, the incorporatiomrsatf prohibited drugs was proved to depend on
the hair pigmentation, to possibly lead to unequaadditions in doping control, and consequently
ethnic discrimination (Gambelunghe et al., 200@)addition, hair washing, discoloring, and tinting
appear to influence the drug concentration measuarédir, as well as their distribution within the
hair longitudinal axis (Kintz, 2003). Nevertheleske potential of hair analysis for antidoping
purposes is so strong that several analytical nastlweere developed in the past to detect doping
agents in hair specimens (Kintz, 2007a).

In the last five years, a limited number of analgtimethods was additionally developed, with
the main objective to measure anabolic androgerioisl (AASS) level in human hair with gas or
liquid chromatography coupled to high-resolutionssiapectrometry or tandem mass spectrometry
(Anielski, 2008; Gambelunghe et al., 2007; Deshmeklal., 2010). A complex challenge was
addressed to exploit hair analysis to distinguistwieen natural production of endogenous steroids
(e.g., testosterone) and exogenous uptake of the steroids (Shen et al, 2009; Pozo et al, 2009,
Deshmukh et al. 2012). AASSs represent the mosuéetly detected class of substances in out-of-
competition doping testing, because they are widddysed to increase strength and lean body
mass, and also lead to reduced recovery periodsr(iehet al., 2000; Pozo et al., 2009; Deshmukh
et al. 2010). AASs are also utilized to speed ugateugrowth in cattle and horses (Gaillard et al.,
1999; Anielski, 2008). AAS detection in hair speeims is more widely accepted in animals than in
humans; it still receives a considerable intereghe scientific research, as demonstrated recently
(Nielen et al., 2011) in which hormone and vetayndrug screening and, in general, forensic
investigations can benefit from the recent develepi®: in desorption electrospray ionization
(DESI) mass spectrometry (Takats et al., 2004). ID&lBwed bovine hair analysis with very
limited sample preparation: after rapid ultrasdigaid extraction, a few microliters of supernatant
were deposited onto a glass or PTFE surface, aed,drefore DESI analysis. Full-scan andMS
experiments with a linear ion trap MS were useddaiect estradiol benzoate, testosterone

cypionate, and testosterone decanoate to demangiieigeneral feasibility of rapid screening and

23



742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

detection of anabolic steroid intact esters. Qbitgh levels (300-800 g/kg) of steroid esters are
generally present in hair samples from controlled ilegally treated animals (Nielen et al., 2011).

Anielski published a method to detect anabolic astisr and their esters in hair material
(Anielski, 2008). After hair extraction (sonicatiamethanol, 4h, 50°C) and LLE raw purification, a
refined sample clean-up procedure was carried otit WPLC. The residue was subsequently
derivatized, and the trialkylsilyl steroid deriwags were analyzed with GC/HRMS and GC/MS/MS
to yield LOD values between 0.1 and 5.0 pg/mg. method was successfully applied to real
samples to detect testosterone propionate in tinehteated horses. Unlike a urine specimen, the
parent drugs instead of their metabolites are rfrecpiently detected in hair samples.

The goal to determine the natural occurrence obalmasteroids in hair, and their biological
variability within selected populations of individis, led Shen et al. to develop a specific
GC/MS/MS method to simultaneously identify testoste, epitestosterone, androsterone,
etiocholanolone, and dehydroepiandrosterone (DHEAEN et al., 2009). After alkaline digestion
(NaOH, 1IN, 10 min, 90°C), LLE extraction with digtbther was carried out. The extracts were
derivatized with a MSTFA/iodotrimethylsilane/ditleiythritol mixture (10:5:5, v/v/iw) and
analyzed with GC/MS/MS/SRM. The method was fullyidated and applied to 80 subjects (39
males, 30 females, 11 children). The sensitivityhef method (LODs between 0.1 and 0.2 ng/mg)
proved sufficient to determine the physiologicahoentration ranges for the selected endogenous
steroids in the three populations, so as to addhesterpretation of non-compliant results from
alleged steroid abuse (Shen et al., 2009).

An analogous GC/MS/MS method was previously dewsdopfor the simultaneous
determination of methyltestosterone, nandrolonelddymne, fluoxymesterone, cocaine, and
benzoylecgonine, and was applied to hair sampltes seven athletes with reported AAS abuse
(Gambelunghe et al., 2007). All anabolic steromsuded in the procedure could be detected with a
10 pg/mg detection limit. Methyltestosterone, nahaite, boldenone, and fluoxymesterone were
detected in real samples between 12 pg/mg and /8Tgpg

A specific LC-MS/MS method was developed for thaichl determination of testosterone
undecanoate in hair samples (Pozo et al., 2009¢r Afecontamination and incubation in a tris(2-
carboxyethyl)phosphine hydrochloride solution (1.50°C) within an ultrasonic bath, a double
LLE with n-pentane was performed. The reconstitutesidue was injected into an LC-MS/MS
triple-quadrupole mass spectrometer with APCI seuithe proposed fragmentation pattern of
testosterone undecanoate is shown in Figure 4midtbod was applied to hair samples from three

patients treated with testosterone undecanoatéedrio detected concentrations of 0.4, 1.6 and 8.4
pg/mag.
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The group of Naughton and coworkers recently pbblistwo sensitive LC-MS/MS methods
for the detection of various steroids in human tsamples. In the first study, nandrolone and
stanozolol were determined in human hair for thet ime (Deshmukh et al., 2010). After alkaline
digestion (NaOH, 1M, 15 min, 95°C) and LLE with arfpane, the extracts were injected into a
UHPLC system interfaced to a triple-quadrupole nsmsctrometer with ESI source. From 20 mg
aliquots of hair, LOD values of 0.5 pg/mg for staolel and 3.0 pg/mg for nandrolone were
obtained. The method was successfully applied thdi® samples previously tested positive with
ELISA (enzyme-linked immunosorbent assay) screetingeveal seven false-positive results and
to confirm one sample positive to nandrolone (1pdimg) and eleven samples positive to
stanozolol (concentration range 588.3 pg/mg). The second study used a similar exyssrial
approach to develop a highly sensitive LC-MS/MS hodt to determine testosterone and
epitestosterone in hair samples (Deshmukh et 82 The natural abundance ratio of these
steroids (T/E) is significantly modified by any geamous intake of testosterone. Low LOD values
(0.1 pg/mg and 0.25 pg/mg for testosterone ancgpisterone, respectively, from 50 mg of hair)
allowed the determination of physiological testomte and epitestosterone levels on 75 real
samples, which ranged from 0.70 to 11.81 pg/mg alesnand 0.33 to 6.05 pg/mg in females
(testosterone); from 0.63 to 8.27 pg/mg in malesl @52 to 3.88 pg/mg in females

(epitestosterone).

Ill. FUTURE TRENDS OF HAIR ANALYSIS

A. New Designer Drugs

In the last years, forensic laboratories have lobatienged worldwide with the puzzle to detect
a variety of new psychoactive substances. Theseaonus, occasionally called either designer
drugs or legal highs, have little or no previoustdny of medicinal use. Amphetamine derivatives,
with backbone molecular structures of piperazind aathinone, initially represented the main
group of designer drugs. Almost at the same timetheer wide group of compounds, known as
synthetic cannabinoids, appeared on the black rhakevery rapid proliferation of new
psychoactive substances of these and other cl&sdt®sed in recent years. Although most of the
latest drugs act as central nervous system (CN8llsints, their assorted chemical structures range

from derivatives of pipradrol, ketamine, phencyele arecoline, aminopropylbenzofuran, ring-
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substituted aminoindans, thiophenyl bioisosteresmgthamphetamine, as well as compounds
structurally related to cocaine (King & Kicman, 201

Reference standards for most designer-drugs méebare not yet commercially available.
That lack of standards poses a serious and lordjatarchallenge to toxicological laboratories to
develop analytical procedures to detect their presein a variety of biological matrices.
Nevertheless, several analytical methods were dpedl to determine some of these new
psychoactive substances and/or their metabolitesitirer blood or urine (Moran et al., 2011,
Grigoryev et al., 2011; Dresen et al., 2011; Teskal., 2010; Wintermeyer et al., 2010; Beuck et
al., 2011; Kraemer et al., 2009; Sobolevsky, Pmasot Rodchenkov, 2010). On the other hand,
only very few studies have been published to daé describe protocols for the detection of these
substances in hair samples.

In a Letter to the Editor, Torrance and Cooper rigggbthe detection of mephedrone in hair
samples at 4.2 and 4.7 ng/mg concentration with@17025 accredited method, but details on the
analytical method used and comments or interpogtatof results were not included (Torrance &
Cooper, 2010). A specific and accurate method fepmedrone detection with GC/MS was
proposed (Martin et al., 2012). The study repotted 67 real hair samples were analyzed - 10 were
found positive, with mephedrone concentrations f@éito 313.2 ng/mg; 8 of them were below 6
ng/mg. As for amphetamines, it is deduced that reémne concentrations in hair are likely in the
ng/mg, not pg/mg, at least in the cases of repeatetse (Martin et al., 2012). Detection of
piperazine-like compounds was meticulously desdrifiarroso et al., 2010b). This study was the
first to report the development and validation ofamalytical method for the determination of three
phenylpiperazines in hair samples. Trimethylsilgridatives were determined with GC/MS, and
the method was applied to autoptic samples and Isanepllected from subjects under psychiatric
evaluation.

The first multiclass screening for synthetic cannailals in hair samples was published recently
(Salomone et al., 2012b). In this study, a UHPLCAMS procedure was developed and validated
to determine the possible presence of five syrcheinnabinoids (i.e., consistently present in the
black market during the period considered: JWH-OIMH-073, JWH 200, JWH-250, and HU-
210) in 179 real hair samples collected from prasip proven Cannabis consumers (Figure 5). The
fourteen (7.82%) samples found positive to at leas¢ synthetic cannabinoid demonstrated
significant diffusion among drug abusers. Concéiaming of synthetic cannabinoids ranged from
0.50 to 730 pg/mg. Although the published screemag limited to relatively few compounds, its
UHPLC-MS/MS approach makes further method expandeasible, so as to include new

substances that are continuously introduced ireédtack market.
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B. Future Trends Driven by Instrumental Developments

After years of pioneering studies, hair analysistéxicology applications represents nowadays
a reliable and well-established means of forenmiestigation. The Society of Hair Testing
periodically meets to exchange scientific expemsncestablish new protocols, and draw up
consensus documents to carefully guide conclusiang legal judgments on the basis of
experimental results from hair analysis.

Whereas instrumental sensitivity and overall metbpecificity have been for years key issues
of experimental studies and analytical method dgeknts, the latest instrumentation for sample
treatment, chromatographic separation, and massrepeetric detection substantially fulfills these
requirements, and frequently provides LOD and LCHues largely better (i.e., lower) than the
expected drug concentrations in hair. Indeed, wvarisources of individual variability, including
genetic polymorphisms, metabolic disorders, dieg af cosmetics, and environmental exposure,
are likely to represent more-important causes af kand incorrect reporting than insufficient
sensitivity and specificity. For example, the LO®@ E£tG in hair will soon break the 1 pg/mg limit
and will open up a reflection on the possible orsgof this alcohol metabolite other than ingestion
of alcoholic beverages. Moreover, the chance adresl contamination of hair samples and extracts
grows with increasing method sensitivity, in turrecbming a major concern during the
experimental method validation.

Other issues, basically linked to one another,b@®ming increasingly important in forensic
hair analysis. These issues are: multiresidue amtialass potential, high throughput, and costs of
analysis. Capability of simultaneous multiclass lgsia is essential in broad drug screening of
unknown analytes, because in most acute intoxestamd post-mortem investigations the ingested
substance cannot be anticipated; however, thisifeatiso contributes to dramatically decrease the
number of analysis for each sample, with a resultast lowering. Modern UHPLC-MS/MS
instruments with triple-quadrupole analyzers careaaly simultaneously detect more than one
hundred substances in just a few minutes, and QERSHike procedures to extract hair samples
are rapidly spreading within toxicology laborataridhis trend will be probably pursued further in
the near future, up to new limits in terms of spaad number of target analytes, so as to manage
hundreds of samples per day. Automatically-driveighfiesolution MS/MS instruments,
sequentially generating data-dependent CID proaucspectra, will provide true general unknown
screening and will allow retrospective inquiry aepiously acquired data. Improvements in mass

analyzers that will lead to enhanced sensitivitg amass resolution at high scanning rate will
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possibly make these instruments preferable toetrqpladrupoles for general unknown screening
analysis.

High throughput and costs of analysis are strictignected to one another. Hair analysis is still
an expensive determination that prevents its gémedaapplication to workplace and driving
license testing, even if it is evident that drivewrsd, for example, workers who carry fire-arms
should not be habitual drug consumers. The anatgsits are due to the labor-intensive hair-sample
treatment and the difficulty to test all drugs tiuae at once. Further development of direct MS
methods of analysis, such as DESI or MALDI-TOF, bamed with simplified sample handling,
could possibly provide very fast and cheap drugesting of hair samples in the future. Even if the
sensitivity of these instrumental approaches Islstv, quite high cut-off values could be accepted
whenever the scope of the screening is to singleooly the chronic drug consumers. Also, MS-
imaging techniques require significant improvemeint, terms of hair sample handling and
instrumental sensitivity, before generalized amgtian can be found in the chronological
assessment of drug intake.

The scientific literature reports no studies ondbelication of isotope-ratio mass spectrometry
(IRMS) to hair analysis to discriminate the natwsl exogenic origin of substances present therein.
The substances of interest might include dopingtsgsuch as steroids, as well as a common rape
drug; i.e., gamma-hydroxybutyric acid. The reasfanghis lack can be found again in the limited
sensitivity of the technique, the restricted sangdailability, the complexity of its purificatiomnd
that specificity provided by mass selection is liosthe combustion process. The chance of using
IRMS to detect the illegal administration of drumger extended periods of time, as it might occur
for androgenic steroids, will possibly push somersific efforts in this direction in the near fuéu

In general, the recent major improvements of MS e@mematographic instrumentation have
driven forensic toxicology toward previously incenable results. Among these studies, it is
impressive to note that hair analysis can nowagayside evidence of a single administration of
drugs. The continuous enhancement of MS sensitpiogressively reduces the amount of hair
sample needed for the chemical analysis, and extify@dchance to investigate newborn children, to
detect pre-natal drugs exposure. The scientifi¢ googain toxicological information from a single
hair has already started, in a worthy competitioithworensic genetics. Further unexpected
developments of MS instruments are likely to hawenediate impact also in the investigations of
forensic toxicology, and in particular in hair ayss.
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909 V. ABBREVIATIONS

910  All abbreviations and acronyms used in this artarke listed in Table 2.
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TABLE 1. Comparison of MS conditions for EtG determinatiorhair samples

Authors, year Analyycal Mass Analyzer m{z.lons Derivatization
Technique (acquisition mode)
Alvarez et al., 2009 GC-EI-MS single quadrupolle ;2830; 405 (SIM) ' BSTFA
Paul et al., 2008 . ' ' '
Paul et al.. 2011 GC-EI-MS/MS triple quadrupole 262 143 (SRM) BSTFA
Shi et al., 2010 GC-EI-MS/MS triple quadrupole 261~ 143 (SRM) BSTFA
261— 73
Kharbouche et al., 2009
. 347— 163
Kharbouche et al.,, 2010 GC-NCI-MS/MS triple quadrupole (SRM) PFPA
347 — 119
Sporkert et al., 2012
Agius et al., 2010 GC-NCI-MS/MSI triple quadru olle 596~ 427 SRM HFBA
g ” Pl quadrtip 506288  (ORM)
Kerekes et al., 2009 GC-NCI-MS single quadrupole 6; 4219 (SIM) PFPA
Morini et al., 2009 221- 221
Morini et al., 2010 LC-ESI-MS/MS triple quadrupole 221—- 85 (SRM) -
Politi et al., 2008 221—- 75
Pirro et al., 2011a
Pirro et al., 2011b
Kronstrand et al., 2012 921, 85
Pragst et al., 2010 LC-ESI-MS/MS triple quadrupole - SRM -
Hastedt et al., 2012 22175 (SRM)
Lamoreux et al., 2009
Tarcumnicu et al., 2010
Kintz et al., 2008
Susse etal,, 2010 LC-ESI-MS/MS tripl d I S SRM
Susse et al., 2012 = fiple quadrupole 221— 57 (SRM) i
221— 55
221— 203
Cabarcos et al., 2012 LC-ESI-MS/MS ion trap 221— 85 (SRM) -
22175
Albermann et al., 2010 221—113
Albermann et al.: 2012 LC-ESI-MS/MS triple quadrupole ;;i_) 32 (SRM) -
—
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TABLE 2. Abbreviations and acronyms used in this article.

6-MAM 6-monoacetylmorphine
AASs ' Anabolic Androgenic Steroids
AP ' Amphetamine
APCI Atmospheric Pressure Chemical lonization
BSTFA N,O-bis[trimethylsilyl]trifluoroacetamide
BZE ' Benzoylecgonine
CBN Cannabinol
CDB Cannabidiol
CDT ' Carbohydrate-Deficient Transferrin
Cl ' Chemical lonization
CID Collision-Induced Dissociation
CNS Central Nervous System
CZE Capillary Zone Electrophoresis
DESI ' Desorption lonization Mass Spectrometry
DFC ' Drug Facilitated Crime
DFSA Drug Facilitated Sexual Assault
DHEA Dehydroepiandrosterone
E12 Ethyl laureate
E1l4 ' Ethyl myristate
E16 ' Ethyl palmitate
E16:1 Ethyl palmitoleate
E18 Ethyl stearate
E18:1 Ethyl oleate
El Electron Impact
ELISA Enzyme-Linked ImmunoSorbent Assay
EME ' Ecgonine Methyl Ester
ESI ' Electrospray lonization
EtG Ethyl Glucuronide
EtS Ethyl Sulfate
FAEE ' Fatty Acid Ethyl Esters
FTICR Fourier Transform lon Cyclotron Resonance
GC Gas Chromatography
HFBA Heptafluorobutyric Anhydride
HILIC ' Hydrophilic Interaction Liquid Chromatography
HPLC High Pressure Liquid Chromatography
HRMS High Resolution Mass Spectrometry
HS-SPME Head Space Solid-phase MicroEstraction
IMS ' Imaging Mass Spectrometry
IRMS Isotope-Ratio Mass Spectrometry
LC ' Liquid Chromatography
LLE ' Liquid-Liquid Extraction
LOD Limit of Detection
LOQ ' Limit of Quantification
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TABLE 2. (Continued)

LVI Large Volume Injection
LTP ' Low Temperature Plasma
MALDI Matrix-Assisted Laser Desorption lonization
MBDB N-methyl-1-(3,4-methylenedioxyphenyl)-2-butamiae
MBTFA N-methyl-bis trifluoroacetamide
MDA 3,4-methylenedioxyamphetamine
MDEA 3,4-methylenedioxyethamphetamine
MDMA 3,4-methylenedioxymethamphetamine
MiAMi Micropulverized Extraction Aqueous AcetylatioMicroextraction
MIP Molecularly Imprinted Polimers
MISPE Molecularly Imprinted Solid-Phase MicroExttiaa
MS Mass Spectrometry
MSTFA N-methyl-N-trimethylsilyltrifluoroacetamide
MTBSTFA N-methyl-N-(tert-butyldimethyl)trifluoroa¢camide
NCI Negative Chemical lonization
PEth Phosphatidylethanol
PTV ' Programmable Temperature Vaporization
QaQ ' Triple quadrupole mass spectrometer
QqQLIT ' Hybrid triple quadrupole linear ion trap nsagpectrometer
QUEChERS Quick Easy Cheap Effective Rugged Safe
' SIM ' Selected lon Monitoring
SOHT Society of Hair Testing
SOHT Society of Hair Testing
SPE Solid-phase Extraction
SRM ' Selected Reaction Monitoring
THC ' A’-tetrahydrocannabinol
TMCS Trimethylchlorosilane
TOF Time of Flight
UHPLC Ultra High Performance Liquid Chromatography
WADA World Anti-Doping Agency
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FIGURE CAPTIONS

FIGURE 1. MALDI-MS analytical workflow for single hair analis The whole process from
sample preparation to SRM relative quantitation B18/MS and MS confirmatory analyses takes
approximately 2 h, including the analysis of mu#igamples (Porta et al., 2011; reproduced with
permission, American Chemical Society, copyright 20

FIGURE 2. GCxGC contour plot (TIC) obtained for a hair samglg Cotinine; (2) meconin; (3)
mesocain; (4) tropacaine; 5.EDDP; (6) phenazodinehydroxycotinine-TBDMS; (8) methadone;
(9) quaalude; (10) norcocaine; (11) cocaine; (Ii)aethylene; (13) codeine; (14) diazepam; (15)
benzoylecgonine-TBDMS; (16) acetylcodeine; (17nemoylcocaine; (18) diacetylmorphine; (19)
codeine-TBDMS; (20) morphine-TBDMS; (21) 6-MAM-TBDM (22) Papaverine; (23) morphine-
di-TBDMS (Guthery et al., 2010; reproduced withrpesion, Elsevier, copyright 2010).

FIGURE 3. Concentration of head hair EtG (pg/mg) versus %QDT175 patients clinically
classified as non-drinkers (A, green dots, N=66¢ja drinkers (S, yellow dots, N=51), and active
heavy drinkers (H, red dots, N=59). The data apsnted on a logarithmic scale. Horizontal and
vertical lines divide the plane into four quadrait$v) that identify the number of true and false
positive (or negative) results in each categoryt Reavy drinkers (red dots): I. True-positive
results; Il. false-negative results for CDT onll; false-negative results; IV. false-negative tesu
for head hair EtG only (Pirro et al., 2011, rednawith permission, Springer, copyright 2011).

FIGURE 4. Proposed fragmentation pattern for testosteroneseambate (Pozo et al., 2009;
reproduced with permission, John Wiley and Songyeght 2009).

FIGURE 5. SRM chromatogram of a blank hair sample fortifiethvihe target compounds: (1)
JWH-200, (2) JWH-250, (3) JWH-073, (4) CBD, (5) JVoi8, (6) CBN, (7) HU-210, (8) THC,
(ISTD) JWH-018€9 (Salomone et al., 2012; reproduced with permissiamn Wiley and Sons,
copyright 2012).
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