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ABSTRACT: Due to inhomogeneous MALDI matrix crystallization and laser shot-to-shot variability, quantitation is
not generally performed by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. Here we
introduce a high-throughput MALDI method using an innovative high-density microarray for mass spectrometry
(MAMS) technology, which allows semi-quantitative measurement of cocaine and its metabolites, benzoylecgonine,
cocaethylene and ecgonine methyl ester. A MAMS slide containing lanes of hydrophilic spots and an automated
slider to drag a sample droplet over several small spots can accomplish automatic sample aliquoting and lead to
homogeneous crystallization of the matrix-analyte mixture and, thus, to a reproducible signal (average RSD 6%).
Four hair samples of self-reported drug users were analyzed in parallel by MALDI-MS/MS and by a validated LC-
MS/MS method. The consumption profiles as well as the metabolite-parent drug ratios obtained correlated well,
confirming the effectiveness of the MALDI-MS/MS method to establish a calendar of consumption in only 1 mg of
hair. The analysis time for ten hair samples is below forty minutes, with twelve replicates per sample. Since only
3 uL of a 20 pL extract is analyzed, complementary assays are possible, such as the detection of additional drugs.
The semi-quantitative MALDI method worked well with only a small amount of hair, and gave results in less than
four minutes per sample, including replicates. This was made possible by the use of MAMS slides for sample
preparation, which thus present significant advantages over traditional methods in cases where results are required

urgently or if samples are scarce.




Interpretation of hair analysis results, which contains the history of drug consumption, is a
serious challenge in the field of toxicology and forensics. Complementary to blood and urine,
hair is a unique biological matrix which gives the opportunity to establish a temporal (chronic or
occasional) consumption profile. Hair has many advantages, because sampling is non-invasive,
storage is easy, but above all, it presents a wide time window, from weeks to years,' ideal for
following the evolution of consumption. In the majority of cases, both the active drugs and their
metabolites are retained in the hair shaft, depending on their chemical structure and their affinity

. . 2 3
with melanin.”

Segmental hair analysis is currently almost exclusively performed by gas or liquid
chromatography, coupled to tandem mass spectrometry detection.” In general, these approaches
require about 50 mg of hair (10-200 mg) and a segmentation every centimeter. Nevertheless,
extensive efforts to reduce the sample size are underway with the goal of reaching the mg range.
This, however, requires complex preparation steps and sophisticated equipment.* The availability
of an analytical method for the detection of psychoactive drugs from a very small amount of hair
would allow new information to be obtained, like the consumption habits in particular cases, e.g.,
in the case of newborn babies of drug addicts, of when lacerated or already putrefied corpses are
to be investigated, where hair samples are too small to be analyzed by conventional means, or too

precious to be destroyed.

During the last eight years, matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) has been developed for detecting cocaine and its metabolites, albeit in pulverized
hair, followed by an extraction step.® MALDI mass spectrometric imaging (MSI) seems to be
the only imaging method giving information on drug distribution in human hair without extensive

sample preparation or labelling techniques.”® Through a straightforward hair imaging protocol,



MALDI-MSI has been shown to be adequate to directly detect ingested drugs and their
metabolites in scalp hair, with higher spatial resolution (100 pm) than that of conventional
techniques, in one run, within minutes to hours. However, MALDI-MSI provides only qualitative

data about administered drugs, via a pixelated representation.

Although a number of articles suggest that MALDI using triple-quadrupole (QqQ)'*" or

Fourier-transform ion cyclotron resonance (FT-ICR)'*"’

mass analyzers allows reasonable
quality quantitative results to be obtained, MALDI-MS is not usually the method of choice for
quantitation, due to heterogeneous crystallization of the MALDI matrix-analyte mixture, which
results in significant shot-to-shot signal variation. The use of deuterated internal standards,'®'>'®
%% and averaging a large number of spectra from the same spot minimizing inherent shot-to-shot
variability,” have been shown to allow more reliable quantitation with MALDI-MS. Employing a
high repetition rate laser and a high number of replicates greatly improves accuracy, confidence,

and sensitivity of quantitative MALDI-MS experiments.'"'

However, it is generally difficult to
accurately produce many aliquots from small sample volumes for technical replicate
measurements in MALDI. We show here how a novel spotting device that significantly reduces

the inhomogeneity of the matrix-analyte co-crystallization,***

and structured target plates called
“microarrays for mass spectrometry” (MAMS)***’ that contain many spots for technical repeats

can address this problem.

Cocaine is the second most prevalent illicit drug in the world after cannabis, with a global annual
production approaching thousand tons.”® It is well established that cocaine, once it has been
ingested and is circulating in the bloodstream, is easily incorporated into hair follicles and can
still be detected in hair years later. Cocaine and two metabolites were even found in hair dating

back to AD 1000 of ten Peruvian coca-leaf chewers.>’



Here, we describe a high-throughput, semi-quantitation method (i.e. drug concentrations are
expressed in terms of relative concentration or abundance, from one hair segment to another) to
determine cocaine (COC), benzoylecgonine (BZE), ecgonine methyl ester (EME) and
cocaethylene (CE) extracted from hair, without prior chromatographic separation. Experiments
were carried out using a MALDI-TOF mass spectrometer, to allow high-throughput
measurements. For improving reproducibility and lowering chemical background, employing
MS" is advantageous. Tandem mass spectrometry is available on most MALDI-TOF instruments,
and in the context of this study was essential to discriminate against background matrix ions and
isobaric species, such as the benzalkonium chloride (BAK) recurrent in hair conditioners, from
drug signals. Stable isotope labelled internal standards (COC-D3, BZE-D3, EME-D3 and COC-
D3), a specifically modified target plate (MAMS), twelve replicates per sample, tandem mass
spectrometry (MS/MS) and a high repetition rate laser were employed in this approach to assure a
homogeneous matrix crystallization, a decrease of the laser shot-to-shot variability and a more
reproducible signal intensity; prerequisites necessary for an efficient and interpretable MALDI-
MS/MS results. For the first time, semi-quantitation of cocaine and its metabolites in hair using
MALDI-MS/MS mass spectrometry is shown. Drug distribution of cocaine and metabolites in
four 10-mm hair segments, from four chronic users were obtained, and the results compared

favorably well with a validated LC-MS/MS method.

EXPERIMENTAL SECTION

Chemicals and Reagents. Acetone, acetonitrile (ACN), alpha-cyano-4-hydroxycinnamic acid
(CHCA), 6-aza-2-thiothymine (ATT), 4-chloro-alpha-cyanocinnamic acid (CI-CCA), BZE, BZE-
D3, COC, COC-D3, CE, CE-D3, dichloromethane, EME, EME-D3, hexane, 2-hydroxy-1-

naphthoic acid (2H1NA), 3-hydroxycoumarine (3-HC), methanol and trifluoroacetic acid (TFA,



99%) were purchased from Sigma-Aldrich (Buchs, Switzerland). Deionized water was obtained
from a commercial water purification system (NANOpure Diamond, Barnstead, Dubuque,
lowa/USA). High-performance liquid chromatography (HPLC) grade was used for all chemicals
solvents. Copper adhesive tape was purchased from Electron Microscopy Sciences (Hatfield, PA,

USA).

Standards and Matrix Solutions. Standard solutions of COC and COC-D3, BZE-D3, EME-D3
and CE-D3 in acetonitrile were purchased with concentrations of 1.0 mg/mL and 0.1 mg/mL,
respectively, and stored at -20°C. A diluted standard solution of COC and a mix diluted
deuterated solution of COC-D3, BZE-D3, EME-D3 and CE-D3 in methanol was prepared, both
with a final concentration of 2 'g/mL and stored at -20°C. CHCA, CI-CCA and DHB matrices
were separately dissolved in an appropriate solvent mixture of ACN:H,O:TFA (60:40:0.2; v/viv)
at a concentration of 5 mg/mL for CHCA and CI-CCA and at 15 mg/mL for DHB. ATT and 3-
HC matrices were separately prepared at a concentration of 10 mg/mL in a solvent mixture of
acetone:H,O:TFA (50:50:1, v/v/v) and ACN:H,O:TFA (50:50;0.2, v/viv), respectively. Due to its
low solubility, 2HINA was dissolved at 4 mg/mL in ACN:H,O:TFA (50:50:0.2; viviv). All

matrix solutions were stored at 4°C to prevent degradation.

Hair Specimens. Drug-free hair was collected from a healthy Caucasian male volunteer (in his
40s, 10 mm long, straight grey hair), who had never used cocaine or any other drugs. Cocaine-
positive hair samples were collected in several care centers or risk reduction centers, from
volunteers (30-48 years old, female and male) having problems related to cocaine use, and
participating in a study of clinical, genetic and environmental factors associated with the onset of
symptoms. Four hair strands (A, B, C and D) with a sufficient weight to apply various analysis

techniques were selected from these volunteers. All volunteers self-reported regular use of



cocaine several times per month for more than ten years. All hair strands were collected from the
posterior vertex region. The hair locks were oriented root-to-tip, and tied together with a piece of
string, 1 cm from the root of hair. These hair samples were obtained with the approval of the
local ethical committee (approval no. IRB 00003835) and written informed consent was obtained

from all volunteers before sample collection.

Hair Sample Preparation for MALDI-TOF-MS Analysis. Drug-free and positive hair strands
were washed once in 10 mL of H,O and twice in 10 mL of dichloromethane. Each washing step
lasted two minutes and was carried out in a plastic tube immersed in an ultrasonic bath (Bandelin
Sonorex, Berlin/Germany). The hair locks were left to dry at room temperature. The last washing
solvents were analyzed by MALDI-MS, but no drugs or drug metabolites were found whatsoever,

demonstrating an appropriate washing procedure.

Although a simplified and rapid sample preparation would be feasible for MALDI-MS analysis,
we used 2-hour hair extraction protocol here, because we aimed at comparing the MALDI-MS
results with a validated LC-MS/MS method. Note that the standard extraction protocol requires
12 hours (overnight extraction). 10-mm sections of drug-free hair were cut into small pieces
using scissors and stored in a 5-mL-glass bottle. The positive hair samples were segmented into
1-cm sections starting from the root, then each 1-cm section was chopped into small pieces using
scissors and stored separately in 5-mL-glass bottles. 1 mg of hair, accurately weighted, was put
into a 0.5-mL polypropylene Eppendorf tube. 1 YL of internal standards and 60 'L of MeOH
were added to hair samples and the extraction was carried out at 45°C for 120 minutes using a
thermoshaker for microtubes (Grant Instruments, Cambridgeshire, UK), with a shaking speed of
400 rpm. Then, aliquots were centrifuged one minute to precipitate hair particles suspended in the

liquid phase to the bottom of the Eppendorf tube. All of the liquid phase was recovered and



evaporated at 60°C using a rotational-vacuum-concentrator (Christ RVC 2-18, Kiihner labEquip,
Basel/Switzerland). The residue was reconstituted in 20 L of an ACN/H,0 mixture (16:4, v/v)

and analyzed by MALDI-TOF-MS/MS.

Microarrays for Mass Spectrometry (MAMS) Production and Sample Aliquoting.
Microarrays produced by photolithography for preliminary investigations. Cocaine experiments
were performed on MAMS slides fabricated in the D-BSSE clean room facility in Basel
(Department of Biosystems Science and Engineering, ETH Zurich) using a photolithography
technique.®* We used a 4-inch semi-conductive silicon wafer, which was cleaned in an oxygen
plasma. A polysilazane polymer film (CAG37, Merck KGaA, Germany) was spin-coated onto the
wafer and cured on a hotplate at 300°C for two hours. Next, a photoresist layer (ma-P 1275,
micro resist technology GmbH, Germany) was deposited by spin-coating. The positive
photoresist film was then exposed to UV light through a foil mask to define the MAMS pattern.
Exposed areas were developed (ma-D 531, micro resist technology GmbH, Germany) to reveal
the thin underlying layer of polysilazane. Reactive ion etching was employed to selectively etch
the polysilazane in unprotected areas as defined by the original mask. After the etching step, the
residual resist was removed with acetone/propan-2-ol (Technic, France).*® The polysilazane layer
is hydrophobic, i.e., only the etched areas of the MAMS slide become hydrophilic, which
promotes focusing of the matrix and analyte solutions in these spots. In these preliminary
experiments, MAMS slides (75 mm x 25 mm) composed of nine columns of twelve wells, plus a
reservoir well (1 mm diam.), were used (Figure 1A). Each well (400 pm diam., ~1 um depth) will
hold ~8 nL droplet of solvent, with a relative standard deviation of the deposited volume under

8 9.2



Microarrays produced by photolithography: new design for higher throughput. The substantial
advantage of MAMS slides compared to some commercial targets, like the AnchorChips (Bruker
Daltonik GmbH), is the flexibility in the design (number of spots, rows, columns or distance
between spots, etc.) that can be adapted to the types of experiments to be performed. Thus,
experiments on cocaine and its metabolites were performed on a new, taylor-made MAMS slide
model (75 mm x 25 mm) that contained 600 small spots. One rectangular large reservoir (3 mm x
1 mm) was positioned at the top, followed by five rows of twelve consecutive small spots in a
staggered arrangement. Design parameters were as follows: inner spot diameter, 400 Im;
reservoir volume, ~40 'L; row-to-row distance, 400 !'m; spot-to-spot distance (same row),
1.4 mm. The new pattern of this MAMS slide is thus composed of 10 columns of 60 small spots

each (5 rows x 12 spots) (Figure 1B).

Sample aliquoting. The MAMS chips of sizes strategically identical to that of a microscope slide
make them compatible to all MALDI imaging adaptors. Thus, three MAMS chips can be fixed
onto a steel SCIEX MALDI target with conductive copper tape (Supporting Information, Figure
S1A), increasing the performance of analysis, until 30 samples per run. 3 pL of the analyte
solution were deposited in the main reservoir and the droplet was dragged using a pneumatically
assisted metallic slider, designed by the ETH institute’s mechanical shop.®* This slider will drag
the drop and generate 12 (for the preliminary design) or 60 (for the high-throughput design) very
reproducible aliquots (Supporting Information Figure S1B). All the wells can be filled in one pass
of this automated slider device. After solvent evaporation, 3 pL of the matrix solution were added
to the reservoir well, and distributed by the same procedure. Immediately after deposition, the
MAMS slide was put on a hotplate, to promote a homogenous solvent evaporation of the analyte-

matrix mixture.



MALDI-TOF-MS Conditions. MALDI analyzes were performed on a commercial MALDI
mass spectrometer (model 5800 TOF/TOF™, SCIEX, Darmstadt, Germany), fitted with a high
repetition laser (OptiBeam™, 1 kHz max. repetition rate, 30 uJ max. laser pulse energy, on-axis
irradiation, 50 'm laser spot diameter). Mass spectra were recorded in reflectron positive ion
mode. MALDI-MS parameters were as follows: source 1: 15 kV; laser intensity: 3300 [a.u];
pulse rate: 400 Hz; delay time: 90 ns, with a continuous sample plate stage motion. MS/MS
spectra were collected with metastable suppression, using the following parameters: source 1:
8 kV; laser intensity: 3800 [a.u]; pulse rate: 1000 Hz; delay time: 110 ns. lons acquired from
400 laser shots in tandem-MS mode were accumulated to obtain a spectrum. External mass
calibration was performed using the [M+H]" (m/z=190.0494) and [2M+H]" (m/z=379.0924) ions
of CHCA. Data were processed with software from the instrument manufacturer (TOF/TOF™

Series Explorer™ software, SCIEX).

Hair Sample Preparation for LC-MS/MS Analysis. Hair strands were analyzed in the unit of
Biological Toxicology and Forensics of the Limoges University Hospital (France), using a
routine procedure.® Strands of hair were analyzed using a validated LC-MS/MS method for
simultaneous quantitation of amphetamines, opiates, cocaine, and respective metabolites. The
four hair strands were decontaminated, as described in the hair sample decontamination section.
Hair specimens (A, B, C and D) were segmented into four 10-mm-long portions, from root to tip.
Cocaine and its metabolites were extracted from 50 mg of accurately weighted hair and samples
were purified as detailed in the extraction procedure.® Detection and quantification were
performed with a liquid chromatography system coupled to a triple-quadrupole/ion-trap mass

spectrometer.



RESULTS AND DISCUSSION

Preliminary Investigations on Cocaine. The first steps in the development of a high-throughput
method for drugs monitoring in hair were to determine the feasibility of the method for detecting
the parent drug. In this context, MAMS chips produced by photolithography were used that had

nine reservoir wells upstream of nine columns of twelve small wells.

In MALDI experiments, an important optimization is to find the most suitable matrix to produce
abundant protonated molecules. The co-crystallization between analyte and matrix has to be
efficient to generate reliable and reproducible results. Six different matrices were evaluated, in
terms of sensitivity, signal-to-noise (S/N) ratio and resolution of the cocaine ion peaks
(Supporting Information Figure S2). Commonly used matrices such as CHCA, CI-CCA, DHB, as
well as unusual matrices including ATT, 3HC and 2H1NA were chosen because of an absence of
interfering ions in the m/z region of interest (m/z 280-320) or their suitability for the low
molecular weight range. CHCA was clearly identified as the most appropriate matrix for
detecting cocaine in human hair samples. The protonated molecule of cocaine with CHCA was
two times more intense than with either DHB or CI-CCA, and 30 times higher than with ATT,

3HC and 2H1INA.

To prove that the MALDI-MS/MS method developed was directly applicable and compatible
with standard extraction procedures implemented for LC-MS/MS experiments, some currently
protocols used in labs were tested. Recovery solvents used to extract analytes in hair must
nevertheless be compatible with the MAMS slides, in term of static wetting or volatility. The
second step was thus the implementation of a drug extraction method, based on a small amount of
hair, i.e., 1 mg, and with a reduced extraction time, from 15 minutes to 4 hours, compared to

conventional extracting procedures that typically lasts overnight.*> Numerous methods of cocaine
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extraction from hair have already been proposed, using methanol, acetonitrile, aqueous or
buffered solutions, solvent mixtures, digestion with NaOH, acid or enzymatic hydrolyses.***
Here, six different extraction protocols including methanol extraction and solvent mixture
(Supporting Information Figure S3) were evaluated in terms of detection limit, signal
reproducibility, and S/N ratio (Supporting Information Figure S4). The extraction procedure
using a mixture of ACN/H,O/TFA, carried out at 45°C during 15 minutes, showed the lowest
S/N ratio, and about the same sensitivity and reproducibility as extraction with H,O/ACN/TFA,
at 15 and 60 minutes incubation time. Cocaine extracted from hair with methanol gave the most
reliable results in terms of limits of detection, reproducibility and a high S/N ratio, especially for

the protocol carried out at 45°C during 120 minutes. This protocol was therefore selected for the

rest of the experiments.

Improvement of the signal reproducibility. Implementation of a semi-quantitative method for
drug in hair by MALDI mass spectrometry is challenging. Variability in the sample quality due to
inhomogeneous analyte-matrix co-crystallization and a variable laser shot-to-shot energy are
factors that influence the reproducibility of the drug signal intensity. In the present case, signal
repeatability was improved by optimizing several parameters: the utilization of MAMS plate
promotes a more homogeneous co-crystallization than a regular MALDI target plate, and
combined with an automated aliquoting of droplets, the relative standard deviations of the signal
were improved by at least a factor of two (Supporting Information Table S1).

Tandem mass spectrometry to improve selectivity. Quantitation of cocaine in MS mode was not
feasible, mostly because the decontamination protocol implemented is not able to effectively
remove hair conditioner or shampoo, substances which interfere with the cocaine signal. Two

isobaric compounds were identified as the CHCA matrix peak (m/z 304.30), based on the exact
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mass measured by MALDI-FTICR (m/z 304.2846) (Supporting Information Figure S5), and as
didecyl benzyl dimethyl ammonium (Ci,-BDMA) (m/z 304.28), which is widely used as
disinfectant and is an active ingredient for toiletry products. Despite an efficient hair
decontamination protocol, quaternary ammonium compounds, as the C;,-BDMA, were present in
hair samples (Supporting Information Figure S6A). MS/MS experiments based on a wide
isolation window to include COC and COC-D3 generate peaks at m/z 182.1 and m/z 185.1, and
the fragment ions from interfering ions (m/z 212.1 and m/z 91.1) non longer overlap with those

from cocaine. (Supporting Information Figure S6B).

Quantitation of Cocaine and its Metabolites in User Hair Samples, using MAMS chips
Designed for Throughput. The preliminary investigations have demonstrated the requirement to
analyze cocaine in tandem mass spectrometry due to interferences from matrix and cosmetics.
Knowing that for MALDI experiments, the entire area of a MAMS spot has to be analyzed, only
one MS/MS analysis can be conducted per spot and per drug. In order to establish complete drug
monitoring and to exclude cases of external contamination, cocaine metabolites should also be
included. MAMS chips with a new design were thus fabricated by photolithography, comprising
a bigger reservoir upstream five rows of twelve spots each, and with rows in a staggered
arrangement (Figure 1B). Each row is specifically dedicated to one drug (twelve replicates).
Thus, five drugs of abuse can be identified and quantified in MS/MS mode, from 3 L of extract
dropped into the main reservoir. COC and its metabolites, BZE, EME and CE were extracted and
analyzed from 1mg of hair. The metabolite anhydroecgonine methyl ester (AEME) was
excluded, because its precursor ion at m/z 182 has an identical structure to the main fragment ion
of the cocaine (m/z 304 > m/z 182). It was noted that in case of a high consumption of cocaine, its

precursor ion at m/z 304 fragmented already in MS mode to produce an ion at m/z 182. Therefore,
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without previous chromatographic separation, it is impossible to verify if an ion at m/z 182
originates from AEME and is not a cocaine fragment ion. The norcocaine (NORC) metabolite
was also excluded, because NORC and the BZE are positional isomers with a methyl group
changing position on the skeleton. The fragmentation of their precursor ion at m/z 290.1 gave an
ion at m/z 168.1 common to NORC and BZE, which may lead to an overestimation of their
concentration. More specific transitions were monitored for NORC (m/z 290 > m/z 136 or >
m/z 68) and BZE (m/z 290 > m/z 272 or > m/z 82), to specifically quantify the drugs. However, in

case of low levels of drug, these peaks were not intense enough to be used.

One spot of the MAMS slide was analyzed within four seconds (400 shots, 1000 Hz). One
complete MAMS slide (10 columns x 5 rows x 12 replicates) i.e., 10 hair samples or a total of
600 spots, were acquired in only 40 minutes. This very fast semi-quantitative method, especially
if used in connection with future faster sample extraction protocols, can clearly outcompete
routine drug dosage methods involving liquid or gas chromatography-tandem MS. With only
1 mg of hair sample and two hours of extraction, cocaine consumption profiles of drug addicts
were established including metabolites to exclude environmental contamination, profiles
thereafter compared with those obtained from a routine LC-MS/MS method, based on 50 mg of

hair samples, twelve hours of extraction and twenty minutes acquisition time per sample.

Comparison of MALDI-MS/MS and LC-MS/MS results. The twelve spots constituting MAMS
rows were completely consumed, however only ten replicates were used for the data processing,
the first and last spot being excluded because they were used for instrument calibration or laser
parameter adjustments. Outliers were identified and excluded according to the modified Z-score
method.*® Four hair strands (A, B, C and D) from four cocaine consumers were analyzed using

the method developed on the 5800 TOF/TOF MALDI mass spectrometer. On the entire length of
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the hair strand, only the first 4-cm were analyzed, corresponding to the last four months of
consumption. The first 4-cm were cut into four segments, with a 1-cm pitch, and an extraction

protocol of 1 mg of hair in methanolic condition was applied.

Merely detecting cocaine in hair is not sufficient to identify an active cocaine user. For this
reason, the presence of cocaine metabolites and the concentration ratios are evaluated in hair
drug-testing to differentiate cocaine use from an external contamination. According to the four
drug addicts, the cocaine was essentially snorted, for more than ten years, several times per day in
the worst days. Individual A (a 38-year old male, 140 mm long, chestnut straight hair) snorted
cocaine up to seven days per month before the hair samples were collected. Individual B (a 39-
year old male, 50 mm long, dark straight hair) declared to have snorted cocaine up to four days
per week before hair samples were collected. Individual C (a male in his 30s, 100 mm long, dark
straight hair) declared to have used cocaine up to four days per month. Individual D (a 48-old
female, 320 mm long, dark-blond colored hair) informed about use of cocaine up to three days

per week in the last months before hair collection.

In all MALDI-MS/MS spectra generated, signals of COC, BZE, EME and CE were identified and
normalized by its respective internal standard (Figure 2). Results from MALDI-MS/MS
experiments are presented in Figure 3, and revealed past use of cocaine for these individuals over
the last four months. The MALDI-MS/MS analysis of the hair samples A and B demonstrate a
decrease of the level of drugs incorporated in hair during the last four months preceding hair
collection. Results for the hair sample C reveal a regular cocaine exposure over the last three
months, while an increase in the cocaine concentration in the proximal segment was found for
individual D, even if an axial diffusion of drugs along hair cannot be excluded.®” The average

cocaine signal found in each hair segment correlated well with the decreasing signals of BZE and
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EME (samples A and B) and the increasing signals of BZE and EME (sample D), respectively. In
parallel, 50 mg of hair samples were analyzed using the validated LC-MS/MS method,; results are
presented in Figure 3 and in Supporting Information, Table S2. The semi-quantitation of COC,
BZE, EME and CE obtained in MALDI-MS/MS correlated well with the LC-MS/MS results,

with the evolution consumption profiles similar for all hair samples.

Furthermore, the limits of detection (LOD) that can be achieved by MALDI-MS/MS coupled to
MAMS slides were evaluated for the COC, BZE, EME and CE by analyzing drug-free hair
samples spiked with low concentration of standards. The lowest concentration detected in hair
was 0.02 ng/mg for cocaine and its metabolites (n=96, S/N > 10). This limit of detection is fully

compatible with the typical range in case studies.

Although it is critical to compare the drug amounts found in hair between individuals because of
variation in the process of drug incorporation, due to the hair growth cycle, the hair color, the
sweat and sebum secretion rates, the length of exposure, and since there is no correlation between
the amount of drug administered and the quantity of drug dosed in the hair,® it can nevertheless
be noted that the relative area of the cocaine signal in hair strand B were significantly greater than
in other hair samples (B > D > A > C). This order, in terms of cocaine quantity, is consistent with
the self-reports made by the four drug users, that is to say a cocaine consumption of sixteen days
per month for the drug user B, twelve days per month for the person D, seven days per month for

the user A and four days per month for the user C.
According to the Society of Hair Testing (SOFT) recommendations,®® and the Substance Abuse
and Mental Health Services Administration (SAMSHA) guidelines,®® COC and at least one

metabolite (BZE, CE, NORC) have to be identified, with threshold values ! 0.5 ng/mg for COC

and 1 0.05 ng/mg for BZE, NORC and CE, and a metabolite-to-parent ratio (BZE/COC ! 5 %)
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has to be applied, to indicate active cocaine use with high probability (rather than an
environmental contamination). Besides, a CE/COC ratio "2 % was also proposed as an
additional criterion for cocaine positive hair test,**** but this is not a universal marker. CE is
considered a metabolic marker rather than a contaminant, since concomitant ingestion of cocaine
and ethanol leads to the trans-esterification by hepatic carboxylesterase of cocaine into
cocaethylene. These criteria are fulfilled for all hair segments with respect to the concentrations
of cocaine and its metabolites obtained with the validated method surpassing the cutoff values,
the BZE/COC ratios exceeding 0.05 with both methods, and the CE/COC ratios comprised
between 0.05 and 0.74, confirming with high probability an active drug consumption for all four
self-reported cocaine users (Supporting Information Table S3). The BZE/COC ratios are, for each
individual, regular on the four hair segments and the ratios are equivalent from one method to

another (Supporting Information Table S3).

Our results also demonstrate that the quantity of the BZE was on average 42 % that of that COC
(44 % with MALDI-MS/MS / 40 % in LC-MS/MS) for hair sample B, and on average 39 % that
of COC (32 % with MALDI-MS/MS / 46 % in LC-MS/MS) for hair sample D. The basic
character of the COC and a high lipophilicity explain the greater affinity for the melanin that its
zwitterionic metabolite BZE, which is probably allows incorporation of increased amounts of
COC as compared with BZE. However, the relative area of the BZE was on average 178 % that
of COC (195 % with MALDI-MS/MS / 162 % in LC-MS/MS) for the hair sample A, and on
average 119 % that of COC (116 % with MALDI-MS/MS / 123 % in LC-MS/MS) for the hair
sample C. These results are the opposite of what has been stated above about a higher quantity of
BZE detected than COC. BZE can be formed from the parent drug through non-metabolic

processes, e.g., during extraction.*? Tsanaclis et al. have reported that COC extracted by methanol
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with no extreme conditions of pH led to a level of BZE below 5 % of COC.* Besides, quantities
of BZE found using the MALDI-MS/MS method are in full agreement with these obtained by the
validated method for the hair samples A, B, C and D, whereas the two extraction protocols are

completely different, letting us conclude that there was no error in the MALDI experiments.

This very fast, semi-quantitative MALDI method of about ten samples acquired within less than
forty minutes, based on only 1 mg of hair sample and 2 hours of extraction, permits to confirm
regular exposure of four drug addicts to cocaine, through identification of cocaine metabolites.
This helps to exclude environmental contamination, and the drug profiles were found to correlate

well with those obtained from a routine LC-MS/MS method.

CONCLUSIONS

High-throughput, semi-quantitative determination of cocaine and its metabolites incorporated
into hair was achieved by MALDI-MS/MS, using microarrays for mass spectrometry. The
MALDI-MS/MS method showed great potential in drug quantitation from a very small quantity
of hair snippets. Using a wide isolation window that included the internal standard, the method
proved its ability to build an efficient consumption profile of cocaine users. The COC, BZE,
EME and CE relative peak areas from four hair samples using the MALDI-MS/MS method
correlated well with data obtained by a validated LC-MS/MS method. The MALDI-MS/MS
method surpasses the conventional hair analysis method in terms of sample preparation, is faster
and effortless, and uses only 1 mg of hair. This semi-quantitative MALDI-MS/MS method can
open up useful applications, especially in forensic and anthropologic science, thanks to its high-
throughput analysis capacity and because it only requires a very low quantity of hair, ideal for

infant and ancient hair samples.
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FIGURES and FIGURE CAPTIONS
A)

Figure 1. (A) Image of a microarrays for mass spectrometry (MAMS) slide containing
108 hydrophilic samples (400 !'m diam. each). (B) Image of a MAMS slide containing
600 hydrophilic spots (400 um diam. each).
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Figure 2. Cocaine and metabolites MALDI-MS/MS spectra from hair sample B, first segment (0-
1 cm), extracted from four MAMS spots, one by drug. A) MS/MS spectrum of the COC and
COC-D3 fragmentation, at m/z 304>182 and m/z 307>185 respectively. B) MS/MS spectrum of
the CE and CE-D3 fragmentation, at m/z 318>196 and m/z 321>199 respectively. C) MS/MS
spectrum of the BZE and BZE-D3fragmentation, at m/z 290>168 and m/z 293>171 respectively.
D) MS/MS spectrum of the EME and EME-D3 fragmentation, at m/z 200>82 and m/z 203>85
respectively.
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Figure 3. Evolution of the cocaine signal in hair over the last four months before hair collecting
for the four individuals. Blue histograms represent the COC, the red histograms are the BZE, the

green the EME and the purple the CE. Error bars denote the standard deviations of the ten repli-
cates of the MALDI-MS/MS method.
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