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Abstract
The interest in metabolomic studies has rapidly increased over the past few years. Changes of endogenous compounds are
typically detected in plasma or urine. However, the use of hair allows for long-term monitoring of metabolomic changes and has
recently started being applied to metabolomic studies. Within the proposed study, we aimed for a systematical investigation of
different pre-analytical parameters on detected metabolites from different chemical classes in hair. For this purpose, three
different parameters were varied: (1) multi-step decontamination (dichloromethane (DCM), acetone, H2O, acetone; H2O, ace-
tone, DCM, acetone; and H2O,methanol/acetone), (2) homogenization (pulverization vs. cutting into snippets), and (3) extraction
(acetonitrile (ACN)/buffer pH 4 vs. ACN/H2O vs. ACN/buffer pH 8.5). To include as many metabolites as possible, samples
were analyzed by high-resolution time of flight mass spectrometry coupled to liquid chromatography (HPLC-HRMS) and
additionally by gas chromatography high-resolution mass spectrometry (GC-HRMS) followed by untargeted-like data process-
ing, respectively. The application of different decontamination procedures yielded similar results, although pointing to a trend
towards increased washing-out effects if protic solvents were used as a first washing step. Pulverization of hair samples was
favorable in terms of detected and tentatively identified metabolites. Evaluation of extraction solvents showed differences in
extraction yield for the majority of investigated metabolites, yet, a prediction of metabolite extraction according to their pKa

values was not possible. Overall, successive decontamination with DCM, acetone, H2O, and acetone; homogenization by
pulverization; and extraction with ACN/H2O produced reliable results.
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Introduction

Global metabolomics aims to analyze the entirety of small
endogenous biomolecules (< 1000 Da). As a phenotype sig-
nature, it has proven to be a powerful tool to measure metab-
olome changes in order to search for biomarkers, typically
related to diseases [1]. Modern techniques such as liquid

chromatography (LC) or gas chromatography (GC) coupled
to high-resolution (HR) mass spectrometry (MS) theoretically
allow for simultaneous screening of all endogenous metabo-
lites of interest and are currently state-of-the-art for
metabolomic profiling [2–4]. Until now, such metabolomic
studies are mainly performed in classic and common matrices
such as blood (plasma, serum) or urine. Yet, the metabolome
of those body fluids is highly dynamic, resulting in an ex-
tremely variable composition in dependence on daily activi-
ties, dietary variations, stress, or circadian variations. Those
fluctuations currently present one of the biggest challenges in
metabolomics [5]. In addition, small influences on the metab-
olome are often conserved just for a very short time period [6],
limiting its use for a robust biomarker detection. In contrast to
these conventional matrices, hair as a complementary matrix
generally allows for a long-term and retrospective detection of
analytes. Substances of both, endo- and exogenous origin, are
constantly incorporated into the growing hair shaft [7, 8].
Knowing that the hair growth rate is approximately 1 cm/
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month, segmentation of hair allows the detection of cumula-
tive analyte levels consistent to the corresponding hair growth
period [9]. Its application for retrospective consumption mon-
itoring (e.g., drugs of abuse, alcohol markers) is therefore
already widely applied to, e.g., abstinence controls in the pro-
cess of regaining the driver’s license, workplace drug testing,
or doping controls [7]. Furthermore, the stable accumulation
of substances over time allows searching for robust and long-
term biomarkers that are less influenced by short-term fluctu-
ations, e.g., circadian variations [10]. In addition, hair samples
bear several advantages allowing non-invasive sampling and
uncritical storage at room temperature [7]. Considering this,
hair appears as a new, promising matrix for metabolomic
studies.

So far, studies for endogenous compounds in hair mainly
focused in a targeted way on specific chemical compounds or
groups such as cortisol, amino acids, or hair lipids [9, 11, 12], but
an extended global picture of the hairmetabolome composition is
still missing. Only recently, first reports were published on the
topic of untargeted analysis of metabolomic changes in human
hair under certain conditions [13–16]. For example, the identifi-
cation of potential biomarkers for fetal compromise or gestational
diabetes using hair metabolomics was reported by Sulek et al.
[15] andHe et al. [16], respectively. Delplancke et al. investigated
the segmental analysis of the maternal hair metabolome depend-
ing on the different pregnancy trimesters in healthy pregnancies
[13]. Combining LC-MS/MS andGC-MS, 980metabolites were
identified. Of those, 78 were considered as significantly altered
either between first and second trimester or second and third
trimester. However, the process of metabolite identification was
not completely reproducible, e.g., confidence of identification as
proposed by themetabolite standard initiative (MSI) [17] is miss-
ing for LC-MS/MS data. This inconclusive assignment of me-
tabolite identifications prevented a reasonable elucidation of the
hair metabolome composition. That is why, despite these recent
findings, data about the composition of the hair metabolome is
still scarce, highlighting the need for further systematic studies in
this research field.

One key step that will have a major impact on the obtained
metabolic profile [18] in metabolomic studies particularly for
hair analysis is the sample preparation. Variances originating
from the sample preparation should be kept to a minimum to
avoid mis- or over-interpretation of results. In the past years,
many studies have been published about the impact of differ-
ent sample pre-treatment parameters on the quality of meta-
bolomics data [19, 20] in blood while data on hair sample
preparation is still missing. The well-established workflow
for hair sample preparation for analysis of xenobiotics com-
prises segmentation, decontamination, pulverization/cutting,
extraction, cleanup (optional), and analysis [7, 21]. Each step
represents a potential source of error and variation that needs
to be kept as small as possible. Recommendation for sample
decontamination from the Society of Hair Testing (SoHT) is

an initial washing step with an organic solvent, to remove oils,
followed by aqueous washes [22]. Specific washing protocols
used for hair analysis of endogenous compounds include,
among others, a brief wash with dichloromethane (DCM)
[23], H2O and methanol (MeOH) [16], H2O and acetone [9],
MeOH, H2O and MeOH [24], acetone, 0.1% sodium dodecyl
sulfate (SDS), and H2O and acetone, respectively [25].
Sample homogenization by pulverization or cutting is usually
applied after suitability evaluation of each method in regard to
the targeted analyte. Extraction of the target analyte from the
solid hair matrix into solution presents the key part of the
sample preparation. Many experimental parameters can po-
tentially affect the extraction efficiency: particle size, extrac-
tion time, energy (temperature/shaking/ultra-sonication), type
of solvent, solvent volume, and frequency of extraction steps
[26]. Similar to the decontamination procedures, extraction
protocols differ widely, ranging from alkaline hydrolysis
[15] over acidic hydrolysis [11] to simple methanolic extrac-
tion [9].

Within this study, we aimed to systematically analyze the
impact of different hair sample pre-treatment parameters
namely decontamination, homogenization, and extraction,
and their effects on a selection of identified metabolites.
Analysis of the metabolites was performed with LC-MS/MS
and GC-MS, two commonly employed techniques in
metabolomic studies [27].

Materials and methods

Chemicals and reagents

The following analytical standards and chemicals were pur-
chased from Sigma-Aldrich (Buchs, Switzerland): 1-
methylhistidine, adenine, adenosine, adipic acid, ammonium for-
mate, ammonium bicarbonate, arginine, aspartic acid, azelaic
acid, butyrylcarnitine (C4), caffeine, L-carnitine (C0),
chenodeoxycholic acid, cholic acid, choline, citrulline, cortisol,
cortisone, creatinine, decanoic acid (C10:0), decanoylcarnitine
(C10), deoxycholic acid, dodecanoic acid (C12:0), formic acid,
glutamic acid, glutaric acid, glycocholic acid, glycine, hippuric
acid, histidine, hypoxanthine, inosine, isoleucine, leucine, methi-
onine, methyladenosine, methylguanosine, methylmalonic acid,
mevalonolactone, myristic acid (C14:0), N,N-dimethylglycine,
N-acetylneuraminic acid, nicotinamide, nicotinic acid, norvaline,
octanoylcarnitine (C8), p-aminobenzoic acid, pentadecanoic acid
(C15:0), phenylalanine, proline, propionylcarnitine (C3),
pyroglutamic acid, raffinose, riboflavin, serine, suberic acid, tau-
rine, taurocholic acid, tridecanoic acid (C13:0), triethanolamine,
trimethyllysine, theobromine, threonine, tryptophan, tyrosine,
uracil, uric acid, urocanic acid, and valine. Deuterated and
heavy-labeled internal standards (IS) arginine-13C6, alanine-D4,
hippuric acid 15N, and testosterone-D2 were sourced from
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Cambridge Isotope Laboratories, Inc. (Andover, MA, USA) and
delivered by ReseaChem Life Science (Burgdorf, Switzerland)
or Sigma-Aldrich (Buchs, Switzerland). The derivatization re-
agents methoxyamine hydrochloride and 1 mL solutions of N-
methyl-N-trimethylsilyl trifluoroacetamide (MSTFA) were pur-
chased from Sigma-Aldrich (Steinheim, Germany) and
Macherey-Nagel (Düren, Germany), respectively. Water was fil-
tered with a Purelab Ultra Millipore filtration unit (Labtech,
Villmergen, Switzerland). Acetonitrile (ACN), DCM and
MeOH of HPLC grade were purchased from Fluka (Buchs,
Switzerland). All other chemicals used were from Merck (Zug,
Switzerland) and of the highest grade available.

Hair samples

Cosmetically untreated hair samples were collected from two
healthy volunteers who provided written informed consent.
According to Swissethics (Humanforschungsgesetz), no fur-
ther ethical approval from the cantonal ethic commission is
necessary if the research is not aiming to investigate diseases
or functions of the human body as is the case in the current
study. Four-centimeter-long hair was sampled approximately
1 cm away from the scalp. The hair samples were stored in
aluminum foil at room temperature until further analysis. For
the evaluation of decontamination and extraction procedures,
hair samples that have not yet been homogenized were sieved
prior to decontamination (Sieve shaker AS 200 control,
Retsch, Haan, Germany).

Evaluation of sample pre-treatment parameters

In the following, different sample pre-treatment parameters
were investigated. Namely, decontamination, homogeniza-
tion, and extraction were varied. When one parameter was
modified as described in detail in the following chapters, all
other parameters were kept constant. An IS solution (alanine-
D4 (250 μM), arginine-13C6 (100 μg/mL), hippuric acid 15N
(200 μg/mL), norvaline (100 μM), and testosterone-D2

(20 μg/mL)) was used in all protocols.

Evaluation of decontamination procedures

Three different multi-step washing protocols were tested for
their efficiency to remove metabolites from the hair in com-
parison with unwashed hair samples. For this purpose, hair
samples were weighed into a 30-mL Sarstedt tube and washed
with the following washing protocols: wash protocol A
(DCM; acetone; H2O; acetone), wash protocol B (H2O; ace-
tone; DCM; acetone), and wash protocol C (H2O; MeOH/
acetone (1:1, v/v)), respectively. Washing volumes were
10 mL for DCM, H2O, and MeOH/acetone steps and 5 mL
for acetone steps, which were added in order to adjust solvent
polarity and improve cleaning efficacy. Each washing step

was conducted during 2 min of vigorously shaking followed
by cautious decantation of the washing solution. Finally, the
hair samples were dried overnight at room temperature. Wash
solutions of DCM, H2O, and MeOH/acetone steps were kept,
spiked with 20 μL IS mix, evaporated under nitrogen (N2),
and reconstituted in 500 μL of ACN/H2O (2:8, v/v). Further
analysis was performed as discussed under the BAnalytical
methods^ section.

Evaluation of homogenization procedures

For the evaluation of homogenization procedures, an average
of 30 mg dried hair (decontaminated according to wash pro-
tocol A) was either pulverized or cut into snippets. For the
pulverization, hair samples were weighed into a 2-mL
Eppendorf tube containing one tungsten carbide ball (weight
approx. 3 g, diameter 7 mm) and homogenized for 10 min at
30 Hz using a bench-top mill (Mixer Mill MM 400, Retsch,
Haan, Germany). Snipped hair samples were obtained by
manually cutting the hair samples into millimeter segments
with a pair of scissors. Extraction was carried out using
ACN/H2O (2:8, v/v) (see BEvaluation of extraction
protocols^).

Evaluation of extraction protocols

In each case, hair samples examined here were decontaminated
according to wash protocols A to C and homogenized by pul-
verization. To test the impact of different extraction protocols
and a possible pH-dependent extraction effect, the following
extraction mixtures were tested: ACN/ammonium formate
buffer 0.5 M (2:8, v/v, pH 4, pH adjusted with formic acid),
ACN/H2O (2:8, v/v, pH 6), and ACN/ammonium bicarbonate
buffer 0.5 M (2:8, v/v, pH 8.5, pH adjusted with ammonium
hydroxide).

Sample preparation workflow

Apart from decontamination, homogenization, and extraction
(as described in detail above), all samples were prepared in the
same way. In brief, an average of 30 mg of decontaminated
and homogenized hair was weighed into a 2-mL Eppendorf
tube. After spiking with 20 μL IS solution, extraction was
performed by addition of 1 mL extraction mixture followed
by vortexing (15 s) and incubation in an ultrasonic bath for
16 h. After centrifugation (5 min, 9′000 rpm), 900 μL of the
supernatant was transferred into a pill glass and dried under a
gentle stream of N2 at 35 °C. The residue was reconstituted in
500 μL of ACN/H2O (2:8, v/v) by vortexing (15 s) followed
by combined filtration and centrifugation (5 min, 9′000 rpm,
VWR centrifugal filter, 0.45 μM pore size, VWR, Dietikon,
Switzerland) as described by Steuer et al. [28]. Seventy mi-
croliters of the filtrate was transferred into a 250-μL insert and
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analyzed by LC-MS/MS as described under BAnalytical
methods.^ Pooled quality control (QC) samples were prepared
from 30μL of the filtrates, aliquoted into 26 vials whereof half
was analyzed with LC-MS/MS and half with GC-MS (see
BAnalytical methods^).

The remaining filtrate and aliquoted QC samples were
again evaporated to prepare the samples for derivatization.
For this purpose, a 2-step derivatization was performed: dried
residues were reconstituted with 50 μL freshly prepared
methoxyamine hydrochloride in pyridine (20 mg/mL),
vortexed (15 s), and transferred into a 250-μL insert followed
by incubation at 80 °C for 15 min. After cooldown of the
samples, they were evaporated again under N2 at 40 °C.
Following the methoximation, dried samples were crimp-
capped and the second derivatization step was performed
shortly before the injection on a sample preparation robot
(GERSTEL Multi-Purpose Sampler (MPS), Gerstel,
Mülheim, Germany) controlled by the integrated GERSTEL
MAESTRO software (version 1.4.40.1; Gerstel, Mülheim,
Germany) by automatically adding 50 μL MSTFA. This au-
tomatization permitted derivatization of each sample under the
exact same conditions. After addition of MSTFA, samples
were vortexed (30 s) and silylation was performed by incuba-
tion at 80 °C for 15 min under continuous shaking. Finally,
after a cooldown time of 5min, samples were injected onto the
GC-MS system (see BAnalytical methods^).

In addition, the same sample preparation was conducted for
solvent blanks of wash solutions and extraction solvents
(without hair matrix) spiked with IS as negative controls to
eliminate false-positive peaks.

Analytical methods

All samples were analyzed in triplicates and in randomized
order throughout the batch. Comparison of results was only
performedwithin one batch. PooledQC samples, as a measure
for repeatability [27], were injected every five samples, except
for the evaluation of homogenization procedures due to the
small sample size.

HPLC-HRMS analysis

Samples were analyzed by LC-MS/MS according to Boxler
et al. [29] with minor changes. In brief, analysis was per-
formed on a Thermo Fischer Ultimate 3000 UHPLC system
(Thermo Fischer Scientific, San Jose, CA) coupled to a HR
time-of-flight (TOF) instrument system (TripleTOF 6600,
Sciex, Concord, Ontario, Canada). The chromatographic sep-
aration was carried out using a Waters (Baden-Daettwil,
Switzerland) XSelect HSST RP-C18 column (150 mm ×
2.1 mm i.d.; 2.5 μM particle size) within a total run time of
20 min. Mobile phases were 10 mM ammonium formate con-
taining 0.1% (v/v) formic acid in water (eluent A) and 0.1% (v/

v) formic acid in MeOH (eluent B). An LC gradient elution
was performed as follows: 1 min 100% eluent A, increase
from 0 to 100% eluent B during 1–15 min, 3 min held at
100% eluent B before decreasing to 0% eluent B at
18.01 min, and re-equilibration for 2 min. The flow rate was
programmed to 0.5 mL/min, increased to 0.7 mL/min after
15 min, and held at 0.7 mL/min for 5 min. The column oven
temperature was set to 40 °C, the autosampler to 7 °C. For all
samples, injection volume was 5 μL.

The HRMS analysis was conducted using electrospray ion-
ization (ESI) in positive ionization mode with a DuoSpray ion
source at a resolving power (full width at half-maximum
(fwhm) at m/z 400) of 30,000 in MS and 30,000 in MS2
(HR mode) or 15,000 (high-sensitivity mode). An automatic
calibration was done using an atmospheric-pressure chemical
ionization (APCI) positive calibration solution (Sciex) every 5
samples.

A full-scan TOF-MS acquisition was performed over a
mass range from m/z 50 to m/z 1000 (accumulation time
100 msec, collision energy (CE) of 5 eV). In addition, for
one out of three replicates, an information-dependent acquisi-
tion (IDA) scan was performed as an MS/MS experiment for
compound identification over a mass range of m/z 50 to m/z
1000 (accumulation time 100 msec, CE 35 eV with a CE
spread of 15 eVin high-sensitivitymode). Further IDA criteria
were set as follows: dynamic background subtraction on the 4
most intense ions, intensity threshold above 100 cps, and ex-
clusion time of 5 s (half peak width) after two occurrences.
The data acquisition was controlled by Analyst TF software
(version 1.7, Sciex, Concord, Ontario, Canada).

At the beginning, at the end, and repeatedly in between the
samples, a system suitability test (SST) was measured and
checked for reproducibility of the data and retention time
(RT) shifts. The SST contained the following analytes (con-
centration 10 μg/mL each): 1-methylhistidine, adenine, aden-
osine, arginine, azelaic acid, chenodeoxycholic acid, cholic
acid, citrulline, cortisol, cortisone, creatinine, deoxycholic ac-
id, glutaric acid, glycocholic acid, hippuric acid, inosine, iso-
leucine, leucine, methionine, methylmalonic acid,
mevalonolactone, N,N-dimethylglycine, nicotinic acid, p-
aminobenzoic acid, phenylalanine, proline, pyroglutamic ac-
id, raffinose, riboflavin, taurine, taurocholic acid, tryptophan,
and uracil. The relative abundance of the analytes was deter-
mined by integration of the respective peak area using
MultiQuant V 2.1 (Sciex).

GC-HRMS analysis

Derivatized samples were analyzed on a TRACE 1300 GC
system (Thermo Scientific, Bremen, Germany) coupled to a
HR Orbitrap MS (Thermo Scientific, Bremen, Germany) as
recently published elsewhere [30]. In brief, sample injection
was performed by the sample preparation robot GERSTEL
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MPS. Chromatographic separation was achieved using a
TraceGOLD TG-5SilMS (30 m × 0.25 mm I.D. × 0.25 μM)
film capillary column (Thermo Scientific, Bremen, Germany)
and a constant helium gas flow of 1 mL/min. GC settings were
as follows: inlet temperature 250 °C; gradient elution with
initial column temperature set to 70 °C with a hold time of
4 min, increasing to a final temperature of 320 °C in steps of
20 °C/min which was hold for 8 min, resulting in a total run
time of 24.50 min. Sample injection volume was 1 μL with a
split ratio of 5:1. The HRMS was operated with electron ion-
ization (EI) at 70 eVenergy in positive mode at an ion source
temperature of 230 °C. Full scan acquisition was carried out
over a mass range of m/z 50 to m/z 650 and HR EI fragment
spectra were acquired at a resolving power of 60,000 (fwhm at
m/z 200) and started after a filament delay of 5.3 min. The
temperature of the transfer line was set to 250 °C. To maintain
mass accuracy, internal lockmass-correction was performed
with masses m/z 207.03240, m/z 225.04290, and m/z
381.05110. All MS parameters were controlled by Xcalibur
software (Version 4.0; Thermo Scientific, Bremen, Germany).

Data evaluation

Data evaluation for HPLC-HRMS analysis

On the one hand, untargeted, database-assisted identification
was conducted using Progenesis QI (Waters Corp, Milford,
USA) after alignment of all samples measured within one
batch, peak-picking, and deconvolution by searching against
different online databases: National Institute of Standards and
Technologies (NIST) [31],METLIN [32], Lipidblast [33], and
the HumanMetabolome Database (HMDB, V4.0) [34]. Peak-
picking settings in Progenesis QI were set on default: auto-
matic sensitivity method, no minimum peak width, no RT
limits. Data files from IDA scans were integrated into the
software in order to have MS/MS spectra for improved iden-
tification of themost abundant compounds. On the other hand,
further identification of compounds was performed in
PeakView V 2.2 (Sciex) by searching against an in-house
library. Identification of analytes was done based on the li-
brary match, exact masses on the MS and MS/MS level, and
RT, if available. The list of (tentatively) identified metabolites
was manually reviewed and compared to negative controls to
remove false positives. MultiQuant V 2.1 was used for peak
integration.

Data evaluation for GC-HRMS analysis

TraceFinder 4.1 software (Thermo Scientific, Bremen,
Germany) was used for GC-MS data processing and
deconvolution using the incorporated deconvolution plugin.
Data was retention time aligned by exclusion across all sam-
ples within one batch and subsequently screened against the

NIST 17 spectral library (containing EI MS data of 267,376
compounds; National Institute of Standards and Technology,
Gaithersburg, MD, USA) and a HR metabolomics library
(containing HR EI MS data of > 800 metabolites; Thermo
Scientific, Bremen, Germany) for compound identification.
The obtained peak list with tentatively identified metabolites
was manually reviewed. Hits were considered positive based
on the search index score, the HR filtering value, and manual
assessment by comparison of the library spectrum with the
acquired spectrum. RT of tentatively identified metabolites
were confirmed with reference standards, if available.
Afterwards, a compound database (CD) was created in
TraceFinder 4.1 containing information of the exact mass of
the most abundant and specific fragment in combination with
one or more additional specific fragments (for confirmation
purposes) and the respective RT. Data was screened against
the CD and peak areas were integrated therein.

Statistics

Statistical analyses were done using GraphPad Prism 7
(GraphPad Software, CA, USA). Comparisons of extraction
results from pulverized and snipped hair samples as well as for
comparison of wash water sums were performed with a two-
tailed t test and a confidence interval of 95%.An ordinary one-
way ANOVA was applied for the comparison of not
decontaminated and decontaminated hair samples and for
the evaluation of extraction tendencies. Statistical significance
was considered as follows: p ≤ 0.05 (*): significant; p ≤ 0.01
(**): very significant; p ≤ 0.001 (***) and p ≤ 0.0001 (****):
extremely significant. Normalization of peak area values
through the respective sample weight was done for all hair
samples.

Results and discussion

Analytical methods and compound identification

To investigate the effect of different sample pre-treatment pa-
rameters on the detection of endogenous hair metabolites, a
broad spectrum of endogenous compound groups should be
covered. Since information about the exact composition of the
human hair metabolome is very limited, an untargeted ap-
proach for metabolite identification was applied, without prior
selection of a set of metabolites. In fact, the chemical diversity
of the metabolome is challenging regarding the sample anal-
ysis. Using several analysis methods for a broader coverage of
the metabolome is generally suggested and accepted [27].
Especially the use of instruments with high resolution and
high mass accuracy are preferred. To that end, each analytical
method, LC-MS/MS, and GC-MS, used in combination with-
in the present study, contributes additional strong aspects: easy
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sample preparation and handling of non-volatile and heat-
sensitive analytes for LC-MS/MS and high chromatographic
resolution and peak capacity for GC-MS. Due to limited avail-
ability of hair samples from one person, hair samples of two
individuals were used to conduct different parts of the study.
They were not compared for biological variances as this was
not aimed for within this study.

Final identification of compounds measured with LC-MS/
MS was based on exact mass, fragmentation spectra, and RT
(if available) by screening against an in-house library in
PeakView and different online databases in Progenesis QI.
HR EI spectra obtained by GC-MS analysis were screened
against the NIST 17 spectral library and a high-resolution
metabolomics library using TraceFinder 4.1. Identification re-
sults were grouped in different levels according to the classi-
fication suggested by the MSI [17]: level 1 identifications are
identified compounds confirmed by means of a chemical ref-
erence standard using two or more orthogonal parameters
such as RT and mass spectrum and analyzed under the same
analytical conditions as the respective compound. Level 2
identifications have not been verified with a reference stan-
dard, are based on physicochemical properties, and/or require
spectral similarities to publically available databases. They are
so-called Bputatively annotated compounds.^ BPutatively
characterized compound classes^ are level 3 identifications
that assign characteristic physicochemical properties and/or
mass spectral data and exact mass information to chemical
compound classes. Unknown compounds are assigned to lev-
el 4. After peak-picking (considering only adducts of [M+H]+,
[M+Na]+, [M+NH4]

+, and [M+H-H2O]
+) and deconvolution,

across all samples, LC-MS/MS analysis initially lead to the
detection of around 6500 features with MS/MS spectra,
whereas GC-MS generated a maximum of around 590 EI
spectra. As the identification of unknown spectra was out of
scope of this study, all features without available MS/MS
spectra from IDA experiments and without a library hit were
filtered out. Subsequently, compound identifications without
reasonable RT, with very low abundances, missing occur-
rences in one of the triplicates, and false positives from com-
parison with negative controls were also neglected. Finally, to

follow-up the aim of this project, only metabolites with an
identification level of 1 or 2 were further investigated under
the different conditions. These restrictions resulted in the iden-
tification of 51 metabolites by combined use of LC-MS/MS
and GC-MS, ranging over different chemical classes (i.e.,
amino acids and derivatives thereof, carnitines, saturated fatty
acids). The majority of metabolites could be detected and
identified via LC-MS/MS analysis (38 metabolites) compared
to 18 metabolites identified by GC-MS analysis. Five metab-
olites were identified via both analytical techniques, indicating
that the use of two different analytical techniques is beneficial
as they complement each other. An overview of identified
metabolites and their identification level according to the sug-
gestions of the MSI [17] is given in Table S1 of the Electronic
Supplementary Material (ESM). The total ion chromatograms
of LC-MS and GC-MS including some selected main metab-
olites and results of QC-pools are given in Fig. 1 and Table S2
of the ESM, respectively.

Besides the identified compound classes, other compound
classes expected to be present in hair samples and measurable
with the applied procedures, e.g., phospholipids, were not
identified. This was due to an insufficient differentiation of
isomers that would lead to an identification level 3 according
to MSI guidelines which was considered insufficient for the
purpose of our study.

Also, the number of identified features in the present study
appears rather small compared to a recent study byDelplancke
et al., who described the identification of 980 metabolites in
human hair by combined use of GC- and LC-MS [13].
However, identification in that study was not based on MSI
guidelines which prevents direct comparison of the numbers.
Indeed, it seems that automatic identification by the software
was accepted without further verification considering adduct
forms and putative identifications or any other criteria.

Furthermore, for unambiguous identification using LC-
MS, MS/MS data in addition to accurate precursor ions is
required. However, a lack of IDA data especially for low
abundant compounds prevented clear identification of further
metabolites. Sequential window acquisition of all theoretical
fragment-ion spectra (SWATH) as a data-independent

Fig. 1 Extraction results (mean of three each ± standard deviation) of
ACN/H2O (2:8) for extracts of pulverized hair samples without
decontamination and with decontamination according to wash protocols

A to C exemplified for a nicotinamide and b arginine. Statistical analysis
with ordinary one-way ANOVA: p > 0.05 (not significant, without
indication), p ≤ 0.001 (***), and p ≤ 0.0001(****)

3968 Eisenbeiss L. et al.



acquisition (DIA) method produces MS/MS data of all ions
across the selected mass range of interest by recording frag-
mentation data of precursor ion windows (usually 20 to 35 Da
wide) [35]. Though, the (current) incompatibility with com-
mon metabolomics software tools such as Progenesis QI
limits its application for untargeted metabolomic data evalua-
tion [29].

Further, it is known that long-term weathering effects (in-
fluence of sunshine, rain, or wind) damage the hair shaft
which provokes increased wash-out of drugs or endogenous
compounds, such as steroids, along the hair shaft [7, 36]. In
this study, hair samples were cut 1 cm away from the scalp.
Missing analysis of the first proximal centimeter might have
prevented the detection of higher metabolite concentrations
and therefore the identification of further metabolites.

As indicated in Table S1 and Fig. S1 of the ESM, many of
the identified metabolites analyzed by LC-MS eluted rather
early (< 3 min) on the used reversed phase column which is
considered as the area particularly prone to matrix effects. In
the present study, the main focus was on the influence of
different pre-analytical parameters in only two hair samples.
Therefore, the influence of matrix effects—which particularly
plays a role once different samples from different subjects are
analyzed—should be negligible. Common metabolomics
studies apply different systems (e.g., reversed phase and hy-
drophilic interaction liquid chromatography (HILIC), capil-
lary electrophoresis and ion-pairing reversed-phase chroma-
tography) to improve retention and separation of polar metab-
olites [37]. For the purpose of the present study and taking into
consideration the already large amount of data when dealing
with GC- and LC-MS, we decided to reduce the analysis to a
single chromatographic column for LC-MS in order to limit
the data handling to reasonable measures.

However, implementation of analysis in negative ioniza-
tion mode as well as the use of additional chromatographic
columns, such as HILIC, could improve the separation of
polar compounds and thus even more increase the identifica-
tion rate in future studies.

Obviously, metabolites investigated here only represent a
small selection of the metabolome, yet, compound classes
mainly identified as significantly altered in previous studies
were included (amino acids and derivatives, alcohols, organic
acids, and fatty acids [13, 15, 16]) and were considered as
sufficient for the intended purpose of the study.

Evaluation of decontamination procedures

Decontamination is a necessary step, as hair samples might be
contaminated with sweat, sebum, or dust that deposited on the
hair shaft, possibly leading to misinterpretation of results or in-
terfering with analytical measurements. To evaluate the suitabil-
ity of different decontamination procedures, hair samples were
washed applying three different washing protocols and extracts

were analyzed, along with genuine (not decontaminated) hair
samples. Washing solutions were kept and analyzed to monitor
metabolites that had been removed during the different washing
steps. Subsequently, the relative amounts of metabolites found in
the wash solutions were compared. Decontamination solvents
used in this study were chosen according to SoHT guidelines
where a washing procedure with an aqueous and organic wash-
ing step is recommended [38] and based on the method devel-
opment and routine experience in our laboratory. The influence
of the first washing step, either using a protic solvent which
swells the hair matrix or an aprotic solvent that only removes
greasy deposits from the hair shaft without hair swelling proper-
ties, was investigated.

Comparing extracts of genuine and decontaminated hair
samples in general, different results were obtained as depicted
exemplarily for nicotinamide and arginine in Fig. 1. For nico-
tinamide, dexpanthenol, and triethanolamine, a significant dif-
ference between genuine and decontaminated samples could be
observed, whereas other metabolites such as arginine did not
show any significant differences. Overall, the abundances of
nicotinamide, dexpanthenol, and triethanolamine were relative-
ly high suggesting a high contamination from the outside.
Nicotinamide, dexpanthenol, and triethanolamine are common
ingredients in cosmetic hair care products [39–41] and
triethanolamine is described to be detected in sweat [42]. The
impact of external contamination cannot be estimated in ad-
vance and should be kept to a minimum to allow correct inter-
pretation of biological variances. These results therefore strong-
ly support the need for a decontamination step of hair samples
prior to metabolomic analysis as it has already been applied in
current hair metabolomics literature. Furthermore, a standardi-
zation of wash protocol procedures would be desirable in order
to ensure a better comparability of results.

Besides these examples where an external contamination is
very likely, other metabolites did not show any significant
difference between genuine and decontaminated hair even
though they were detected in wash water solutions (see
Figs. 1 and 2). This leads to the hypothesis that some metab-
olites are most likely mainly incorporated in inner hair com-
partments and are hardly deposited on the hair surface. Protic
solvents, such as H2O, swell the hair matrix and therefore
entail extraction already during the washing step, which could
explain these differences.

A more detailed distribution of metabolites in different
wash water fractions of wash protocols A and B being
directly comparable, analyzed with LC-MS/MS, is given
in Fig. 2. Generally, higher quantities were detected in the
aqueous phases compared to the DCM phases for polar
metabolites. Despite the different amounts found in the
isolated wash waters, the total sum of metabolites removed
during the decontamination steps did not differ between
wash protocols A and B for the majority of the investigated
metabolites (see Fig. 2b). The higher recovery of polar
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metabolites in aqueous wash waters is not surprising, since
theoretically, a washing step consisting of H2O should re-
move hydrophilic compounds to a larger extent than DCM
due to better dissolving properties and vice versa. For wash
protocol C, the total quantity of removed metabolites was
slightly higher for some metabolites. As the acetone wash-
ing steps from wash protocols A and B were not analyzed
and wash protocol C did not include an additional acetone
washing step, the difference reflects metabolites in the ac-
etone washing step as no differences in extraction yields
could be observed. Hence, for polar compounds, the order
of aqueous and organic washing steps does not seem to
affect the total amount of polar metabolites being removed.

When looking at the results obtained fromGC-MS analysis
as given in Fig. 3, a different pattern is observed for rather
hydrophobic compounds: the total amount of removed satu-
rated fatty acids or squalene hardly varied in the first step,
regardless of the washing solvent used. In contrast, if H2O
was used as the first washing step (wash B and C), an in-
creased removal in the second step could be seen compared
to wash A. These results could be reproduced by repetition of
the initial experiment. The fact that similar quantities of satu-
rated fatty acids and squalene were observed in the first wash-
ing steps, regardless of the washing solvent used, leads to the
hypothesis that those analytes had presumably been deposited
by sebum and were removed mechanically trough the shaking

Fig. 2 Heatmaps of analytes found in wash solutions of wash protocols A
(1. DCM, 2. H2O) and B (1. H2O, 2. DCM) with LC-MS/MS analysis. a
Black (higher quantity found in relation to corresponding washing step),

gray (lower quantity), black check (equal quantity), white dotted (not
detected). b Sum of analytes: black: higher quantity than gray, same
color: equal sum (not significant)
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process [43]. In addition, further washing out of hydrophobic
compounds observed during the second washing step when
H2O was used as the initial wash (wash B and C) suggests an
incipient extraction process. As widely described, non-protic
solvents (e.g., DCM) do not swell the hair and are believed to
remove contaminants from the surface of the hair shaft only, in
contrast to protic solvents (e.g., H2O) that cause swelling of
the hair matrix [7]. As a consequence, washing the hair with a
solvent that possesses good swelling properties might facili-
tate extraction of analytes in the subsequent washing steps.

Though, we believe that an aqueous washing step is nec-
essary as a non-protic solvent such as DCM is not suitable to
remove polar metabolites that originate from, e.g., sweat. The
impact of a possible external contamination should be kept to
a minimum to allow correct interpretation of analysis results.
Moreover, the aqueous washing step is not enough to achieve
a full extraction and presents just a small percentage of the
amount which is detected through extraction.

Finally, a two-step washing protocol that removes the
greasy layer on the hair shaft with a non-protic solvent (e.g.,
DCM) followed by a second, H2O-only step to avoid early
extraction of analytes, is favorable. Therefore, wash protocol
A presented a good compromise and was consequently used
for the following experiments.

Evaluation of homogenization procedures

After the decontamination step, hair samples are usually reduced
in size to promote better extraction by increasing the sample
surface. In theory, the higher and more consistent the surface,

the higher the extraction rate and the better the reproducibility
should become. To investigate the impact of different homoge-
nization procedures on the detection of metabolites, hair was
either pulverized using a ball mill or cut into millimeter segments
using a pair of scissors (see BMaterials and methods^).

An initial comparison of pulverized hair vs. snippets was
performed on the number of features detected for each homog-
enization procedure. After a search against the databases
METLIN, NIST, HMDB, and Lipidblast, a total of 23,036
features could be detected for pulverized hair samples and

Table 1 Number of detected and tentatively identified peaks in
pulverized and snipped samples, decontaminated according to wash
protocol A, extracted with ACN/H2O (2:8), and analyzed with (a) LC-
MS/MS and (b) GC-MS. For LC-MS/MS, database search was conducted
using Progenesis QI with integrated databases (NIST, METLIN,
Lipidblast, and HMDB with an integrated in-house MS/MS database).
GC-MS data was processed using TraceFinder 4.1 and spectra were
screened against the NIST 17 and a high-resolution MS metabolomics
library

(a) Detected peaks Identified peaks

Database Powder Snippets Powder Snippets

Total 23,036 17,335 18,505 13,530

NIST 13,957 9881

METLIN 929 793

Lipidblast 2098 1691

HMDB_inhouse 16,159 11,776

(b)

NIST 287 276 186 184

HRMS_
metabolomics

31 31

Fig. 3 Decontamination findings
(sample weight-corrected peak
areas, mean of three each ±
standard deviation) for C12:0,
C14:0, C15:0, and squalene found
in wash solutions of wash
protocols A (1. DCM, 2. H2O), B
(1. H2O, 2. DCM) and C (1. H2O,
2. MeOH/acetone 1:1), analyzed
with GC-MS. Black: first
washing step, light gray: second
washing step

(Un)targeted hair metabolomics: first considerations and systematic evaluation on the impact of sample... 3971



Table 2 Weight-corrected peak
areas (mean of three each ±
relative standard deviation, %) of
pulverized and snipped hair
samples, measured with (a) LC-
MS/MS and (b) GC-MS.
Statistical comparison of powder/
snippets with a two-tailed,
unpaired t test and a confidence
interval of 95%: p > 0.05 (not
significant, without indication),
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤
0.001 (***), and p ≤ 0.0001
(****)

Analyte Powder Snippets

(a)

Choline 10,000 ± 6.6 22,000 ± 13**

Glycerophosphocholine 1300 ± 22 1300 ± 44

Triethanolamine 790 ± 52 370 ± 38

Citrulline 530 ± 23 620 ± 23

Creatinine 1400 ± 6.8 1400 ± 5.5

Trimethyllysine 430 ± 17** 130 ± 13

Urocanic acid 15,000 ± 15 21,000 ± 31

Arginine 2400 ± 24 3600 ± 5.4

Glutamic acid 4500 ± 3.7 4500 ± 25

Histidine 53 ± 52 530 ± 25**

Phenylalanine 17,000 ± 14 17,000 ± 28

Tryptophan 10,000 ± 7.2 12,000 ± 26

Tyrosine 4500 ± 10 4400 ± 16

N-Acetylneuraminic acid 2800 ± 3.2* 2000 ± 13

2-Methylbutyroylcarnitine 44,000 ± 4.9 45,000 ± 9.9

C0 9500 ± 19 9000 ± 22

C3 940 ± 17 800 ± 13

C4 1100 ± 6.5 1100 ± 6.9

C8 51,000 ± 4.8 58,000 ± 12

C10 33,000 ± 1.7 39,000 ± 6.8*

Nicotinamide 6400 ± 21 9700 ± 36

Riboflavin 1100 ± 4.8**** 470 ± 3.7

Adipic acid 2100 ± 12 2200 ± 8.8

Azelaic acid 1500 ± 8.5 1500 ± 13

Suberic acid 2900 ± 11 3100 ± 17

Dexpanthenol 13,000 ± 55 30,000 ± 68

Pantothenic acid 2600 ± 1.7 2000 ± 19

Adenosine 9800 ± 4.4 21,000 ± 14**

Inosine 2900 ± 2.2 4000 ± 12 *

Methyladenosine 28,000 ± 6.9 30,000 ± 11

Methylguanosine 8000 ± 3.2 9400 ± 5.5*

Caffeine 1400 ± 8.1 1800 ± 46

Hypoxanthine 960 ± 8.7 1000 ± 8.1

Theobromine 2200 ± 7.7 2600 ± 45

Uric acid 1000 ± 20 1500 ± 11

(b)

Pyroglutamic acid 2TMS 32,000,000 ± 25 32,000,000 ± 39

Aspartic acid 3TMS 440,000 ± 35 270,000 ± 41

Glutamic acid 3TMS 2,800,000 ± 15 1,500,000 ± 49

Isoleucine 2TMS 1,200,000 ± 29 1,100,000 ± 29

Phenylalanine TMS 1,100,000 ± 27 1,700,000 ± 46

Serine 3TMS 510,000 ± 29 260,000 ± 45

Threonine 3TMS 120,000 ± 26 84,000 ± 27

Tyrosine 3TMS 2,300,000 ± 25* 550,000 ± 19

Valine 2TMS 1,100,000 ± 28 10,000,000 ± 18

Adipic acid 2TMS 1,200,000 ± 23 1,100,000 ± 45

Uric acid 4TMS 51,000 ± 42 66,000 ± 22

C10:0 TMS 180,000 ± 42 450,000 ± 68
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17,335 for snipped samples for LC-MS/MS analysis (see
Table 1). Thereof, 18,505 features for pulverized and 13,530
for snipped samples could be tentatively identified. For GC-
MS analysis, a total of 287 peaks for pulverized and 276 peaks
for snipped samples could be detected.

In detail, significantly higher extraction results (p < 0.05)
were obtained for trimethyllysine, N-acetylneuraminic acid,
and riboflavin after LC-MS/MS analysis, if samples were pul-
verized. Six out of 35 identifiedmetabolites showed significant-
ly higher peak area ratios for snipped hair samples (choline,
histidine, C10, adenosine, inosine, and methylguanosine).
Extraction results for all other metabolites were not significant-
ly different. For GC-MS analysis, tyrosine showed a signifi-
cantly higher peak area ratio in pulverized samples, whereas
peak area ratios of myristic acid and pentadecanoic acid were
significantly higher for snipped samples. Again, all other me-
tabolites did not show significant differences. Destruction of the
hair structure and increasing the hair surface by pulverization
has been shown to effectively improve the extraction of drugs
of abuse [44], ethyl glucuronide (EtG) [45, 46], and steroid
esters [47]. In the present study, pulverization yielded a higher
number of detected and tentatively identified metabolites,
which raises the likelihood to detect metabolome changes.

On the other hand, an enormous increase of the hair surface
by pulverization might lead to an adsorption of analytes on the
hair debris and higher matrix effects potentially leading to ion
suppression or increased background noise when analyzed
with LC-MS/MS. This might explain the comparably higher
extraction yields of some single analytes in snipped samples.

Whenever possible, sample preparation steps should be
standardized asmuch as possible. Relative standard deviations
(rSD) ranged from 1.7 to 55% for pulverized and from 3.7 to
68% for snipped samples as summarized in Table 2. However,
for 14 analytes from snipped samples, the rSD was over 30%.
In contrast, for pulverized samples, rSD was over 30% for
only 6 analytes, demonstrating a better homogeneity for pul-
verized samples. Manually cutting hair samples into snippets
automatically leads to a greater variation of hair segment
lengths. Mechanical pulverization of hair samples results in
more homogenous samples and is advantageous for the repro-
ducibility of the method as observed with the smaller rSD
values. Those results are in line with findings observed by
Aqai et al. [47] who found higher standard deviations for
unground hair samples and Becker et al. who reported smaller

interlaboratory variances in case of pulverization [48]. In con-
clusion, to maintain reproducible results with sufficient recov-
ery, pulverization was chosen as homogenization procedure.

Evaluation of extraction protocols

As the metabolome is chemically very diverse, the sample
extraction from the solid hair matrix into solution for further
MS analysis is a challenging task. The detection of all metab-
olites within one method combined with sufficient sensitivity
is not possible to date. Hence, expanding the knowledge about
the extraction of endogenous compounds from hair could be
of great benefit, especially if metabolites of interest are
known, e.g., for the evaluation of metabolic pathways.
Beforehand, different solvent mixture ratios for ACN/H2O
were tested for extraction efficiency in terms of quantity and
number of detected metabolites. A solvent mixture of ACN/
H2O (2:8, v/v) provided the best extraction efficiencies overall
(data not shown). Based on these preliminary results, the ex-
traction of metabolites with ACN/ammonium formate buffer
0.5 M (2:8, v/v, pH 4), ACN/H2O (2:8, v/v, pH 6), and ACN/
ammonium bicarbonate buffer 0.5 M (2:8, v/v, pH 8.5) was
compared in this study. As depicted in Fig. 4, for most
analytes, a difference in extraction tendencies could be seen
for the three different pH conditions. With ACN/H2O pH 6,
best extraction results were obtained for amino acids, citrul-
line, trimethyllysine, riboflavin, and triethanolamine.
Glycerophosphocholine was equally well extracted with
ACN/H2O pH 6 and ACN/buffer pH 8.5, and tyrosine with
ACN/H2O pH 6 and ACN/buffer pH 4. In general, extraction
with ACN/buffer pH 8.5 was favorable for the detection of
carnitines and saturated fatty acids as well as several single
metabolites (methyladenosine, methylguanosine, or
pantothenic acid). Urocanic acid, nicotinamide, nicotine, uric
acid, and hypoxanthine were best extracted with ACN/buffer
pH 4. However, for metabolites out of almost every com-
pound class, no clear extraction tendency towards one pH
could be observed. In theory, basic substances should be ef-
fectively extracted in acidic conditions due to protonation of
present nitrogen atoms which increases their aqueous solubil-
ity [21]. This is true for nicotine (Fig. 5c) and nicotinamide
that were effectively extracted using ACN/buffer pH 4. On the
other hand, acidic molecules should be best extracted under
basic conditions due to deprotonation of the carboxylic acid

Table 2 (continued)
Analyte Powder Snippets

C12:0 TMS 2,800,000 ± 16 3,900,000 ± 21

C13:0 TMS 300,000 ± 22 430,000 ± 26

C14:0 TMS 2,500,000 ± 10 3,900,000 ± 15*

C15:0 TMS 230,000 ± 12 400,000 ± 9.1**

TMS trimethylsilyl derivative
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group, again increasing their water solubility. This was shown
to be the case for saturated fatty acids that were best extracted
with ACN/buffer pH 8.5. Despite these plausible examples,
for some metabolites, a different extraction pattern would
have been expected if underlying the hypothesis that metabo-
lites would be extracted according to the pKa only. As an
example, phenylalanine (Fig. 5a) has pKa values of 2.47

(strongest acid) and 9.45 (strongest basic) and an isoelectric
point (pI) of 6. Considering the (de)protonation stages, the
least protonation would be expected around pH 6 where phe-
nylalanine is suspected to be uncharged, therefore having the
least water solubility at that pH. Increasing the pH to 8.5
would increase the deprotonation of the carboxylic acid group,
resulting in higher extraction yields for pH 8.5 compared to

Fig. 4 Heatmap of pH extraction
tendencies. Extraction of
pulverized hair samples
decontaminated according to
wash protocol A, a analysis with
LC-MS/MS, b analysis with GC-
MS. Black: highest extraction,
gray: lowest extraction, black
check: medium extraction, white
dotted: no tendency towards one
pH, cross: not detected
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pH 6. However, extraction with ACN/buffer pH 8.5 resulted
in lowest extraction of phenylalanine. These results are in line
with studies fromMadry et al. and Chata et al. who concluded
that the pKa is not necessarily a prediction marker for the
extraction yield [26, 49].

Surprisingly, exceptional poor extraction results were ob-
tained for the extraction with ACN/buffer pH 4 and subse-
quent analysis with GC-MS (Fig. 4b). To exclude a possible
interference of the buffer mixture with the GC-MS system,
another additional experiment was performed. Three hair sam-
ples were decontaminated with wash protocol A, pulverized,
and extracted with ACN/H2O as described above. Extracts
were pooled, separated into three aliquots, and evaporated to
dryness followed by reconstitution in ACN/buffer pH 4,
ACN/H2O pH 6, and ACN/buffer pH 8.5 respectively.
Except for pyroglutamic acid with a very low abundance, no
analytes were detected in the sample that was reconstituted in
ACN/buffer pH 4, whereas abundances for metabolites in
samples of ACN/H2O pH 6 and ACN/buffer pH 8.5 were
comparable. Hence, the poor extraction results were not due
to an extraction effect and sample preparation with ACN/
buffer pH 4 for GC-MS analysis was considered unsuitable.

Taken together, a combination of different extraction
methods would be the best to cover as many metabolites as
possible. Nevertheless, this is connected with a large amount
of time spent on the sample preparation and the subsequent
data processing. Therefore, extraction with ACN/H2O was
considered the best compromise as previous studies on the
hair metabolome mostly identified amino acids, amino acid
derivatives, organic acids, and fatty acids as significantly al-
tered [13, 15, 16].

Conclusion

Using a combination of the two complementary analytical
techniques, LC-MS/MS and GC-MS, the reliable detection
of a multitude of metabolites from different chemical classes

in hair was possible as well as the successful study of decon-
tamination, homogenization, and extraction parameters. A
multi-step decontamination with DCM, acetone, H2O, ace-
tone, and homogenization by pulverization can be suggested.
In any case, to maintain a high reproducibility, a standardiza-
tion of sample preparation procedures for hair metabolomics
is highly recommended. However, we are aware that the me-
tabolites investigated within this study present only a small
selection out of the (hair-) metabolome. However, our current
studies now provide the basis for further studies on the longi-
tudinal composition of the hair metabolome (accounting for
influences of weathering effects), the analysis of biological
variances between individuals and a quantitative determina-
tion to report endogenous levels of metabolites under different
conditions (e.g., drug consumption).
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