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eparation for the simultaneous
extraction of drugs, pharmaceuticals, cannabinoids
and endogenous steroids in hair†

Clementine Scholz,a Markus R. Baumgartner, a Thomas Kraemer b

and Tina M. Binz *a

Recently, we published a multi-analyte method for the simultaneous analysis of 116 drugs and

pharmaceuticals including different substance groups like opioids, stimulants, benzodiazepines, z-drugs,

antidepressants and neuroleptics based on a single sample workup followed by a single analytical

measurement with LC-MS/MS. However, in some cases, additional analysis of further substance groups,

such as cannabinoids and endogenous steroids, is required, which are analyzed in our laboratory using

separate sample preparation and separate analytical methods. The goal of this study was to use the

knowledge from the different sample preparations and combine them into a single sample preparation

and extraction workflow for the simultaneous extraction of drugs, pharmaceuticals, cannabinoids, and

endogenous steroids to be analyzed with the appropriate analytical methods. A partial validation of

selected parameters such as selectivity, linearity, limit of quantification (LOQ), accuracy, precision and

robustness for the different analytical methods was carried out and revalidated. In addition, comparative

measurements of quality controls and authentic pools were performed and statistically evaluated using

the unpaired t-test or the non-parametric Mann–Whitney test. The results using the newly established

sample preparation and extraction were in good agreement with the original data. In conclusion, the

newly established sample preparation is suitable for the combined extraction of drugs, pharmaceuticals,

cannabinoids and endogenous steroids, and gives reliable results for quantification of various substances.
Introduction

A challenge in hair analysis is the oen limited amount of hair
sample while the analysis of a large number of structurally
different substances within different concentration ranges is
required. Therefore, single sample extraction protocols and
multi-analyte based LC-MS/MS methods containing various
groups of substances are the method of choice to approach this
challenge. Drugs, pharmaceuticals and their metabolites are
incorporated into the hair matrix aer consumption. Trapped
in hair, these compounds exhibit long-term stability. Therefore,
hair allows for a prolonged retrospective detection window of
exposition, making hair analysis useful for forensic questions
such as e.g. abstinence controls, workplace drug testing, and
custody cases. In addition to the long detection window, head
hair has the advantage of enabling a temporal resolution of the
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consumption behavior based on the segments of hair that are
analyzed, whereas 1 cm of head hair represents approximately 1
month (e.g. 1 and 2). Sample preparation in hair analysis for the
analysis of drugs and pharmaceuticals usually involves
a tedious, multi-step procedure. First, a wash procedure has to
be applied to eliminate possible external contamination. Pub-
lished washing procedures usually include organic solvents,
aqueous buffers, water, soaps or a combination (e.g. 3–7).
Decontamination processes take typically between 2 and 10min
(each washing) and the number of cleaning steps varies. The
next step in the procedure is the sample extraction. Freeing the
analytes bound within the hair matrix is commonly achieved
either by acidic or alkaline digestion, enzymatic hydrolysis, or
incubation of hair snippets or powder with organic solvents
and/or various buffer systems.8 The choice of the extraction
conditions depends on the chemical properties of the analytes
of interest and is known to have a major impact on the
performance of a method.9 In order to clean-up the hair
extracts, a pre-concentration step may be included such as e.g.
liquid–liquid extraction (LLE) or conventional solid-phase
extraction (SPE). Alternatively, direct infusion of diluted
extracts may be used in order to simplify sample preparation for
high through-put analyses. For the analysis of the extracts,
liquid chromatography coupled to tandem mass spectrometry
Anal. Methods, 2022, 14, 4583–4591 | 4583

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ay01325h&domain=pdf&date_stamp=2022-11-12
http://orcid.org/0000-0002-0979-931X
http://orcid.org/0000-0002-3283-606X
http://orcid.org/0000-0001-6783-1202
https://doi.org/10.1039/d2ay01325h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ay01325h
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY014044


Analytical Methods Technical Note

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 4
:4

1:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(LC-MS/MS) using electrospray ionization (ESI) or atmospheric
pressure chemical ionization (APCI) is nowadays widely used in
hair analysis.8 Hair testing can also be applied to detect
cannabinoids.10,11 However, several limitations are known for
the detection of cannabis use in hair. Hair analysis oen lacks
sensitivity which may lead to false-negative results11,12 and
external contamination of hair via hands of cannabis users,
sebum/sweat or cannabis smoke has to be taken into
account.3,13,14 Despite these limitations, hair testing can be
a valuable tool to conrm exposure with cannabis products. The
analysis of steroid hormones such as cortisol, cortisone and
testosterone in the keratinized matrix hair is used to monitor
long-term stress and is applied e.g. in psychoneuroendocrino-
logical stress research (e.g. 15–19). However, for endogenous
compounds such as steroid hormones, it is oen difficult or
even impossible to obtain analyte-free authentic matrix which is
required for calibration and quality control preparation. The
classical approach to circumvent this problem is the use of
standard addition,20 but this requires a large amount of sample
material, which is usually not available in clinical and forensic
hair studies. Other approaches include the use of a surrogate
matrix (e.g. synthetic melanin21) or the use of hair containing
a low amount of endogenous analytes (e.g. tips from long
hair22,23). In our laboratory, the method of choice is the use of
surrogate analytes, which are usually stable isotope labeled
forms of the original analyte.15,24–28

For our routine casework, we use a multi-analyte approach
for the analysis of 116 drugs and pharmaceuticals.29 Cannabi-
noids and endogenous steroids are detected using separate
methods.24,27,30 Due to the different sample preparation proce-
dures, the amount of required hair sample increases signi-
cantly in those cases where the detection of cannabinoids and
endogenous steroids is requested besides drugs and pharma-
ceuticals. Additionally, segmental analysis of hair is typically
performed to monitor changes in consumption patterns within
smaller time windows (e.g. 31–35) further increasing the
demand for sample material. To ensure that the available
sample amount suffices, we developed a sample preparation for
the combined extraction of drugs, pharmaceuticals, cannabi-
noids and endogenous steroids introducing several modica-
tions compared to the original methods. These modications
include the type of homogenization (snippets instead of
powder) in case of the analysis of drugs and pharmaceuticals
and endogenous steroids, the number of deuterated standards
added to the hair prior to extraction, and the extraction proce-
dure (e.g. ball mill instead of ultra-sonication) in the case of
endogenous steroids. In this study, we present the data of
additional experiments to ensure the applicability of the herein
established combined sample workup. Eventually, the simul-
taneous sample preparation for all these substances may
additionally reduce cost and required time for hair analysis.

Experimental
Chemicals, reagents

Methanolic or acetonitrilic solutions of the standards and
deuterated standards were purchased from Lipomed
4584 | Anal. Methods, 2022, 14, 4583–4591
(Arlesheim, Switzerland) or Cerilliant (delivered by
ReseaChem GmbH, Burgdorf, Switzerland) or ElSohly Labo-
ratories, Inc. (Oxford, MS, USA) as previously re-
ported.24,27,29,30 Water for decontamination of hair samples
was processed by a PURELAB Option-Q system by ELGA
LabWater (Labtec Services AG, Villmergen, Switzerland).
Acetone (p.a., $99.5%), acetonitrile (LC-MS grade), formic
acid (p.a., $98%), ammonium formate ($99%), hexane (p.a.,
$99%), methanol (LC-MS grade or p.a., $99.8%), and water
(LC-MS grade or p.a., $99.8%) were purchased from Sigma-
Aldrich (St Louis, MO, USA).
Preparation of internal standard solution (IScombi), calibrators
and quality control

A stock solution containing internal standards (IScombi) was
prepared. According to the multi-analyte approach for drugs
and pharmaceuticals, it contained 43 deuterated standards with
a concentration of 0.04 or 0.2 mg ml−1 depending on the cor-
responding IS group (1 or 2).29 For the herein described
combined sample workup, the IScombi solution additionally
contained 0.6 mg per ml THC-D3 and 0.02 mg per ml cortisone-
D7. Calibrators were prepared using pooled drug free scalp hair
which were tested negative using the presented LC-MS/MS
methods.27,29,30 The calibration curve was prepared by adding
calibrator solutions and 100 ml of the IScombi solution into
approx. 20 mg of drug free hair. Further, a quality control was
prepared by adding 100 ml of the IScombi solution into approx.
20 mg of a pooled drug-positive hair sample.
Sample preparation

The sample preparation procedure was performed according to
the fully validated routine methodologies27,29,30 including
several alterations as shown in Fig. 1. Briey, hair samples were
successively washed, dried, and chopped into snippets.
Approximately 20 mg of the snippets were exactly weighed into
an Eppendorf tube. The rst extraction was achieved by shaking
the hair sample in the presence of one tungsten carbide ball (Ø
7 mm, 3 g, Retsch) in 1.4 ml of methanol and 0.1 ml of IScombi

solution in the ball mill (Type MM 400, Retsch GmbH & Co. KG,
Haan, Germany) at 10 Hz for 90 min. Aer centrifugation, 75 ml
of the supernatant were transferred into an LC-vial with
a silanized glass inlet (Thermo Scientic, Waltham, MA) and 75
ml of a solution of 2 mM aqueous ammonium formate were
added prior to the analysis of cannabinoids by LC-MS/MS. The
remaining supernatant of the rst extraction was collected and
dried at 35 °C under nitrogen.

For the second micro-extraction step, 1 ml of extraction
solvent containing 1 mM aqueous ammonium formate con-
taining 0.1% formic acid/methanol (1/1, v/v) was added to the
remaining hair snippets followed by shaking at 10 Hz for 90min
in the ball mill. The resulting supernatant was combined with
the dried supernatant of the rst step and dried at 35 °C under
nitrogen. The dried residues were reconstituted in 150 ml
methanol, vortexed and 350 ml of a solution of 2 mM aqueous
ammonium formate was added. The solutions were measured
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Scheme for the combined sample workup established for the analysis of drugs and pharmaceuticals, cannabinoids and endogenous
steroids. Information on modifications compared to the original methods is given in boxes on the right-hand side, with “3” indicating no
modification (IS = Internal Standard; IS-Mix = mixture containing 43 deuterated drugs and pharmaceuticals as previously published,29 IScombi =

IS-Mix plus THC-D3, CBN-D3 and cortisone-D7).
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by LC-MS/MS for the detection of endogenous steroids and
drugs and pharmaceuticals.
Analysis of THC, CBN, CBD

Ten microliters of the diluted rst extract were injected into an
LC-MS/MS system consisting of a Shimadzu Prominence high
performance liquid chromatography system (Shimadzu,
Duisburg, Germany) and a QTrap 5500 mass spectrometer
(Sciex, Darmstadt, Germany). Separation was achieved as
previously described.30 Briey, a Kinetex® C18 column
(100 mm × 2.1 mm, 100 Å, 1.7 mm, Phenomenex) was operated
at a ow rate of 0.5 mLmin−1 with a total run time of 15 min. A
linear gradient consisting of a mobile phase A (water con-
taining ammonium formate [1 mM] and formic acid [0.1%])
and mobile phase B (acetonitrile containing ammonium
formate [1 mM] and formic acid [1 mM]) was used. The
gradient was programmed as follows: 0.01–1.5 min, 40%
eluent B; 1.5–1.6 min increasing to 60% eluent B; 1.6–10 min
increasing to 65% eluent B; 10–11 min, 95% eluent B; 11–
12 min hold at 95% eluent B; 12–12.01 min decreasing to 40%
eluent B, 12.01–15 min starting conditions (40% eluent B). The
MS instrument was operated using Atmospheric Pressure
Chemical Ionization (APCI) in positive mode. The samples
were acquired in the “scheduled Multiple Reaction Moni-
toring” (sMRM) using MS parameters for THC, CBN, CBD,
This journal is © The Royal Society of Chemistry 2022
tetrahydrocannabinol-D3 (THC-D3) and cannabinol-D3 (CBD-
D3) as previously published.30
Analysis of drugs and pharmaceuticals (multi-analyte
approach)

10 mL of the combined extracts were injected into an LC-MS/MS
system consisting of a Shimadzu Prominence high perfor-
mance liquid chromatography system (Shimadzu, Duisburg,
Germany) and a QTrap 5500 mass spectrometer (Sciex, Darm-
stadt, Germany). Separation was achieved as previously
described.29 Briey, a Kinetex® F5 column (100 mm × 2.1 mm,
100 Å, 2.6 mm, Phenomenex) was operated at a ow rate was set
at 0.6 mLmin−1. A linear gradient consisting of a mobile phase
A consisting of mobile phase A (water containing ammonium
formate [1 mM] and formic acid [0.1%]) and mobile phase B
(acetonitrile containing ammonium formate [1 mM] and for-
mic acid [1 mM]) was used. The gradient was programmed as
follows: 0.01–1.5 min, 3% eluent B; 1.5–9 min increasing to
60% eluent B; 9–10 min increasing to 95% eluent B; 10–11 min,
95% eluent B; 11–11.1 min decreasing to 3% eluent B, 11.1–
12 min starting conditions (3% eluent B). The MS instrument
was operated using ESI in positive mode. The samples were
acquired in the “Scheduled MRM™ Algorithm Pro” mode
using MS parameters for the 116 analytes as previously
published.29
Anal. Methods, 2022, 14, 4583–4591 | 4585
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Analysis of endogenous steroids: cortisol, cortisone and
testosterone

10 mL of the combined extracts were injected into an LC-MS/MS
system consisting of a Shimadzu Prominence high perfor-
mance liquid chromatography system (Shimadzu, Duisburg,
Germany) and a QTrap 6500+ mass spectrometer (Sciex, Darm-
stadt, Germany). Separation was achieved as previously
described.27 Briey, a Kinetex® XB-C18 column (50 mm × 2.1
mm, 100 Å, 2.6 mm, Phenomenex) was operated at a ow rate of
0.45 mL min−1. The mobile phase consisted of 0.2 mM NH4F in
water/methanol 97/3 v/v (A) and 0.2 mMNH4F in water/methanol
3/97 v/v (B). The gradient was set follows: 0–40% B for 0–0.1 min,
40–50% B from 0.1 to 5 min, isocratic 50% from 5 to 8 min, 50–
90% B from 8 to 11 min, isocratic 90% B from 11 to 14 min, 90–
40% B from 14 to 15 min followed by an equilibration step of
1 min. For the quantication of steroid hormones in hair, the
surrogate analyte approach in adaption to our previous work was
used.15,24,26–28 In this approach, 13C3-cortisol,

13C3-cortisone and
13C3-testosterone were used for calibration of steroids. The MS
parameters have been published previously.27
Validation experiments

Validation has previously been performed for the methods
analyzing drugs and pharmaceuticals,29 cannabinoids30 and
endogenous steroids.27 In the herein established work, several
modications have been introduced to establish a combined
sample preparation (Fig. 1). Therefore, selective parameters
such as selectivity, linearity, LOQ and accuracy were revalidated.
Linearity and selectivity

Because of the presence of endogenous steroids in blank hair, the
surrogate analyte approach was used for quantication of steroids
according to our previous work.15,24–27 For calibration, nine cali-
bration levels were used in different concentration ranges that
correspond to typically observed concentration levels in hair. The
resulting concentrations in hair correspond for drugs and phar-
maceuticals to the published values.29 For THC, CBN and CBD,
the calibration levels 5, 10, 20, 30, 40, 100, 400, 2000 and 4000
pg mg−1 were used. Additionally, the calibration levels 1.0, 2.5,
5.0, 10, 25, 50, 100, 250 and 500 pg mg−1 were analyzed for 13C3-
cortisol and 13C3-cortisone, respectively, and the calibration levels
0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10, 25 and 50 pgmg−1 were analyzed for
13C3-testosterone, respectively. Two replicates for each calibration
level were analyzed. The calibration curve was estimated by least-
squares regression procedure. For selectivity, 2 different blank
hair samples from non-users were extracted according to the
combined sample preparation with and without the addition of
IScombi. All samples were analyzed to exclude any interfering
signals. As steroid hormones are endogenous compounds which
are always present in hair, selectivity was tested for 13C3-cortisol,
13C3-cortisone and 13C3-testosterone in the 2 blank hair samples.
Limit of quantication (endogenous steroids)

For endogenous steroids, limits of quantication (LOQ) were
determined by analyzing spiked hair samples in the low
4586 | Anal. Methods, 2022, 14, 4583–4591
concentration range. A signal-to-noise ratio equal or greater
than 10/1 was considered as valid. The limits of detection
(LODs) were not determined.

Accuracy, precision and robustness

Two replicates of a QC sample at medium concentration levels
and two replicates of an authentic hair pool were measured on 8
days. For the QC sample, the bias (accuracy) was determined by
calculating the percent deviation (RSD) of the mean of all
calculated concentration values at a specic level from the
respective nominal concentration. For the QC sample and the
authentic hair sample, the relative standard deviation for time-
different intermediate measurements (precision) and within-
days (repeatability) were calculated as previously described.36

Robustness of the combined sample preparation was evaluated
by calculating the standard deviations for the 16 replicate
measurements of the QC sample and the authentic hair sample,
respectively.

Comparative measurements and statistical analysis

Comparative measurements between the original method and
the combined sample preparation were carried out for selective
analytes in authentic hair samples and statistically evaluated
using Prism 6 (GraphPad Soware, CA, USA). Analyzed data sets
were either normally or not normally distributed as indicated by
the Shapiro–Wilks test. Normal distributions and not normal
distributions were analyzed by the unpaired t-test and the non-
parametric Mann–Whitney test, respectively. The level of
signicance was set at p < 0.05.

Results and discussion

Among others, three validated methods in hair analysis are
routinely used in our laboratory: (1) a multi-analyte approach
for the analysis of drugs and pharmaceuticals,29 (2) amethod for
the analysis of the cannabinoids THC, CBN and CBD30 and (3)
a method for the analysis of the endogenous steroids cortisol,
cortisone and testosterone.27 For various reasons, cannabinoids
and endogenous steroids have not been included in the multi-
analyte approach.29 While hair pulverization resulted in better
yields for drugs and pharmaceuticals, extraction of cannabi-
noids from powdered hair was only slightly more efficient.
Therefore, cannabinoids are routinely extracted from hair
snippets instead. The measurement of cortisol, cortisone and
testosterone was validated in our laboratory aer extraction
from hair powder,27 while the measurement of cortisol and
cortisone was also validated for hair snippets.15,24 Further,
cannabinoids and steroid hormones are already extracted in
sufficient yields aer a single methanolic extraction step,
whereas the additional extraction step using a mixture of acidic
water and methanol is used to enhance extraction yields for
several drugs and pharmaceuticals such as e.g. opiates.9

In cases for which the analysis of drugs, pharmaceuticals,
cannabinoids and endogenous steroids is requested, three
independent sample preparations would be required which is
associated with a high demand for sample material and
This journal is © The Royal Society of Chemistry 2022
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Table 1 Accuracy and precision (N = 2), on eight consecutive days for a QC sample and an authentic hair samplea

Analyte

QC sample Authentic hair sample

Target
value (pg)

Accuracy

Precision

Characteristics

Precision

CharacteristicsIntra-day Inter-day Intra-day Inter-day

Bias
[%]

RSDR

[%]
RSDT

[%]
Mean
(pg)

SD
(pg)

RSD
[%]

RSDR

[%]
RSDT

[%]
Mean
(pg)

SD
(pg)

RSD
[%]

Morphine 10 000 3.6 8.0 8.6 10 356 858 8.3 19 20 663 130 20
Acetylmorphine 10 000 5.3 21 24 10 525 2383 23 18 16 586 91 15
Acetylcodeine 10 000 4.8 5.8 24 10 481 2363 23 16 29 20 5.3 27
Codeine 10 000 14 16 15 11 419 1685 15 31 26 85 22 26
Oxycodone 10 000 6.9 15 13 10 694 1314 12 11 13 459 56 12
Fentanyl 500 18 9.4 8.0 592 46 7.8 n.d. n.d. n.d. n.d. n.d.
Norfentanyl 500 −21 16 25 398 93 23 n.d. n.d. n.d. n.d. n.d.
Pethidine 500 −1.4 18 16 493 77 16 n.d. n.d. n.d. n.d. n.d.
Tapentadol 10 000 7.3 23 24 10 725 2431 23 n.d. n.d. n.d. n.d. n.d.
Tilidine 10 000 2.8 9.3 10 10 275 1001 9.7 n.d. n.d. n.d. n.d. n.d.
Tramadol 10 000 35 13 19 13 450 2374 18 17 23 436 94 22
Nortramadol 10 000 −11 11 23 8913 1900 21 14 31 104 31 29
Dextromethorphan 10 000 1.3 14 20 10 125 1953 19 n.d. n.d. n.d. n.d. n.d.
Methadone 50 000 11 8.5 15 55 688 7760 14 15 19 356 66 19
EDDP 10 000 12 9.3 11 11 181 1191 11 n.d. n.d. n.d. n.d. n.d.
Buprenorphine 500 4.6 23 25 523 124 24 n.d. n.d. n.d. n.d. n.d.
Norbuprenorphine 10 000 6.4 18 25 10 644 2552 24 n.d. n.d. n.d. n.d. n.d.
Cocaine 50 000 14 4.5 4.8 57 125 2643 4.6 11 12 767 89 12
Benzoylecgonine 10 000 13 16 14 11 250 1552 14 11 13 700 89 13
Norcocaine 500 14 4.8 9.2 571 50 8.7 17 20 15 3 19
Cocaethylene 10 000 10 9.8 14 11 031 1489 14 15 28 5.1 1.4 27
p-Hydroxycocaine 500 7.0 7.2 8.2 535 42 7.8 24 24 3.8 0.9 23
m-Hydroxycocaine 500 2.4 7.8 8.4 512 41 8.1 21 24 6.8 1.5 23
Amphetamine 10 000 0.8 20 20 10 075 1925 19 13 16 596 89 15
Methamphetamine 10 000 −0.2 20 21 9981 1990 20 16 21 796 160 20
MDMA 10 000 −1.3 15 15 9869 1423 14 18 18 1024 178 17
MDA 10 000 0.3 18 20 10 025 1885 19 24 26 58 15 25
Methylphenidate 10 000 −5.3 15 18 9469 1642 17 30 36 163 56 35
Ketamine 10 000 18 18 18 11 844 1536 13 n.d. n.d. n.d. n.d. n.d.
Norketamine 10 000 16 27 14 11 550 3035 26 n.d. n.d. n.d. n.d. n.d.
Alprazolam 10 000 22 7.9 7.4 12 188 882 7.2 n.d. n.d. n.d. n.d. n.d.
Clobazam 500 16 8.1 17 582 94 16 n.d. n.d. n.d. n.d. n.d.
Norclobazam 500 24 19 21 622 124 20 n.d. n.d. n.d. n.d. n.d.
Clonazepam 10 000 29 7.3 11 12 875 1317 10 n.d. n.d. n.d. n.d. n.d.
Diazepam 10 000 21 7.5 7.1 12 063 827 6.9 n.d. n.d. n.d. n.d. n.d.
Nordazepam 10 000 13 6.5 7.9 11 338 857 7.6 n.d. n.d. n.d. n.d. n.d.
Oxazepam 10 000 29 13 14 12 863 1676 13 n.d. n.d. n.d. n.d. n.d.
Temazepam 500 9.5 18 22 548 116 21 n.d. n.d. n.d. n.d. n.d.
Flunitrazepam 500 12 4.9 7.3 562 39 7.0 n.d. n.d. n.d. n.d. n.d.
7-Amino unitrazepam 500 20 13 16 599 91 15 n.d. n.d. n.d. n.d. n.d.
Flurazepam 500 12 8.2 11 559 59 11 n.d. n.d. n.d. n.d. n.d.
N-Desalkylurazepam 500 0.8 16 16 504 76 15 n.d. n.d. n.d. n.d. n.d.
Lorazepam 500 19 7.2 9 593 52 8.8 n.d. n.d. n.d. n.d. n.d.
Lormetazepam 500 30 18 28 648 171 26 n.d. n.d. n.d. n.d. n.d.
Midazolam 10 000 22 7.4 8.7 12 188 1014 8.3 n.d. n.d. n.d. n.d. n.d.
Hydroxymidazolam 500 19 7.9 9.1 593 52 8.8 n.d. n.d. n.d. n.d. n.d.
Nitrazepam 500 3.4 12 14 517 69 13 n.d. n.d. n.d. n.d. n.d.
Phenazepam 500 −0.3 16 14 499 70 14 n.d. n.d. n.d. n.d. n.d.
Prazepam 500 3.6 7.0 12 518 59 11 n.d. n.d. n.d. n.d. n.d.
Tetrazepam 500 2.0 8.4 12 510 58 12 n.d. n.d. n.d. n.d. n.d.
Triazepam 500 11 7.6 8.4 553 45 8.1 n.d. n.d. n.d. n.d. n.d.
Zalepam 500 11 12 11 553 61 11 n.d. n.d. n.d. n.d. n.d.
Zolpidem 10 000 10 7.2 9.2 11 044 974 8.8 22 26 21 5 25
Zopiclone 10 000 −2.8 9.6 20 9725 1791 18 n.d. n.d. n.d. n.d. n.d.
Citalopram 50 000 4.9 8.8 11 52 469 5658 11 10 16 763 114 15
Duloxetine 500 −12 8.4 12 439 49 11 18 25 14 3 24

This journal is © The Royal Society of Chemistry 2022 Anal. Methods, 2022, 14, 4583–4591 | 4587
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Table 1 (Contd. )

Analyte

QC sample Authentic hair sample

Target
value (pg)

Accuracy

Precision

Characteristics

Precision

CharacteristicsIntra-day Inter-day Intra-day Inter-day

Bias
[%]

RSDR

[%]
RSDT

[%]
Mean
(pg)

SD
(pg)

RSD
[%]

RSDR

[%]
RSDT

[%]
Mean
(pg)

SD
(pg)

RSD
[%]

Fluoxetine 50 000 0.9 22 22 50 438 10 873 22 n.d. n.d. n.d. n.d. n.d.
Mirtazepam 10 000 −2.2 13 17 9784 1548 16 n.d. n.d. n.d. n.d. n.d.
Paroxetine 500 −14 12 8.8 432 37 8.6 n.d. n.d. n.d. n.d. n.d.
Sertraline 10 000 −13 4.5 7.2 8697 593 6.8 19 18 833 144 17
Trazodone 50 000 −2.0 5.4 6.5 49 000 3036 6.2 16 22 802 167 21
Venlafaxine 50 000 −3.7 28 28 48 156 12 912 17 n.d. n.d. n.d. n.d. n.d.
Doxylamine 10 000 −12 21 21 8769 1753 20 22 26 559 140 25
Diphenhydramine 10 000 −11 9.2 9.9 8888 848 9.5 9.2 23 14 3.1 22
Lamotrigine 50 000 −24 12 20 38 250 7250 19 n.d. n.d. n.d. n.d. n.d.
Tizanidine 10 000 18 8.2 15 11 831 1698 14 n.d. n.d. n.d. n.d. n.d.
CBD 5000 0.5 7.0 11 5025 541 11 27 30 42 12 29
CBN 5000 −1.0 8.6 10 4950 491 9.9 26 28 242 65 27
THC 5000 −1.4 9.4 8.8 4931 424 8.6 28 28 434 116 27
Cortisol 5.0 −12 20 27 4.4 1.1 26 14 16 14 2.2 15
Cortisone 5.0 25 12 16 6.3 0.9 15 12 12 19 2.2 11
Testosterone 0.5 8.8 19 29 0.5 0.1 28 n.d. n.d. n.d. n.d. n.d.

a n.d.: not detected.
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further entails a tedious and complex sample workup. There-
fore, a strategy for the combined extraction of these
substances was established introducing several modications
in the sample preparation process as shown in Fig. 1.
Compared to the original methodologies, additional internal
standards are used. No further modications resulted for the
sample workup of cannabinoids. Regarding the analysis of
drugs and pharmaceuticals, extraction was achieved aer
pulverization of the hair samples in the original method29

whereas hair snippets are used in the combined sample
preparation. In the combined sample preparation and
extraction workow, most of the changes occurred in the
analysis of endogenous steroids. Using the combined sample
preparation, extraction of endogenous steroids was achieved
by shaking hair snippets in 1.4 mLmethanol in the presence of
a tungsten ball in the ball mill followed by a second extraction
step, rather than aer ultra-sonication of hair snippets in 1 mL
methanol for 2 hours according to the original method.27 Due
to these modications and although each of the methods
involved has been fully validated previously, several experi-
ments were performed to test the applicability for the
combined sample workup. The results of these experiments
are presented in the following.
Linearity and selectivity

Calibration curves were evaluated for both MRM transitions
of all analytes as previously reported.27,29,30 The regressions
were calculated using a linear model with 1/x weighting.
According to the original method for steroid hormones, cali-
bration was carried out for 13C3-cortisol,

13C3-cortisone and
4588 | Anal. Methods, 2022, 14, 4583–4591
13C3-testosterone.27 For cannabinoids and steroid hormones,
regressions were linear which is in agreement with previous
data.27,30 For drugs and pharmaceuticals, quadratic or modi-
ed quadratic (Wagner) regression models were applied for
those analytes which did not fulll the criteria (regression
factor r $ 0.98; accuracy $ 70% and #130%), as reported
previously.29

Compared to the original methods, additional internal
standards were spiked into the hair samples using the
combined sample workup (Fig. 1). The use of additional
internal standards entails the possibility for new interfering
signals. However, the analysis of two blank hair samples from
non-users prepared with and without internal standard solu-
tion (IScombi) showed that drugs and pharmaceuticals as well
as cannabinoids eluted free of interfering peaks. While no
interfering peaks for cortisol, cortisone and testosterone were
detected in one of the two blank hair samples, the second
blank hair still contained endogenous steroids. Therefore,
selectivity for 13C3-cortisol,

13C3-cortisone and 13C3-testos-
terone was tested in this sample and no interfering peaks were
detected.
Limit of quantication (LOQ) for endogenous steroids

Compared to the original method for endogenous steroids,
a modied extraction procedure has been used in the present
approach (Fig. 1). With this combined sample preparation, the
limits of quantications were determined as 1 pg mg−1 for 13C3-
cortisol and 13C3-cortisone and 0.3 pg mg−1 for 13C3-testos-
terone which is in the same range as reported from the original
method.27
This journal is © The Royal Society of Chemistry 2022
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Evaluation of accuracy, precision and robustness

In the present study, accuracy and precision experiments were
performed for a QC sample at medium concentration levels for
eight days. Additionally, precision was also determined for an
authentic hair sample. Recommended acceptance intervals of
the bias are 15% and RSD # 15% for the within-days precision
(repeatability) and intermediate precision.36 Due to the high
complexity of the hair matrix, and the extremely wide dynamic
range, acceptance criteria were modied as follows: �30% RSD
for the bias, RSDR # 30%, and RSDT # 30% for the repeatability
and the intermediate precision, such as described earlier.29

These criteria were met for the majority of the analytes; devia-
tions are marked in bold (Table 1). The accuracy (bias) for the
QC sample was within the allowed range, with exception of
tramadol for which the bias was 35%. Notable deviations in the
precision were found for methylphenidate in the authentic hair
sample, which can be attributed to the high inhomogeneity of
the non-powdered hair sample. Taking into account the high
complexity of the hair matrix, these results were considered
acceptable. The robustness of the combined sample prepara-
tion was evaluated by calculating the percent deviation (RSD) of
the mean of all 16 replicative measurements of the QC sample
and the authentic hair sample. The RSD was for the majority of
the analytes within the accepted range of �30%, and varied
Table 2 Descriptive results using Mann–Whitney test or unpaired t-
preparation

Analyte Number of paired measurements

Morphine 19
Acetylmorphine 16
Acetylcodeine 6
Codeine 10
Methadone 8
EDDP 7
Cocaine 22
Benzoylecgonine 23
Norcocaine 18
Amphetamine 8
Methamphetamine 6
MDMA 12
Methylphenidate 8
Ketamine 5
Diazepam 10
Nordazepam 10
Midazolam 8
a-Hydroxymidazolam 5
Citalopram 8
Mirtazapine 7
Trazodone 7
Paracetamol 14
Cortisol 8
Cortisone 9

a Mann–Whitney test. b Unpaired t-test.

This journal is © The Royal Society of Chemistry 2022
between 4.6 to 26% and between 12 to 35% for the QC sample
and the authentic hair sample, respectively (Table 1). Overall,
these data indicate good robustness of the combined sample
preparation.

Comparative measurements

Using the combined sample preparation, drugs, pharmaceuti-
cals and endogenous steroids were extracted from hair snippets
instead powder in contrast to the original methods (Fig. 1). This
may affect the extraction yields and therefore also the measured
concentration levels. In order to evaluate this effect, compara-
tive measurements between both methods were carried out for
selective analytes in authentic hair samples. Noteworthy, the
evaluation for rare or low-concentrated metabolites was omitted
as only the most abundant drugs were relevant for our sample
case-work.

For 58% of the analytes, the medians of the calculated
concentrations for the combined sample preparation are lower
compared to the original methods which may be attributed to
higher yields for the extraction from powdered hair compared
to snippets (e.g. 37 and 38).

Results were statistically evaluated using paired t-test evalu-
ating the difference of the concentrations for the original and
modied method. The number of pairs, medians and p-values
are presented in Table 2. Depending on whether normal or non-
test for equality of medians for the original and combined sample

Original method
Combined sample
preparation

p-Value

Concentration (pg mg−1)

Median Median

3500 2800 0.4743a

428 350 0.8300a

130 92 0.8442a

334 440 0.9648b

1800 1685 0.6847b

185 210 0.4981b

6498 4600 0.6671a

4050 4250 0.9783a

620 328 0.3508a

540 473 0.9005a

393 310 0.6741b

338 190 0.2717a

528 553 0.9826a

110 104 0.6905a

117 135 0.8388a

93 180 0.9557a

340 288 0.9408a

34 37 0.5238a

51 44 0.5737a

172 150 0.6200a

305 545 0.6200a

4176 5350 0.9367a

6.3 5.7 0.9591a

22 22 0.467b

Anal. Methods, 2022, 14, 4583–4591 | 4589
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normal distribution was present, data was analyzed using either
the unpaired t-test or the non-parametric Mann–Whitney test
(Table 2). The resulting p-values were >0.05 which was consid-
ered as not signicant (Table 2). According to this nding, it was
shown in boxplots that the medians of the calculated concen-
trations measured by the original sample method did not differ
signicantly for the modied approach of the combined sample
preparation (ESI†). Nevertheless, the results between the original
methodologies and the combined sample preparation can differ
to some extent as discussed above and shown in the ESI.† The
observed quantitative differences were generally lower than the
measurement uncertainty, which is oen set at a harmonized
value of 30% for hair analyses. Results of the combined sample
preparation may need to be interpreted even more carefully and
critically. The combined sample preparation is intended to be
used in cases were only a small sample amount is available and
multiple analytes have to be tested. This can be especially
interesting in research studies or for special forensic cases.

Conclusion

A combined sample preparation for the simultaneous extrac-
tion of drugs, pharmaceuticals, cannabinoids and endogenous
steroids was developed based on three independent fully vali-
dated analytical methods. Due to modications in sample
preparation and extraction compared to the original methods,
re-evaluation was successfully performed including validation
experiments and the statistical analysis of comparative
measurements. It was shown that results for the original
methods and the combined sample preparationmethod did not
differ signicantly in terms of limits of quantication, accuracy,
precision and robustness. Overall, the combined sample prep-
aration enables the analysis of a wide range of substances thus
reducing the demand for sample material and preparation
time. Therefore, this method is suitable for analysis in cases
with limited sample amounts and/or for segmental analysis.
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