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Abstract

Purpose In the present study, a method for the detection of 25 psychoactive substances in cerumen was developed and vali-
dated. This method targets opiates, cocaine, antidepressants, benzodiazepines, antipsychotics and antiparkinsons.

Methods Analysis was performed on a SCIEX Triple Quad 6500+ system after liquid-liquid extraction. Methanol with 1%
acetic acid was chosen as the extraction solvent. After the addition of the solvent, samples were vortexed, sonicated, centri-
fuged and directly injected into the liquid chromatography—tandem mass spectrometry system.

Results The method was found to be selective and sensitive (limit of detection: 0.017 ng—0.33 ng/mg), the assay was linear
for all analytes with linear regression coefficient ranging 0.9911-1.00. The values for intra-assay precision was between 4.34
and 14.6% and inter-assay precision between 5.81 and 17.7%, with accuracy within the acceptable criteria for all analytes.
All analytes in cerumen specimens were stable for 48 h at 4 °C and 72 h at — 20 °C, whilst no significant matrix effect or
carryover was observed. Applicability was proven by analyzing cerumen samples from 25 deceased with a history of drug
abuse. All analytes were detected in real samples, thus confirming the sensitivity of the developed method.

Conclusions According to our knowledge, it is the first time that a method for the simultaneous detection of 25 psychoactive
drugs in cerumen was developed, fully validated and finally applied to 25 postmortem samples.

Keywords Psychoactive substances - Ultra-performance liquid chromatography—tandem mass spectrometry - Cerumen -
Postmortem samples - Liquid-liquid extraction

Introduction Since, urine analysis may cover a limited time range of

several days, hair and nails analysis are routinely performed

In terms of medico-legal death investigations, apart from
common specimens such as blood and urine, alternative
samples like tissues, hair, oral fluid or nails are collected at
autopsy for toxicological testing, mainly in order to conclude
on the use of drugs over extended time periods.
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to monitor drug abuse over a period of several months [1,
2]. The major pitfalls of hair analysis are hair coloration,
cosmetic procedures such as bleaching or heat treatment of
hair may remove analytes prior to sample collection [3, 4],
and also decontamination of hair via deposition from a con-
taminated atmosphere, whilst the main disadvantages of nail
analysis are external decontamination and the use of nail
polish and acetone that might alter substance incorporation
into nails [5].

A biological specimen that has not yet been used exten-
sively as an alternative biological matrix for drug detec-
tion is cerumen, or commonly referred to as “earwax’:
a keratin-based mixture of squalene, cholesterol and
wax esters, triacylglyceroles, ceramides and cholesterol
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sulfate, secreted by sebaceous and ceruminal glands that
are located in the cartilaginous outer third of the external
auditory canal [6]. It contains a high percentage of kera-
tin as a result of epithelial migration from the tympanic
membrane [7] and for this reason it is considered as a
keratinized matrix as well as hair and nail [8-10].

Previous studies showed incorporation of drugs and
drugs of abuse in cerumen [11, 12]. The incorporation
mechanism of drugs is probably the same like hair and
nails, since it is a keratinized matrix: drugs through blood
circulation incorporate to keratin fibers [13].

Compared to blood and urine, cerumen seems to have
a longer window of detection (weeks to months) [12, 14].
Cerumen collection is non-invasive, easy to perform and
non-medical trained personnel can perform the sample
collection. The extent of atmosphere decontamination is
smaller than that of hair or nails since the ear canal is
more protected from the external environment than the
skin. Additionally, cerumen can be transported and stored
at room temperature similarly like hair and nails.

Shokry [11] et al. managed to develop a method for
the detection of neuropsychotic drugs in cerumen, whilst
Meier et al. [12] developed a qualitative method for the
detection of drugs of abuse in cerumen. Furthermore,
Shokry et al. used cerumen to evaluate tobacco exposure in
humans, by measuring the concentrations of nicotine and
cotinine in cerumen and distinguishing subjects between
non-smokers, passive smokers, and active smokers [15].
In another study, Meier et al. investigated the cerumen lev-
els of 4-fluoroamphetamine after 1 and 12 h of monitored
intake in 12 subjects with a liquid chromatography—tan-
dem mass spectrometry (LC-MS/MS) technique [14].
Finally, Nicolaou et al. sampled cerumen from 4 canna-
bis users and developed an ultra-high-performance liquid
chromatography (UHPLC)-MS/MS method for detecting
and quantifying cannabinoids [16]. In this work, for the
first time, we describe the development and validation of
a new quantitative method for the simultaneously analysis
of 25 drugs and drugs of abuse in cerumen, its application
to 24 real postmortem samples of drug users and the cor-
relation of the results with those of blood and urine. The
list of drugs under investigation included the most com-
mon drugs of abuse: opiates, cocaine and benzodiazepines.
The list also included widely prescribed pharmaceuticals
(antipsychotics, antidepressants, antiepileptics and anti-
parkinsons) often abused by addicted people. LC-MS/MS
was used as analytical technique for the detection of all
the biological specimens used in this work, after a simple
liquid-liquid extraction (LLE) with methanol. To the best
knowledge of the authors there are no methods in the lit-
erature reporting the simultaneous detection and quantita-
tion of 25 drugs of abuse in cerumen.

Materials and methods
Chemicals and reagents

Methanol and acetonitrile LC-MS grade were purchased
from Fisher Scientific International Inc. (Hampton, NH,
USA) and formic and acetic acid (> 98%) were purchased
from Riedel-de Haénl (Sigma Aldrich, Steinheim, Ger-
many). HPLC grade water was obtained from a Milli-Q
purification system (Millipore, Bedford, MA, USA).
Compounds of the highest available purity were used as
standards and internal standard were supplied by Lipomed
(Arlesheim, Switzerland), Cerilliant (Texas, USA) and
LGC (Luckenwalde, Germany). 6- Acetyl-morphine-D3
and nordiazepam-D35, were used as internal standard (IS)
in a concentration of 25 ng/mg and 5 ng/mg cerumen,
respectively.

Equipment and conditions

LC separation was performed on an ExionLC"" system
(AB Sciex, Toronto, Canada) using an Acquity BEH C18
column (150 % 2.1 mm i.d., 1.7 pm; Waters Corporation,
Millford, MA) protected by an Acquity BEH C18 Van-
Guard pre-column (5 mm X 2.1 mm i.d., 1.7 pm; Waters).
Mobile phases were formic acid in water (0.1%) (mobile
phase A) and formic acid in acetonitrile (mobile phase B).
The injection volume was 5 pL, column temperature was
set at 50 °C and the LC runtime was 12.5 min. The flow
rate was maintained at 0.5 mL/min. Separation was accom-
plished employing 5% phase B in the first 0.2 min of the
run, followed by a linear gradient from 5 to 25% phase B
over the following 2.8 min. Mobile phase B reached 100%
at 7.5 min of the analysis and remained in this condition
for 1.5 min, then returned to the initial condition from
9.5 min to 12.5 min with phase B maintained to 5% to
equilibrate the column. The eluent from the column was
directed to the mass spectrometer with splitless mode. A
SCIEX Triple Quad 6500+ system (AB Sciex) was used,
the ionization source was operated in electrospray ioniza-
tion (ESI) mode in positive polarity. For each compound,
two multiple reaction monitoring (MRM) transitions were
selected, one as quantifier and one qualifier for confirma-
tive identification and each sample was injected in tripli-
cate. lon source parameters were optimized for the lower
abundance compounds (curtain gas: 30 psi; ion source gas
1: 60 psi; ion source gas 2: 30 psi; temperature: 550 °C;
collision gas (collision-induced dissociation): low; inter-
face heater: on; needle voltage: 3500 V). The parameters
and the selected transitions are summarized in Supple-
mentary Table 1. System control and data acquisition were
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performed with Analyst software (AB SCIEX) including
the ‘‘Explore’” option (for chromatographic and spectral
interpretation) and the ‘‘Quantitate’” option (for quanti-
tative information generation). Calibration curves were
constructed with the Analyst Quantitation program.

Specimens

Twenty-five blood, urine and earwax samples were collected
from deceased with a history of drug abuse. The samples
were collected in autopsy, 14-20 h post mortem. Samples
were stored at — 20 °C until analysis except for cerumen
samples which were stored in a dry and dark place at room
temperature until the day of analysis. Femoral vein serum
was analyzed for recent drug use (screening and quantifica-
tion, respectively) and urine to detect past drug use. Initially,
blood and urine compound screening was performed using
a gas chromatography—mass spectrometry (GC-MS) proce-
dure [17]. Subsequently, quantitative analysis in blood sam-
ples were performed with a previously described targeted
ultra-performance liquid chromatography (UPLC)-MS/MS
method, [18] whilst urine samples were analyzed with a fast
“dilute and shoot” targeted LC-MS/MS method according
to Cao et al. [19].

Sample preparation

Sampling of cerumen was performed using cotton swabs
75 mm length, in both ears prior to autopsy to avoid con-
tamination with blood. The cotton swabs with cerumen were
accurately weighted before and after collection and stored
until analysis. In the day of analysis, 600 pL of methanol
with 1% acetic acid was added, samples were then vortexed
for 10 min and sonicated for 30 min. Subsequently, samples
were centrifuged at 21,206g for 5 min.

Drug-free weighted cerumen samples from deceased with
no history of drug abuse were spiked with various concen-
trations of the investigated drugs in order to obtain a six
point calibration curve and three calibrators, used for valida-
tion purposes. Method was designed for 5 mg of cerumen
and concentration was corrected using the exact weight of
each sample. Twenty pL of each working solution was added
to cerumen sample.

Working solutions, calibration curve, and quality control
samples

The stock and standard solutions were stored at — 20 °C.
Standard solutions were diluted with methanol to obtain
working solutions. Calibration points and quality control
(QC) samples were prepared by mixing the appropriate
working solution with blank whole blood, urine, and ceru-
men samples.

@ Springer

Calibration curves for blood and urine were constructed
in duplicates over the concentration range equivalent to
5.00-1000 ng/mL for methadone, 2-ethylidene-1,5-dime-
thyl-3,3-diphenylpyrrolidine (EDDP), 6-acetyl-morphine,
codeine, morphine, diazepam, nordiazepam, bromazepam,
lorazepam, alprazolam, oxazepam, temazepam, 7-Amino-
flunitrazepam (7-AF). For cocaine, benzoyl ecgonine
(BZE) and ecgonine methyl ester (EME): 10.0-2000 ng/
mL., for mirtazapine, citalopram, sertraline, amitriptyline,
quetiapine and venlafaxine: 1.00-500 ng/mL, for halop-
eridol: 0.100-50.0 ng/mL, for olanzapine and biperiden:
0.20-100 ng/mL. The calibrators, used for validation pur-
poses at three different concentrations (low, medium, high)
were prepared in the same way at concentrations equiva-
lent to 5.00 (LQC), 250 (MQC) and 750 (HQC) ng/mL, for
methadone, EDDP, 6-acetyl-morphine, codeine, morphine,
diazepam, nordiazepam, bromazepam, lorazepam, alpra-
zolam, oxazepam, temazepam, 7-Amino-flunitrazepam,
10.0 (LQC), 400 (MQC), 1500 ng/mL (HQC) for cocaine,
benzoyl ecgonine and ecgonine methyl ester, 1.00 (LQC), 50
(MQCQC) and 350 (HQC) for mirtazapine, citalopram, sertra-
line, amitriptyline, quetiapine and venlafaxine, 0.10 (LQC),
5.00 (MQC) and 37.5 (HQC) ng/mL for haloperidol, 0.20
(LQC), 10.0 (MQC) and 75.0 ng/mL (HQC) for olanzapine
and biperiden.

For cerumen, the concentration range and the quality
controls used for the validation are summarized in Table 1.

Samples with concentration over the highest point of the
calibration curve, were diluted with drug-free blood or urine
to fit the linear curve. For cerumen samples out of the linear
curve, samples were diluted with additional volume of the
extraction solvent. Dilution integrity test was performed and
the results were within the acceptable range (accuracy and
precision within + 15%).

Method validation

Evaluation of method performance including limit of detec-
tion (LOD), lower limit of quantification (LLOQ), linearity,
accuracy, precision, extraction recovery (RE), carryover, ion
suppression (matrix effect, ME) and stability was estimated
with respect to international guidelines [20-22].
Regression lines were assessed based on peak area ratios
of the analytes to that of the internal standards and linear
regression was carried out to determine the mean coeffi-
cients (R?) of the calibration curves. The LLOQ is the low-
est amount of an analyte in a sample that can be quanti-
tatively determined with suitable precision and accuracy
(bias) (coefficient of variation <20%), for LLOQ, S/N is
usually required to be equal to or greater than 10 [19]. In
this method, limit of quantitation (LOQ) was used as the
lowest calibration point. LOD is considered the lowest
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Ellzlaer;t ggg?g%ﬁg&j%’f;u Analyte R? LOD (ng/mg) LOQ (ng/mg) Concentration range (quality

compognds controls) (ng/mg)
Methadone 0.9993  0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
EDDP 0.9948 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
6-Acetyl-morphine 0.9952 0.33 1.00 1.00-50.0 (1.00, 10.0, 25.0)
Codeine 0.9991 0.33 1.00 1.00-50.0 (1.00, 10.0, 25.0)
Morphine 0.9995 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
Diazepam 0.9945 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
Nordiazepam 0.9958 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
Bromazepam 0.9988 0.33 1.00 1.00-50.0 (1.00, 10.0, 25.0)
Lorazepam 0.9915 0.33 1.00 1.00-50.0 (1.00, 10.0, 25.0)
Alprazolam 0.9964 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
Oxazepam 0.9993 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
Temazepam 0.9948 0.17 0.50 0.50-50.0 (0.50, 10.0, 25.0)
7-Amino-flunitrazepam(7-AF)  0.9990  0.33 1.00 1.00-50.0 (1.00, 10.0, 25.0)
Cocaine 0.9957 0.33 1.00 1.00-100.0 (1.00, 20.0, 50.0)
Benzoyl-ecgonine (BE) 0.9990 0.33 1.00 1.00-100.0 (1.00, 20.0, 50.0)
Ecgonine methyl ester (EME)  0.9992  0.33 1.00 1.00-100.0 (1.00, 20.0, 50.0)
Mirtazapine 0.9989  0.17 0.50 0.50-50.0 (0.50, 12.5, 25.0)
Citalopram 0.9984 0.17 0.50 0.50-50.0 (0.50, 12.5, 25.0)
Sertraline 0.9949  0.17 0.50 0.50-50.0 (0.50, 12.5, 25.0)
Anmitriptyline 0.9952  0.17 0.50 0.50-50.0 (0.50, 12.5, 25.0)
Quetiapine 0.9996 0.17 0.50 0.50-50.0 (0.50, 12.5, 25.0)
Venlafaxine 0.9918 0.17 0.50 0.50-50.0 (0.50, 12.5, 25.0)
Haloperidol 0.9956  0.033 0.10 0.10-5.00 (0.10, 1.25, 2.50)
Olanzapine 0.9999  0.033 0.10 0.10-10.0 (0.10, 2.50, 10.0)
Biperiden 0.9921 0.033 0.10 0.10-10.0 (0.10, 2.50, 10.0)
Nordiazepam d5 5 ng/mg

6-Acetyl-morphine d3

25 ng/mg

concentration that gives a reproducible instrument response
with S/N ratio > 3.

For the assessment of intra- and inter-day precision, six
replicates of QC samples with the 25 compounds of inter-
est at low, middle and high concentration level were ana-
lyzed. Intra-day precision was estimated within the same
day, while inter-day over a period of 5 consecutive days.
Accuracy was also performed in three different concentra-
tions (LQC, MQC, HQC) and was expressed as percentage
of the true value.

Potential interferences of cerumen matrix or secondary
analytes were studied in selectivity experiments with ceru-
men drug-free samples (n=06), according to Matuszewski
et al. ME and RE were determined at low, medium and high
concentration using six different blank cerumen samples
[20].

To study carryover effect, a blank sample was injected
after the analysis of a cerumen sample spiked at the highest
concentration of the calibration curve.

Finally, stability of all compounds in extracted quality
control samples was assessed at low and high concentration

level. Short-term stability was evaluated for sample extracts
kept in the autosampler for up to 48 h, as well as for samples
extracts kept in the freezer for 72 h.

Results

Initially, sample extraction was optimized by adjusting the
extraction solvent, volume, and time in sonication. Methanol
with 1% acetic acid gave satisfactory results and yielded
better recoveries for the selected analytes of this method.
Sample extraction was optimized by examining various sol-
vents or combinations, including methanol, ethyl acetate,
acetonitrile, and/or water. We used recovery studies in order
to determine the type of solvent that significantly improved
the extraction efficiency of all analytes. The acidified metha-
nol provided the best extraction efficiency, sharper chroma-
tographic peaks and was selected as the extraction solvent
for this study. All the other solvents were excluded because
they resulted in lower extraction recoveries or higher back-
ground noise. The optimum extraction time and volume

@ Springer



98

Forensic Toxicology (2023) 41:94-104

of extraction solvent were found to be 30 min and 0.6 mL,
respectively.

During chromatographic method optimization, methanol
and acetonitrile were tested as organic mobile phase (B).
Acetonitrile was chosen because it improved the chromato-
graphic separation of the analytes and also avoided interfer-
ences caused by the matrix (Fig. 1).

MS conditions for cocaine and methadone were adjusted
differently from the other analytes, due to their great sensi-
bility at ESI. For these analytes, were adopted the less abun-
dant ions (m/z 77 instead of 182, and 105 instead of 265),
which allowed quantification and good linearity results.

Calibration curves were generated by plotting the peak
area versus the spiked analyte concentrations. The devised
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22
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method was found to be linear over the dynamic ranges for
all analytes with R* values > 0.99 (Table 1).

LOQ was found to be between 0.05 and 1.00 ng/mg
depending on the analyte; LOD was between 0.017 and
0.33 ng/mg. Analytical results of the method are summa-
rized in Table 1.

Precision and accuracy of the present method were deter-
mined by analyzing quality control samples at three different
concentration levels (low, medium and high) for individual
analytes. A summary of the accuracy (expressed as %) and
precision (expressed as % relative standard deviation) data
of the individual quality control samples for the investigated
drugs is shown in Table 2. The method showed good preci-
sion as shown in Table 2 and results suggest that accuracy
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Fig. 1 Extracted ion chromatograms of fortified samples at the con-
centration of their LOQ. a 6-MAM, codeine, morphine; b cocaine,
EME, BZE; ¢ 7-AF, alprazolam, diazepam, nordiazepam; d brom-
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azepam, lorazepam; e methadone, EDDP; f olanzapine, mirtazap-
ine, quetiapine, sertraline; g venlafaxine, citalopram, haloperidol,
biperiden, amitriptyline
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Fig. 1 (continued)

values fell within the acceptable criteria ranging between
80.0 and 119.8%.

Matrix effects were evaluated by comparison of target
peak areas in six blank samples from different sources forti-
fied with analytes after extraction (at low, medium and high
QC levels) with the average target peak areas of a set of neat
standards. The results showed that matrix did not signifi-
cantly affect signal intensity. The percentage recovery of the
analytes assessed by the ratio of responses of spiked ceru-
men prior and post extraction at three concentration levels
(LQC, MQC, HQC) ranged from 80.6 to 119.8% (Table 3).

45 46 a7 48 49 50 51

Carry over effect was found to be negligible for all sub-
stances. Regarding short term stability for 48 h at the autosa-
mpler and for 72 h at — 20 °C, it was found satisfactory, as
for all the analytes it did not exceed 20%.

Detectability of drugs
The validated method was successfully applied to detec-
tion and quantification of drugs of abuse and prescribed

drugs to earwax samples, confirming the presence of drugs
of abuse into this biological specimen. We measured the
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Table 3 Mean matrix effect and recovery (%) of the 25 analytes in cerumen
Analyte LQC MQC HQC

Concentra- ME (%) RE (%) Concentra- ME (%) RE (%) Concentra- ME (%) RE (%)

tion (ng/mg) tion (ng/mg) tion (ng/mg)
Methadone 0.50 80.2 86.9 10.0 101.7 116.7 25.0 91.9 88.7
EDDP 0.50 84.7 119.8 10.0 83.6 107.7 25.0 82.6 89.1
6-Acetyl-morphine 1.00 86.1 100.9 10.0 80.8 96.6 25.0 86.1 100.9
Codeine 1.00 112.4 90.6 10.0 95.3 101.9 25.0 91.8 117.6
Morphine 0.50 99.6 88.4 10.0 113.9 99.0 25.0 96.0 92.9
Diazepam 0.50 81.0 95.0 10.0 93.9 89.4 25.0 89.7 85.1
Nordiazepam 0.50 85.0 98.2 10.0 96.9 111.8 25.0 85.4 85.1
Bromazepam 1.00 84.4 118.6 10.0 103.8 119.6 25.0 97.8 100.2
Lorazepam 1.00 102.3 99.2 10.0 109.7 96.3 25.0 89.1 102.4
Alprazolam 0.50 84.0 88.3 10.0 104.1 98.0 25.0 99.4 87.2
Oxazepam 0.50 94.7 84.7 10.0 108.6 102.8 25.0 102.3 96.9
Temazepam 0.50 118.1 108.2 10.0 103.3 92.5 25.0 95.1 90.6
7-Amino-flunitrazepam (7-AF)  1.00 954 109.6 10.0 97.3 107.0 25.0 92.7 96.1
Cocaine 1.00 90.0 87.4 20.0 100.2 118.2 50.0 87.2 85.0
Benzoyl-ecgonine (BE) 1.00 84.7 98.0 20.0 97.3 103.2 50.0 88.1 92.3
Ecgonine methyl ester (EME) 1.00 112.5 91.8 20.0 86.6 96.8 50.0 87.4 80.6
Mirtazapine 0.50 111.0 90.0 12.5 101.8 82.9 25.0 94.9 91.5
Citalopram 0.50 87.4 94.5 12.5 96.0 104.7 25.0 89.0 85.7
Sertraline 0.50 85.2 85.3 12.5 101.5 109.2 25.0 80.5 115.9
Amitriptyline 0.50 83.0 92.2 12.5 95.6 107.1 25.0 91.5 834
Quetiapine 0.50 91.1 112.6 12.5 114.2 84.8 25.0 97.2 93.6
Venlafaxine 0.50 95.5 116.2 12.5 94.1 115.1 25.0 88.1 86.7
Haloperidol 0.10 100.3 104.8 1.25 95.7 116.3 2.50 96.6 96.8
Olanzapine 0.10 112.7 87.3 2.50 104.6 80.6 10.0 102.4 90.3
Biperiden 0.10 107.0 105.3 2.50 98.2 116.2 5.00 96.6 94.4

concentrations of the selected analytes from 25 deceased
drug users (24 men, 1 woman) 25-67 years of age.

In 20 of these cases, opiates were detected from blood
and/or urine. Morphine was detected from cerumen in all
of these cases (84%). In 3 cases, morphine was detected
only from urine and not from blood, indicating a subacute
drug use. In these 3 cases, morphine was also detected and
quantified from cerumen. In one case, morphine was only
detected from cerumen, indicated that the time range for
the detectability of morphine from cerumen exceeds that
from blood and also that from urine. Concentration of
morphine varied from 1.00 to 487 ng/mg. Codeine (60%)
was also detected to 15 cases from 1.56 to 37.7 ng/mg and
6-acetyl-morphine (60%) was also quantified in 15 cases in
the range of 1.20-141 ng/mg. Similar to morphine, codeine
and 6-acetyl-morphine were confirmed from cerumen in
cases that these analytes were absent from blood and urine,
confirming the wider detection time for the detectability
of these analytes from cerumen. There was no correlation
between the concentration found in blood and urine with
the concentration in cerumen and subsequently no safe

conclusion could be extracted regarding the variability in
the concentrations in cerumen. Interindividual variability
and also individual hygiene could partially explain the dif-
ferences in concentrations found. In cases that opiates were
detected from cerumen samples, noscapine was also detected
and papaverine was detected in 18 of these cases suggested
heroin intake. Also, in 15 cases, morhine-3-O-glucoronide
was detected. The detection of morhine-3-0O-glucoronide
strongly indicates that the determination of opiates from
cerumen cannot be a result of external contamination.

In cases 7, 9 and 24 where methadone and its metabolite
EDDP were detected from blood and urine, methadone was
also identified in cerumen samples and EDDP (8%) only in
cases 7 and 24. Methadone (20%) was also detected from
cerumen samples of cases 11 and 15, but was not detected
from blood and urine.

Cocaine (n= 14, 56%) and its major metabolite benzoyl
ecgonine (n=14, 56%) were detected from cerumen samples
in the concentration range of 1.14-6.86 and 1.00-64.8 ng/
mg, but ecgonine methyl ester was not detected at all, follow-
ing the same detection pattern as other biological specimens
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like hair and nails, where only trace amounts of ecgonine
methyl ester were detected [23-25].

Benzodiazepines are usually co-abused with heroin and
cocaine and as it shown in Supplementary Table 2, they can
be quantified into earwax samples. Diazepam (n=19, 76%)
concentrations ranged from 1.23 to 12.9 ng/mg. Also, its
major metabolite nordiazepam (n=18, 72%) was detected in
the range of 1.29-15.4 ng/mg. Oxazepam was only detected
in eight cases (32%) and only in trace amounts or near the
LOQ level (0.76-1.48 ng/mg). Temazepam (n=13, 52%)
concentrations varied between 1.00 ng/mg and 3.39 ng/
mg. 7-Amino-flunitrazepam (52%) was detected in 13 cases
(1.01-2.48 ng/mg), at most of them concentration lied below
the LOQ of the validated method. Lorazepam (4%) was iden-
tified in one case at trace amounts. Alprazolam (n =6, 24%)
and bromazepam (n =6, 24%) were detectable in the range
of 1.05-2.06 ng/mg and 1.00-7.03 ng/mg, respectively.

Antidepressants citalopram (n=4, 16%), venlafaxine
(n=1, 4%) and mirtazapine (n=1, 4%) were detected from
cerumen samples only in cases that these compounds were
also present in blood and/or urine. Biperiden (n=1, 4%),
haloperidol (n=3, 12%), quetiapine (n=38, 32%) and olan-
zapine (n=2, 8%) were also detected from cerumen samples.
Sertraline and amitriptyline were not detected from cerumen
samples in any of the 25 cases, but these analytes were also
not detected from blood and urine. It should be mentioned
that there was no significant difference at the concentration
levels of all analytes between the right and the left side.

Discussion

According to our knowledge, this is the first described fully
validated method for the detection of psychoactive drugs
into cerumen samples. There are no published data for the
determination of these analytes in cerumen samples. Meier
et al. [12] analyzed 38 postmortem cerumen samples and
detected drugs of abuse, stimulants (cocaine, ampheta-
mines) and depressants of the central nervous system (opi-
ates, benzodiazepines, A9- tetrahydrocannabinol), but they
did not quantify these analytes. They performed LLE for
the pretreatment of the samples, with ethyl acetate used as
extraction solvent and LC-MS/MS applied for the screening
of these drugs in cerumen. Shokry et al. [11] developed a
method for the determination of antiepileptic and anxiolytic/
antipsychotic drugs in cerumen from patients treated with
a single antiepileptic or different multiple antiepileptic and
anxiolytic/antipsychotic drug combinations. Methanol was
used for the extraction of analytes of interest from ceru-
men and at this case an LC-MS/MS method was applied.
In 2020, Meier et al. developed a method for the determi-
nation of 4-fluoroamphetamine in cerumen after controlled
oral application [14]. At this work, they extracted the analyte
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with ethyl acetate followed by solid phase extraction (SPE)
prior to LC-MS/MS analysis.

In this work, we established a simple, sensitive, straight-
forward LLE method, using methanol for the extraction of
analytes, with no dryness step, and only 600 pL of solvent.
Our results indicate that the developed method provides
great extraction efficiencies, without interferences from
the matrix, with low LOQs and satisfactory precision data.
Finally, the method was successfully applied to 25 cerumen
samples from deceased drug users.

Our results suggest a wider time frame for the detect-
ability of some drugs of abuse from earwax samples, such
as opiates, methadone, cocaine, benzoyl ecgonine and
quetiapine since these analytes at several cases were only
detected from cerumen and not from blood or urine. For
these analytes, cerumen analysis could indicate past drug
use but not cause of death, since there was no correlation
between the blood and cerumen concentrations. This comes
in accordance with the work of Meier et al. [12] who con-
cluded that detection time window of cerumen exceeded that
of urine but not this of hair. For benzodiazepines further
studies should be performed since they were mainly detected
in cases that they are present in blood and/or urine, perhaps
due to their prolonged half-life. Citalopram, venlafaxine,
haloperidol, olanzapine, biperiden and mirtazapine are only
identified in cerumen if present in blood and/or urine, hence
no safe conclusions, concerning the detection time frame
of these substances, can be extracted without further stud-
ies. The simultaneous detectability of a drug in cerumen
and blood can be explained by the fact that cerumen partly
consists of sweat [6].

The detection of metabolites from cerumen and not only
parent drugs suggest that the deposition at this biological
specimen should result from excretory mechanisms which
include circulating metabolites. Also, the detection of
metabolites excludes the possibility of external contamina-
tion since in that case only parent drugs should be detected
and not their metabolites.

Its ease of use, the minimum sample pretreatment and
the fact that it is a biological sample that it is less prone to
external contamination, due to its anatomical structure make
it a useful specimen for the detection of drugs. Due to its no
invasive collection it can also be preferred from sweat and
saliva collection mainly in clinical toxicology for psychiatric
patients who are unwilling to collaborate with the medical
staff. The selection of cerumen as an alternative biological
matrix overcomes the limitations of hair and nail analysis
due to cosmetic manipulation and to external contamination
and use of acetone and nail polish, respectively.

In cases of deceased at early stage of decomposition,
cerumen can also be used in addition with hair and nail
analysis. Cerumen seems to be a promising alternative bio-
logical matrix, that can be used both in clinical and forensic
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toxicology for the determination of a large number of drugs
for a more comprehensive interpretation of the toxicologi-
cal results.

Conclusion

We developed and fully validated a simple, quick and sensi-
tive LLE method using LC-MS/MS analysis for the detec-
tion of 25 psychoactive drugs in cerumen, with low LOQs,
and adequate precision, recovery and matrix effect data. It
is the first time that these analytes are quantified in cerumen
samples. Its application to 25 real samples shows that detec-
tion in cerumen could indicate past drug abuse. Additional
studies with simultaneous analysis of hair and cerumen sam-
ples should be done to evaluate the exact time frame for drug
detection in earwax.
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tary material available at https://doi.org/10.1007/s11419-022-00640-y.
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