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Abstract In recent years, drug-facilitated crime (DFC) has
become an increasing problem. A minimum list of 80 analytes
to be monitored in such cases has been proposed by the
Society of Forensic Toxicologists (SOFT) including the rec-
ommended minimum performance limits (RMPL). In the
present study, two liquid chromatography-tandem mass
spectrometry-based screening procedures, one in positive
(method I) and one in negative (method II) electrospray ion-
ization mode were developed and validated. Gradient elution
was performed on a ZORBAX Eclipse XDB-C; g column after
protein precipitation of the urine samples. Detection was
carried out in the scheduled multiple reaction monitoring
(MRM) mode monitoring two transitions per compound. A
total of 100 analytes (91 basic in method I and nine acidic in
method IT) could be identified using the described procedure.
No interferences were observed in 30 tested blank urine
samples. The RMPLs were achieved for all analytes and
ranged from 1 ng/mL for fentanyl to 10 pg/mL for y-
hydroxybutyrate (GHB). Matrix effects (ME) were evaluated
using the same 30 urine samples and ranged from —90 % for
tetrazepam to >6,000 % for the 11-nor-9-carboxy-tetrahydro-
cannabinol (THC-COOH). The relative standard deviations of
ME were below 25 % for the vast majority of analytes. Results
for urine specimens from nine authentic DFC cases were
always negative with exception of drugs prescribed to the
victims. Reanalysis with the developed procedure of 24 urine
samples, with a positive screening result during routine

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-014-7841-5) contains supplementary material,
which is available to authorized users.

D. Remane (<)) - D. Wetzel - F. T. Peters

Institute of Forensic Medicine, University Hospital Jena, 07743 Jena,
Germany

e-mail: daniela.remane@med.uni-jena.de

clinical toxicology analysis, confirmed the routine findings.
In an excretion study after a single oral doxylamine dose
(30 mg), the parent drug and its nor metabolite could be
detected in urine specimens from a young female volunteer
for 10 days. The developed procedure allows a selective and
sensitive screening of urine samples for almost all recom-
mended analytes relevant in DFC cases.
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Introduction

In recent years, the problem of the so-called drug-facilitated
crimes (DFC), i.e., criminal offenses in which the victims’
control over their own actions and/or their ability to resist are
compromised by drug effects, have received increasing atten-
tion among forensic experts as well as the public media. By
far, the most notorious DFC is drug-facilitated sexual assault
(DFSA). It is defined as a nonconsensual sexual act whereby
the victim is incapacitated or unconscious due to the effects of
alcohol and/or drugs [1] and often occurs in a “date-rape”
setting. Precise epidemiologic data do not exist, and the num-
ber of unreported cases is estimated to be high [2]. Many
victims do not report the incidents to the police or a physician
because of anxiety, feelings of shame and guilt, and/or anter-
ograde amnesia [3]. In an epidemiologic study in Great Britain
in 2002, a total of 1,014 suspected DFSA cases were exam-
ined, but DFSA could only be verified in 21 of these cases
(2 %) [4]. For Germany, data exist, for example, for the
Institute of Forensic Medicine in Bonn, where 40 to 50
suspected DFSA cases per year were registered in the mid-
2000s [5]. Benzodiazepines, sedative agents, and
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antihistamines were the most common substances detected in
this study.

The drugs relevant in the context of DFC/DFSA are often
referred to as “knock-out drugs.” They can be divided into
sedative-hypnotic and stimulating substances. Sedative-
hypnotic drugs cause drowsiness or unconsciousness, impair-
ment of judgment, and a change of the victims’ behavior [2],
leaving them in a helpless situation exploited by the offender.
Depending on the administered substance, victims describe
symptoms like dizziness, confusion, hypotension, muscle re-
laxation, nausea, and vomiting [2]. A further relevant effect of
sedative-hypnotic knock-out drugs in DFC/DFSA is a dose-
dependent anterograde amnesia starting with the onset of
action of such drugs [2, 3] that is not necessarily associated
with the unconsciousness of the victim [6]. In contrast to
sedative-hypnotic substances, stimulating drugs such as co-
caine, marijuana, amphetamine, and ecstasy lead to disinhibi-
tion and elevate the victim’s sexual desire [2, 4].

Besides alcohol [7], the drugs that are most often men-
tioned in the context of DFC/DFSA are y-hydroxybutyrate
(GHB), flunitrazepam (Rohypnol®), and ketamine, but there
is a great variety of other substances misused for this purpose
as well, especially for DFSA [4]. These can be benzodiaze-
pines, so-called Z-drugs (zolpidem, zopiclone, zaleplone), H;-
antihistamines, antipsychotics, opiates, common drugs of
abuse, or central muscle relaxants. Toxicological analysis in
DFC/DFSA cases must consider that the analyte concentra-
tions in biological samples may be very low, because of the
high potency and/or short elimination half-lives of some po-
tential knock-out drugs as well as the time delay of often many
hours or even days between incident and sampling. Mostly
blood and urine are chosen as sample matrices and to be
obtained as soon as possible after the incident [7]. For screen-
ing, the collection of at least 10 mL of blood, citrate-free,
within 24 h has been recommended [7]. For urine samples, the
detection windows are generally much longer than that in
blood and may range up to 96 h [8]. Furthermore, urine may
contain both the parent drug and its metabolites and can be
collected noninvasively [9]. Therefore, the combination of
blood and urine specimens should be considered. If there is
avery long time delay between the incident and sampling or a
suspicion of chronic abuse, the analysis of hair has been
recommended [10]. The Society of Forensic Toxicologists
(SOFT) DFSA Committee has published a list with 80
analytes including drugs and metabolites relevant in DFC/
DFSA cases with the recommended minimum performance
limits (RMPLSs) for urine specimens [11].

Many different approaches to toxicological analysis, using
gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-(tandem) mass spectrometry (LC-MS(/
MS)) or immunoassays [12], in cases of suspected DFC/
DFSA cases have been described in the literature.
Immunoassays usually include only a small number of
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substances relevant in the context of DFC/DFSA, mainly
benzodiazepines, cannabinoids, opiates, amphetamine, and
cocaine. Positive immunoassay results have to be confirmed
with other specific methods [13]. Furthermore, many com-
mercially available immunoassays are not sufficiently sensi-
tive to reliably detect the potentially low drug concentrations
in this context. Several LC-MS(/MS)-based screening proce-
dures for the analysis of urine samples have been described
[14-17]. The advantage of using LC-MS(/MS) is the possi-
bility for a direct determination of the analytes without chem-
ical derivatization and the lower temperatures as needed in
GC-based methods [17]. The methods of Birkler et al. [18],
including 46 medicinal drugs, and of Vincenti et al. [19],
analyzing 88 pharmaceutical drugs and metabolites, were
developed using ultra-performance liquid chromatography-
time of flight-MS and LC-MS/MS, respectively, for the anal-
ysis of blood. Ishida et al. analyzed 43 benzodiazepines, their
metabolites, zolpidem, and zopiclone in plasma samples using
LC-MS [20], but other drugs relevant in DFC/DFSA cases
were not included in their method. A great number of 128
date-rape drugs in urine specimens using GC-electron ioniza-
tion (EI)-MS has been published by Adamowicz and Kala
[21], but the limits of detection (LODs) were in part well
above the RMPLs recommended by the SOFT DFSA
Committee [11]. Juhascik et al. [22] developed a GC-MS
screening for urine samples for 30 substances of the list of
the SOFT DFSA Committee. The remaining analytes had to
be analyzed by another screening procedure. Finally, a review
article by Brown et al. [9] summarized in detail several ana-
lytical methods employing different biological matrices, but
the analyte spectrum covered was limited to club drugs.

The above overview shows that the analytical methods
currently available in the literature either use blood instead
of the recommended matrix urine, only cover a subset of the
analytes relevant in the context of DFC/DFSA, or are not
sufficiently sensitive to reliably detect the analytes at the
RMPLs recommended by the SOFT DFSA Committee.
Therefore, the aim of the presented study was the develop-
ment and validation of a simple, sensitive, and selective LC-
MS/MS procedure for simultaneous screening of a total of 100
analytes relevant in DFC/DFSA cases in urine. The analyte
spectrum was supposed to include the list of the SOFT DFSA
Committee and additional drugs and metabolites relevant in
DFC/DFSA cases in Germany.

Experimental
Chemicals
With exception of nordoxylamine, the drug and metabolite

standards were obtained from EDQM (Strasbourg, France),
LGC Standards (Wesel, Germany), Lipomed (Weil am Rhein,
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Germany), Pfizer Deutschland (Berlin, Germany), Sigma-
Aldrich Chemie (Steinheim, Germany), and Sigma-Aldrich
Laborchemikalien (Seelze, Germany). Nordoxylamine
was produced by in vitro biotransformation of
doxylamine using the fungus Cunninghamella elegans
[23]. The enzyme [(-glucuronidase from E. coli K
(150 U/mg at 35 °C and pH 7) was obtained from
Roche Deutschland (Grenzach-Wyhlen, Germany).
Water (for chromatography), methanol (for gas chroma-
tography), acetonitrile (gradient grade for liquid chroma-
tography), and formic acid 98-100 % (ACS Reag. Ph.
Eur., for analysis) were obtained from Merck
(Darmstadt, Germany). Ammonium formate was ordered
from Sigma-Aldrich Chemie (Steinheim, Germany).

Liquid chromatography-mass spectrometry

The samples were analyzed using an ABSciex QTrap
4000 tandem mass spectrometer (Darmstadt, Germany)
coupled to a LC-20 liquid chromatography system in-
cluding a degaser, autosampler, column oven, two bina-
ry pumps, and a communication bus module (Shimadzu,
Jena, Germany). The LC-MS/MS system was controlled
by the Software Analyst 1.5.

Separation was performed on a ZORBAX Eclipse XDB-
C18 column (4.6x 150 mm, 5 um) from Agilent (Boblingen,
Germany). The mobile phase consisted of 50 mM ammonium
formate buffer plus 0.75 % formic acid (eluent A) and aceto-
nitrile plus 0.1 % formic acid (eluent B). The column oven
was set to 40 °C, and the autosampler temperature was 10 °C.
Two gradient methods were developed, one for analytes de-
tected in positive ionization mode (method I) and one for
analytes detected in negative ionization mode (method II).
Column equilibration was performed with starting conditions
for 1 min for each method. Flow and gradient conditions were
as follows.

For method I, the flow rate was kept constant at 1.4 mL/
min throughout the run. Starting conditions were 10 % eluent
B held until 2.0 min, 2.0-4.5 min to 15 % B, 4.5-
6.0 min hold at 15 % B, 6.0-10.0 min up to 25 % B,
held for 5 min, 15.0-28.0 min up to 30 % B, 28.0-
40.0 min up to 72 % B, and 40.0-40.5 min to 90 % B.
Column flushing was performed in an additional method
(4.5 min), leading to a total run time of 45 min for one
sample. For column flushing, gradient elution was per-
formed starting with 90 % ecluent B for 2.0 min. The
amount of eluent B was decreased to 10 % in 0.5 min
and kept for 2.0 min. The injection volume was 10 pL.

For method II, a flow gradient was applied starting with
1.4 mL/min. After 5 min, the flow was reduced to 1.0 mL/min
in 0.1 min and was kept until the end. The gradient was
programmed as follows: starting conditions 0 % B, 0—
5.0 min up to 2.5 % B, 5.0-18.5 min to 55 % B, and 18.5—

25.0 min to 90 % B, held for 1 min. Column flushing was
performed in an additional method (4.0 min), leading to a total
run time of 30 min for one sample. For column flushing,
gradient elution was performed starting with 90 % eluent B
for 1.5 min. The amount of eluent B was decreased to 0 % in
0.5 min and held for 2.0 min. The injection volume was
20 pL. The injector needle was purged after every injection
for 60 s with a mixture of water and methanol of 50:50 (v/v).

Ionization was performed using the Turbo V ion spray
source. Nitrogen was used as collision gas, and dried and
cleaned air was used as curtain gas as well as source gas 1
and 2. Positive and negative ionization was used in methods I
and II, respectively. The MS conditions for method I were as
follows: curtain gas, 20 psi (138 kPa); collision gas, high; ion
spray voltage, 5,500 V; source temperature, 450 °C; ion
source gas 1, 55 psi (379 kPa); ion source gas 2, 50 psi
(345 kPa); interface heater, on; and resolution of Q1 and Q3,
0.7 amu. For method II, the MS conditions were as follows:
curtain gas, 20 psi (138 kPa); collision gas, high; ion spray
voltage, —4,300 V; source temperature, 350 °C; ion source gas
1, 40 psi (276 kPa); ion source gas 2, 50 psi (345 kPa);
interface heater, on; and resolution of Q1 and Q3, 0.7 amu.
For both methods, the mass spectrometer was operated in
scheduled multiple reaction monitoring (MRM) mode with a
detection window of 120 s for each transition. The target scan
time for method I was 5 s (486 cycles per run) and for method
I, 1 s (1,560 cycles per run). The monitored transitions and
their particular settings, declustering potential, entrance po-
tential, collision energy, and collision exit potential were
optimized for each analyte. They were determined using a
10 ng/mL (positive ionization) or 50 ng/mL (negative ioniza-
tion) solution of the respective analytes in a 50:50 mixture (v/
v)of eluents A and B. The analyte solutions were infused
into ion spray source by a syringe pump, and settings
were obtained using the automatic compound optimiza-
tion feature of the software. The results were compared
with those obtained manually. Two MRM transitions
were chosen based on their intensity and structural
information. The most abundant MRM transition was
used as a target and qualifier 1 transition, and the other,
as qualifier 2 transition. For the deuterated internal
standards, only one MRM transition was monitored in
compliance with reference [24]. All MRM transitions,
analyte-specific settings, and retention times are summa-
rized in Table 1 for the analytes detected with method I
and in Table 2 for analytes of method II. For data
evaluation Analyst 1.5 was used.

For analyte identification, both monitored transitions
were required to be present with a signal-to-noise ratio
(S/N) >3. In addition, the acceptance criteria for relative
retention times and ratios of the monitored transitions as
proposed by the Gesellschaft fiir Toxikologische und
Forensische Chemie (GTFCh) [24] were applied.
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Table 1 Analytes of method I, recommended minimum performance levels (RMPLSs), multi reaction monitoring (MRM) transitions with declustering
potential (DP), entrance potential (EP), collision energy (CE), collision cell exit potential (CXP), retention time (RT), and numbering in Fig. 1

Analyte RMPLs Precursor [M+H"] Target, qualifier 1 Qualifier 2 RT Numbering in Fig. 1
m/z DP EP m/z CE CXP m/z CE CXP
ng/mL u \Y% v u \% A% u \% \% min
Alprazolam 10 309 56 5 281 37 20 205 55 16 274 69
7-Aminoclonazepam 10 286 76 10 121 43 8 222 35 16 85 23
7-Aminoflunitrazepam 5 284 81 10 135 41 8 227 37 42 10.7 28
Amitriptyline 10 278 51 10 91 33 6 233 21 4 291 76
Amphetamine 50 136 21 5 119 13 8 91 25 6 5.2 8
Aripiprazole 5 448 116 10 285 33 8 176 51 10 301 80
Benzoylecgonine 50 290 61 10 168 27 12 105 43 6 72 17
Bromazepam 5 316 31 10 182 49 12 209 35 16 151 43
Brompheniramine 10 319 36 10 274 23 8 167 57 10 137 41
Carisoprodol 50 261 51 10 176 13 12 200 15 14 257 65
Chlordiazepoxide 10 302 46 10 285 21 8 227 33 18 13.0 40
Chlorpheniramine 10 275 26 35 230 21 4 167 51 4 126 38
Citalopram 10 325 76 10 109 59 8 262 29 20 192 52
Clobazam 5 301 76 10 259 29 6 224 45 18 31,6 84
Clomipramine 10 315 61 10 86 27 6 242 33 6 327 90
Clonazepam 5 316 51 10 270 37 6 214 53 16 251 62
Clonidine 1 230 81 10 160 49 10 44 47 0 4.4 7
Cocaine 50 304 41 5 182 27 4 77 77 4 112 29
Codeine 10 300 66 35 152 85 10 165 55 12 4.1 5
Cyclobenzaprine 10 276 51 10 215 57 16 231 27 6 266 66
O-demethyltramadol 10 250 51 10 58 49 2 42 117 6 5.7 12
Desipramine 10 267 41 10 72 31 4 208 33 16 253 o4
Dextromethorphan 10 272 86 10 171 63 30 213 49 0 159 44
Diazepam 10 285 86 10 193 47 14 154 41 12 339 91
Diphenhydramine 10 256 16 3 167 15 4 152 49 4 179 49
Doxepin 10 280 71 10 107 27 0 115 67 4 199 54
Doxylamine 10 271 41 10 182 23 14 167 49 12 78 20
Duloxetine 5 298 31 10 154 9 24 44 29 2 282 72
EDDP 10 278 86 10 234 43 18 249 33 18 220 57
Fentanyl 1 337 30 5 188 32 7 105 54 7 16.7 45
Flunitrazepam 5 314 56 45 268 37 16 239 47 18 290 74
Fluoxetine 10 310 56 10 44 39 0 148 13 10 31,6 85
Hydrocodone 10 300 86 10 199 41 16 128 81 8 58 13
Hydromorphone 10 286 31 10 227 40 14 185 45 0 23 4
a-Hydroxyalprazolam 10 325 61 10 297 35 8 216 55 16 219 55
a-Hydroxytriazolam 5 359 86 10 331 39 8 176 39 14 220 56
Imipramine 10 281 56 10 86 25 6 208 35 16 266 67
Ketamine 10 238 41 10 125 39 8 207 21 16 81 21
Lorazepam 10 321 76 10 275 29 14 229 43 18 25.1 63
Lormetazepam 5 335 61 10 289 29 8 317 21 10 322 87
MDA 10 180 26 45 135 25 0 163 29 30 5.5 11
MDEA 10 208 20 45 135 31 10 163 19 12 74 18
MDMA 10 194 31 45 163 19 10 105 35 18 62 15
Medazepam 5 271 46 10 91 41 15 207 39 15 176 48
Meperidine 10 248 66 10 220 31 16 174 29 12 114 32
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Table 1 (continued)

Analyte RMPLs Precursor [M+H+] Target, qualifier 1 Qualifier 2 RT Numbering in Fig. 1
mlz DP EP mlz CE CXP mlz CE CXP

ng/mL u v \% u A" v u \% \% min
Meprobamate 50 219 46 10 158 13 12 97 21 6 115 33
Methadone 10 310 36 4.5 265 19 4 105 39 4 300 79
Methamphetamine 50 150 26 10 91 25 5 119 17 5 59 14
Midazolam 5 326 71 10 291 37 8 249 49 14 170 47
Mirtazapine 10 266 31 10 195 43 10 72 33 4 100 26
Morphine 10 286 76 4 201 35 12 165 51 10 1.8 2
Nitrazepam 5 282 86 10 236 35 18 180 53 14 22.1 59
Norbrompheniramine 10 307 46 10 276 21 20 167 53 10 128 39
Norchlorpheniramine 10 261 36 10 230 19 6 167 51 28 119 37
Norcitalopram 10 311 61 10 109 33 6 262 25 8 18.1 50
Norclomipramine 10 301 61 10 72 33 4 242 33 16 322 88
Nordiazepam 10 271 76 10 140 39 10 165 41 12 289 73
Nordoxepin 10 266 66 10 235 25 14 107 33 18 189 51
Nordoxylamine 10 257 36 10 182 23 12 167 47 12 6.4 na.
Norfentanyl 1 233 66 10 84 25 6 177 23 14 83 22
Norfluoxetine 10 296 31 10 134 11 10 30 33 0 306 81
Norketamine 10 224 51 10 125 33 8 179 23 14 74 19
Normeperidine 10 234 36 10 160 23 12 91 63 6 11.3 30
Norpropoxyphene 10 326 46 10 252 11 6 44 43 6 276 71
Norsertraline 10 294 31 10 161 31 10 159 33 12 31.0 83
Nortilidine 10 260 41 10 155 25 28 128 69 8 11.1 31
Nortriptyline 10 264 66 10 233 21 6 105 31 6 276 70
Oxazepame 10 287 56 10 241 33 18 269 23 8 22.8 60
Oxycodone 10 316 61 10 298 27 8 241 39 18 52
Oxymorphone 10 302 71 10 284 33 8 227 39 18 2.0 3
Paroxetine 10 330 66 10 70 57 4 192 29 14 246 ol
Phenazepam 10 349 71 10 179 65 12 206 51 4 326 89
Phencyclidine 10 244 21 4.5 86 15 4 91 39 4 143 42
Prazepam 5 325 86 10 271 33 6 140 51 10 379 93
Pregabalin 5 160 36 10 142 17 10 55 35 2 42 6
Promethazine 10 285 41 10 86 29 6 198 33 14 222 58
Propoxyphene 10 340 31 10 58 45 8 266 13 8 29.3 77
Scopolamine 10 304 51 10 138 37 10 103 67 18 53 10
Sertraline 10 306 21 4 159 35 4 275 15 4 31.8 86
Tapentadol 10 222 41 10 107 31 4 135 25 6 104 27
Temazepam 10 301 51 10 255 37 26 283 19 22 30.3 78
Tetrahydrozolin 10 201 81 10 131 39 10 71 39 4 7.0 16
Tetrazepam 5 289 91 10 225 41 16 197 45 14 340 92
Tilidine 10 274 36 10 155 27 12 91 61 6 11.8 35
Tramadol 10 264 41 10 58 33 8 264 10 5 99 25
Triazolam 5 343 76 10 239 59 16 308 39 8 29.1 75
Trimipramine 10 295 71 10 100 25 8 208 37 18 30.8 82
Zaleplon 10 306 56 10 236 35 15 264 27 15 19.7 53
Ziprasidone 10 413 91 10 194 41 14 130 95 8 16.8 46
Zolpidem 10 308 56 10 235 39 15 263 35 15 11.8 36
Zopiclone 10 389 16 10 245 25 15 217 41 15 96 24
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Table 1 (continued)

Analyte RMPLs  Precursor [M+H"] Target, qualifier 1 Qualifier 2 RT Numbering in Fig. 1
m/z DP EP m/z CE CXP m/z CE CXP
ng/mL u v \% u A" v u \% \% min
Cyproheptadine 288 66 4 191 39 8 96 55 8 26.7 68
Morphine-d; 289 76 4 152 83 10 152 83 10 1.8 1
Zolpidem-d, 314 46 10 235 51 12 235 51 12 117 34

Preparation of stock solutions

Stock solutions in appropriate concentrations (1 to 100 pg/
mL) were prepared in methanol. Working solutions for the
validation experiments were prepared by adding the appropri-
ate amount of the corresponding stock solution to volumetric
flasks to obtain concentrations ten times higher than the cor-
responding RMPLs.

Urine samples

The screening method was developed using urine from drug-
abstinent male and female volunteers. Urine specimens from
suspected DFSA/DFC cases and urine samples from clinical
toxicology cases, which had been submitted to the authors’
laboratory for toxicological analysis, were used for applica-
bility experiments. All samples were stored at —20 °C.

Sample preparation

Sample preparation was performed with both nonhydrolyzed
and hydrolyzed urine samples. For enzymatic hydrolysis,

20 puL of (3-glucuronidase was added to 400 pL of urine.
The resulting mixture was thoroughly mixed and incubated at
55 °C for 30 min. For method I, 100 puL of hydrolyzed or
nonhydrolyzed urine, 10 pL of internal standard solution
(morphine-d;, 100 ng/mL; zolpidem-de, 100 ng/mL; and cy-
proheptadine, 100 ng/mL), and 500 pL acetonitrile were
added. The mixture was thoroughly mixed, shaken on a rotary
shaker for 2 min, and centrifuged for 3 min at 10,400 rpm.
Afterwards, 500 pL of the supernatant was transferred into a
glass vial and evaporated to dryness with nitrogen at 45 °C.
The residue was redissolved in 50 puL of a mixture of eluents
A and B at 80:20 (v/v) [25].

For method II, 250 puL of hydrolyzed or nonhydrolyzed
urine, 25 pL of internal standard solution (GHB-dg, 100 pg/
mL; secobarbital-ds, 200 ng/mL; THC-COOH-d;, 100 ng/
mL), and 500 pL of acetonitrile were added. The mixture
was thoroughly mixed, shaken on a rotary shaker for 2 min,
and centrifuged for 3 min at 10,400 rpm. Afterwards, 700 uL
of the supernatant was transferred into a glass vial and evap-
orated to dryness with nitrogen at 45 °C. The residue was
redissolved in 30 pL of eluent A according to reference [25]
with modifications.

Table 2 Analytes of method II, recommended minimum performance levels (RMPLs), multi reaction monitoring (MRM) transitions with declustering
potential (DP), entrance potential (EP), collision energy (CE), collision cell exit potential (CXP), retention time (RT), and numbering in Fig. 2

Analyte RMPLs Precursor [M7H+] Target, Qualifier 1 Qualifier 2 RT Numbering in Fig. 2
mlz DP EP mlz CE CXP mlz CE CXP

ng/mL u A% \% u v u A% \'% min
Amobarbital 25 225 =50 -10 42 —44 -1 182 -18 -13 17.2 8
Butalbital 25 223 —40 -10 42 —40 -1 180 -15 -14 16.0 4
GHB 10 pg/mL 103 -35 -10 85 -15 -14 57 -25 -14 2.7 2
Pentobarbital 25 225 =30 -10 42 -56 -1 182 —18 -15 17.0 7
Phenobarbital 25 231 -35 -10 42 —44 -1 188 -14 -7 14.9 3
Phenytoin 25 251 -35 -10 102 -32 =7 208 -22 -5 17.0 6
Secobarbital 20 237 =50 -10 42 —54 -1 194 —18 -3 17.9 10
THC-COOH 10 343 —80 10 299 =30 =7 325 —28 -9 243 11
Topiramate 5 338 —80 -10 78 =70 ! 96 -32 -15 16.2 5
GHB-d¢ 109 —45 -10 61 -20 -3 61 -20 -3 2.6
Secobarbital-ds 242 =30 -10 199 -18 -13 199 -18 -13 17.8 9
THC-COOH-d; 346 =90 -10 302 =30 =7 302 =30 =7 244 12
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Assay validation

The methods were validated with regard to selectivity, matrix
effects (ME), process efficiencies (PE), and recovery (RE).
Furthermore, the identification of all analytes at the respective
RMPLs was tested.

Selectivity

For each method, selectivity was tested by using 30
nonhydrolyzed and hydrolyzed blank urine specimens, of
which 15 urine specimens were from drug-free volunteers.
The other 15 urine specimens were from routine clinical
toxicology cases and had yielded negative GC-MS screening
results during routine clinical toxicology analysis. Potential
interference of the internal standards on the analyte detection
was tested by two blank samples spiked with internal stan-
dards only.

Matrix effects, process efficiencies, and recovery

ME, PE, and RE were performed at the RMPLs according to
the simplified approach described by Matuszewski et al. [26].
For sample set 1, 10 and 25 puL of spiking solutions were
evaporated to dryness and reconstituted as described above for
methods I and II, respectively. Ten replicate samples of set 1
were injected for each method.

For sample set 2, 10 and 25 pL methanol, respectively,
were added to 100 and 250 pL of nonhydrolyzed blank urine
specimens (30 different urines) and were worked up according
to method I and method II, respectively. However, prior to
evaporation, 10 and 25 pL of the spiking solution were added
to the samples for method I and method II, respectively.

For sample ser 3, 100 and 250 puL of the nonhydrolyzed
blank urine specimens (30 different urines) were spiked with
10 and 25 pL of the respective spiking solution for methods I
and II, respectively. Thereafter, the samples were worked up
as described above.

For calculation of the ME, the analyte peak areas in the
samples of set 2 were compared to the average peak area of the
respective analytes in the set 1 samples. PE was determined
accordingly by comparing the analyte peak areas of set 3
samples to the average peak area of the respective analytes
in set 1 samples, whereas RE was assessed by comparison of
analyte peak areas from sample sets 2 and 3.

Recommended minimum performance limits

The performance of the methods at the RMPLs was checked
by using the abovementioned 30 nonhydrolyzed and hydro-
lyzed urine specimens spiked with all substances at the
RMPLs. All samples were worked up and analyzed as de-
scribed above. The acceptance criterion was a S/N ratio above

3:1 for both monitored transitions for each analyte. The
RMPLs for all substances of method I and method II are
shown in Tables 1 and 2, respectively.

Applicability

The applicability of the developed screening procedure was
tested by the analysis of urine from nine suspected DFC/
DFSA cases. Furthermore, 24 urine samples with a positive
screening result for at least one of the analytes during routine
clinical toxicology analysis were analyzed by the presented
methods to check if the findings could be confirmed. Twenty-
two of the urine specimens were analyzed using method I.
With method II, three urine samples were tested. One urine
specimen was tested with both methods. After the analysis, the
intensities of the peak areas of the corresponding analytes in
hydrolyzed and nonhydrolyzed urine samples were compared.

Excretion study with doxylamine

Additionally, an excretion study with doxylamine was per-
formed. For this purpose, 43 urine samples were collected
from a 24-year-old female after administration of a single oral
dose of 30 mg of doxylamine (Schlafsterne®) and analyzed to
examine how long the substance and its nor metabolite are
detectable above the RMPL and in total. After ingestion of the
doxylamine tablet, the total volume of each urine void was
determined, and a 10-mL urine specimen was stored at
—20 °C. The urine samples were analyzed using method I
regarding doxylamine and its metabolite nordoxylamine.
Creatinine was determined photometrically (at 505 nm after
the Jaffé reaction with picric acid) using a Roche/Hitachi 902
analyzer. The peak areas of doxylamine and nordoxylamine
were normalized to the corresponding creatinine concentra-
tions. Furthermore, endogenous GHB was determined with
method II and compared with the 10-pg/mL cutoff proposed
in reference [27, 28].

Results and discussion
Liquid chromatography-mass spectrometry procedure

As this procedure was developed for a broad screening of
analytes relevant in DFSA/DFC cases, another 22 drugs of
potential relevance in DFC/DFSA cases in Germany, mainly
benzodiapepines, antipsychotics, and opioids, were added to
the 80 analytes recommended by the SOFT DFSA Committee
[11]. All included analytes are given in Tables 1 and 2,
respectively. The additional analytes are marked in italics.
For nordoxylamine, no reference substance was commer-
cially available at the time of this study. Therefore, it was
produced by in vitro biotransformation of doxylamine using
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the fungus C. elegans which is able to N-dealkylate
doxylamine to nordoxylamine. The incubation procedure
and identification of nordoxylamine was carried out as de-
scribed by Martinez-Ramirez et al. [23]. Since the in vitro
production of doxylamine by C. elegans was not quantitative,
it could not be used for evaluation of the “quantitative”
validation parameters ME, RE, and PE. However, MRM
transitions, potentials, and retention times could be established
for this analyte.

With exception of ethanol and valproic acid, all analytes
proposed by the SOFT DFSA committee were included in the
screening procedure. Alcohol is routinely tested in the au-
thors’ laboratory by an accredited headspace GC method.
Valproic acid could not be detected with this screening proce-
dure, although precursor and fragment ions were detectable
when directly injecting the drug into the MS/MS interface
with a syringe pump. It therefore seems likely that poor
chromatography is the reason for this phenomenon rather than
MS detection. In fact, of the published analytical methods for
determination of valproic acid in urine and plasma [29-32],
two employed mobile-phase systems based on ammonium
acetate and methanol [30, 33].

For tramadol, only one transition with sufficient abundance
could be obtained (m/z 264 to m/z 58) which is in line with
findings of Allen [34]. For this reason, a pseudoMRM transi-
tion (m/z 264 to m/z 264) was chosen as qualifier 2. For the
initially selected MRM transitions of brompheniramine, chlor-
diazepoxide, and norsertraline, interfering peaks were ob-
served in blank urine samples. Therefore, the respective
MRM transitions based on isotopes of chlorine and bromine
were selected which were free of interferences..

As concentrations of knock-out drugs can be very low in
urine specimen, the SOFT DFSA Committee suggested min-
imum performance limits for procedures to be applied for the
analysis of these compounds in DFC/DFSA cases. The re-
spective RMPLs are listed in Tables 1 and 2. The RMPLs for
the additional analytes were according to those suggested for
analytes from the same drug class by the SOFT Committee.
Therefore, the RMPLs of the included benzodiapepines, anti-
psychotics, and opioids were set to 5 ng/mL. The RMPL of
topiramate was defined as 25 ng/mL, like for the other anti-
epileptics included in the recommendations of the SOFT
DFSA committee.

The original aim to cover all analytes in a single procedure
proved to be unfeasible due to the very different physicochem-
ical properties of the analytes. The latter were therefore divid-
ed into an alkaline and an acidic group analytes that were
covered by two different methods. Method I allowed the
simultaneous analysis of 91 basic substances of different
indication groups, mainly benzodiazepines, antipsychotics,
antihistamines, central muscle relaxants, and common drugs
of abuse. Cyproheptadine, morphine-d;, and zolpidem-dg
were chosen as internal standards, because they represent
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different extraction and ionization properties and because their
retention times are distributed over the chromatogram.
Figure 1 shows the MRM chromatograms recorded with
method I from a urine specimen spiked with the 90 analytes
(without nordoxylamine) at the RMPLs and the internal stan-
dards. The numbering of the analytes corresponds to that in
Table 1.

Nine substances with acidic character, including GHB,
topiramate, 11-nor-9-carboxy-tetrahydrocannabinol (THC-
COOH), and six barbiturates, could be more effectively de-
tected using the negative ESI mode (method II). The better
detection of these analytes was also due to a different sample
preparation with a greater sample volume of urine and a lower
reconstitution volume resulting in a stronger concentration of
the analytes in the final sample. As internal standards GHB-
de, secobarbital-ds, and THC-COOH-dg were selected. The
MRM chromatograms recorded with method II from a urine
specimen spiked with the nine analytes at the respective
RMPLs and the internal standards are displayed in Fig. 2.
The numbering of the analytes corresponds to that in Table 2.

An important challenge was the chromatographic separa-
tion of substances with the same nominal molecular masses.
Many of these substances had different chemical composi-
tions and could be easily separated by the chromatographic
conditions, for example, tramadol and nortriptyline (M,. 263 u)
with retention times of 9.9 and 27.6 min, respectively. The
chromatographic separation of clobazam, norclomipramine,
and temazepam (M, 300 u) proved to be more difficult.
However, their retention times differed by at least 0.6 min in
the final method. Furthermore, the isobaric pair morphine and
hydromorphone (M,. 285 u) was fully separated with retention
times of 1.8 and 2.3 min, respectively. Separation of amobar-
bital and pentobarbital which differ only in the position of a
methyl group in one of the alkyl side chains was the most
difficult chromatographic problem encountered during meth-
od development. Both substances shared identical mass tran-
sitions, so that a full chromatographic resolution was essential.
Under the current chromatographic conditions, both sub-
stances are separated with a time difference of 0.2 min, as
shown enlarged in Fig. 2.

A total chromatographic resolution of all substances could
not be achieved. However, this was not considered essential
because of the qualitative character of this method.
Moreover, the combination of analyte retention time
and two MRM transitions per substance allowed unam-
biguous identification of all analytes. In DFC/DFSA
cases, reliable identification of the drugs in question is
more important than quantification.

For the screening procedure, a simple and unselective
sample preparation was chosen because of the great range of
analytes with different chemical and physical properties. The
larger sample volumes in method IT were necessary to account
for lower sensitivity in the negative ESI mode.
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Fig.1 Chromatograms of qualifier 1 transitions in selected retention time
windows in a urine sample spiked with the analytes (except

Validation
Selectivity

No relevant interferences were observed in the 30 tested blank
urine samples. Additionally, two urine samples, which were
collected after consumption of poppy seeds the day before,
were analyzed and showed signals for morphine, codeine, and
hydrocodone. Minor matrix peaks were observed at the reten-
tion times of some analytes (alprazolam qualifier 2,
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nordoxylamine) at the respective RMPLs and internal standards. Analyte
numbers as given Table 1

chlordiazepoxide qualifier 1, cocaine qualifier 2, nitrazepam
qualifier 1, oxymorphone qualifier 1, tramadol qualifier 2) in
method 1. However, these were always markedly (3 to 50
times) lower than those in samples containing the respective
analytes at the RMPL. Figure 3 shows MRM chromatograms
of a representative blank urine sample analyzed by method I
(top) and method II (bottom).

The endogenous GHB concentrations of the 30 tested
blank urines and the 43 urines of the excretion study were
always below the proposed 10 pg/mL cutoff proposed for
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differentiation between endogenous and exogenous GHB
[27]. The peak areas were markedly lower than those of the
urine controls spiked with GHB at its RMPL of 10 pug/mL.

Matrix effects, process efficiencies, and recovery

The mean values and relative standard deviations (RSDs) for
ME, PE, and RE are listed in the Electronic Supplementary
Material that accompanies the online version of this article,
Tables S1 and S2. For method I, the ME of the qualifier 1
ranged from 8 % (RSD 98 %) for tetrazepam to 996 % (RSD
48 %) for morphine, with a mean of 171 %, and a median of
126 %. The PE for qualifier 1 varied from 8 % (RSD 121 %)
for tetrazepam to 970 % (RSD 50 %) for morphine, with a
mean of 164 % and a median of 121 %. The RE for qualifier 1
varied between 58 % (RSD 52 %) for norpropoxyphene to
116 % (RSD 24 %) for zopiclone, with a mean of 95 % and a
median of 95 %.

Furthermore, for method II, the ME for qualifier 1 ranged
from 158 % (RSD 24 %) for GHB to 6,268 % (RSD 98 %) for
THC-COOH, with a mean of 897 % and a median of 225 %. The
PE for qualifier 1 varied from 146 % (RSD 25 %) for GHB to
4,852 % (RSD 112 %) for THC-COOH, with a mean of 720 %
and a median of 205 %. The RE for qualifier 1 varied between
83 % (RSD 44 %) for THC-COOH 93 % to (RSD 23 %) for
phenytoin, with a mean of 90 % and a median of 90 %.

ME and PE data of both methods varied greatly. For
method I, the majority of analytes showed a large enhance-
ment of the analyte signal. Only tetrazepam showed a strong
suppression of the analyte signals by the matrix. For method I,
it is obvious that there is a large enhancement of the analyte
signal of morphine, oxymorphone, and hydromorphone and a
large variation of the analyte signals between the tested urine
samples. These analytes elute within the first 3 min. The most
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important cause of the great enhancement is certainly the high
amount of co-eluting substances within the first minutes.
Furthermore, the analyte signal of pregabalin is greatly in-
creased because of an overlapping endogenous peak. It is also
notable that the analyte signal of tetrazepam was strongly
suppressed in urine samples and that this suppression showed
considerable variability between samples. Nevertheless,
tetrazepam was detectable at its RMPL in all of the 30 samples
tested, indicating that this compound tetrazepam can be
screened for with the described method despite intense and
variable matrix effects.

For method II, THC-COOH showed a large enhancement
of the analyte peak area in urine samples. Apart from exten-
sive ion enhancement, increased solubility or reduced adsorp-
tion of THC-COOH in the presence of urine matrix compared
to neat samples could be potential explanations for this find-
ing. However, the ME, PE, and RE values for method II vary
widely. Nevertheless, all acidic substances are currently qual-
itative identifiable.

The vast majority of analytes had recovery values of
around 95 % for method I and 90 % for method II, respec-
tively. The correspondence with the theoretically achievable
values (82 % for method I and 90 % for method II) is
acceptable. For tetrazepam, ziprasidone and zopiclone marked
deviations of the average values was observed in single sam-
ples for recovery data, which were found to be statistically
significant outliers (Grubbs’ test, P<0.05). For this qualitative
assay, the RSDs below 25 % for the majority of the analytes
are also acceptable.

Recommended minimum performance limits

All compounds could be detected in the 30 tested urine
samples at the RMPLs with a S/N ratio above 3:1. The
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Fig. 4 Excretion of doxylamine (after ingestion of 30 mg) and nordoxylamine over 11 days, normalized to creatinine

RMPLs, shown in Tables 1 and 2 respectively, were achieved
for all analytes as recommended by the SOFT DFSA
Committee and also for the additionally included substances.
The RMPLs ranged from 1 ng/mL for fentanyl to 10 pug/mL
for GHB.

Applicability
Suspected DFC/DFSA cases

For applicability, nine suspected DFC/DFSA cases were ex-
amined. All analyses were carried out using the developed
LC-MS/MS procedure. Seven of the nine alleged victims were
female. The age ranged from 16 to 39 years. With exception of
one case where robbery and extortion had been claimed,
DFSA was suspected in all cases. Apart from the prescribed
medication, knock-out drugs could not be detected. All results
are shown in Table 3.

In case #7, pregabalin and duloxetine, both part of the
presumed victim’s medication, were detected at concentra-
tions significantly exceeding the respective RMPLs. In cases
#6 and #7, the time delay between incident and sampling
within 36 to 63 h was probably too long to detect many
knock-out drugs, especially such with short half-lives. In the
remaining cases, the time delay was in an appropriate range to
detect the vast majority of knock-out drugs in urine
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specimens. In cases #1, #4, and #5, the main cause of uncon-
sciousness and the symptoms described in Table 3 was prob-
ably the large amounts of alcohol ingested by the alleged
victims. Hence, the symptoms can be explained without addi-
tional ingestion of knock-out drugs. In case #2, it turned out
that the alleged victim had self-inflicted the injuries, and
therefore the credibility of her version of the incidence is
highly questionable including the alleged administration of
knock-out drugs. In cases #3 and #8, no time span between the
event and the specimen collection was documented. By the
analysis of case #3, doxepine, part of the alleged victim’s
medication, and its metabolite nordoxepine were detected at
concentrations considerably above the respective RMPLs. No
other knock-out drugs were found. In case #8, zolpidem was
detected at a concentration below the RMPL in the urine
specimen as shown in Fig. S1. An additional solid-phase
extraction of this urine confirmed this result. In the further
course, it became known that the alleged victim had been
prescribed zolpidem after the incident for calming her down.

Investigation of known positive urine samples from clinical
toxicology

To prove the developed screening procedure, some known
positive urine samples from clinical toxicology were ana-
lyzed. The 24 urine samples investigated had been
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deliberately chosen. All analytes, previously identified during
routine analysis (rapid immunochemical tests, GC-MS with
urine hydrolysis, liquid-liquid extraction, and acetylation prior
analysis), were observed with the developed procedure. This
shows that a recent drug intake can easily be detected.
Furthermore, additional substances, mainly amphetamines,
opiates, opioids, and benzodiazepines, were detected, which
is mainly due to the higher sensitivity of these analytes by
using LC-MS/MS techniques. The complete results are given
in Table S3. The observed concentrations were always con-
siderably above the RMPLs, which is typical for intoxication
or drug of abuse cases. As another result of the investigation,
17 of the 55 detected substances gave a more intense (2 to 100
times) analyte signal in hydrolyzed samples than in
nonhydrolyzed samples. These include several benzodiaze-
pines, opiates, and antipsychotics. For the remaining sub-
stances, the analyte signals were similar or slightly lower. It
showed that a hydrolysis should always be performed addi-
tionally to the analysis of nonhydrolyzed samples.

Excretion study with doxylamine

The results of the excretion study after administration of
30 mg doxylamine (Schlafsterne®) are shown in Fig. 4 (con-
centrations of doxylamine and nordoxylamine are normalized
to creatinine). Doxylamine with an elimination half-life of
10 h [35] could be detected above the RMPL for 5 days.
This is significantly longer than the generally accepted detec-
tion window of 96 h in urine specimens [35]. Taking a S/N
ratio above 3:1 as an identification criterion, doxylamine was
even detectable for 10 days. Its normetabolite, nordoxylamine,
was still detectable with a S/N ratio above 10:1 for 10 days.
Nordoxylamine could have been detected well beyond the
study time of 11 days with a S/N ratio above 3:1. This study
showed that it may be possible to detect certain knock-out
drugs despite of a long time delay, when they have long half-
lives. This is even more apparent for the metabolites of such
substances.

In contrast to existing methods, which are developed for
blood and/or cover only subsets of the relevant analytes
[18-20, 22], the developed procedure included the analytes
suggested by the SOFT DFSA Committee and additional
drugs and metabolites relevant in DFC/DFSA cases in
Germany. Only ethanol and valproic acid have to be analyzed
using other in-house methods. The procedure was developed
and validated for urine specimen as suggested by the SOFT
DFSA Committee [11] and showed to be selective for all
included analytes. Nevertheless, special attention has to be
drawn for the identification of opiates, amobarbital, pentobar-
bital, morphine, and hydromorphone. ME was tested with a
remarkable number of 30 different urines samples, which is
much more than the recommended for validation by the
GTFCh [36]. The test showed that severe matrix effects were

detected for some analytes, but were not present in all urine
samples and therefore highlight the importance of testing ME
with a high number of samples. As all analytes could be
detected at the recommended RMPLs, also tested with 30
different urine samples, the procedure is therefore sensitive,
in contrast to the method of Adamowicz and Kala [21]. The
validation results and the successful application to samples
from suspected DFC/DFSA cases and urine samples from
clinical toxicology showed that this method is suitable for
screening of 100 relevant analytes in urine samples. The long
analysis time, resulting from two runs for each of the hydro-
lyzed and nonhydrolyzed samples, might be considered a
limitation during routine application. However, DFC/DFSA
cases are not very frequent compared to other routine case-
work, and analysis of such cases is generally not performed in
an emergency toxicology setting. Hence, the total run time of
2.5 h per sample seems acceptable. This method was also
successfully used for monitoring doxylamine concentrations
in an excretion study.

Conclusion

The developed screening procedure proved to be selective and
sensitive for all analytes included in the list of the SOFT
DFSA Committee and the additional compounds, with the
exception of ethanol and valproic acid. The procedure had
been validated for urine specimens regarding selectivity, ME,
PE, RE, and RMPLs. The validation results and the successful
application to real DFC/DFSA samples demonstrate that this
procedure is suitable for screening of 100 analytes relevant in
DFC/DFSA cases.
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