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Abstract

Recently, high-performance liquid chromatography–tandem mass spectrometry (LC/MS/MS) has become a powerful tool for quantitative
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onfirmatory analysis of drugs of abuse and has begun to spread in the field of forensic toxicology. Guidelines for confirmator
y GC/MS and LC/MS/MS have been published recently by several organizations (WADA, IOC, SOFT, GTFCh, EU). Howev
uidelines have not yet been included in procedures for drug analysis with LC/MS/MS. The prerequisites for forensic confirmator
y LC/MS/MS with respect to EU guidelines are chromatographic separation, a minimum number of two MS/MS transitions to o
equired identification points and predefined thresholds for the variability of the relative intensities of the MS/MS transitions (MRM tra
n samples and reference standards. LC/MS/MS methods for determination of several classes of drugs of abuse including some
opiates, stimulants), cannabinoids and some of their phase-I- and phase-II-metabolites (especially glucuronides) in urine and se
busers and/or crime offenders or victims have been developed and validated following current recommendations and are pres
aper. At least two MRM transitions for each substance were monitored to provide sufficient identification of drugs, deuterated an
nalytes were used as internal standards for quantitation where possible and chromatographic separation has been performed on r
olumns with gradient elution. Validation data obtained and the application to real samples show that the requested criteria for co
nalysis of drugs of abuse by EU guidelines can be fulfilled with a total number of four identification points by LC/MS/MS metho
triple-quadrupole mass spectrometer. Furthermore, the methods are sufficiently sensitive to meet current requirements for c

nalysis of drugs of abuse in driving under the influence of drugs (DUID) cases established by the Society of Toxicological and
hemistry (GTFCh).
2004 Elsevier B.V. All rights reserved.

eyword: Drugs of abuse

. Introduction

Confirmation of identity of forensically relevant com-
ounds and especially drugs of abuse is a necessary part
f the process to decide whether an individual was under
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W. Weinmann).

the influence of drugs during the particular event, for ex
ple medico–legal event controls of people involved in cri
e.g. robberies, rapes, homicides and traffic and workplac
cidents, driving under influence of drugs, etc. Because
courts rely on analytical results from toxicological ana
ses, the confirmation of identity of a particular drug or
metabolites in biological fluid or tissue should be objec
and reliable.

According to the SOFT/AAFS Forensic Laborat
Guidelines[1] and to the guidelines of the German So
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ety of Toxicological and Forensic Chemistry (GTFCH)[2],
the initial detection of drugs and other toxins should be con-
firmed whenever possible by a second technique based on
a different chemical principle. The use of mass spectrom-
etry is recommended as the confirmatory technique, wher-
ever practical. However, most of the recommendations re-
fer to GC/MS and only recently attention has been given to
the LC/MS/MS technique. Because this technique is becom-
ing intensively used for drug confirmation, there is a need
to establish minimal necessary requirements for LC/MS/MS
analyses. Although detailed international guidelines have
been established by the EU for confirmation of veterinary
drugs in residue control[3,4] as well as for doping-agents
by the world anti-doping agency (WADA) and by the IOC,
no detailed international guidelines are available for foren-
sic toxicology. Recently, a review article[5] has been pub-
lished where several new rules and quality assurance crite-
ria are summarized. They concern the identification of or-
ganic molecules in biosamples taking into account the lat-
est advances in mass spectrometry. These criteria are ex-
pressed as so called identification points (IP) that the par-
ticular method has to fulfill to ensure reliable and objective
identification of the particular substance. Criteria mentioned
in the review article are based on theoretical considerations
and no concrete cases tested under these criteria have been
p

uire
t n the
a may
p tical
t of
I ique.
I for
a ation
f rrent
r t
t nd
t , we
h ically
r ),
1 nd
1 )
a of
b ine,
m
m E),
h ven
t of
d ation
o a
[ es
[ ,
c rs
h ssity
t en-
t the

relative intensities of diagnostic ions or transitions. Only
one study describes the use of quantifiers and qualifiers for
confirmation of cocaine and benzoylecgonine in urine[15]
and discusses the quality control requirements established
by the Federal Department of Health and Human Services
[16]. However, it seems that only quantifiers were used for
validation parameters.

Our presented methods have been validated for determi-
nation of the mentioned drugs (except of heroin and LSD)
in human plasma and have been successfully applied to
the identification of these drugs in blood, plasma and urine
samples. At least two MRM transitions for each substance
were monitored to provide sufficient identification of drugs,
deuterated analogues of analytes were used as internal stan-
dards for quantitation where possible. The quantifiers were
used for all validation parameters except for limit of de-
tection (LOD); for calculation of LOD the qualifiers (with
α-error 10%) were used as suggested by the guidelines of
the GTFCh for the confirmatory analysis of the drugs of
abuse.

2. Experimental

2.1. Material and chemicals
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The general criteria for any analytical procedure req

hat the method has to be able to distinguish betwee
nalyte and all known interfering substances that
ossibly occur in the relevant matrix. Since every analy

echnique has different identification power a system
P has been set up to characterize a particular techn
n this study we describe two LC/MS/MS methods
nalysis of drugs of abuse that show different fragment

eatures and present the results with respect to cu
ecommendations and EU guidelines[4] taking into accoun
he criteria of “minimum number of MRM transitions” a
he “relative intensities of the transitions”. As examples
ave chosen a method for determination of three forens
elevant cannabinoids�9-tetrahydrocannabinol (THC
1-hydroxy-�9-tetrahydrocannabinol (11-OH-THC) a
1-nor-9-carboxy-�9-tetrahydrocannabinol (THC-COOH
nd a method for the simultaneous determination
asic drugs and their metabolites: codeine, morph
orphine-3�-d-glucuronide (M3G), normorphine, 6-O-
onoacetylmorphine (MAM), benzoylecgonine (B
eroin, lysergide (LSD), cocaine and methadone. E

hough validated LC/MS methods for determination
rugs of abuse have been published, e.g. for determin
f opioids in biological fluids[6–9], methadone in saliv

10], cocaine in urine[11], cocaine in several matric
12], opiates and cocaine in meconium[13] and opioids
ocaine and metabolites in urine[14], none of the autho
as followed the recommendations concerning the nece

o use at least two MRM transition for compound id
ification and/or they did not take into consideration
Standard solutions of codeine (1 mg/ml), morph
100�g/ml), M3G (100�g/ml), normorphine (1 mg/ml
AM (1 mg/ml), BE (100�g/ml), heroin (100�g/ml),
SD (1 mg/ml), cocaine (1 mg/ml), methadone (100�g/ml),
HC (1 mg/ml), 11-OH-THC (100�g/ml), THC-COOH
1 mg/ml) and deuterated analogues (100�g/ml) used as in
ernal standards (IS) in methanol were obtained from
ochem/Radian (Wesel, Germany). Acetonitrile (HPLC
ient grade), all solvents for SPE (analytical grade), am
ium carbonate (p.a.), ammonium formate (p.a.) and am
ium acetate (p.a.) were purchased from Merck (Darms
ermany). SPE cartridges Chromabond C18 (3 ml/500

or extraction of cannabinoids and Chromabond
3 ml/200 mg) for extraction of basic drugs were supp
y Macherey-Nagel (D̈uren, Germany). Deionized water w
repared on a cartridge-deionizer from Memtech (Moo
eis, Germany).

.2. Instrumentation and methods

SPE was performed with a Zymark RapidTrace S
orkstation (Zymark, Idstein, Germany). For the evap

ion of the extracts the speed vacuum concentrator (A
VC, Martin Christ, Osterode, Germany) was used.

.2.1. Cannabinoids
In case of cannabinoid analysis LC/MS/MS system c

isted of an API 3000TM triple-quadrupole mass spectro
ter equipped with Turbo IonSpray interface and LINACTM

ollision cell (Applied Biosystems/Sciex, Langen, Germa
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Fig. 1. MS/MS spectra of studied drugs obtained at following conditions: flow-injection analysis, 0.25 ml/min; A:B, 1:1 (v/v); (A) 1 mM ammonium formate
(pH 2.7); (B) acetonitrile with 1 mM ammonium formate; MS conditions: TurboIonSpray gas, 4 l/min; NEB, 69 kPa; CUR, 76 kPa; CAD, 28 kPa; IS, 5250 V;
TEM, 350◦C; DP, 20 V; FP, 230 V; EP, 10 V; CXP, 15 V; collision energies (CE): 20, 35, 50 V.



24 B. Maralikova, W. Weinmann / J. Chromatogr. B 811 (2004) 21–30

Fig. 1. (Continued).

and Series 200 LC Plus system (Perkin-Elmer, Boston, MA,
USA). Analytes were separated at 40◦C on a Luna 3�
PhenylHexyl column 50 mm× 2 mm, 3�m (Phenomenex,
Torrance, CA, USA) fitted up with guard cartridge Polar-RP,
4 mm × 2.0 mm (Phenomenex, Torrance, CA, USA) using
gradient elution of 5 mM ammonium acetate (pH 6.5) (A)
and acetonitrile (B). The flow rate was 0.25 ml/min and the
gradient was: 0–0.4 min: 30% B; 0.4–7.8 min: linear from
30% to 90% B; 7.8–8.2 min: 90% B; 8.2–8.5 min: linear from
90% to 30% B; 8.5–11 min: 30% B. Detailed description of
MS/MS conditions and MS/MS spectra for selection of MRM
transitions are published elsewhere[17].

2.2.2. Opioids and stimulants
In case of basic drugs analysis, LC/MS/MS system con-

sisted of an API 365TM triple-quadrupole mass spectrometer
equipped with Turbo IonSpray interface (Applied Biosys-
tems/Sciex, Langen, Germany) two HPLC pumps Shimadzu-
LC-10AD VP and controller SCL 10Avp (Shimadzu, Duis-
burg, Germany). Analytes were separated at 40◦C on a Syn-
ergi Hydro-RP column 150 mm×2 mm, 3�m (Phenomenex,
Torrance, CA, USA) fitted up with guard cartridge Polar-RP
4 mm × 2.0 mm (Phenomenex, Torrance, CA, USA) using
gradient elution of 4 mM ammonium acetate (pH 4.6) (A)
and acetonitrile (B) and post column addition of acetonitrile
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Table 1
SPE program of Zymark RapidTrace SPE-Automat for basic drugs

Step Source Volume or time Speed [ml/min]

Condition Methanol 2 ml 2
Condition Water 1 ml 2
Condition AC buffer (pH 9.4) 1 ml 2
Load Sample 3 ml 1.002
Purge-Cannula Methanol:water (1:1) 4 ml 30
Rinse AC buffer (pH 9.4) 1 ml 1.002
Dry Nitrogen 2 min –
Collect 2% (v:v) acetic acid in methanol 1.5 ml 1.002
Dry Nitrogen 2 min –
Purge-Cannula Methanol:water (1:1) 4 ml 30
Purge-Cannula Methanol:water (1:1) 4 ml 30

(0.05 ml/min). The mobile phase flow rate was 0.25 ml/min
and the gradient was: 0–1 min: 0% B; 1–13 min: linear from
0% to 60% B; 13–15 min: 60% B; 15–17 min: linear from
60% to 0% B; 17–23 min: 0% B. MS conditions were as
follows: TurboIonSpray gas, 4 l/min; nebulizer gas (NEB),
69 kPa; curtain gas (CUR), 76 kPa; collision gas (CAD),
28 kPa; IonSpray voltage (IS), 5250 V; temperature (TEM),
350◦C; focusing potential (FP), 230 V; dwell time, 0.05 s;
entrance potential (EP), 10 V; collision cell exit potential
(CXP), 15 V; declustering potential (DP), 20 V; collision en-
ergies (CE) for particular MRM transitions are mentioned in
Table 3.

Table 2
Validation data for human plasma samples evaluated from “quantifiers data”; linearity and correlation coefficients of calibration standard samplesand accuracy
and precision (R.S.D.) of quality control samples

Analyte Retention time Linearity (dynamic range, ng/ml)r2 Concentration of QC
[ng/ml]

Meana [ng/ml] Accuracya [%] R.S.D.a [%]

THC 7.0 y = 0.237x + 0.460 (1–100) 0.998 8 7.63± 0.14 95.47± 1.73 2.0
20 20.73± 0.82 103.67± 4.09 4.0

11-OH-THC 5.5 y = 0.129x + 0.054 (1–100) 0.998 8 8.62± 0.13 107.7± 1.62 1.6
20 19.52± 0.71 97.62± 3.53 4.2

THC-COOH 3.9 y = 0.038x + 0.163 (5–250) 0.998 15 16.85± 0.23 112.34± 1.53 1.4
40 39.80± 2.71 99.50± 6.78 7.6

Codeine 6.8 y = 0.076x + 0.144 (1–250) 0.998 10 10.93± 0.64 109.34± 9.37 6.4
50 50.25± 3.23 100.50± 6.46 7.2

M 998

M 998

N 998

M 994

B 998

C 996

M

Positive electrospray ionisation was used in all cases and
all analyses were performed in multiple reaction monitoring
mode (MRM)[18–20].

2.3. Sample preparation and validation

For validation of both methods two series of nine calibra-
tion standards were prepared by adding aliquots of stock solu-
tion into 1 ml of drug-free plasma. The validation of linearity,
accuracy and precision were done by Quantitation Wizard of
the Analyst® software. The program for statistical data eval-
uation B.E.N. Version 2.0 was used for calculation of limits
orphine 5.5 y = 0.056x + 0.140 (2–250) 0.

3G 4.7 y = 0.069x + 0.181 (2–250) 0.

ormorphine 5.2 y = 0.004x + 0.009 (2–250) 0.

AM 7.3 y = 0.002x + 0.005 (1–250) 0.

E 7.9 y = 0.069x + 0.002 (1–500) 0.

ocaine 10.2 y = 0.068x + 0.229 (2–500) 0.
ethadon 13.4 y = 0.055x + 0.033 (1–500) 0.998

a n = 5.
5 5.83± 0.25 116.73± 4.96 4.8
10 9.14± 0.65 91.37± 6.53 8.1

10 11.51± 0.45 115.09± 4.46 4.2
50 51.32± 3.48 102.64± 6.96 6.9

5 4.51± 0.11 90.26± 2.12 2.6
10 10.75± 0.56 107.56± 5.63 5.9

10 10.81± 1.01 108.11± 10.18 10.2
50 54.95± 4.47 110.12± 9.17 11.5

5 4.79± 0.13 95.98± 2.67 2.9
50 50.97± 1.88 101.94± 3.76 4.1

10 11.19± 0.42 111.92± 4.17 4.3

50 45.63± 0.87 91.26± 1.74 2.2

10 10.08± 0.29 100.81± 2.88 3.2
50 50.22± 1.36 100.43± 2.71 2.9
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Table 3
Summarized MRM transitions, their relative intensities (qualifiers 100%), LODs and LOQs for selected drugs from plasma samples

Analyte MRM transitions (collision energy (CE) [V]) LODa [ng/ml] LOQb [ng/ml]

Quantifier Qualifier 1 Relative intensity [%] Qualifier 2c Relative intensity [%]d

M3G 462→ 462 (20) 462→ 286 (50) 34.6± 10.1d 462→ 268 (50) 1.4± 21.4 2.4 6.6
Normorphine 272→ 272 (20) 272→ 121 (35) 3.6± 13.9d 272→ 165 (50) 3.4± 11.7 3.1 8.0
Morphine 286→ 286 (20) 286→ 201 (35) 3.5± 18.5d 286→ 165 (50) 2.7± 22.2 4.0 6.3
Codeine 300→ 300 (20) 300→ 165 (50) 2.7± 18.5d 300→ 215 (35) 3.5± 14.3 2.3 3.1
MAM 328 → 165 (50) 328→ 193 (35) 53.1± 13.9d 1.2 5.3
LSD 324→ 223 (35) 324→ 207 (50) 41.9± 7.4d –f –f

BE 290→ 168 (20) 290→ 105 (35) 37.6± 7.7d 0.3 0.9
Cocaine 304→ 182 (20) 304→ 150 (35) 10.9± 8.3d 1.5 4.7
Methadone 310→ 265 (20) 310→ 105 (35) 28.9± 6.9d 0.7 1.8
THC-COOH 345→ 327 (21) 345→ 299 (29) 32.8± 7.0e 1.6 4.3
11-OH-THC 331→ 313 (21) 331→ 193 (37) 11.4± 7.9e 0.2 0.8
THC 315→ 193 (33) 315→ 259 (29) 22.9± 9.6e 0.2 0.8

a α-Error, 10% for qualifier 1.
b α-Error, 1% for quantifier.
c Second qualifier is used when the unfragmented precursor ion is used for quantification.
d n = 12 (at 5 ng/ml).
e n = 10 (at concentration levels used for establishing LODs and LOQs); for LOD and LOQ, relative uncertainty 33% (k = 3).
f No validation performed.

of detection (LOD) and limits of quantitation (LOQ). Six
different sources of blank plasma were tested for matrix in-
terferences. For determination of relative intensities of ion
ratios (qualifier-to-quantifier) and determination of percent
deviations of relative intensities of MRM transitions for ba-
sic drugs duplicate analysis of six different plasma samples
spiked with 5 and 50 ng/ml were performed on two sepa-
rate days. For calculation of relative intensities of ion ratios
(qualifier-to-quantifier) and determination of percent devia-
tions of relative intensities of MRM transitions for cannabi-
noids the same calibration samples were used as for the LOD
and LOQ determination.

2.3.1. Cannabinoids
The stock solutions of cannabinoids (1�g/ml and

100 ng/ml for THC and 11-OH-THC, 5�g/ml and 500 ng/ml
for THC-COOH; and mixture of deuterated analogues
1�g/ml THC-d3, 1�g/ml 11-OH-THC-d3, 5�g/ml THC-
COOH-d3) were prepared by diluting the standard solution of
drugs in methanol. Two series of calibration standards were
prepared by adding aliquots of stock solution into 1 ml of
drug-free plasma. The concentration in plasma calibration
standards were 1, 2, 3, 4, 5, 6, 8, 10, 20, 50, 100 ng/ml for
THC and 11-OH-THC and 5, 10, 15, 20, 25, 30, 40, 50, 100,
250, 500 ng/ml for THC-COOH. The validation included also
b les at
t 11-
O red
b ree
p e pre
c t cal-
i HC
a for
t nty
o

Aliquots (10�l) of deuterated standard-mix stock solu-
tion were added into every sample (calibration, quality con-
trol, real sample) in the beginning of the sample preparation
process. Two millilitres of 0.1 M acetic acid was added into
1 ml of sample and this mixture was vortex-mixed for 20 s.
This solution was applied onto preconditioned SPE cartridge
for extraction. Detailed SPE program of Zymark RapidTrace
SPE-Automat is published elsewhere[17]. The extracts were
evaporated to dryness in a speed vacuum concentrator at
40◦C, 500 Pa. The residue was reconstituted in 100�l of the
HPLC mobile phase (70% 5 mM ammonium acetate and 30%
acetonitrile) and 20�l aliquots were injected for LC/MS/MS
analysis.

2.3.2. Opioids and stimulants
The stock solutions of drugs (1�g/ml and 100 ng/ml each;

1�g/ml of deuterated analogues) were prepared by diluting
the standard solution of drugs in methanol. Two series of
nine calibration standards were prepared by adding aliquots
of stock solution into 1 ml of drug-free plasma to cover the
concentration range 1–250 ng/ml for normorphine, morphine
and M3G; 1–250 ng/ml for codeine and MAM; 1–500 ng/ml
for BE and methadone; 2–500 ng/ml for cocaine. Sets of five
quality control samples at two concentration levels (summa-
rized inTable 2) were prepared by adding aliquots of stock
s ed to
d . Lin-
e d for
t y of
3 e,
m and
M ne.

ion
w trol,
r tion
lank plasma samples. Sets of five quality control samp
wo concentration levels (8 and 20 ng/ml of THC and
H-THC, 15 and 40 ng/ml of THC-COOH) were prepa
y adding aliquots of stock solution into 1 ml of drug-f
lasma and were used to determine the accuracy and th
ision of the method. Linear regressions with equidistan
bration levels (0,1, 2, 3, 4, 5 ng/ml for THC and 11-OH-T
nd 0, 5, 10, 15, 20, 25 ng/ml for THC-COOH) were used

he calculation of LOD and LOQ with a relative uncertai
f 33% (k = 3) [21].
-

olution into 1 ml of drug-free plasma as well and were us
etermine the accuracy and the precision of the method
ar regressions with following calibration levels were use

he calculation of LOD and LOQ with a relative uncertaint
3% (k = 3) [21]: 0, 2, 5, 10, 20, 30 ng/ml for normorphin
orphine and M3G; 0,1, 2, 3, 5, 10 ng/ml for codeine
AM; 0, 2, 4, 6, 8, 10 ng/ml for cocaine, BE and methado
Aliquots (20�l) of deuterated standards stock solut

ere added into every sample (calibration, quality con
eal sample) in the beginning of the sample prepara
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Table 4
Selected examples of the identification points (IP) for some hyphenated MS techniques (adapted from[4,5])

Technique Number of ions IP

LC/MS n n
GC/MS/MS or LC/MS/MS 1 precursor and 2 products 4
GC/MS/MS or LC/MS/MS 2 precursors, each with 1 product 5
LC/MS3 1 precursor, 1 product and 2 of its fragments 5.5
HRMSa n 2n
GC/MS and LC/MS 2 + 2 4
GC/MS and HRMS 1 + 1 4

a HRMS, here, means LC–time-of-flight mass spectrometry;n, an integer.

process. Two millilitres of 4 mM ammonium carbonate
buffer (AC buffer) (pH 9.4) were added into 1 ml of sample
and this mixture was vortex-mixed for 20 s. This solution was
applied onto preconditioned SPE cartridge for extraction.
The operation program of automated SPE was as described
in Table 1. The extracts were evaporated to dryness in a
speed vacuum concentrator at 40◦C, 500 Pa. The residue
was reconstituted in 100�l of the HPLC mobile phase
(4 mM ammonium acetate) and 20�l aliquots were injected
for LC/MS/MS analysis.

3. Results and discussions

The MRM transitions of basic drugs have been cho-
sen based on measurement of product ion spectra (MS/MS)
(Fig. 1) at three different collision energies (CE) to ensure
different fragmentation of compounds. Three collisions en-
ergies 20, 35, 50 eV have been chosen for responding to al-
ready existing MS/MS libraries[19,20]. Selection of MRM
transitions of cannabinoids has already been published[17],
MRM transition for THC-COOHglum/z 521 → 345, 345
→ 327 have been chosen according to the literature[21] and
the transitions for codeine–glucuronidem/z476→ 300, 476
→ 215 were based on theoretical calculations that opiate-
g -
s
T tifi-
c rs, ex
c were
u ana-
l
3
3
m
m
3 or
p
v e de-
v LSD
i ulate
r RM
t sion
e are
s ed in

percent of the intensity of corresponding quantifier (the most
abundant MRM transition) and the percent deviation of rel-
ative intensites. The percent deviations of relative intensities
of MRM transitions for basic drugs were determined from
12 measurements at concentrations 5 and 50 ng/ml and the
results for 5 ng/ml are shown inTable 3. However, the results
for MRM intensities at 50 ng/ml were in the same ranges. For
identification of codeine, morphine, M3G and normorphine
two qualifiers have been used because the quantitation of
these have been done with the unfragmented precursor ions.
It is also apparent from results inTable 3that the relative
intensities of qualifiers vary significantly for selected drugs.
However, the results (LOD) are satisfactory for all substances,
also for those such as morphine and codeine that have very
low intensities of MRM transition used as qualifiers.

As was already mentioned criteria that the particular
method has to fulfill to ensure reliable and objective iden-
tification of the particular substance are expressed as so
called identification points (IP). Examples of this IP at-
tributed to some methods are shown inTable 4. Generally
two multiple reaction monitoring (MRM transitions) transi-
tions (correspond to three diagnostic ions) are required using
LC/MS/MS method, first one (usually the most intensive) as
so called “quantifier” and the second one as so called “qual-
ifier” for confirmation of identity of substance. This gives
f e
r var-
i ge of
t ring
r
s S
m ties
o

own
i uan-
t s to
q

T
M ech-
n

R

>
2
1
≤

lucuronides fragment yielding an ion [M− 176]+. The cho
en MRM transitions are summarized inFig. 2andTable 3.
he most prominent MRM transitions were used for quan
ation and the other ones were used as so called qualifie
ept of opioids. Here, the unfragmented precursor ions
sed for quantification. The transitions for deuterated

ogues werem/z348→ 330 for THC-COOH-d3,m/z334→
16 for 11-OH-THC-d3, m/z 318 → 196 for THC-d3, m/z
03→ 303 for codeine-d3,m/z289→ 289 for morphine-d3,
/z331→ 168 for MAM-d3, m/z465→ 465 for M3G-d3,
/z293→171 for BE-d3,m/z307→ 185 for cocaine-d3,m/z
13→ 268 for methadone-d3. The validation parameters f
articular compounds are summarized inTables 2 and 3. The
alidation for LSD has not been performed because th
eloped SPE method has proved to be unsuitable for
solation. The linear regression model was used to calc
egression lines. The relative intensities of selected M
ransitions are summarized together with particular colli
nergies inTable 3and corresponding LODs and LOQs
hown here as well. The relative intensities are present
-

or our developed methods four IP.Table 5shows then th
equired relative intensities of the detected ions using
ous LC/MS/(MS) techniques expressed as a percenta
he intensity of the most intense ion or transition. Compa
equired relative intensities stated inTable 5with our re-
ults mentioned inTable 3, it is apparent that our LC/MS/M
ethods easy fulfill criteria for permitted relative intensi
f MRM transitions.

LC/MS/MS chromatograms of studied drugs are sh
n Fig. 2. The most intense peak corresponds to the q
ifier (most intense MRM transition) and the other one
ualifiers.

able 5
aximum permitted tolerances for relative ion intensities using LC/MS t
iques (adapted from[4,5])

elative intensity (% of base peak) LC/MS, LC/MSn (relative, %)

50 ±20
0–50 ±25
0–20 ±30
10 ±50
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Fig. 2. Typical LC/MS/MS chromatograms of calibration standard samples (plasma spiked at level of 100 ng/ml) for demonstration of intensities of selected
MRM transitions.

In case of cannabinoids the influence of mobile phase was
studied.Fig. 3 shows chromatograms of standard mixtures
obtained by using mobile phases with different pH. No bigger
differences have been observed for 11-OH-THC when using
mobile phase I. (A) 1 mM ammonium formate (pH 2.7) and
as (B) acetonitrile with 1 mM ammonium formate (pH 5.5)
or mobile phase II: (A) 5 mM ammonium acetate (pH 6.5)
and (B) acetonitrile, but on the other hand, the analysis and
ionization of THC-COOH and especially THC have been
influenced by the pH of mobile phase more significantly. The
peak areas of analytes were approximately 1.3× smaller for
11-OH-THC, 2× for THC-COOH and 6.5× for THC when
using more acidic mobile phase I. As can be seen (Fig. 3),
there was practically no separation of 11-OH-THC and THC-
COOH using these conditions.

The method developed for basic drugs shows very good se-
lectivity. As an example one of the six different blank plasma
samples is shown inFig. 4 and a calibration plasma sam-
ple spiked at level 10 ng/ml is shown here as well. No ma-
trix interferences have been observed during any other anal-
ysis. Examples of analysis of real case samples are illus-
trated inFig. 5. These show chromatograms of urine sam-
ple after heroin and cocaine intake and urine sample after
codeine intake. The second example demonstrates the pos-
sibility of application of this method for the identification
of codeine–glucuronide, the major phase-II-metabolite of
codeine. Ion suppression effects, which have been reported to
be a problem in some cases with ESI of drugs and have been
investigated in several studies, were not further investigated
here. It was because the deuterated internal analogues of the
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Fig. 3. MRM chromatograms of analysis of cannabinoid standard mix-
ture (concentration, 10�g/ml) using different mobile phases: (a) A: 1 mM
ammonium formate (pH 2.7), B: acetonitrile with 1 mM ammonium for-
mate (pH 5.5); (b) A: 5 mM ammonium acetate (pH 6.5), B: acetonitrile;
flow: 0.25 ml/min, gradient: 0–1.0 min, 30% B, 1.0–10 min: linear from
30% to 90% B, 10–11 min: 90% B, 11–12 min: linear from 90% to 30%
B, 12–16 min: 30% B; Luna 3� PhenylHexyl column.

Fig. 4. Reconstructed (from MRM transitions of quantifiers, seeTable 3
or Fig. 2) MRM chromatograms: (a) of calibration standard mixture of
selected basic drugs (plasma spiked at concentration level of 10 ng/ml);tr
[min]: 4.83, M3G; 5.08, normorphine; 5.36, morphine; 6.71, codeine; 7.11,
MAM; 7.93, BE; 8.62, heroin; 9.15, cocaine; 10.3, LSD; 12.07, methadone;
individual MRM chromatograms shown inFig. 2 MRM (b) same MRM
traces of blank plasma.

Fig. 5. Reconstructed (from MRM transitions of quantifiers, seeTable 3or
Fig. 2) MRM chromatograms of analysis of urine samples (a) after codeine
intake: 5.8, morphine; 6.4, codeine–glucuronide; 6.8, codeine and (b) after
heroin and cocaine intake: 4.9, M3G; 5.4, morphine; 6.7, codeine; 7.2, MAM;
7.9, BE; 9.1, cocaine.

analytes were used for quantification and good linearity was
found throughout the calibration range for every analyte.

4. Conclusion

LC/MS/MS is a very powerful analytical tool for
confirmatory analysis of drugs of abuse especially of
polar, thermally labile and not volatile compounds and
their metabolites. However, only the most recent criteria
concerning confirmation of identity of substances in foren-
sic toxicology also take into consideration LC/MS and
LC/MS/MS methods. We have presented two validated
methods taking into account recently established criteria
for confirmation of identity using LC/MS/MS. Presented
methods can fulfill the requirement for a minimum of four
identification points with two MRM transitions for confir-
mation of compound identity. Furthermore, the requirements
of the EU guidelines concerning the variability of relative
ion intensities of the MRM transitions could be met by these
methods even at low analyte concentrations. Both methods
are sufficiently sensitive to fulfill current recommendations
of the German Society of Toxicological and Forensic
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Chemistry[22] for confirmatory analysis of drugs of abuse
in driving under the influence of drugs (DUID) cases. Fur-
thermore, they can also be used for the fast and simultaneous
detection of illegal drugs in drug related deaths.
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