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Abstract

A liquid chromatography–tandem mass spectrometry (LC–MS–MS) method is presented for the qualitative screening for
238 drugs in blood samples, which is considerably more than in previous methods. After a two-step liquid–liquid extraction
and C chromatography, the compounds were introduced into a triple quadrupole mass spectrometer equipped with a turbo18

ion spray ion source operating in the positive ionization mode. Identification was based on the compound’s absolute retention
time, protonated molecular ion, and one representative fragment ion obtained by multiple reaction monitoring (MRM) at an
individually selected collision energy of 20, 35, or 50 eV. The limit of detection (LOD) for the majority of the compounds
(80%) was#0.05 mg/ l, ranging from 0.002 mg/ l (e.g., antihistamines) to 5 mg/ l (acidic compounds), and for malathion it
was 10 mg/ l. The LOD values were sufficiently low to allow the majority of compounds to be detected at therapeutic
concentrations in the blood.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction (LC–MS) is current and very promising tool for
comprehensive screening analysis. Marquet[1] has

Screening for a wide range of toxicologically recently evaluated the suitability of LC–MS for
relevant compounds in biological samples continues toxicological screening and concluded that it is
to be a challenge for forensic and clinical toxicology probably as efficient as GC–MS or LC with diode
laboratories. None of the existing techniques, thin- array detection and complementary to those tech-
layer chromatography (TLC), gas chromatography niques. LC–MS provides three alternatives: (1) with
(GC), capillary electrophoresis (CE), liquid chroma- a single-stage mass spectrometer (LC–MS) in the
tography (LC), or gas chromatography–mass spec- scan mode and applying in-source collision-induced
trometry (GC–MS), shows superior performance in dissociation (in-source CID), the sample is screened
this area. Liquid chromatography–mass spectrometry at variable orifice voltages, and all peaks exceeding

the preset criteria for intensity are identified by
comparison of their spectra with in-source CID*Corresponding author. Tel.:1358-9-1912-7485; fax:1358-9-
spectrum libraries; (2) with a tandem mass spec-1912-7518.
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ment (DDE), the sample is first screened in the scan approach has been used for the screening and
mode, then in an automatically started second run, quantitation of various drug groups which comprise a
the MS–MS spectrum is acquired from all ions limited number of compounds[9,10]. In an earlier
exceeding the preset area threshold limit; (3) with application at our laboratory[11], an additional
LC–MS–MS instrument and multiple reaction moni- confirmation step added to the procedure used DDE
toring (MRM), samples are monitored for a large and library search of the product ion spectra.
number of previously selected compounds. Our object was to show that by using LC–MS–

Three recent studies describe screening methods MS with MRM, it is technically possible simul-
using LC–MS with in-source CID. In the papers by taneously to screen for a significantly higher number
Marquet et al.[2] and Saint-Marcoux et al.[3], four of compounds than has been reported earlier, and in
separate spectra were generated at the same time by a very simple, rugged, and sensitive manner.
changing the ionization polarity and orifice voltage
during the run. The positive spectra obtained (at120
and180 V) were summed, as well as the negative 2 . Experimental
spectra (220 and 280 V), and both sum spectra
were compared to the spectrum libraries. In another 2 .1. Materials
application, by Weinmann et al.[4], the orifice
voltage was varied between three voltages in the All standard compounds came from various phar-
positive mode and the three spectra simultaneously maceutical companies and all were of pharmaceutical
obtained were then separately searched against the purity. Acetonitrile and methanol (HPLC grade)
spectrum library. In the third application, Rittner et were purchased from Rathburn (Walkerburn, UK),
al. [5] used two different voltages, and searched both ammonium acetate (p.a.), formic acid (p.a.), di-
spectra separately. A limitation of these in-source chloromethane, isopropanol, and tris(hydroxy-
CID approaches is that the origin of the spectra is methyl)-aminomethane (Tris, p.a.) from Merck
unknown, because in complex biological extracts, (Darmstadt, Germany). Purified water was generated
compounds may co-elute, causing summed spectra with an Alpha-Q water purification system from
that are difficult to resolve. Millipore (Bedford, MA, USA).

LC–MS–MS with DDE is an effective tool for
simultaneous screening and identification. This tech- 2 .2. Instrumentation
nique has been applied by Fitzgerald et al.[6] with a
quadrupole ion trap instrument and by Decaestecker HPLC separations were carried out with PE Series
et al. [7] with a quadrupole time-of flight instrument. 200 LC–MS Pumps and Autosampler using a vac-
These instruments allow screening and identification uum degasser. A Genesis C column (100 mm32.118

during one chromatographic run; however, with a mm, particle size 4mm, Jones Chromatography,
triple quadrupole instrument, the identification step Hengoed, UK) was used for separation and a Puros-
requires a second run. In a different type of ap- pher RP-18 LiChro Cart 4-4 (40 mm, particle size 4
proach, the present authors used a single time-of- mm, Merck, Darmstadt, Germany) as a guard col-
flight mass spectrometer (LC–MS-TOF)[8] to umn. The mass spectrometric analysis was per-
screen 433 compounds by their accurate mass. formed in positive ion mode using a PE Sciex API

A benefit of tandem over single MS is better 365 triple stage quadrupole LC–MS–MS (Concord,
specificity, because the daughter ions originate only ON, Canada) instrument equipped with a PE Sciex
from the selected parent ion. Moreover, in all Turbo Ion Spray interface.
applications based on screening in the scan mode,
the sensitivity may be too low to detect small peaks 2 .3. Methods
on the total ion chromatogram, and those peaks will
therefore already be missed in the screening step.2 .3.1. Standard solutions
Because LC–MS–MS with MRM offers better sen- Separate stock solutions were prepared at a con-
sitivity and selectivity than does the scan mode, this centration of 1.0 mg/ml of free compound or salt in
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methanol–water (1:1): 32 standard mixtures were heater gas flow-rate at 7 l /min. The mass spec-
made from the stock solutions, each containing four trometric analysis was performed in positive ion
to nine compounds at a concentration of 10mg/ml mode.
(basic compounds) or 100mg/ml (acidic com- In addition to retention time, identification was
pounds). Working mixtures were diluted from the based on the protonated molecular ion and one
standard mixtures with methanol–water (1:1). Con- representative fragment ion. MRM was used for the
centration of the working solutions of the internal detection of the total of 238 ion transitions. Collision
standards dibenzepine and enalapril was 1mg/ml in energy was set at 20, 35, or 50 eV, depending on
methanol–water (1:1). compound, selected on the basis of the most specific

and intense fragment ion (Tables 1–4). Ion transi-
2 .3.2. Extraction procedure tions were monitored with dwell times of 25 ms, and

Blood was spiked with working mixtures to obtain the total cycle time was 6 s.
concentrations between 0.002 and 10 mg/ l of free
compound or salt, depending on the original refer- 2 .3.5. Reference methods
ence compound. Extraction of the blood samples (1 LC–MS–MS results were compared with the
ml) was carried out in two steps as described earlier accredited routine methods of our laboratory. In the
[11]. (1) The basic internal standard (dibenzepine 20 capillary gas chromatographic (GC) method, the
ml, 1 mg/ml) was added to 1 ml of blood sample, compounds were identified in the blood by a dual
which was made basic with Tris–buffer (pH 11) and column system with retention index standards[12].
extracted with butyl acetate. (2) The acidic internal In the thin-layer chromatographic (TLC) and over-
standard (enalapril 20ml, 1 mg/ml) and NaCl were pressured layer chromatographic (OPLC) methods,
added to the rest of the blood, which was then made identification of compounds in urine or liver were
acidic with phosphate buffer and phosphoric acid, based on their correctedR values, in situ UVf

and extracted with dichloromethane–isopropanol spectra, and color reactions[13,14]. If the results
(95:5). The extracts were combined and analyzed by obtained by the MRM screening and the routine
LC–MS–MS. methods were in disagreement, GC–MS served as a

confirmation technique. GC–MS analysis was car-
2 .3.3. Liquid chromatography ried out in the selected ion mode (SIM), and

LC separation was performed as described earlier identification of compounds was based on the re-
[11]. The separation column was stabilized at 358C. tention time and two to four most abundant ions.
The gradient involved acetonitrile and ammonium
acetate buffer (10 mM, 0.1% formic acid, pH 3.2) as
follows: CH CN 20–100% in 10 min and then 3 min 3 . Results and discussion3

isocratic. The total run time was 18 min, including
5 min equilibrium time at the beginning and 3 min The most important characteristics of the LC–
cleaning of the column with 100% acetonitrile at the MS–MS screening with MRM are summarized in
end. Total flow-rate through the column was 200 Tables 1–4.The LOD values were determined by
ml /min. Injection volume was 30ml. spiking whole blood samples with an appropriate

series of the working standard mixtures. Replicates
2 .3.4. Mass spectrometry were extracted and analyzed in another day to check

Total eluent flow from the HPLC was directed into the reproducibility. The limit of detection (LOD)
the turbo ionspray source without splitting. Needle was defined by five criteria: (1) M11 and the
voltage was 5.2 kV, and the nebulizer gas (air, 60 fragment ion were found, (2) the retention time
p.s.i.) and curtain gas (nitrogen, 40 p.s.i.) were set at difference was60.3 min with retention times less
10 and 12 in the Sciex control software, respectively. than 3 min, and60.2 min with retention times
The collision cell gas (nitrogen, 40 p.s.i.) in all higher than 3 min, (3) the signal /noise ratio was at
MS–MS experiments was set at 2. The turbo ion least three, (4) at least four data points were mea-
spray heater temperature was set at 3758C and the sured across the chromatographic peak, (5) the peak
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T able 1
Protonated molecules (M11), monitored fragments, collision energies (CE), LC retention times (RT), and limits of detection (LOD) of the
screened compounds; lowest values studied marked ‘‘#’’

Compound M11 Fragment CE RT LOD
(eV) (min) (mg/ l)

Acebutolol 337.0 319.0 20 3.8 0.1
Acrivastine 349.2 278.0 20 5.7 #0.02
Alprazolam 325.2 297.0 35 6.1 #0.02
Alprazolam, 1-hydroxy- 309.0 281.0 35 6.6 #0.02
Alprenolol 250.2 173.0 20 5.4 0.01
Amantadine 152.2 135.3 20 3.4 0.1
Amiloride 230.2 171.0 20 2.0 0.1
Aminophenazone 232.2 113.0 20 2.8 #5
Aminophenazone, 4-methyl- 218.2 187.0 20 2.6 #5
Amiodarone 646.0 100.3 35 10.2 0.05
Amitriptyline 278.0 233.0 20 6.6 #0.02
Astemizol 459.2 218.0 35 5.8 #0.02
Atenolol 267.2 225.0 20 1.7 0.30
Azacyclonol 268.2 250.0 20 5.1 0.02
Benzhexol 302.2 98.0 35 6.6 #0.02
Benzoylecgonine 290.2 168.0 20 3.3 0.01
Betaxolol 308.2 116.3 35 5.5 0.01
Biperidine 312.2 98.0 35 6.2 #0.02
Bisoprolol 326.2 116.0 20 5.0 #0.02
Bromipheniramine 319.2 274.2 20 5.3 0.002
Bupivacaine 289.2 140.3 35 5.1 #0.02
Buprenorphine 468.2 396.3 50 5.9 0.01
Buspirone 386.2 122.0 50 5.1 0.002
Caffeine 195.0 138.0 35 2.8 1
Carbamazepine 237.0 194.0 20 6.1 #0.02
Carbamazepine, 10-hydroxy- 255.2 237.0 20 4.5 0.1
Carbinoxamine 291.2 202.0 20 5.1 0.002
Carisoprodol 261.2 176.0 20 6.7 #5
Carvedilol 407.2 222.0 35 6.2 #0.02
Celiprolol 380.2 251.0 35 4.3 0.05
Cetirizine 389.2 201.2 35 6.3 0.05
Chlorcyclizine 201.0 166.0 20 6.6 #0.02
Chlordiazepoxide 300.2 282.0 35 5.7 #0.02
Chlormezanone 274.2 209.0 20 5.8 #5
Chloroquine 320.0 247.0 35 2.7 0.02
Chlorpheniramine 275.2 230.2 20 5.1 0.002
Chlorpromazine 319.0 246.0 35 7.0 0.02
Chlorpropamide 277.0 192.0 20 6.7 #5
Chlorprothixene 316.0 231.0 35 7.0 #0.02
Cinnarizine 369.2 167.0 20 7.9 #0.02
Citalopram 325.0 109.0 35 5.7 #0.02
Citalopram, desmethyl- 311.2 262.0 20 5.5 #0.02
Clemastine 344.2 215.2 20 7.7 0.02
Clobazam 301.2 259.0 35 7.3 #0.02
Clobazam, nor- 287.0 245.0 35 5.8 0.1
Clobutinol 256.2 238.0 20 5.3 0.02
Clomethiazol 162.0 113.0 35 6.2 0.5
Clomipramine 315.0 86.0 35 7.1 #0.02
Clomipramine, desmethyl- 301.2 270.3 20 6.9 0.02
Clonazepam 316.0 270.0 35 6.6 #0.02
Clonazepam, 7-amino- 286.2 222.0 35 4.4 0.02
Clonidine 230.0 213.0 35 2.8 0.1
Clozapine 327.2 270.3 35 5.6 #0.02
Cocaine 304.2 182.0 35 4.6 #0.02
Codeine 300.2 215.0 35 2.5 0.1
Coumatetralyl 293.0 175.0 35 8.4 0.05
Cyclizine 267.4 167.2 20 5.8 #0.02
Dextropropoxyphen 340.0 266.0 20 6.6 0.05
Demoxepam 287.0 269.0 35 5.8 0.02
Dextrometorphan 272.2 215.0 35 5.5 #0.02
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T able 2
Protonated molecules (M11), monitored fragments, collision energies (CE), LC retention times (RT), and limits of detection (LOD) of the
screened compounds; lowest values studied marked ‘‘#’’

Compound M11 Fragment CE RT LOD
(eV) (min) (mg/ l)

Diazepam 285.0 222.0 35 8.1 0.02
Diazepam, desmet- 271.0 208.0 35 7.2 0.05
Diltiazem 415.0 178.0 35 5.8 #0.02
Diphenhydramine 256.0 167.2 20 5.7 #0.02
Dipyridamole 505.2 429.3 50 5.4 0.005
Disopyramine 340.2 239.0 20 4.4 #0.02
Dixyrazine 428.2 229.0 35 6.8 0.005
Doxapram 379.2 292.3 35 4.8 #0.02
Doxepine 280.2 235.0 20 5.9 #0.02
Ebastine 470.2 203.0 35 9.6 0.005
Embutramide 294.2 208.0 20 6.7 0.005
Ergotamine 582.2 564.3 20 5.5 0.005
Ethenzamide 166.2 149.0 20 5.0 0.05
Ethylmorphine 314.2 229.0 35 3.2 0.05
Ethylparathion 292.0 236.0 20 9.7 #5
Etodroxizine 419.2 201.0 35 6.4 #0.02
Felodipine 384.2 338.2 20 9.6 0.02
Fenazepam 351.0 206.0 50 7.5 #0.02
Fenfluramine 232.0 159.0 35 5.3 #0.02
Fenkamfamine 216.4 171.0 20 5.1 #0.02
Fentanyl 337.2 188.3 35 5.5 #0.02
Fexofenadine 502.2 466.2 35 6.3 #0.02
Flecainide 415.2 398.3 35 5.9 #0.02
Fluconazole 307.2 238.0 20 4.0 0.1
Flumazenil 304.2 258.0 20 5.2 #0.02
Flunitrazepam 314.2 268.3 35 7.1 0.002
Flunitrazepam, desmethyl- 300.2 254.0 35 6.4 0.02
Fluoxetine 310.2 148.0 20 6.8 0.1
Flupentixol 435.2 390.3 35 7.5 0.18
Fluvoxamine 319.2 259.0 20 6.3 0.02
Glibenclamide 494.0 369.0 20 8.5 #0.02
Glipizide 446.2 321.0 20 6.8 #0.05
Haloperidol 376.0 165.0 35 6.1 #0.02
Histapyrrodine 281.2 210.3 20 6.3 0.02
Hydrocodone 300.2 199.0 35 3.0 0.05
Hydroxychloroquine 336.2 247.0 35 2.4 #0.3
Hydroxyzine 375.2 201.0 35 6.3 #0.02
Imipramine 281.2 208.0 35 6.4 0.05
Indomethacine 358.0 138.8 20 8.6 0.05
Isoniazide 138.2 121.0 20 2.2 3
Isradipine 372.4 340.0 20 8.6 0.05
Ketamine 238.2 220.0 20 3.6 #0.05
Ketobemidone 248.2 190.3 35 3.3 #0.05
Ketoprofen 255.0 209.0 35 7.3 0.1
Ketorolac 256.2 105.0 20 6.2 0.05
Labetalol 329.2 311.0 20 4.9 0.05
Lamotrigine 256.0 211.0 35 4.0 0.1
Levocabastine 421.2 375.0 35 5.8 0.01
Levomepromazine 329.0 242.0 35 6.5 0.02
Lidocaine 235.2 86.0 20 3.7 #0.05
Loratadine 383.0 337.0 35 9.3 0.002
Lorazepam 321.2 303.0 20 6.6 0.02
Lormetazepam 335.0 289.0 35 7.4 #0.02
LSD 324.2 223.0 35 4.7 #0.02
Malathion 331.2 127.0 20 8.9 10
Maprotiline 278.2 250.0 20 6.4 #0.02
MDMA 194.2 163.0 20 3.3 0.02
Meclozine 391.2 201.0 20 8.5 #0.02
Medazepam 271.2 207.0 35 6.3 #0.02
Meloxycam 352.0 115.0 35 7.1 0.01
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T able 3
Protonated molecules (M11), monitored fragments, collision energies (CE), LC retention times (RT), and limits of detection (LOD) of the
screened compounds; lowest values studied marked ‘‘#’’

Compound M11 Fragment CE RT LOD
(eV) (min) (mg/ l)

Melperone 264.0 165.0 35 5.0 #0.02
Mepivacaine 247.2 98.0 20 3.7 #0.02
Meprobamate 241.2 139.0 20 4.9 0.1
Mesoridazine 387.2 372.3 35 5.4 #0.02
Metamphetamine 150.2 91.0 20 3.3 0.05
Methadone 310.2 265.3 20 6.7 #0.02
Methadone, nor- 296.2 251.0 20 6.3 0.05
Methylparathion 264.2 232.0 20 8.6 10
Methylphenidate 234.2 84.0 35 4.2 #0.02
Metoclopramide 300.2 227.0 20 3.8 #0.02
Metoprolol 268.2 191.0 20 4.1 0.02
Metronidazol 172.2 128.0 20 2.6 1
Mexiletine 180.2 58.0 20 4.4 0.05
Mianserine 265.2 208.0 20 5.7 #0.02
Mianserine, desmethyl- 251.2 208.0 20 5.5 0.01
Midazolam 326.0 291.0 35 5.9 #0.02
Midazolam, 1-hydroxy- 342.2 324.0 35 6.2 #0.02
Mirtazapine 266.2 195.0 35 4.4 #0.02
Mizolastine 433.2 308.4 20 5.5 0.01
Moclobemide 269.2 182.0 20 3.7 0.05
Molindone 277.2 100.0 35 4.0 #0.02
Morphine 286.0 201.0 35 2.0 0.1
Morphine, 6-monoacetyl- 328.2 211.0 35 2.7 0.1
Nicotine 163.2 132.0 20 2.2 0.05
Nifedipine 347.2 254.0 20 7.5 0.02
Nikethamide 179.2 108.0 20 3.6 #0.02
Nitrazepam 282.2 236.0 35 6.5 #0.02
Nitrazepam, 7-amino- 252.2 121.0 35 3.5 #5
Nizatidine 332.2 286.0 20 1.7 1
Nomifensine 239.2 196.0 20 4.6 #0.02
Nortriptyline 264.2 233.3 20 6.4 #0.02
Norverapamil 441.2 165.0 35 6.2 1
Noscapine 414.2 220.0 35 5.0 #0.02
Olanzapine 313.2 256.0 35 3.0 0.05
Ondansetrone 294.2 170.0 35 4.6 #0.02
Orphenadrine 270.4 181.2 20 6.1 #0.02
Oxazepam 287.0 269.0 20 6.3 #0.02
Oxcarbazepine 253.2 236.0 20 5.3 0.02
Oxprenolol 266.2 225.3 20 4.7 0.02
Oxycone 316.2 298.3 20 2.8 0.05
Papaverine 340.2 202.0 35 4.8 #0.02
Paracetamol 152.0 110.0 20 2.5 #5
Paroxetine 330.2 192.0 35 6.2 0.02
Pemoline 177.0 106.2 20 3.3 0.05
Pentazocine 286.2 218.3 35 5.0 #0.02
Pentifylline 265.2 138.0 35 7.3 #5
Pentoxyverine 334.2 100.0 35 6.6 #0.02
Perphenazine 404.2 171.3 35 6.9 0.002
Pethidine 248.2 220.3 35 4.7 #0.02
Phenazone 189.2 147.0 35 3.9 0.05
Phencyclidine 244.2 159.0 20 5.3 0.05
Pheniramine 241.2 196.0 20 4.1 0.02
Phenylbutazone 309.2 160.3 35 9.0 #5
Phenylpropanolamine 152.2 134.2 20 2.5 0.3
Phenytoin 253.2 182.3 20 6.1 0.05
Pindolol 249.2 172.0 20 3.3 0.05
Piroxycam 332.0 164.0 20 6.6 0.02
Pitofenone 368.2 112.0 35 5.4 #0.02
Pizotifen 296.2 96.0 35 6.5 #0.02
Practolol 267.2 225.0 20 1.8 0.1
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T able 4
Protonated molecules (M11), monitored fragments, collision energies (CE), LC retention times (RT), and limits of detection (LOD) of the
screened compounds; lowest values studied marked ‘‘#’’

Compound M11 Fragment CE RT LOD
(eV) (min) (mg/ l)

Prazosin 384.0 247.0 35 4.1 0.05
Prilocaine 221.2 86.0 20 3.8 #0.02
Primidone 219.2 162.3 20 4.0 #5
Procainamide 236.0 163.0 20 2.2 0.05
Prochlorperazine 374.2 141.0 35 7.5 0.02
Promazine 285.0 86.0 20 6.2 #0.02
Prometazin 285.2 240.0 20 6.0 0.05
Propafenone 342.2 324.0 20 6.3 #0.02
Propranolol 260.2 155.0 35 5.4 0.02
Propyphenazone 231.2 189.0 20 6.6 0.50
Pseudoephedrine 166.2 148.0 20 2.6 1
Quinine 325.2 307.0 35 4.2 0.02
Ranitidine 315.2 176.0 20 1.8 0.1
Risperidone 411.2 191.0 35 4.9 #0.02
Rocurone 529.4 487.2 35 3.8 0.1
Ropivacaine 275.2 126.0 35 4.6 #0.02
Salicylamide 138.2 121.2 20 4.2 #5
Selegiline 188.2 119.2 20 4.1 0.05
Sertindol 441.2 113.0 35 7.2 #0.02
Sertraline 306.0 275.2 20 6.8 0.02
Sulindac 357.0 233.0 35 6.5 0.02
Simazine 202.3 104.0 35 6.0 0.1
Sincocaine 344.2 271.3 35 6.5 #0.02
Sisapride 466.2 184.0 35 5.9 #0.02
Sotalol 273.2 255.0 20 2.1 0.1
Strychnine 335.2 184.0 50 5.3 0.05
Sulpride 342.2 214.0 35 1.9 0.1
Sulthiame 291.0 185.0 35 4.1 0.05
Temazepam 301.0 255.0 35 7.2 #0.02
Terbutaline 226.2 152.0 20 2.3 0.1
Terfenadine 472.2 436.4 35 8.1 0.002
Terodiline 282.2 226.2 20 6.7 #0.02
Tetracaine 265.2 176.0 20 5.7 #0.02
Tetrahydrocannabinol 315.2 193.2 20 12.3 0.05
Tetryzoline 201.2 131.0 35 3.6 0.1
Theobromine 181.0 138.0 20 2.3 #5
Theophylline 181.2 124.2 20 2.4 #5
Thioridazine 371.0 126.0 35 7.5 0.02
Thioridazine, 5-sulfoxy- 387.2 244.0 50 5.3 0.02
Timolol 317.2 261.0 20 3.8 0.05
Tiotixene 444.2 335.2 35 6.7 0.02
Tolbutamide 271.2 155.0 20 7.1 #5
Toremifen 406.2 72.2 35 8.7 0.02
Tramadol 264.0 58.0 20 4.2 0.02
Trazodone 372.0 176.0 35 5.2 #0.02
Triamteren 253.8 237.0 35 3.2 0.1
Triazolam 343.0 308.0 35 6.7 0.002
Triazolam, 1-hydroxy- 359.0 250.0 50 6.1 0.02
Trimeprazine 299.2 100.0 35 6.4 #0.02
Trimethoprim 291.2 230.0 35 3.1 0.05
Trimipramine 295.2 100.0 20 6.7 #0.02
Trimipramine, desmethyl- 281.4 86.0 20 6.7 #0.02
Venlafaxine 278.2 260.3 20 4.9 0.02
Verapamil 455.2 165.0 35 6.5 #0.02
Warfarin 309.2 251.0 20 7.9 #0.02
Yohimbine 355.2 144.0 35 4.5 #0.02
Zolpidem 308.2 235.3 35 4.7 #0.02
Zopiclone 389.0 245.0 20 4.0 0.1
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areas for the internal standards were above the tected only in the MRM screening and were verified
minimum limit, showing that both the basic and the by GC–MS-SIM.
acidic extractions had been successful. LOD was As shown inTable 5, method performance was
#0.05 mg/ l for 80% of the compounds. However, tested by analyzing 71 blood samples taken at
because subtherapeutic concentrations were not autopsy and comparing the results with those ob-
studied, for some compounds, LOD may thus be tained with our reference methods (see Section 2).
even lower than the values reported inTables 1–4. The samples consisted of a randomly selected series

Ion suppression, caused by matrix, can effect the of 20 and 12 successive samples, and in addition, 39
LOD values. Matrix effects were tested earlier by the samples were selected based on the results obtained
present authors by spiking antihistamines to autopsy by the reference methods to broaden the selection of
blood samples[11]. The average relative standard compounds. Findings by the reference methods were
deviation within samples was 11%, while between regarded as correct.
samples it was 21%, showing that the matrix effect Of the findings by MRM screening, 256 (92%)
for these compounds was approximately 10%. were consistent with those obtained by GC in blood

¨Muller et al. [15] have recently studied the ion or TLC/OPLC in urine or liver. Sixty-eight different
suppression effect after different extraction proce- compounds were identified by MRM. In 55 autopsy
dures of serum, and concluded that it is critical only cases of the 71 studied, 76 findings were only by
in the LC-front peak but not during the rest of the MRM. Metabolites at concentrations lower than the
gradient. LOD of the reference methods explain 28 of these

Tables 1–4shows that the LOD obtained for a findings. The other cases were re-analyzed by GC–
majority of the 238 compounds was low enough for MS-SIM to confirm the results, and confirmation
forensic and clinical toxicology. For only seven analysis showed that 30 of these findings were true-
compounds was LOD clearly higher than the thera- positives and 18 apparently false-positives. Some of
peutic concentration range (C ). C and LOD for the additional positive findings by MRM may be duether ther

those compounds were as follows: amiloridē0.04 to the fact that the selection of compounds included
and 0.2 mg/ l, flupenthixol 0.001–0.015 and 0.18 in our MRM library was not exactly the same as in
mg/ l, isradipine 0.0005–0.002 and 0.05 mg/ l, the reference methods. In practical casework, all
clemastine,0.002 and 0.02 mg/ l, clonidine 0.0003– MRM screening results are always confirmed by
0.0015 and 0.1 mg/ l, terbutaline 0.001–0.006 and another independent method and/or other sample
0.1 mg/ l, and levocabastine 0.01 and ad 0.002 mg/ l, material.
respectively. Interference from matrix was estimated by analyz-

For more compact reporting of screening results ing blank samples (bovine blood), which were found
for these 238 compounds, we modified the PE Sciex clean, and 12 autopsy samples that by reference
TurboQuan 1.0 program and divided the results table methods were found negative or contained only
into two pages. In the results tables (Fig. 1), all caffeine. The only detected interference was the
compounds searched for were listed by name, and transition of 275.2→126.0 (ropivacaine), which was
only in cases of a positive finding was the name present at times also in other samples at low
followed by the peak area. All compounds and their intensities. Therefore, the peak detection threshold
integration parameters can be viewed and printed was increased for this compound.
from a separate window (Fig. 2). As can be seen inTable 5,caffeine was the most

An example of the report for an autopsy blood common finding in autopsy blood samples, but
sample (120/02) isFig. 1.Peak areas for the internal because of its poor peak shape, it was also often
standards (dibenzepin and enalapril) fell within the missed by MRM at subtherapeutic levels. Two
acceptable range. Drugs found in the MRM screen- metabolites of caffeine, theobromine and theophyl-
ing as well as in the reference GC analysis were line, were in some cases detected instead. Because
zopiclone 0.5 mg/ l, mianserine 0.2 mg/ l, theophyl- theC for caffeine is 8–15 mg/ l, missing caffeinether

line 7.5 mg/ l, and caffeine,1 mg/ l. Desmethyl- in these cases was not of toxicological importance.
mianserine, venlafaxine, and risperidone were de- By MRM, the other missed findings were oxazepam
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Fig. 1. Results table for sample 120/2002 (page 1/2). Positive findings and internal standards are indicated by their corresponding peak
areas.

at levels 0.1 and 0.03 mg/ l (C 0.1–1.4 mg/ l), use a pause time between the transitions, but thisther

alprazolam at 0.05 and 0.03 mg/ l (C 0.01–0.02 causes ‘‘dead time’’, making the scan cycle timether

mg/ l), zopiclone at 0.2 mg/ l (C 0.01–0.05 mg/ l), significantly longer, which leads to fewer data pointsther

levomepromazine at 0.2 mg/ l (C 0.05–0.14 mg/ during a chromatographic peak. Our selection ofther

l), nicotine twice at 0.1 mg/ l (C 0.01–0.04 mg/ l), compounds included only four pairs of compoundsther

olanzapine at 0.2 mg/ l (C ad 0.2 mg/ l), and for which cross-talk really was an issue (same RTther

theophylline at 5.5 mg/ l (C 8–20 mg/ l). and the same fragment ion): atenolol and practololther

In a multiple-compound MRM analysis, the possi- (1.7 min; 267→225 and 267→225), fenfluramine
bility of cross-talk has to be considered. Cross-talk and phencyclidine (5.3 min; 232→159 and
may take place if two compounds coeluting and 244→159), cetirizine and hydroxyzine (6.3 min;
having the same fragment ions are monitored in two 389→201 and 375→201), and nortriptyline and
successive transitions. The extent of this problem sulindac (6.4 min; 264→233 and 357→233).
depends on instrument speed: the fragment ions Atenolol and practolol have the same parent and
should pass through the collision cell fast enough to fragment ions, and the same retention time by the LC
exit the cell before the same fragments of the next system used, but they can be separated with a very
compound come in. One way to fix this problem is to slow gradient. For all other analytes in our applica-
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Fig. 1. (continued)

tion, the order of MRM transitions was arranged so shape and reproducible integration. This resulted in a
that the time between the same fragment ion origina- compromise value of 25 ms dwell time for all 238
ting from different parent ions was as long as compounds and a total cycle time of 6 s, which
possible, at least 200 ms (with eight other com- means that the chromatographic peak width must be
pounds between parents, 25 ms/ transition). Addi- at least 24 s, and therefore the chromatographic run
tionally, a difference of at least 5 u was used must not be too fast, producing sharp peaks which
between consecutive fragment ions, and with this will be undetected. We showed that at the LOD of
procedure we noticed no cross-talk effects. This was the studied compounds, four to six data points per
in agreement with findings of Tong et al.[9], who peak were obtainable in a 10-min chromatographic
studied the effect of mass differences on cross-talk. run.

Dwell time, which is the time used for monitoring Splitting the chromatographic run into time win-
each ion transition, has a significant effect on dows according to compound retention times is also
detection limits. Generally, dwell time should be possible, so that more data points per peak can be
maximized to improve signal-to-noise ratio. With our achieved because the number of transitions in each
instrument, however, dwell times longer than 100 ms time window will be smaller. Fillion et al.[16] have
did not improve the ratio further (Fig. 3), but instead used this approach with gas chromatography, in
increased the threshold. While processing as many as which accuracy and reproducibility of retention times
238 compounds, the upper limit for dwell time was is better than in liquid chromatography. In our
restricted by the number of data points across the selection of compounds, differences in retention
chromatographic peak: for qualitative purposes, four times between successively eluting compounds were
data points are enough to pick up the peak from the very small, less than 0.1 min for the first 217
background reliably, whereas for quantitation pur- compounds. Consequently, even small fluctuations in
poses, 10–15 data points are required for good peak retention times will cause a peak to slide outside its
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Fig. 2. Example of the peak review window (sample 120/2002). Names, mass transitions, integration parameters, and MRM-chromato-
grams of four compounds can be examined at the same time in one review window. Peaks fitting the criteria for positive identification are
darkened.

time window; all compounds close to the time taneously in the ion source and therefore interfere
window borders should therefore be monitored in with identification. Another benefit is its high sen-
two successive windows. Because this approach sitivity. In LC–MS with in-source CID[2–4] or
would have made this method less robust and much LC–MS–MS with DDE[6,7], the instrument is
more complicated, we chose not to apply it. operated in scanning mode during the screening step,

An important advantage of MRM is that coeluting whereas in MRM, better sensitivity is achieved
compounds do not interfere, as with in-source CID, because of longer dwell times per ion.
where coeluting compounds are fragmented simul- The number of compounds in the present MRM
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T able 5
Comparison of findings by LC–MS–MS and the GC, TLC or OPLC reference methods: results for 71 autopsy cases

Compound Number of findings Compound Number of findings

Ref. LC– Ref. LC–
methods MS–MS methods MS–MS

Caffeine 40 31 Theophylline 2 1
Desmethyldiazepam 22 22 Thioridazine, 5-sulfoxy- 2 2
Oxazepam 16 14 Venlafaxine 2 2
Temazepam 16 19 Verapamil 2 2
Diazepam 14 14 Warfarin 2 2
Citalopram 13 13 Acebutolol 1 1
Paracetamol 11 11 Amiodarone 1 1
Zopiclone 8 7 Bupivacaine 1 1
Carbamazepine 7 7 Carbamazepine, OH- 1 1
Citalopram, desmethyl- 7 10 Chloroquine 1 1
Lidocaine 7 7 Clomethiazol 1 1
Chlordiazepoxide 6 6 Codeine 1 1
Nicotine 6 4 Dextromethorphane 1 1
Promazine 6 6 Dextropropoxyphene 1 1
Demoxepam 5 5 Fluoxetine 1 1
Tramadol 5 5 Hydroxyzine 1 1
Clozapine 4 4 Mesoridazine 1 1
Levomepromazine 4 3 Methadone 1 1
Mianserine 4 4 Metoclopramide 1 1
Mirtazapine 4 4 Metoprolol 1 1
Phenytoin 4 4 Moclobemide 1 1
Alprazolam 3 1 Oxycodone 1 1
Amitriptyline 3 3 Propranolol 1 1
Chlorprothixene 3 3 Quinine 1 1
Diltiazem 3 3 Risperidone 1 1
Doxepine 3 3 Ropivacaine 1 1
Orphenadrine 3 3 Theobromine 1 1
Thioridazine 3 3 Trazodone 1 1
Chlorpromazine 2 2 Midazolam 0 1
Fluconazole 2 2 Glibenclamide 0 1
Ketoprofen 2 2 Trimipramine 0 1
Lamotrigine 2 2 Glipizide 0 1
Melperone 2 2 Acrivastine 0 1
Olanzapine 2 1

screening was not as high as in the methods using a possible with newer software (e.g., PE Sciex Analyst
scan mode for screening. Those types of methods 1.3) and a faster instrument.
are, however, also limited to the compounds included
in their spectrum libraries, the largest published
libraries ranging between 400 and 1000 drugs[2– 4 . Conclusions
4,11]. Screening simultaneously 238 MRM transi-
tions is, however, more than in previously reported Our LC–MS–MS method utilizing MRM enabled
methods of this type, and the number of drugs can be us to screen for 238 therapeutic and illegal drugs in
increased still further by use of an LC–MS–MS autopsy blood samples. The method was sufficiently
instrument with higher scan speed. Simultaneous selective and sensitive to detect the majority of
quantitation, as described with antihistamines[11], is compounds down to therapeutic concentration levels
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Fig. 3. The effect of dwell time on signal-to-noise ratio.
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