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Abstract: An ever-increasing need exists within the forensic laboratories to develop analytical
processes for the qualitative and quantitative determination of a broad spectrum of new psychoactive
substances. Phenylethylamine derivatives are among the major classes of psychoactive substances
available on the global market and include both amphetamine analogues and synthetic cathinones.
In this work, an ultra-high-performance liquid chromatography-positive ion electrospray ionization
tandem mass spectrometric method (UHPLC-ESI-MS/MS) has been developed and fully validated
for the determination of 19 psychoactive substances, including nine amphetamine-type stimulants
and 10 synthetic cathinone derivatives, in premortem and postmortem whole blood. The assay was
based on the use of 1 mL premortem or postmortem whole blood, following solid phase extraction
prior to the analysis. The separation was achieved on a Poroshell 120 EC-C18 analytical column with
a gradient mobile phase of 0.1% formic acid in acetonitrile and 0.1% formic acid in water in 9 min.
The dynamic multiple reaction monitoring used in this work allowed for limit of detection (LOD)
and lower limit of quantitation (LOQ) values of 0.5 and 2 ng mL−1, respectively, for all analytes both
in premortem and postmortem whole blood samples. A quadratic calibration model was used for
the 12 quantitative analytes over the concentration range of 20–2000 ng mL−1, and the method was
shown to be precise and accurate both in premortem and postmortem whole blood. The method
was applied to the analysis of real cases and proved to be a valuable tool in forensic and clinical
toxicology.

Keywords: psychoactive substances; UHPLC-MS; dynamic MRM; premortem; postmortem; whole
blood; bioanalysis; forensic analysis

1. Introduction

Over the past decade, the trend towards substance abuse has changed, and many
new psychoactive substances have emerged as “legal high” alternatives to traditional illicit
drugs [1]. This phenomenon was accompanied by increased incidences of people in inten-
sive care units of hospitals after substance use with unknown pharmacological and/or tox-
icological action [2]. The acute and chronic effects of new psychoactive substances (NPSs)
are not always known, and safety data on their toxicity are usually not available [3]. By the
end of 2018, the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA)
recorded more than 730 NPSs, 55 of which were detected for the first time on the drug
market in Europe [4]. Phenylethylamine derivatives are serotoninergic receptor agonists
leading to psychedelic effects and in some cases also inhibiting monoamine reuptake [5].
These compounds are among the major classes of psychoactive substances available on
the global market and include both amphetamine and β-keto amphetamine analogues
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(synthetic cathinones). Synthetic cathinones are sold online as “plant food,” “bath salts,” or
“research chemicals,” labeled as “not for human consumption” to avoid potential regula-
tion [6], and according to the United Nations report, are one of the two largest categories
of substances along with synthetic cannabinoids [7]. The forensic analysis of phenylethy-
lamine derivatives is important because they can be involved in drug-related deaths.
Fatal intoxication due to the recreational use of 3,4-methylenedioxymethamphetamine
(MDMA) and 3,4-methylenedioxy-N-ethylamphetamine (MDEA) has been reported in Italy
in 1996 [8]. MDMA overdosage can cause hyperthermia, cardiac arrhythmias, and renal
failure, leading to death. More recently, 77 deaths where MDMA was detected in the body
were reviewed and of these cases, 59 deaths had MDMA present in whole blood. [9]. In one
case study, death was attributable to the toxic effects of 3,4-methylenedioxypyrovalerone
(MDPV) [10] and in other nine postmortem cases, ethylone was confirmed [11]. According
to the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA 2020 report),
some drugs were more associated than others with admission to critical care, such as
gamma-hydroxybutyrate (GHB)/gamma butyrolactone (GBL) (16%), methamphetamine
(8%) and MDMA (8%) [4]. The Centers for Disease Control and Prevention (CDC) warns
that overdose deaths in the USA from psychostimulants, including methamphetamine,
have steadily increased from 1999 to 2019 [12].

A variety of analytical methods are employed by the forensic laboratories to cover the
analysis of a great number of psychoactive substances in various biological samples [13–15].
Typically, immunoassay tests are used for the preliminary screening of psychoactive sub-
stances [16,17] followed by using hyphenated mass spectrometric methods interfaced either
with gas chromatography (GC-MS/MS) [18–22] or liquid chromatography (LC-MS/MS)
for confirmation and quantitation purposes [23–29]. Only a few screening procedures
based on high resolution mass spectrometry have been published in the literature [30–36].
Whole human blood (premortem and/or postmortem) [37] and urine [38,39] are the bi-
ological samples of choice in forensic toxicological analyses [40,41] for several reasons.
For postmortem cases, the pathologists try to collect whole blood during autopsies and
inspections. Per recommended specimen collection procedures [42], they will typically
collect blood from two different sources such as the heart and peripheral blood from the
femoral vein. Femoral blood is the postmortem sample of choice for quantification of
drugs and interpretation as it is less subject to contamination from trauma and/or post-
mortem redistribution. As for premortem samples from living subjects, many Driving
Under the Influence of Drugs (DUID) laws, including those in the state of Delaware, are
written specifically in reference to blood rather than serum or plasma, again making blood
the preferred specimen for analysis [43]. Additionally, drug concentrations in blood are
frequently available in the scientific literature for comparison of results and for purposes
of interpretation. Considering the ever-increasing number of psychoactive substances, the
increasing demands in the time of issuing the results, and the high cost of analyses, the
development of analytical processes for the qualitative and quantitative determination of a
broad spectrum of psychoactive substances is of great importance. An ever-increasing need
exists within forensic laboratories to improve the sensitivity and reduce the total analysis
time. The main drawback of GC–MS methods is that a derivatization step during sample
preparation is usually required to improve the chromatography of amphetamine-type stim-
ulants [44]. On the contrary, UHPLC, enables ultra-high-speed analysis and provides the
full benefits of chromatography for the separations using shorter analytical columns and
mobile phases at high linear velocities with greater resolution and sensitivity for analytical
determinations, particularly when coupled to mass spectrometry [45–47].

The aim of this study was to develop a new ultra-high-performance liquid chromatography-
positive ion electrospray ionization tandem mass spectrometry (UHPLC-ESI-MS/MS)
method for the identification and confirmation of 19 psychoactive substances from two cat-
egories, including nine amphetamine-type stimulants, namely amphetamine (A), metham-
phetamine (MA), phenylpropanolamine (PHPR), ephedrine, pseudoephedrine (PSE), 3,4-
methylenedioxyamphetamine (MDA), MDMA, MDEA, phentermine (PHRM), and ten syn-
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thetic cathinone derivatives, namely methylphenidate (MPHD), methcathinone (ephedrone),
methedrone (PMMC), mephedrone (4-MMC), ethylone (MDEC), methylone (MDMC),
MDPV, alpha-pyrrolidinopentiophenone (alpha-PVP), bupropion, and hydroxybupropion
in premortem and postmortem whole blood samples. A quantitation method was also
developed for the 12 psychoactive substances, including the nine amphetamine-type stim-
ulants and three synthetic cathinone derivatives MPHD, bupropion, which is used for both
therapeutic and recreational purposes, and its metabolite. The dynamic multiple reaction
monitoring (dynamic MRM) method used in this work requires fewer ion transitions
to be monitored concurrently in a chromatogram, and it allows the collection of many
data points across narrow peaks, exhibiting excellent quantitative results. To the extent
of our knowledge, this is the first reported UHPLC-ESI-MS/MS method targeting the
determination of 19 psychoactive substances both in premortem and postmortem whole
blood samples. UHPLC coupled to triple quadrupole tandem MS is an important tool
for targeted analysis and brings further advantages in terms of selectivity, sensitivity, and
high throughput for the analysis of complex samples. The proposed UHPLC-ESI-MS/MS
method was validated based on the guidelines of the Scientific Working Group of Forensic
Toxicology (SWGTOX) [47,48]. The assay was based on 1 mL premortem or postmortem
whole blood, following solid phase extraction prior to the analysis. The method was suc-
cessfully applied to the analysis of real premortem and postmortem whole blood samples
obtained from various toxicological cases and proved to be a valuable tool in forensic and
clinical toxicology.

2. Materials and Methods
2.1. Chemical and Reagents

Acetonitrile (ACN) of Optima LC-MS grade, methanol (MeOH), 2-propanol (C3H7OH),
and methylene chloride (CH2Cl2) of HPLC grade were obtained by Thermo Fisher Scien-
tific (Pittsburgh, PA, USA). Hydrochloric acid (HCl), ammonium hydroxide (NH4OH) of
Certified ACS plus grade, glacial acetic acid (CH3COOH) of HPLC grade and sodium hy-
droxide (NaOH) of analytical purity grade were also supplied from Thermo Fisher Scientific
(Pittsburgh, PA, USA). Formic acid (HCOOH) of LC-MS grade, sodium phosphate dibasic
(Na2HPO4), and sodium phosphate monobasic monohydrate (NaH2PO4·H2O) were ob-
tained from Sigma Aldrich (St. Louis, MO, USA). HPLC-grade water was purchased by
Aurora Corporation (Wilmington, DE, USA). The solid phase extraction (SPE) experiments
were performed by using a positive pressure manifold of 48 positions purchased from
UCT (Bristol, PA, USA) and Clean Screen® DAU SPE Cartridges (200 mg, 10 mL). Blank
whole blood and premortem and postmortem whole blood samples from real toxicological
cases were obtained according to the rules, ethics, and procedures of the Laboratory of
Toxicology, Division of Forensic Science, Department of Safety and Homeland Security,
State of Delaware, Wilmington, DE, USA.

2.2. Stock Standard Solutions

The stock standard solutions of amphetamine (A), methamphetamine (MA), phenyl-
propanolamine (PHPR), ephedrine, pseudoephedrine (PSE), 3,4-methylenedioxyamphetamine
(MDA), 3,4-methylenedioxymethamphetamine (MDMA), 3,4-methylenedioxy-N- ethylam-
phetamine (MDEA), phentermine (PHRM), methylphenidate (MPHD), bupropion, hydrox-
ybupropion, methcathinone (ephedrone), methedrone (PMMC), mephedrone (4-MMC),
methylone (MDMC), ethylone (MDEC), 3,4-methylenedioxypyrovalerone (MDPV), and
alpha-pyrrolidinopentiophenone (alpha-PVP) at a concentration of 1.0 mg mL−1 for each an-
alyte in methanol were purchased from Cerilliant (Round Rock, Texas, USA). Stock standard
solutions of the internal standards (ISTDs), namely amphetamine-d11, methamphetamine-
d11, ephedrine-d3, pseudoephedrine-d3, norpseudoephedrine-d3, MDA-d5, MDMA-d5,
MDEA-d5, phentermine-d5, methylphenidate-d9, bupropion-d9, hydroxybupropion-d6,
mephedrone-d3, and methylone-d3, were also purchased from Cerilliant (Round Rock, TX,
USA) at a concentration of 100 µg mL−1 in methanol.
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2.3. Working Standard Solutions and Calibration Whole Blank Samples

A mixed working standard solution of the analytes was prepared at 10 µg mL−1

by appropriate dilutions of the stock standard solutions in methanol. A mixed working
standard solution of the internal standards (ISTDs) was prepared at 1 µg mL−1 by appro-
priate dilutions of the stock standard solutions in methanol. The mixed working standard
solutions were stored at −20 ◦C in dark amber vials to protect the analytes and the ISTDs
from light degradation.

Calibration standards spiked in whole blood were freshly prepared by using the mixed
working standard solution at eight different concentration levels, 20, 50, 100, 300, 500, 1000,
1500, and 2000 ng mL−1. Control whole blood spiked samples were also prepared in
an analogous manner at three concentration levels 60, 800, and 1600 ng mL−1. Quality
control whole blood spiked samples were prepared at two concentration levels 60 and
1000 ng mL−1, by using different mixed working solutions. Internal standard (ISTD)
concentration was 100 ng mL−1 for each of the ISTDs used in all the spiked whole blood
samples.

2.4. Sample Preparation Procedure

Cleanup of biological samples is carried out by solid phase extraction. On the day
of extraction, the whole blood samples are vortex-mixed to ensure homogeneity. Conse-
quently, a 1 mL aliquot is transferred to a glass test tube followed by addition of 100 µL
of the mixed working solution of the ISTDs, 4 mL of LC-grade water and 2 mL of 0.1 M
phosphate buffer at pH 6. The mixture is vortexed for 10 sec, remained at rest for 5 min,
and centrifuged at 3000 rpm for 10 min at room temperature. Then the sample is subjected
to solid phase extraction using a Clean Screen® DAU mixed mode SPE cartridge (200 mg,
10 mL). Conditioning of the cartridge is performed with 1 × 3 mL of methanol, 1 × 3 mL
of LC-grade water, and 1 × 1 mL of 0.1 M phosphate buffer at pH 6. After loading of
the sample and subsequent washing with 1 × 3 mL of LC-grade water, 1 × 1.25 mL of
0.1 M acetic acid, and 1 × 3 mL of methanol, the cartridge is dried under vacuum for
5 min. Elution of the analytes is then achieved with 1 × 3 mL of CH2Cl2:C3H7OH:NH4OH
(78:20:2, v/v/v). An aliquot of 100 µL of 0.2% hydrochloric acid solution in 2-propanol is
then added to the extract before the evaporation to dryness with nitrogen at 40 ◦C. The
sample is reconstituted in 0.1% aqueous formic acid solution to a final volume of 0.2 mL
prior to the UHPLC-ESI-MS/MS analysis.

2.5. UHPLC-ESI-MS/MS

The experiments were performed using a UHPLC system model 1260 Infinity (Ag-
ilent Technologies, CA, USA) coupled to an ESI ion source model G1948B and a triple
quadrupole mass spectrometer model Agilent 6410B (Agilent Technologies, CA, USA).
Highly pure nitrogen was produced by a Parker Balston nitrogen generator, model N2-14
(RJM Sales Inc., Somerset, NJ, USA). Electrospray ionization was performed in positive
ion mode, and the ionization was optimized using MassHunter® MS Optimizer software
(Agilent Technologies, CA, USA). The ionization source temperature was set to 350 ◦C, and
the capillary potential was adjusted at 3.0 kV. Nitrogen was used as drying and nebulizing
gas. The decomposition gas flow rate was set at 10 L min−1 and the gas pressure in the
nebulization needle at 45 psi. A Poroshell® 120 EC-C18 analytical column (2.1 × 75 mm,
2.7 µm particle size) was used for the chromatography, which was performed at 45 ± 0.8 ◦C
with an injection volume of 1 µL. The mobile phase consisted of 0.1% formic acid aque-
ous solution (eluent A) and 0.1% formic acid in acetonitrile (eluent B) and pumped at a
0.4 mL min−1 flow rate. The gradient elution program starts at 2% B for 2 min, increases to
10% B at 4 min, then to 30% B at 7 min, and finally to 90% B at 9 min, which is maintained for
1.5 min, and then equilibrates at the initial condition for 2 min. MassHunter® software ver.
B.07.01, build 7.1.524.0 and ver. B.08.00, build 8.0.8023.0 for QQQ (Agilent Technologies,
CA, USA) were used for data acquisition and analysis.
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2.6. Method Validation

The method was validated separately in premortem and postmortem whole blood,
according to the guidelines of the Scientific Working Group on Forensic Toxicology (SWG-
TOX) and the Commission Decision 2002/657/EC [48–50]. The validation parameters for
the quantitation include limits of detection (LODs), lower limits of quantification (LLOQs),
selectivity and specificity, calibration model, accuracy, precision, matrix effect, carryover,
and extraction efficiency. For those analytes validated for qualitative purposes, only se-
lectivity and specificity, LODs, matrix effect, carryover, and extraction efficiency were
evaluated.

The selectivity of the current method was evaluated for any endogenous or exogenous
interferences. To evaluate endogenous interferences, 70 different blank premortem and
postmortem whole blood samples, which were negative for the analytes based on the
preliminary screening Enzyme-linked Immunosorbent Assay (ELISA) method (cutoff level
of 20 ng mL−1), have been analyzed by the proposed method. To evaluate any interferences
originating from the deuterated internal standards, premortem whole blood blank samples
spiked with the ISTDs (zero-blank samples) were also analyzed to observe possible cross
fragmentation from the isotopic labeled ISTDs. The exogenous interferences were evaluated
by the analysis of standard solutions prepared in 0.1% formic acid aqueous solution and
spiked with 77 commonly used medicines and psychoactive substances, namely methadone
and its metabolite at 4 µg mL−1; phencyclidine at 2 µg mL−1; tramadol at 4 µg mL−1;
codeine, morphine, hydrocodone, hydromorphone, oxycodone, and oxymorphone at
4 µg mL−1; 6-acetylmorphine at 2 µg mL−1, fentanyl at 100 ng mL−1; norfentanyl, novel
synthetic opioids (non-fentanyl analogues) such as U47700, AH-7921, MT-45, U-4990, and
U-50488, 4-aminophenyl-1-phenethylpiperidine, sufentanil, carfentanil, butyryl fentanyl,
o-fluoro-fentanyl, p-fluoro-fentanyl, isobutyricfentanyl, 3-methylfentanyl, acetyl fentanyl,
4-methyl-acetylfentanyl, p-methoxy-butyrfentanyl, β-hydroxythiofentanyl, p-fluor butyryl-
fentanyl, acryl fentanyl, valeryl fentanyl, and 4-fluoro-iso-butyryl fentanyl at 0.5 ng mL−1;
∆9-tetrahydrocannabinol at 200 ng mL−1, 11-hydroxy-∆9-tetrahydrocannabinol, and 11-
nor-9-carboxy-∆9-tetrahydrocannabinol at 500 ng mL−1; cyclobenzaprine at 4 µg mL−1;
diphenhydramine at 4 µg mL−1; diazepam, nordiazepam, and alprazolam at 4 µg mL−1;
mirtazapine, venlafaxine, desmethylvenlafaxine, citalopram, desmethylcitalopram, dox-
epin, nor-doxepin, imipramine, paroxetine, amitriptyline, nortriptyline, duloxetine, flu-
oxetine, norfluoxetine, and sertraline at 4 µg mL−1; trazodone at 40 µg mL−1; primidone,
N-(1-phenylethyl) maleimide, levetiracetam, butalbital, pentobarbital, phenobarbital, and
phenytoin at 4 ng mL−1; acetaminophen at 10 ng mL−1; topiramate at 2 ng mL−1; valproic
acid at 20 ng mL−1; ibuprofen at 10 ng mL−1; butalbital, meprobamate, carisoprodol,
glutethimide, theophylline, and carbamazepine at 4 ng mL−1; amobarbital at 2 ng mL−1,
and secobarbital at 1 ng mL−1.

The carryover was evaluated by analyzing blank samples after the analysis of mixed
standard solutions of the analytes at high concentration (4000 ng mL−1) prepared in 0.1%
formic acid aqueous solution, and the analysis was performed in triplicate. The accepted
criterion for carryover is that the peak area signals of the targeted analytes in the blank samples
must be less than 5% of the peak area signals at the lower limit of quantitation (LLOQ).

Five calibration curves were constructed on five different days at eight different
concentration levels, 20, 50, 100, 300, 500, 1000, 1500, and 2000 ng mL−1 for the nine
amphetamine-type stimulants and the three synthetic cathinone derivatives including
MPHD, bupropion, and its metabolite, hydroxy bupropion. The GraphPad Prism software
program ver. 6.0 (GraphPad Software, Inc., California, USA) enabled automated compari-
son between the results of the linear and polynomial models, and it was used to select the
optimal regression model for each one of the targeted analytes.

Precision and accuracy were assessed by the analysis of premortem and postmortem
whole blood samples spiked with the targeted analytes at 60, 800, and 1600 ng mL−1 in
three replicates on five different days (n = 15). One-way ANOVA was used to calculate the
intra-assay precision, the total precision, and the total accuracy.
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To assess the ionization suppression or enhancement, the matrix effect (%) was calcu-
lated both in premortem and postmortem whole blood samples by comparing the mean
peak area signals of ten different blank whole blood samples spiked with the analytes after
the sample preparation procedure, with the peak area signals of mixed standard solutions
of the analytes diluted in 0.1% formic acid aqueous solution at equivalent concentration.
The experiments were performed at two concentration levels, 60 and 1600 ng mL−1 for the
analytes, and at 100 ng mL−1 for the internal standards, in ten replicates. The matrix effect
(%) was then calculated based on the following equation:( Mean peak areaspiked a f ter

Mean peak areastandard solution
− 1

)
× 100 (1)

To evaluate the extraction efficiency, the absolute recovery (%) was calculated both in
premortem and postmortem whole blood samples and at two concentration levels, 60 and
1600 ng mL−1, for the targeted analytes and at 100 ng mL−1 for the ISTDs. The recovery
(%) was calculated by comparing the mean peak area signals of ten individual whole blood
samples spiked with the targeted analytes before the sample preparation with the mean
peak area signals of ten whole blood samples spiked after the sample preparation.

2.7. Analysis of Real Samples

The applicability of the current method was evaluated by the analysis of one Proficiency
Testing Scheme sample (PTS sample) provided by the CAP accreditation program (College of
American Pathologists, Northfield, IL, USA), two pre-prepared samples provided by UTAK
Laboratories, Inc. (Valencia, CA, USA), and two real cases samples, one premortem and one
postmortem whole blood sample, that arrived for examination at the Laboratory of Toxicology,
Division of Forensic Science, State of Delaware, USA. The PTS sample was evaluated by
comparing the results of the current method to the mean values of the results obtained with
methods of other toxicological laboratories enrolled in a proficiency testing program. The
pre-prepared sample was evaluated based on the nominal concentrations given by UTAK. The
real case samples were evaluated by comparison of the results obtained by the current method
to the results obtained with other in-house methods or methods of an external laboratory.

3. Results and Discussion
3.1. Method Development
3.1.1. Mass Spectrometry

Analytes were detected in ESI positive ion mode by dynamic multiple reaction mon-
itoring (dynamic MRM). The dynamic MRM is a relatively new and versatile technique
where MRM transition lists are built dynamically throughout each UHPLC-MS run, based
on the retention time windows of the analytes. This way the analytes are only monitored at
their elution time and valuable MS duty cycle is not wasted by monitoring them when they
are not expected. Identification of all the 19 psychoactive substances has been performed
according to the optimum MRM parameters presented in Table 1 and by using at least four
identification points [41]. These identification points include the retention time, the precur-
sor ion, two fragment ions, and the relative fragment ions’ intensity, which is expressed
as a percentage of the intensity of the most intense ion (precursor ion). The maximum
permitted tolerance for the relative fragment ions’ intensity was set at ± 20% for a positive
result of all the analytes in accordance with the standard for mass spectral data acceptance
in forensic toxicology originally conceived by the SWGTOX and further developed by the
toxicology subcommittee of the Organizational Scientific Area Committee (OSAC) [51]. A
quantitation method was also developed for the 12 psychoactive substances, including
the nine amphetamine-type stimulants and the three synthetic cathinone derivatives, in-
cluding MPHD, bupropion, and its metabolite, hydroxybupropion. Fourteen isotopically
labeled compounds were selected as internal standards and their MRM parameters are
summarized in Table 1. For the quantitation of the targeted analytes, the ion transition
with the highest sensitivity was used as a quantifier transition (Table 2).
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Table 1. Retention times (tR) and selected reaction monitoring conditions of the ISTDs used in the analysis of the
targeted analytes.

Compound tR (min) Precursor Ion
(Q1, m/z)

Product Ion
(Q3, m/z)

Collision
Energy (V) Fragmentor (V)

Amphetamine-d11 4.59 147.2 98.1 18 65

Methamphetamine-d11 5.25 161.2 97.1 18 75

Ephedrine-d3 3.90 169.1 151.1 10 70

Pseudoephedrine-d3 (PSE-d3) 4.23 169.1 151.1 10 75

Norpseudoephedrine-d3 3.22 155.1 137.1 6 60

3,4-methylenedioxyamphetamine-d5
(MDA-d5) 5.32 185.1 168.1 6 65

3,4-methylenedioxy
methamphetamine-d5
(MDMA-d5)

5.67 199.2 165.1 10 85

3,4-methylenedioxy-N-ethylamphetamine-d5
(MDEA-d5) 6.2 213.2 163.1 10 80

Phentermine-d5 (PHRM-d5) 5.89 155.2 96.1 22 65

Methylphenidate-d9 (MPHD-d9) 7.03 243.2 93.2 20 90

Bupropion-d9 7.68 249.2 185 10 70

Hydroxybupropion-d6 6.94 262.2 244.1 6 80

Mephedrone-d3 (4-MMC-d3) 6.09 181.1 163.1 10 75

Methylone-d3 (MDMC-d3) 4.78 211.1 163.1 14 75

Table 2. Retention times (tR) and multiple reaction monitoring conditions for the analysis of the targeted analytes in whole
blood samples.

Compound tR (min) Precursor ion
(Q1, m/z)

Product ions
(Q3, m/z) 1

Collision
Energy (V)

Fragmentor
(V)

Amphetamine (A) 4.81 136.1 91.1 17
70119.1 6

Methamphetamine (MA) 5.35 150.1 91.1
119.1

21
6 80

Phenylpropanolamine (PHPR) 2.81 152.1 134.1
91.1

6
34 60

Ephedrine 3.9 166.1 148.1
91.1

10
38 75

Pseudoephedrine (PSE) 4.25 166.1 148.1
91.1

10
34 70

3,4-methylenedioxyamphetamine (MDA) 5.35 180.1 163.1
105.1

6
22 70

3,4-methylenedioxymethamphetamine (MDMA) 5.69 194.1 163.1
105.1

10
26 80

3,4-methylenedioxy-N-ethylamphetamine
(MDEA) 6.21 208.1 163

135
10
18 90

Phentermine (PHRM) 5.94 150.1 91.1
65.1

22
46 65

Methylphenidate (MPHD) 7.05 234.2 84.1
56.1

18
54 90

Bupropion 7.71 240.1 184.1
139

10
26 80

Hydroxybupropion 6.96 256.1 238.1
139

6
30 70
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Table 2. Cont.

Compound tR (min) Precursor ion
(Q1, m/z)

Product ions
(Q3, m/z) 1

Collision
Energy (V)

Fragmentor
(V)

Methcathinone (ephedrone) 3.99 164.1 146.1
51.1

10
73 90

Mephedrone (4-MMC) 6.09 178.1 160.1
145.1

10
22 85

Methedrone (PMMC) 5.54 194.1 176.1
161.1

10
22 80

Methylone (MDMC) 4.78 208.1 160.1
132.1

14
30 90

Ethylone (MDEC) 5.48 222.1 174.1
91.1

18
46 80

3,4-methylenedioxypyrovalerone (MDPV) 7.33 276.2 126.1
135

30
30 95

Alpha-pyrrolidinopentiophenone (alpha-PVP) 7.15 232.2 91.1
126.1

22
26 115

1 MRM transition selected for quantitation is underlined.

3.1.2. Chromatography

Preliminary chromatographic experiments were conducted by using a Zorbax Eclipse
Plus-C8 analytical column (50 × 2.1 mm, 1.8 µm particle size) and a Poroshell 120 EC-
C18 analytical column (75 × 2.1 mm, 2.7 µm particle size). The packing material of the
Poroshell 120 analytical column is based on superficially porous particle technology and
features a solid silica core and a porous outer layer with the benefits of higher efficiencies
and fast, high-resolution separations. The exhaustive end-capping of the Poroshell 120
packing material makes this column ideal for use with basic compounds like the targeted
analytes and especially those that produce poor peak shapes on other columns. For all
these reasons, the Poroshell 120 UHPLC analytical column allowed for better peak shapes
and increased separation efficiency of the analytes, and it was therefore selected for the
chromatography. In the present work, the selection of the organic solvent and the mobile
phase composition was critical mainly for the separation of ephedrine and pseudoephedrine
and the elution of phenylpropanolamine. Both methanol and acetonitrile were tested as
organic modifiers, and acetonitrile provided the best results, and it was therefore selected
for the chromatography. Under the chromatographic conditions described in Section 2.5,
adequate separation of the targeted analytes from matrix interferences was achieved, and
the analytes are eluted at retention times ranging from 2.81 to 7.71 min. Under these
chromatographic conditions, ephedrine (tR 3.91 min) was adequately separated from its
diastereomer, pseudoephedrine (tR 4.25 min). The retention times of the analytes are
presented in Table 1 and the chemical structures of the analytes as drawn by ChemBioDraw
ver. 13.0 are presented in Figure 1. Dynamic MRM chromatograms of a postmortem zero-
blank sample spiked with the ISTDs at 100 ng mL−1, a premortem whole blood sample
at 10 ng mL−1, and a postmortem whole blood sample at 10 ng mL−1, are presented
in Figure 2.
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Figure 1. Chemical structures of the targeted analytes.
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Figure 2. Dynamic MRM chromatograms of (a) a postmortem whole blood zero-blank sample spiked
with the ISTDs at 100 ng mL−1, (b) a premortem whole blood sample spiked with the analytes at
10 ng mL−1, and (c) a postmortem whole blood sample spiked with the analytes at 10 ng mL−1.

3.1.3. Optimization of the Sample Preparation Procedure

Preliminary experiments for the optimization of the sample preparation procedure
were performed in premortem whole blood samples spiked with the analytes at 500 ng mL−1

using the Clean Screen® DAU mixed mode SPE cartridges (200 mg, 10 mL). These SPE
cartridges are widely used for sample preparation in the Laboratory of Toxicology of the
Division of Forensic Science, DE, USA. The Clean Screen® DAU SPE cartridge packing
material is composed of two types of functional groups, a benzene sulphonic acid cation
exchanger combined with a hydrophobic carbon chain, attached to a silica backbone. The
unique copolymeric chemistry of this packing material allows for the controlled use of a
mixed mode separation mechanism. For the optimization of the washing step, water, and
methanol alone or in various mixtures were tested, including the use of 0.1% acetic acid
aqueous solution. The optimum washing was achieved by using 1 × 3 mL of LC-grade
water, 1 × 1.25 mL of 0.1 M acetic acid, and 1 × 3 mL of methanol. The type and the
volume of the elution solvent are critical parameters in SPE procedure, and they were also
optimized to deliver the maximum percentage recovery for each analyte. In this regard,
various solvents such as ethyl-acetate, hexane, dichloromethane (CH2Cl2), and isopropanol
(C3H7OH) have been tested and the best percentage recovery of the analytes was achieved
using 1 × 3 mL CH2Cl2:C3H7OH:NH4OH (78:20:2, v/v/v). A 100 µL aliquot of a 0.2%
hydrochloric acid solution in 2-propanol was then added to the SPE organic extract before
the evaporation. This addition was deemed necessary and solved the problem of the partial
loss of the volatile nitrogen-containing analytes such as amphetamine, MA, MDA, MDMA,
and MDEA during the evaporation of the eluent. The optimum conditions for sample
preparation are presented in detail in Section 2.4.
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3.2. Statistical Analysis of Data
3.2.1. Limits of Detection (LODs) and Limits of Quantitation (LOQs)

Blank whole blood specimens spiked with decreasing quantities of each analyte have
been analyzed, and the limit of detection (LOD) and the lower limit of quantitation (LLOQ)
were evaluated on the basis of the signal-to-noise ratio (SNR). The LODs and LLOQs were
identified as the concentrations with SNR 3:1 and 10:1, respectively. LOD and LLOQ values
of 0.5 and 2 ng mL−1, respectively, were achieved for all the analytes in premortem and
postmortem whole blood samples. Dynamic MRM chromatograms of a blank premortem
whole blood sample, a premortem whole blank sample spiked with the analytes at LOD
level (0.5 ng mL−1), and a premortem whole blank sample spiked with the analytes at
LOQ level (2 ng mL−1) are presented in Figure 3. No interferences from coeluting peaks
greater than 10% of the peak area of the targeted analytes at 2 ng mL−1 were observed after
the analysis of 12 whole blood samples. The intra-day percentage CVs ranged from 4.9 to
11.7%, the total precision (inter-day % CVs) ranged from 4.1 to 9.7%, and the total accuracy
ranged from 99.2 to 106.6% in whole blood samples spiked with the analytes at 2 ng mL−1.

Figure 3. Dynamic MRM chromatograms of (a) a premortem whole blood blank sample, (b) a
premortem whole blood sample at LOD level (0.5 ng mL−1), and (c) a premortem whole blood
sample at LOQ level (2 ng mL−1).

In the Laboratory of Forensic Science of the State of Delaware, any positive sample
after the preliminary screening by Enzyme-linked Immunosorbent Assay (ELISA) (cutoff
level of 20 ng mL−1) will be sent for confirmation by the proposed UHPLC-MS/MS method.
Therefore, the limit of decision that will be used to discriminate between positive and
negative results in the current method was administratively defined as 20 ng mL−1.

Based on the above, the UHPLC-MS/MS method was further validated to confirm
the identity of all the 19 targeted analytes at 20 ng mL−1 and to quantitate 12 psychoactive
substances including the nine amphetamine-type stimulants and MPHD, bupropion, and
its metabolite, at 20 ng mL−1. Dynamic MRM chromatograms of a premortem whole blood
blank sample, a premortem whole blood sample spiked with the analytes at LOD level
(0.5 ng mL−1), and a premortem whole blood sample spiked with the analytes at LOQ
level (2 ng mL−1) are presented in Figure 3.



Separations 2021, 8, 78 12 of 20

3.2.2. Selectivity and Specificity

No interferences from coeluting peaks greater than 10% of the peak area of the targeted
analytes at 20 ng mL−1 were observed after the analysis of 70 premortem and postmortem
whole blood samples but with some exceptions. Interferences were detected for two pre-
mortem whole blood samples at the retention time of amphetamine, one premortem, and
two postmortem blood samples at the retention time of methamphetamine, one premortem
whole blood sample at the retention time of pseudoephedrine, and one postmortem whole
blood sample at the retention times of bupropion, and hydroxybupropion. Due to these
interferences, these samples were not used any further for the method validation. No
interferences from exogenous substances were observed after the analysis of mixed stan-
dard solutions of the analytes spiked with 77 commonly used medicines and psychoactive
substances. No cross fragmentation from the isotopic labeled ISTDs was observed in the
analyzed zero-blank sample at the retention time of the analytes and ISTDs.

The carryover test met the predefined requirements; no interfering peaks with re-
sponses greater than 10% of the peak areas of the targeted analytes at 20 ng mL−1 were
detected in blank whole blood samples analyzed after the analysis of mixed standard
solutions of the analytes at 4000 ng mL−1.

The selectivity of the current method is further demonstrated in Figure 3, where
dynamic MRM chromatograms of a postmortem zero-blank sample spiked with the ISTDs
at 100 ng mL−1 (Figure 3a) and a postmortem (Figure 3b) and a premortem (Figure 3c)
whole blood sample spiked with the analytes at 10 ng mL−1 are presented.

3.2.3. Calibration Model, Precision, and Accuracy

Calibration data were interpreted using linear and polynomial models and weighting
factors 1/x and 1/x2. The results indicated that the polynomial model gave the best
fit for all the analytes with a weighting factor of 1/x except for phenylpropanolamine,
pseudoephedrine, and hydroxybupropion where a weighting factor of 1/x2 gave the
optimum results. The coefficient of determination was higher than 0.994 for all the analytes
and the back-calculated concentrations ranged from −6.6 to 8.9% for amphetamine, −9.0
to 11.9% for methamphetamine, −5.1 to 9.4% for MDA, −4.4 to 7.6% for MDMA, −9.0 to
12.8% for phentermine, −7.7 to 6.7% for pseudoephedrine, −6.9 to 10.7% for bupropion,
−11.8 to 10.2% for hydroxybupropion, −7.9 to 10.7% for ephedrine, −10.1 to 7.8% for
MDEA, −8.6 to 11, 4% for phenylpropanolamine, and −8.3 to 17.9% for methylphenidate.
Autosampler stability was also evaluated both in premortem and postmortem samples,
and the targeted analytes remained constant for at least four days.

The results for precision and accuracy evaluation are shown in Table 3 and in Table 4
for premortem and postmortem whole blood, respectively, and the precision and accu-
racy tests met the predefined requirements. In the premortem whole blood samples, the
repeatability (intra-day % CVs) ranged from 7.1 to 1.4%, the total precision (inter-day %
CVs) ranged from 1.8 to 7.5%, and the total accuracy ranged from 96.2 to 107.2%.

In the postmortem whole blood samples, the intra-day % CVs ranged from 2.1 to 4.2%,
the total precision (inter-day % CVs) ranged from 1.9 to 6.8%, and the total accuracy ranged
from 96.5 to 108.7%, as indicated by the results presented in Table 4.
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Table 3. Accuracy and precision in premortem whole blood samples at low, medium, and high QC levels for the 12 psy-
choactive substances validated for quantitation. (n = 5 runs; 3 replicates per run).

Compound
Intra-assay Precision 1

(% CV, n = 15)
Total Precision 1

(% CV, n = 15)
Total Accuracy 2

(% Relative Recovery)

Concentration (ng mL−1)

Added Concentration 60 800 1600 60 800 1600 60 800 1600

Amphetamine (A) 4.6 1.8 2.2 4.3 3.1 7.3 98.9 97.8 106.8

Methamphetamine (MA) 5.5 3.0 1.7 4.9 4.6 5.5 100.6 96.2 98.7

Phenylpropanolamine (PHPR) 4.3 2.3 2.0 5.3 5.6 6.1 101.2 95.8 100.4

Ephedrine 4.1 2.3 1.8 4.2 3.9 4.7 97.6 99.4 102.6

Pseudoephedrine (PSE) 4.2 2.8 1.7 4.9 5.1 4.3 98.5 99.3 100.4

3,4-methylene dioxyamphetamine
(MDA) 4.3 2.8 2.1 4.6 3.9 5.1 100.3 101.2 103.5

3,4-methylenedioxymethamphetamine
(MDMA) 3.8 2.5 1.8 4.0 3.3 4.6 98.5 99.8 102.2

3,4-methylenedioxy-N-
ethylamphetamine
(MDEA)

3.3 2.9 1.4 3.3 3.2 4.5 102.5 104.1 101.9

Phentermine (PHRM) 2.0 2.0 4.3 4.9 1.8 5.3 103.4 99.5 101.1

Methylphenidate (MPHD) 3.0 2.7 2.0 4.2 4.4 2.4 98.9 105.3 104.4

Bupropion 4.1 2.3 1.9 5.1 3.8 4.8 100.4 102.7 103.7

Hydroxybupropion 3.8 7.1 1.5 3.8 7.5 2.2 98.2 107.2 103.8
1 Coefficient of variation; intra- and inter-assay CVs were calculated by ANOVA; 2 Relative recovery (%).

Table 4. Accuracy and precision in postmortem whole blood samples at low, medium, and high QC levels for the
psychoactive substances validated for quantitation. (n = 5 runs; 3 replicates per run).

Compound

Intra-assay Precision 1

(% CV, n = 15)
Total Precision 1

(% CV, n = 15)
Total Accuracy 2

(% Relative Recovery)

Concentration
(ng mL−1)

Added Concentration 60 800 1600 60 800 1600 60 800 1600

Amphetamine (A) 3.3 2.1 2.8 4.8 3.7 6.9 96.7 100.5 106.8

Methamphetamine (MA) 3.9 2.6 2.7 6.6 3.4 6.0 97.4 99.1 99.2

Phenylpropanolamine (PHPR) 4.2 2.6 2.7 6.4 4.3 5.1 101.1 97.8 100.7

Ephedrine 3.5 2.7 1.8 5.6 3.8 1.9 96.2 101.8 102.4

Pseudoephedrine (PSE) 3.0 3.3 1.9 5.2 4.4 4.6

3,4-methylene dioxyamphetamine (MDA) 3.4 2.3 2.9 5.2 3.6 7.3 99.7 102.4 102.6

3,4-methylenedioxymethamphetamine
(MDMA) 3.0 2.5 2.1 5.0 3.5 4.4 97.5 102.5 102.3

3,4-methylenedioxy-N-ethylamphetamine
(MDEA) 4.0 2.5 2.1 6.8 3.2 5.4 99.6 105.8 102.5

Phentermine (PHRM) 3.6 3.5 2.1 6.0 3.4 4.5 98.9 102.2 101.4

Methylphenidate (MPHD) 3.5 3.0 3.0 4.0 4.8 3.8 95.8 102.2 100.4
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Table 4. Cont.

Compound

Intra-assay Precision 1

(% CV, n = 15)
Total Precision 1

(% CV, n = 15)
Total Accuracy 2

(% Relative Recovery)

Concentration
(ng mL−1)

Added Concentration 60 800 1600 60 800 1600 60 800 1600

Bupropion 3.4 3.6 3.1 5.1 4.5 5.1 98.8 105.8 104.1

Hydroxybupropion 4.2 2.7 3.4 5.4 4.5 4.5 96.5 108.7 104.4
1 Coefficient of variation; intra- and inter-assay CVs were calculated by ANOVA; 2 Relative recovery (%).

3.2.4. Matrix Effect and Extraction Efficiency

The results of the matrix effect (%) are illustrated in Figure 4, and most of the analytes
showed signal suppression. The matrix effect (%) of the analytes ranged from −31% to
+3% in premortem whole blood and from −32.8 to 10.9% in postmortem whole blood.

Figure 4. Matrix effect (%) in (a) premortem (blue) and (b) postmortem (red) whole blood samples, spiked with the
psychoactive substances at 60 ng mL−1 and at 1600 ng mL−1.

The results of the matrix effect (%) for the ISTDs are illustrated in Figure 5. Ion
suppression was also observed for most of the ISTDs used in the current method, and the
matrix effect (%) ranged from −21.2 to 0.9% and from −23.5 to 5.4% in premortem and
postmortem whole blood, respectively.

Extraction efficiency (%) for the analytes ranged from 79.9 to 98.5% in premortem
whole blood and from 86.2 to 95.0% in postmortem whole blood, and the results are
presented in Table 5. For the ISTDs, the extraction efficiency (%) ranged from 78.9 to 92.7%
and from 81.8 to 91.9% in premortem and postmortem whole blood, respectively.
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Figure 5. Matrix effect (%) in premortem (blue) and postmortem (red) whole blood samples spiked with the internal
standards at 100 ng mL−1.

Table 5. Extraction efficiency (%) of the psychoactive substances in premortem and postmortem whole blood (n = 10).

Premortem Whole Blood Postmortem Whole Blood

Compound Concentration (ng mL−1)

Added Concentration 60 1600 60 1600

Amphetamine (A) 91 ± 10 91 ± 12 93.0 ± 8.1 90 ± 16

Methamphetamine (MA) 92 ± 10 91 ± 16 93.5 ± 9.7 91 ± 23

Phenylpropanolamine (PHPR) 86.1 ± 5.8 86.7 ± 1.6 85.4 ± 7.6 86.2 ± 2.4

Ephedrine 87.5 ± 6.9 90.1 ± 1.6 87.2 ± 7.4 91.6 ± 2.3

Pseudoephedrine (PSE) 79.9 ± 7.2 87.1 ± 3.6 84.9 ± 9.6 90.3 ± 2.2

3,4-methylenedioxyamphetamine (MDA) 89.4 ± 6.4 90.9 ± 1.8 87.2 ± 7.8 92.6 ± 2.7

3,4-methylenedioxymethamphetamine (MDMA) 89.1 ± 6.9 89.9 ± 2.3 88.2 ± 7.7 92.1 ± 1.9

3,4-methylenedioxy-N-ethylamphetamine (MDEA) 89.2 ± 7.9 90.7 ± 1.9 87.4 ± 8.2 91.1 ± 1.6

Phentermine (PHRM) 90.5 ± 9.7 90 ± 10 93.1 ± 6.5 90 ± 16

Methylphenidate (MPHD) 88.7 ± 7.1 93.2 ± 2.4 87.9 ± 8.1 93.1 ± 4.3

Bupropion 89 ± 14 81 ± 24 91.5 ± 8.1 87 ± 25

Hydroxybupropion 88.9 ± 6.9 92.6 ± 1.9 87.7 ± 8.4 93.4 ± 1.3

Methcathinone (ephedrone) 98 ± 14 90 ± 22 95.6 ± 16 89.7 ± 16

Mephedrone (4-MMC) 97 ± 12 91 ± 15 94 ± 15 91.6 ± 20

Methedrone (PMMC) 96.1 ± 9.6 91.6 ± 3.7 93 ± 14 93.9 ± 3.1

Methylone (MDMC) 97.1 ± 9.0 92.9 ± 1.5 93 ± 14 95.1 ± 1.4

Ethylone (MDEC) 97.5 ± 10.2 92.2 ± 2.6 92 ± 13 94.3 ± 2.6

3,4-methylenedioxypyrovalerone (MDPV) 96.5 ± 9.8 90.1 ± 2.1 91 ± 14 92.7 ± 0.8

Alpha-pyrrolidinopentiophenone (alpha-PVP) 98 ± 13 88 ± 20 93 ± 12 90 ± 22

3.3. Applicability of the Method to the Analysis of Real Cases

The applicability of the current method was evaluated by the analysis of one PTS
sample, two pre-prepared samples, and two real case samples, one premortem and one
postmortem whole blood sample.
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The PTS sample, provided by the CAP accreditation program, was collected from a
34-year-old male with a history of drug use who was found dead at his home. Results of
the in-house ELISA immunoassay preliminary screening method showed that the sam-
ple was positive for amphetamine, methamphetamine, and fentanyl. Both an in-house
GC-MS method and the current UHPLC-ESI-MS/MS method were used for confirma-
tion. The GC-MS analysis confirmed that the sample was positive for fentanyl, and the
UHPLC-ESI-MS/MS analysis confirmed that the sample was positive for amphetamine and
methamphetamine at concentration levels of 157 ng mL−1 and 761 ng mL−1, respectively.
The analysis of this PTS sample by an external laboratory confirmed that the sample was
positive for amphetamine and methamphetamine at 154 and 785 ng mL−1, respectively.

The two pre-prepared samples were obtained from UTAK. The first pre-prepared
whole blood sample was found positive for amphetamine, methamphetamine, MDMA,
MDA, and MDEA at concentrations of 103, 109, 99, 100, and 102 ng mL−1, respectively.
The second pre-prepared whole blood sample was found positive for amphetamine,
methamphetamine, MDMA, MDA, and MDEA at concentrations of 470, 480, 475, 466,
and 484 ng mL−1, respectively. The pre-prepared samples were evaluated based on the
nominal concentrations provided by UTAK, which were 100 and 500 ng mL−1, for all the
analytes in the first and the second pre-prepared samples, respectively.

A premortem whole blood sample was collected from a 50-year-old male with a history
of a car accident with lethargic symptoms, sluggish and slow speech, loss of coordination,
confusion, and systolic pupil constriction. Results of the in-house ELISA immunoassay
preliminary screening method showed that the sample was positive for amphetamine
and phencyclidine. The GC-MS analysis confirmed that the sample was positive for
phentermine and phencyclidine. The current method confirmed the positive result for
phentermine at 256 ng mL−1. For the identification of phentermine, the retention time of
this compound was at 6.19 min, and the two ion transitions m/z 150.1 > 91.1 (MRM1) and
m/z 150.1 > 65.1 (MRM2) were also found within the acceptable limit of ±20%. However,
the current method did not confirm the presence of amphetamine; most probably the ELISA
immunoassay gave a false positive result for amphetamine due to the high percentage of
the cross-reactivity of phentermine with amphetamine in this assay. The analysis of this
sample by another validated method confirmed the presence of phentermine.

A postmortem whole blood sample was collected from a 46-year-old female. Results
of the ELISA immunoassay preliminary screening method showed that the sample was
positive for methamphetamine, cannabinoids, benzodiazepines, and buprenorphine. Anal-
ysis with the proposed UHPLC-ESI-MS/MS method showed that the sample was positive
for pseudoephedrine at 1508 ng mL−1. For the identification of pseudoephedrine, the
retention time of this compound was 4.77 min, and the ion transitions m/z 166.1 > 148.1
(MRM1) and m/z 166.1 > 91.1 (MRM2) were found within the acceptable limit of ±20%.
The analysis of this postmortem whole blood sample by an external laboratory confirmed
that the sample was positive for pseudoephedrine at 1400 ng mL−1.

3.4. Comparison with Other LC-MS/MS Analytical Methods

The proposed UHPLC-MS/MS method has been compared with other LC-MS/MS
methods that have been reported in the literature and were dedicated to the analysis of
psychoactive substances in whole blood. The results of this literature survey are presented
in Table 6. Among the reported methods, only the current method allows for the analysis
of the specific combination of psychoactive substances both in premortem and postmortem
whole blood samples including the analysis of both ephedrine and pseudoephedrine
(isobaric compounds). The method allows for the determination of the targeted analytes
at adequately low LOQ and LOD values in relation to those reported in open literature
(Table 6).
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Table 6. Comparison of the proposed method with LC-MS/MS methods published in literature for the determination of psychoactive substances in whole blood samples.

Analytes
Analytical Method;
Column; Injection
Volume; Flow Rate

Run Time
(min)

Sample
Preparation

Sample
Volume

%Extraction
Efficiency

Repeatability
(%CV)

Linearity
Range;
Correlation
Coefficient (r)

LOQ; LOD Reference

9 amphetamines,
10 cathinones

UHPLC-ESI-MS/MS;
Poroshell-120 EC-C18
(75 × 2.1 mm, 2.7 µm);
1 µL; 0.4 mL/min

9 SPE 1 mL

79.9–98.5%
(premortem);
86.2–95%
(postmortem)

1.4–7.1%
(premortem); 1.4
to 4.2%(post-
mortem)

20–2000 ng/mL;
r > 0.994

LOQ: 2 ng/mL;
LOD: 0.5 ng/mL Current method

8 amphetamines,
3 cathinones

LC-ESI-MS/MS; Biphenyl
(100 × 2.1 mm, 1.8 µm);
3 µL; 0.4 mL/min

7.5 Protein
precipitation 0.25 mL 60.2–86.2% 0.7–14.7%

(premortem)
5–500 ng/mL;
r > 0.99

LOQ: 5 ng/mL;
LOD:
0.5–1.7 ng/mL

[52]

30 cathinones

LC-ESI-MS/MS;
Poroshell-120 EC-C18
(100 × 2.1 mm, 2.7 µm);
10 µL; 0.4 mL/min

16 SPE 0.25 mL 84.9–91.5% 1.1–11.2% 1–500 ng/mL;
r2 > 0.99

LOQ:1 ng/mL;
LOD: 1 ng/mL [53]

3 amphetamines,
31 cannabinoids
and metabolites

LC-ESI-QTRAP-MS/MS;
Kinetex™ Biphenyl
(50 × 2.1 mm, 2.6 µm);
5 µL; 0.5 mL/min

9
supported-
liquid-
extraction

0.20 mL - 2.6–19.9% (40
analytes); >20%

1–100 ng/mL;
r2 > 0.99

LOC:
1–6 ng/mL
LOD:
0.1–6 ng/mL

[54]

5 amphetamines,
19 cathinones,
45 psychoactive
substances

LC-ESI-MS/MS screening
method; Zorbax Eclipse
Plus C18 (2.1 × 50 mm,
1.8 µm; 7 µL; 0.4 mL/min
(6 min)- 0.6 mL/min
(8 min)

15 Protein
precipitation 0.20 mL 71–110% 2–17.9% 1–100 ng/mL;

r2 > 0.99

LOQ:
0.1–5 ng/mL;
LOD: 1 ng/mL

[37]

9 amphetamines,
3 cathinones

UHPLC-ESI-MS/MS;
ACQUITY UPLC BEH
Phenyl (×2.1 mm,
1.7 µm); 0.4 mL/min

6 SPE 0.30 mL 70.1–107.9% 2.4–8.3% LOQ–50 ng/mL
r > 0.995

LOQ:
0.1–0.5 ng/mL;
LOD:
0.02–0.1 ng/mL

[55]
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4. Conclusions

In this work, a UHPLC-MS/MS method was developed and validated for the deter-
mination of 19 psychoactive substances both in premortem and postmortem whole blood.
By using the proposed method, the chromatographic analysis of each sample is completed
in less than 9 min. The method was evaluated according to the SWGTOX guidelines and
allows for the confirmation and identification of the 19 analytes at 20 ng mL−1 and for the
quantitation of 12 psychoactive substances at 20 ng mL−1. Considering the problems that
occur during the analysis of postmortem whole blood due to the decomposition of the body,
the use of a common extraction method is important. Up to now, there is no method pub-
lished in the literature to include the simultaneous determination of the 19 phenethylamine
derivatives both in premortem and postmortem whole blood. Most of the published meth-
ods refer to the analysis of premortem whole blood, and only one publication [25] refers to
the determination of eight psychoactive substances both in premortem and postmortem
whole blood out of the 19 compounds analyzed by the current method. The efficiency of
the method has been proven with the analysis of real premortem and postmortem whole
blood samples, PTS samples, and pre-prepared samples obtained from UTAK.
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