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In the present study enantioselective high-performance liquid chromatography-tandem mass spectrometry (LC-
MS/MS) methods were developed for the quantitative determination of 3,4-methylenedioxy-methamphetamine
(MDMA) and its major phase-1 metabolites 4-hydroxy-3-methoxyamphetamine (HMA), 4-hydroxy-3-methoxy-
methamphetamine (HMMA) and 3,4-methylenedioxyamphetamine (MDA) in human plasma, sweat, oral fluid
(OF) and urine. The simultaneous separation of all these compounds and their respective enantioseparation was
accomplished on two polysaccharide-based chiral columns. The Lux AMP column with a proprietary chiral
selector enabled baseline separation of the enantiomers of MDMA, HMA and HMMA while MDA enantiomers
could not be separated with this column under the experimental conditions used in this study. The Lux i-
Amylose-3 column based on amylose tris(5-chloro-3-methylphenylcarbamate) as chiral selector baseline-
separated the enantiomers of MDMA, HMMA and MDA while the enantiomers of HMA could not be sepa-
rated. Thus, the various samples were analyzed by using both columns alternatively in combinations with
acetonitrile containing 25% (v/v) 5 mM ammonium bicarbonate buffer at pH 11.0 as mobile phase. Analysis time
was less than 4 min with the Lux AMP column and less than 6 min with the Lux i-Amylose-3 column. Both
methods were validated and applied to the enantioselective determination of MDMA and its phase-I metabolites
in human biological fluids, and enantioselective metabolism of MDMA was confirmed.

1. Introduction

The synthesis of 3,4-methylenedioxy-methamphetamine (MDMA)
was first described in 1912 [1]. The use of MDMA as recreational drug of
abuse started in the 1970 s after 3,4-methylenedioxyampethamine
(MDA) was classified as a schedule one drug under the Comprehensive
Drug Abuse and Prevention and Control Act [2]. In humans MDMA
promotes positive mood changes, enhances communication and in-
timacy, increases self-esteem, alertness and endurance, as well as
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induces a sense of euphoria [3-6]. On the other hand, MDMA admin-
istration has also been reported to cause tachycardia, an occasional
‘wired’ feeling, jaw clenching, nystagmus, a nervous desire to be in
motion, transient anorexia, panic attacks, nausea and vomiting, ataxia,
urinary urgency, diplopia, insomnia, tremors, inhibition of ejaculation,
and rarely, transient hallucinations [1]. Many severe or even fatal in-
toxications have been reported [3,4,6]. Concerning chronic toxicity,
data from animal experiments strongly suggest that intake of MDMA can
cause irreversible damage to serotoninergic nerve terminals in the
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Fig. 1. Phase-1 metabolites of 3,4-methylenedioxymethamphetamine (MDMA).

central nervous system [3-6].

Well characterized metabolites of MDMA include MDA, 4-hydroxy-3-
methoxymethamphetamine (HMMA) and 4-hydroxy-3-methoxyam-
phetamine (HMA) (Fig. 1). 3,4-Dihydroxyamphetamine (HHA) and
3,4-dihydroxymethamphetamine (HHMA) are metabolic intermediates
[7].

MDMA contains an asymmetric carbon and exists (and is commonly
used) as a racemic mixture. The S-(+)- isomer of MDMA has been re-
ported to be a more potent neurotoxin than the R-(-)-isomer [8,9]. Also,
other pharmacological, toxic, and toxicokinetic properties of MDMA
enantiomers are known to differ considerably [4,6,8-12]. Whereas
S-(+)-MDMA has been described as the more potent stimulant,
R-(-)-MDMA seems to exhibit more mescaline-like effects [4]. Further-
more, elimination of the S-(+) enantiomer is faster than elimination of
the R-(-) enantiomer [4,6,9-12].

The report on enantioselective formation of MDA due to metabolism
of MDMA was published in 1989 [2], while the first quantitation and
differential distribution of the enantiomers of MDMA and its MDA
metabolite in a fatal poisoning following insufflation of MDMA, cocaine
and heroin was reported in 1996 [1]. Between 1989 and 2009 mostly
GC-MS methods were reported for the enantioselective analysis of
MDMA and some of its metabolites. GC analysis of the compounds under
this study in their intact form is problematic due to their low volatility.
Thus, some form of derivatization is required in order to transform the
native compounds into derivatives which are suitable for GC analysis. If
derivatization is performed with an enantiomerically pure chiral deri-
vatizing reagent, then the enantiomers get converted to diastereomers
which can be separated on (less expensive) achiral columns. With the
same derivatization one may also improve the detection sensitivity of
the applied detector (mostly MS). Such indirect enantioselective
methods have potential disadvantages such as possible racemization
during the derivatization step, interference with analytes (i.e. coelution
and potentially ion-suppression) from the excess of derivatizing reagent
or shorter column lifetime. Furthermore, any enantiomeric impurity

present in the derivatizing reagent may affect analytical performance,
specifically the limit of detection and quantification of a minor analyte
enantiomer. In 2016 Ward and co-authors compared GC-MS and
HPLC-MS methods for the enantioselective determination of metham-
phetamine and showed preferential bias of a GC method for producing
error rates in the range of 8-19%. The HPLC-MS method produced less
than 2% deviation errors. Additionally, the GC method failed to return
100% D- or L-isomer purity results for enantiomerically pure standards.
A higher rate of D- and L-methamphetamine isomer racemization was
observed in samples analyzed by GC-MS using N-trifluoroacetyl-L-prolyl
chloride as derivatizing agent. Such racemization was not experienced
when the samples were tested by HPLC-MS. Thus, the authors concluded
that a more accurate method of enantioselective analysis was provided
by direct HPLC-MS [12].

Simultaneous separation and enantioseparation of MDMA, HMMA
and MDA without derivatization has been reported by Thormann and
co-workers using capillary electrophoresis (CE) [13]. Later, de la Torre
and co-workers used quite similar CE method to the one reported in ref.
15 and followed the pharmacokinetics of MDMA and some of its major
metabolites [14,15]. In addition to its miniaturized format and high
efficiency, CE offers an obvious advantage over GC since it does not
require analyte volatility (often achieved by derivatization). However,
CE-based methods developed with randomly substituted cyclodextrin
derivatives (as reported in references 13-15) may suffer from poor
reproducibility. Also, in case of using UV detection, method sensitivity,
may be limited, especially for minor metabolites.

Since 2008 HPLC-based separation methods for the enantiomers of
MDMA and its metabolites were reported [16-22]. Maurer and
co-workers used a cyclodextrin-based chiral HPLC column for the frac-
tionation of MDMA enantiomers. The obtained R-(-)-MDMA and
S-(+)-MDMA were used for in vitro metabolic studies and enantiose-
lectivity was observed for N-demethylation and demethylenation by
CYP2C19 with a preference for the S-enantiomer. In addition, CYP2D6
showed preference also for S-MDMA in the case of demethylenation.
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Fig. 2. Simultaneous enantioseparation of MDMA and its major phase-1 metabolites on Lux AMP (a) and Lux i-Amylose-3 columns (b). Mobile phase was acetonitrile
with 25% (v/v) 5 mM ammonium bicarbonate buffer pH= 11.0 with the flow rate 1 mL/min. For MS conditions see Table 1.
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Fig. 3. C-t curves for MDMA in plasma for 3 volunteers after receiving 100 mg dose of racemic MDMA. The plasma samples were analyzed on Lux AMP column under

the conditions mentioned in the legend to Fig. 2 and in Table 1.

cellulose  tris(3,5-dichlorophenylcarbamate) (Lux i-Cellulose-5),
amylose tris (3,5-dimethylphenylcarbamate) (Lux Amylose-1), amylose
tris(5-chloro-2-methylphenylcarbamate) (Lux Amylose-2), amylose tris
(3-chloro-5-methylphenylcarbamate) (Lux i-Amylose-3) and Lux AMP
were used. All the columns of the Lux series were provided from Phe-
nomenex Inc. (Torrance, CA, USA). The columns were of 250 x 4.6 mm
dimension and packed with 5 pm particles except for the Lux AMP col-
umn which had 150 x 4.6 mm dimensions and was packed with 3
micrometer particles. Mobile phases consisting of methanol, aqueous
methanol, acetonitrile and aqueous acetonitrile were tested to find
suitable conditions for the enantioseparation of MDMA and its
metabolites.

2.3. Instrumentation

Separations of MDMA and its metabolites were performed with a
HPLC 1290 Infinity II (Agilent Technologies Italia S.p.a. Milan, Italy)
system coupled to a mass spectrometer (6470 A Triple Quadrupole LC-
MS) equipped with an electrospray ionization source (ESI) operated in
positive ion mode. Data were acquired with MassHunter® Workstation
Quantitative Analysis 10.0 Software (Agilent). The optimization process
was conducted automatically with the "MassHunter Optimizer" tool
provided by Agilent and manually confirmed. After an initial screening
of all chiral columns mentioned in subsection 2.2 the simultaneous
separation of MDMA, its metabolites and their enantiomers was per-
formed on 2 chiral columns: Lux i-Amylose-3 and Lux AMP. Analysis
time was less than 6 min on both columns with an isocratic mobile phase
composed of acetonitrile containing 25% (v/v) 5 mM ammonium bi-
carbonate buffer pH 11.0 at a flow rate of 1.0 mL/min. Autosampler and
column oven temperatures were maintained at 10°C and 20 °C,
respectively. The mass spectrometer operated in scheduled multiple

reaction monitoring (MRM) mode, with one transition for HMMA-
glucoronide and HMA-glucoronide (HMMA-glu and HMA-glu, respec-
tively), two transitions for MDMA, MDA, HMMA, MDMA-D5 and MDA-
D5 each and three transitions for HMA (Table 1). Scan speed (dwell
time) was 0.023 s. ESI conditions were optimized as follows: capillary
voltage 3500 V, source temperature 300 °C, cone gas nitrogen flow rate
10 L/min, desolvation gas (nitrogen) flow rate 12 L/min.

2.4. Human samples

A randomized, cross-over, placebo-controlled, double-blind study
was conducted with 3 male volunteers (mean age 23 years old [range
22-24], mean weight 70.2 [range 60.4-87.0 kg]) at the Hospital Uni-
versitari German Trias i Pujol, Institut d'Investigatio en Ciénces de la
Salut Germans Trias i Pujol, in Badalona, Spain. All participants have
recreational experience with common drugs of abuse (psychostimulants
as cocaine, amphetamines, MDMA and synthetic cathinones). Prior to
study sessions, the participants were submitted to a general medical
examination including blood and urine chemistry. Measures of phar-
macological effects were collected (not presented in this manuscript).
The clinical trial was approved by the local human research ethics
committee (CEI-HUGTIP ref. PI-19-082) to investigate the potential for
abuse and human pharmacology of MDMA. The study was registered in
ClinicalTrials.gov (number NCT05488171). It was conducted according
to the Declaration of Helsinki recommendations and Spanish rules for
clinical investigation. All participants were informed, both orally and in
writing, about of the scope of the study and signed an informed consent
prior inclusion.

Capsules contained 50 mg MDMA, 100 mg MDMA or placebo and
participants received the same number of capsules per session (n = 3), in
order to administer 100 mg MDMA and to blind the dose for participants
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and clinical staff. Biological samples were collected in plastic tubes
before and 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10 and 24 h after dosing
and immediately stored at — 20 °C until the analysis.

2.5. Sample preparation

2.5.1. Plasma, oral fluid and urine

10 pL of the 100 ng/mL internal standard (MDMA-ds and MDA-ds)
and 2 pL 2% NHs in HoO (pH 9), and 2 mL chloroform: ethyl acetate 9:1
(v/v) mixture were added to 100 pL biological sample such as plasma,
OF or urine. Sample tubes were stirred on a roller mixer for 10 min and
centrifuged at 3500 rpm for 5 min. Organic phase was transferred into
clean tubes, 100 pL acidic methanol (1% HCI) was added to prevent
evaporative losses, and samples were dried under nitrogen for approx-
imately 30 min. Samples were reconstituted in 100 pL. mobile phase
(acetonitrile containing 25% (v/v) 5 mM ammonium bicarbonate buffer
at pH 11.0) and transferred into autosampler vials prior to injection of
2 pL into the chromatographic system.

2.5.2. Sweat

Patches were fortified with 50 pL of the 200 ng/mL internal standard
(MDMA-ds and MDA-ds) and left to dry for 30 min at room temperature.
2 mL of methanol were then added to the shredded patches and, after
1 h at room temperature, 100 pL of the solution were injected into the
chromatographic system.

2.6. Method development and validation

The forensic toxicology international guidelines [26] were followed
to validate the experimental procedures used in this study. The sample
preparation methods described in previously published articles [27-30]
were used to extract the analytes of interest from biological matrices.
MDMA and its metabolites’ calibration curves were linear with co-
efficients of determination greater than 0.99 regardless of the matrix
used in sample preparation. The covered range is shown in Table 2 and
the best fit calibration model was a linear least squares regression with
1/x2 weighting, as confirmed by Mandel test coefficient [31]. The LOD
ranged from 0.1 to 1ng/mL for plasma, OF and urine and
0.003-0.025 ng/mL for sweat samples. For plasma, OF and urine the
LOQ ranged from 0.5 to 5.0 ng/mL while for sweat samples the LOQ
ranged from 0.005 to 0.05 ng/mL (Table 2). The analytical recovery of
MDMA was determined using three quality control samples (15 ng/mL,
2000 ng/mL, and 4000 ng/mL for plasma, 15 ng/mL, 4000 ng/mL, and
8000 ng/mL for OF and urine and 0.15ng/mL, 200 ng/mL, and
400 ng/mL for sweat) [32] and ranged from 95% to 117%, while matrix
effects ranged from — 6.8-7%. Recovery and matrix effect results for
metabolites are shown in Table 2. The dilution controls fell within the
acceptable range ( &+ 15%) for method validation, indicating that the
assay was reliable. Analytes stability tests in all biological matrices were
performed using 4 replicates at QC1, QC2 and QC3 concentrations.
stored at room temperature and — 20 °C. Freezing and thawing stability,
short term (0, 1, 2, 4, 24 and 48) and medium term (1 month) stability
and stability in the reconstitution solvent for 24 h after extraction at
+ 10 °C were evaluated and the observed concentrations were all within
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. . . 3. Results and discussion
+ 20% of the target concentration. Moreover, in this study, there were

interferi ks i f the biological i I .
no interfering peaks in any of the biological matrices analyzed 3.1. Enantioselective method development (chiral column and mobile

phase selection)

Polysaccharide-based columns mentioned in the subsection 2.2 were
tested for the separation of enantiomers of MDMA and its major phar-
macologically relevant commercially available metabolites HMA,
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Fig. 6. C-t curves for MDA in plasma for 3 volunteers after receiving 100 mg dose of racemic MDMA and MRM chromatograms for MDA after 24 hrs of MDMA
administration. The plasma samples were analyzed on Lux i-Amylose-3 column under the conditions mentioned in the legend to Fig. 2 and in Table 1.

HMMA and MDA. Cellulose-based columns in combination with any of
the MS-compatible mobile phases tested in this study did not show any
promising enantiorecognition. An example of total ion current (TIC) of a
standard mixture of MDMA, HMA, HMMA and MDA separated on the
amylose-based Lux AMP column is shown on Fig. 2a. Four well sepa-
rated and one marginally separated peaks were observed. As it can be
seen from MRM chromatograms, the enantiomers of HMA, HMMA and
MDMA are baseline resolved on this column while the enantiomers of
MDA are not separated at all. While the enantiomers of HMA and HMMA

are almost completely coeluted this is not a significant problem since the
response of both analytes can be extracted separately in MRM mode
(although some ionization suppression/competition for available charge
cannot be excluded). The fully-resolved MDMA enantiomers are not
overlapping with any component of the mixture and the unresolved
enantiomers of MDA coelute as the last peak at 3.75 min. The TIC of the
same standard mixture of MDMA, HMA, HMMA and MDA on Lux i-
Amylose-3 column is shown on Fig. 2b. On this column, 7 peaks could be
counted but some of them were severely overlapped. As it can be seen
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from extracted ion chromatograms (EIC), the enantiomers of MDMA
were baseline separated, the enantiomers of HMMA and MDA were
almost baseline separated, while the enantiomers of HMA were not
separated at all. In addition, the unresolved HMA enantiomers partially
coeluted with the first eluting HMMA enantiomer. At the same time,
enantioselectively well resolved MDMA enantiomers coeluted with also
enantioselectively well resolved MDA enantiomers. Coelution of specific
HMMA and HMA enantiomers, as well as MDMA and MDA enantiomers
is not a significant problem since MRM mode allows for the deconvo-
lution of their respective response. In summary, neither selected chiral
columns was able to resolve all 4 pairs of enantiomers in one single
chromatographic separation. Since the behavior of Lux AMP and Lux i-
Amylose-3 columns was quasi-complementary an attempt was made to
use them serially connected in an attempt to simultaneously resolve the
enantiomers of all 4 studied compounds. Although the enantiomers of
MDMA were baseline separated and the enantiomers of HMMA were
close to baseline separated on the serially connected two columns, the
enantiomers of both, HMA and MDA were only partially separated (data
not shown). This approach was considered unsuccessful, and it was
decided to proceed with using both columns alternatively for the anal-
ysis at hand. This approach enabled to study the enantioselective sep-
aration of MDMA and HMMA with two alternative chiral columns and
that of HMA and MDA with one chiral column each.

10

3.2. Application to biological samples

3.2.1. Enantioselective metabolism and pharmacokinetics of MDMA

As mentioned above, no direct HPLC-MS/MS method has been
published on simultaneous separation of enantiomers of MDMA and its
major phase-1 metabolites in biological fluids to date. However, several
early studies dealt with the enantioselective metabolism and pharma-
cokinetics of MDMA by using indirect methods based on derivatization
with chiral reagents and analyses of the resulting diastereomers by GC or
HPLC-MS/MS [4,6,9-11,24,25,27]. In one such study, HPLC was used
for the micro preparative fractionation of MDMA and then purified en-
antiomers were used for in vitro metabolic studies [16]. This is an
acceptable approach. However, it does not mimic the real administra-
tion of racemic MDMA when two enantiomers interact in a living body
in a competitive manner. The fact that MDMA undergoes enantiose-
lective metabolism with preference for S-(+)-MDMA is well established
[4,6,9-11,24,25]. Our experimental results on all studied biological
fluids (plasma, OF, sweat and urine) are in agreement with this earlier
finding (see representative results for plasma shown in Fig. 3). Another
interesting observation made in early studies was that the enantiomeric
excess for MDMA increased over time following racemic drug adminis-
tration. Our results generated in plasma samples did not exactly support
this conclusion for the initial hours after drug administration. In fact, a
significant enantioselectivity with the concentration ratio of enantio-
mers Cg-()-mpma / Cs-(+)-Mpma = 4.5 was observed already in the first
measurement of enantiomers after 15 min from drug administration,
then this ratio decreased reaching a minimum at around 45 min after
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Table 3

Some pharmacokinetic data of MDMA, HMMA, and MDA in human OF and plasma.

MDA

HMMA

Dose Matrix MDMA

mg

Patient/

Volunteer

Ti/2, hr

C max, ng/mL

t max, hr

Ty/2, hr

C max, ng/mL

t max, hr

T1/2, hr

S-(4)

C max ng/mL

t max, hr

2-nd-

1st-

2-nd-

1st-

2-nd-

1st-

2-nd-

1st-

2-nd-

1st-

2-nd-

1st-

R-

R-()

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

Enant.

(€D

+)
2

1
1

©)

3.3
6.8
3.2
6.8

4.5

145.1 281.1

4
4

6.8
6.7
9.4
3.9

6.6
6.5

238.7
306.1

215.5
297.4
302.1

4

5.2 6.1

1966.1

2414.1

OF

100
100
100
100

4.1

375.1

291.1

6.9 7.2

6.4

2087.7

2921.6

1.5
1.5
1.5
1.5
1.5

OF

6.0

368.8
14.9

215.3
10.3

8.0
3.3

313.1
31.4

4

7.0

2007.3
134.4
148.9
128.9

2250.9
193.2
190.1

OF

13.2

26.4

4.5

11.4

1.5
1.5

1

Plasma

12.7

10.2

14.9
20.5

12.5

3.8
5.6

3.1

27.5

19.1

4.9

11.7

Plasma
Plasma

100
100

11.4

12.5

14.9

2.8

28.6

19.6

4.4

11.3

159.2

Abbreviations: MDMA, 3,4-methylenedioxy-methamphetamine; HMMA, 4-hydroxy-3-methoxymethamphetamine; MDA, 3,4-methylenedioxyamphetamine; Cmax, maximum concentration; Tmax: time to reach

maximum concentration; T1/2, elimination half-life.

11

Journal of Pharmaceutical and Biomedical Analysis 238 (2024) 115768

administration of racemic MDMA, then increased, decreased and
increased again reaching its highest value at the final sampling of this
study (24 hrs.) (Fig. 4a). In Fig. 4 the MRM chromatograms of MDMA
and its deuterated standard (MDMA-ds) are shown after 15 min, 45 min
and 24 hrs of racemic MDMA administration. As mentioned above the
deuterated standards were added on the sample preparation step. The
chromatograms of the racemic deuterated standard confirm that enan-
tiodifferentiation originates from the biological system (living body) and
it is not caused by any analytical bias. This quite unexpected observation
for plasma samples was also confirmed in OF of the same patient
(Fig. 4b).

Due to the low concentrations of MDMA in biological fluids at the
initial and terminal steps of drug administration and the relatively large
concentration range the C-t curve has to cover, a typical C-t curve does
not adequately visualize enantioselectivity in drug metabolism and
pharmacokinetics at these steps. This is also the case for the C-t curves
shown on Fig. 3. Based on these dependences one may conclude minimal
or no enantioselectivity at the initial and terminal steps of MDMA
administration. Therefore, in order to better visualize these differences
on Fig. 4a and 4b together with chromatograms, the dependence of the
concentration ratio R-(-)-MDMA / S-(+)-MDMA was plotted function of
the time passed since administration of racemic MDMA. Two important
conclusions can be drawn from Fig. 4a and 4b: firstly, there is significant
enantioselectivity in metabolism and pharmacokinetics of MDMA pre-
sent immediately after administration of the drug, as well as of course on
the terminal stage of the drug administration and secondly, the results
for plasma and OF correlate qualitatively quite well.

3.2.2. Phase-1 metabolites of MDMA

Out of phase-1 metabolites of MDMA we could detect just traces of
HMA in plasma samples after 45 min of drug administration and it
remained detectable after 24 hrs. Although HMA can be formed from
MDMA through two different pathways (Fig. 1), due to its low concen-
tration in plasma samples discussing enantioselectivity of its formation
or its further conjugation does not seem reasonable.

In contrast to HMA the presence of HMMA could be detected in
plasma already at the first sampling point (after 15 min from drug
administration) and it remained detectable after 24 hrs. HMMA was
formed enantioselectively and the ratio of enantiomer concentrations
varied in the range of 1.2-2.5 over the time range 15 min-24 hrs from
drug administration (Fig. 5). Since HMMA also undergoes further
metabolism to HMA as well as conjugation, the overall enantiose-
lectivity observed in plasma is a sum of its enantioselective formation
and apparently also enantioselective further transformations, as well as
of its clearance. The MRM chromatograms of this metabolite for 3 vol-
unteers after 15 min of MDMA administration are shown in the same
figure (Fig. 5).

The enantiomers of another metabolite of MDMA, specifically MDA,
were clearly detectable in plasma after 45 min of MDMA administration
and were still detectable after 24 hrs. At the same time, the enantiomers
of this metabolite were present in plasma in unequal concentrations.
Based on its structure MDA cannot undergo conjugation. However, its
enantioselective formation from MDMA, enantioselective trans-
formation to HHA, as well as its clearance is of course possible. The C-t
curves shown on Fig. 6 for this metabolite also contain the MRM chro-
matograms of MDA, as well as its deuterated internal standard MDA-d5
in the plasma sample taken after 24 hrs from MDMA administration. In
overall, our results indicate that the concentration ratio of MDA enan-
tiomers in plasma is closer to 1 compared to the concentration ratio of
HMMA enantiomers shown on Fig. 5.

We did not have access to enantiomerically pure HMMA and MDA, as
well as could not directly confirm stereochemistry of their enantiomers
based on spectroscopic and computational tools. However, based on
earlier publication by Steuer and co-authors [25] we can assume that for
both discussed metabolites HMMA and MDA, the enantiomer with
higher concentration has S-stereochemical configuration.
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Fig. 9. TIC chromatogram of cumulative (0—4 hrs.) urine sample and MRM chromatograms of MDMA, HMA, HMMA and MDA for a volunteer who received 100 mg
MDMA. The sample was analyzed on Lux AMP column under the conditions mentioned in the legend to Fig. 2 and in Table 1. MDA and MDA-ds were analyzed on Lux
i-Amylose-3 column under the conditions mentioned in the legend to Fig. 2 and in Table 1. MDMA-ds and MDA-ds were used as internal standards.

It is also to be mentioned that some of the MDMA metabolites
detected in the present study were not detected either in plasma or urine
in earlier study [25].

3.2.3. Comparison of results obtained from plasma, oral fluid, sweat and
urine

Various biological matrices have their advantages and disadvantages
in following the fate of exogenous compounds in the living body. Blood,
plasma and serum have the advantage of showing the actual concen-
tration still in circulation in the body and thus responsible for phar-
macodynamic effects. The disadvantage of using these matrices is that
they have to be collected in an invasive way. OF may represent a better
alternative from this point of view. However, in contrast to circulating
blood, OF is collected in a (so called) open system and analyte concen-
trations may intentionally or unintentionally be affected by intake of
liquids, mouthwash and other factors. Sweat is not easy to be adequately
collected and processed but may provide valuable information. Urine is
a well-accepted matrix in clinical analysis in general, especially in
doping and narcotics analyses. The disadvantage of analyzing urine is
that the drug to be detected in this matrix has already left the circulatory
system and thus the results are mostly post-factum (although sometimes
very valuable). The qualitative and quantitative correlations between
these matrices is of a certain interest and addressed in several studies in
the last decade [33-35].

In addition to the correlation between plasma and OF shown in
Figs. 4a and 4b, qualitative correlations were observed also between
other matrices, although one has to consider that the sampling method
was different between plasma and OF on one side and urine and sweat
on the other one. Actually, in the latter 2 cases cumulative samples were
taken and the results cannot be plotted as typical C-t curves shown in
Figs. 4a and 4b. In particular, the patches used for collecting sweat
samples were attached to the body shortly before MDMA administration
and removed one by one after certain time intervals from drug admin-
istration. Typical analysis results are shown in Fig. 7. Only unchanged
MDMA and its metabolite MDA were detected in sweat samples while
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HMA and HMMA were not detected. The concentration of R-(-)-MDMA
was higher in sweat compared to that of S-(+)-MDMA similar to results
observed in other matrices while for MDA almost no preference could be
observed for any enantiomer (Fig. 7). Significantly higher concentra-
tions for both MDMA enantiomers, as well as their metabolites was
observed in OF compared to plasma (Fig. 8, Table 3). This, at the first
glance unexpected observation, is in agreement with earlier achiral
studies on the same compound and its metabolites [33]. Possible reasons
of this unusual result are also mentioned in the same ref. 33.

The most complete picture about MDMA metabolism could be ob-
tained from urine sample. HMA, not detected in any other studied
matrices, could be detected in urine samples along with HMMA, MDA
and non-metabolized MDMA. As already noticed in several earlier
studies, as well as confirmed by enantioselective analysis of plasma, OF
an sweat samples, out of the two MDMA enantiomers the S-(+)-enan-
tiomer metabolizes faster and to a higher degree. Therefore, the con-
centration of R-(-)-MDMA is higher in all matrices analyzed, among
them also in urine. Accordingly, the content of the second eluted en-
antiomers of all metabolites, which presumably are also of S-configu-
ration, is higher compared to the first eluted enantiomers. Based on our
results the route of metabolism via O-demethylenation (apparently the
major pathway leading to HMMA and HMA) seems to be more enan-
tioselective compared to the route of N-demethylation (leading to
MDA). As evident in Fig. 9. the response ratio for the two MDA enan-
tiomers (formed in the body via MDMA metabolisms) in urine and the
response ratio of their deuterated analogues used as internal standards
are almost the same, while significantly different in the case of MDMA
enantiomers and their deuterated analogs used as internal standards (as
shown in the same figure).

4. Conclusions
Enantioselective isocratic HPLC-MS/MS methods were developed for

the first time for the simultaneous analysis of MDMA and its phase-1
metabolites HMA, HMMA and MDA in various biological fluids. The
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methods require the alternative use of two amylose-based chiral col-
umns, namely Lux AMP and Lux i-Amylose-3. The developed methods
were validated and used with plasma, OF, urine and sweat samples of
volunteers who were administered a single 100 mg dose of MDMA. The
enantioselective metabolism of MDMA was confirmed. Namely, its S-(+)
enantiomer was metabolized faster and to a higher degree. Of metabo-
lites, mostly HMMA and MDA were detected in plasma while in addition
to these two and unchanged MDMA, HMA was also detected in urine
samples. In sweat only unchanged MDMA and MDA were detected while
HMA was present only in trace amounts in plasma and OF. When
detected, the enantiomers of MDMA, HMMA and HMA were present in
significantly different concentrations, while for MDA some enantiomeric
preference was found in plasma and OF while almost no difference could
be observed in urine concentrations of its enantiomers. Demethylena-
tion pathway of MDMA seems to be more enantioselective compared to
the N-demethylation pathway. An earlier observation about higher
concentrations of MDMA and its metabolites in OF compared to plasma
made in a non-enantioselective study was confirmed also in the present
enantioselective study for both enantiomers and their related
metabolites.
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