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Lysergic acid diethylamide (LSD) is hardly detectable and quantifiable in biological samples because of its
low active dose. Although several analytical tests are available, routine analysis of this drug is rarely
performed. In this article, we report a simple and accurate method for the determination of LSD, based
on adsorptive stripping voltammetry in DMF/tetrabutylammonium perchlorate, with a linear range of
1-90 ng L~! for deposition times of 50s. LOD of 1.4ngL~' and LOQ of 43 ngL~! were found. The
method can be also applied to biological samples after a simple extraction with 1-chlorobutane.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lysergic acid diethylamide (LSD, Fig. 1) is a semisynthetic
product of lysergic acid, a natural substance from the parasitic
rye fungus Claviceps purpurea. Albert Hofmann, a natural products
chemist at the Sandoz AG Pharmaceutical Company (Basel,
Switzerland), synthesized LSD in 1938 while searching for phar-
macologically active derivatives of lysergic acid. He accidentally
discovered its dramatic psychological effects in 1943, and though
he synthesized many lysergic acid derivatives, none had LSD’s
unique spectrum of psychological effects. During the 1950s, LSD
(Delysid®™ Sandoz) was introduced to the medical community as
an experimental tool to induce temporary psychotic-like states
(“model-psychosis”) and later to enhance psychotherapeutic treat-
ments (“psycholytic” or “psychedelic” therapy) [1].

LSD is one of the most potent psychotropic drugs, only few
micrograms (50-100) are required for pharmacological effects [1].
LSD is extensively metabolized, but a small fraction is found
unchanged in biological fluids, so that the identification of LSD
at 200 ng L~ in urine is considered positive for LSD abuse [2]. The
detection of very low concentrations of LSD and its metabolites
requires the development of specific and sensitive analytical
methods. Several gas chromatographic mass spectrometric meth-
ods [3] have been developed for LSD analysis providing specificity
and high selectivity but they need time-consuming extraction,
purification and derivatization procedures. More recently, liquid
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chromatography-mass spectrometry (LC-MS) methods for its
determination have been proposed [4].

In this paper, the electroactivity of the ergot nucleus [5] was
exploited to develop a rapid, sensitive and specific adsorptive stripping
voltammetric method at glassy carbon electrode in DMF containing
0.1 M tetrabutylammonium perchlorate for the determination of LSD,
alternative to LC-MS, less expensive and with comparable sensitivity.

2. Experimental section
2.1. General section

Reagents of the purest grade available were purchased from
Sigma-Aldrich and used as received. All electrochemical measure-
ments and characterizations were carried out with a BASI PWR-3
power module and a standard three-electrode EF-1085 C-3 cell
with a glassy carbon (0.02 cm? geometrical area) electrode as the
working electrode, a platinum wire as auxiliary electrode and a Ag/
AgCl/NaCl (3 M NaCl saturated with AgCl) reference electrode.

Due to its photoreactivity [6], the synthesis and manipulation of
LSD were carried out in a dark environment. Standards (in dimethyl-
formamide: DMF) were prepared daily from a 1000 mgL~"' stock
solution (in DMF), stable for at least 1 week when conserved at -18 °C,
and stored in the dark.

Electrochemical potentials are referred to Ag/AgCl/NaCl (3 M
NaCl saturated with AgCl). An Orion SA 520 pH meter was used for
pH measurements.

In the following, the uncertainty on the last digit has been
reported in brackets, when appropriate.
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Fig. 1. Chemical structure of LSD (1).

Please notice that LSD tartrate was used for this study, but
quantity reported below refer to the free base.

2.2. LSD synthesis

LSD was synthesized from the corresponding lysergic acid
hydrate according to the well-known Hoffmann procedure [6].
The compound was purified by column chromatography (neutral
alumina; eluent benzene/chloroform 3:1) and crystallized three
times from methanol as 1-( + )-tartrate [6]. The substance is highly
physiologically active and its synthesis and manipulation require
special precaution to avoid any contact, also with dilute solutions
or samples contaminated with it.

2.3. Glassy carbon (GC) electrode pretreatment/characterization

Before use, following standard procedures, the GC electrode was
abraded with successively finer grades alumina (from 1pm to
0.05 pm), rinsed with 5% nitric acid and water and cleaned in an
ultrasonic bath to remove any trace of alumina. Then the smooth
surface was electrochemically cleaned by Cyclic Voltammetry (CV) in a
0.5M H,SO,4 solution (15 cycles, initial potential E;=0.0 mV, final
potential E=+1400 mV, scan speed ©=200mVs~') in order to
obtain low background currents and reproducible results [7]. Effective
glassy carbon electrode area was determined by applying the Randles-
Sevcik equation by CV in a 1.0 mM ferrocene/0.1 M tetrabutylammo-
nium perchlorate solution in acetonitrile (E;=+200 mV, E= +800
mV, scan speed =100 mV s~ 1) [89].

2.4. Electrochemical investigations of LSD

Measurements in CV to evaluate the redox activity of the drug
were performed in 0.1 M tetrabutylammonium perchlorate
((BugN)ClO4) in DMEF, in the potential range from -600 mV to
+1500 mV (accessible to the GC electrode in these conditions)
with a title compound concentration of 1 mg L~ at variable scan
speeds, from 50 mV s~! up to 1000 mV s~ .

To evaluate whether the electrochemical processes were diffu-
sion-controlled, plots of current intensity (i) vs. square root of the
scan speed (v'/2) or vs. scan speed (v) were performed (CV, 0.05 M
(BugN)ClO4 in DMF as described, E;=+700 mV, E;=+1500 mV,
title compound concentration 50 mg L~ !, scan speeds from 10 to
200 mV s~ ). The scan window was limited only to E > 700 mV as
no peaks were found at more negative potentials (see below).
The relationships between log i and log v in the same conditions,
the behavior of i/v'/? vs. log v and the peak's potential dependence
with respect to the logarithm of scan speed were investigated as
well, to better assess the nature of the electrochemical processes.

The number of electrons involved in the electrochemical rate-
determining step was obtained by CV at different scan speeds
(from 10 to 200mVs~!; potential range from +700mV to
+1300 mV) in 0.05M (BuyN)CIO4 in DMF as described, drug
concentration of 50 mg L~'; the equation for reversible processes
was applied, being:

|Ep-Ep2| = (2.218RT)/(nF) = [57.7 /()| mV 1)

where symbols have the usual meaning [10].
For further details, see Supplementary information.

2.5. Electrochemical determination of LSD

For the quantification of LSD, a method based on adsorptive
stripping voltammetry (AdSV) was developed. The quantitative
determination was done on the oxidation wave, by the standard
addition method. Different supporting electrolytes, viz. (BuysN)
ClOy, LiClOy4, tetrabutylammonium tetrafluoroborate in different
solvents (methanol, acetonitrile, N,N-dimethylformamide) were
tested, as well as the effect of the presence of water in the media.
The influence of the main parameters (namely, deposition poten-
tial, deposition time, scan speed) was verified.

2.6. Extraction of LSD from biological matrices and toons

Biological matrices were spiked with realistic amounts of LSD,
taking into account the dose usually taken and metabolism [2,11]
and half-life of the dose ingested [1].

For the extraction of LSD from biological matrices and toons,
known procedures were followed, in particular:

® Toons: LSD was extracted from toons (2 x 3 cm?, usual LSD
content ranging from 50 pg to 100 pg) with 15 mL DMF
(ambient temperature) in ultrasonic bath for 10 min.

® Hairs: Approximately 50 mg of hair, accurately weighted,
were cut into small pieces of about 3 mm in length, and
then washed with water, methanol and cyclohexane (5 mL
each, to remove any residual detergent, dye or traces of
grease). The sample was extracted with 5mL DMF in
ultrasonic bath at 50 °C for 10 min. A second extraction
was performed to asses that recovery was quantitative.

® Plasma and urine: Following a known procedure [12]
slightly modified and adopted, 1 mL of sample (adjusted
to pH=9 with phosphate buffer in the case of plasma) was
extracted with 1 mL 1-chlorobutane with strong agitation
(Autovortex®™) for 2 min; the solution was centrifuged at
4500 rpm for 10 min. The organic phase was diluted 1:100
with a 0.1 M (BuygN)CIO4 solution and analyzed by the
standard additions method by AdSV.

A known amount of each extract was added to 10 mL DMF
0.05M (BuygN)CIO4 in order to have a final concentration in the
range 10-50 ng L~ !, and analyzed.

3. Results and discussion

3.1. Electrode characterization

Glassy carbon electrode area was estimated to be 0.083(1) cm?, in
good accordance with geometrically calculated area. This indicated
that the surface was well polished and with low roughness.
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3.2. Electrochemistry of LSD

Investigation of LSD behavior by CV showed two oxidation waves,
each characterized by a two-electron process (see Fig. 2 and
Supplementary Figs. S1a and S1b) with E;»,=860 mV (E,=913 mV,
corresponding to path from a to d in Scheme 1, see below for details)
and E;;;=1250 mV (E,=1139 mV, corresponding to path e and f in

—— 10 mV/s
—— 20 mV/s
— 30 mV/s
-50 mV/s
80 mVis
- 100 mV/s
— 150 mV/s
— 200 mV/s

I (nA)

=30 T T T T
1400 1200 1000 800
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Fig. 2. CV scan of LSD at different scan velocity. Electrochemical conditions: DMF
containing 0.1 M (Bu4N)ClO,. Drug concentration=50 mg L~ .

Scheme 1, see below for details). The broad cathodic wave with
E12=1205 mV suggests that the second oxidation process is rever-
sible, while the first is not. However, if CV is performed in a narrow
potential range to avoid the second oxidation step, a reversible wave
is obtained (see Supplementary information Figs. S2a and S2b: the
latter well shows the behavior described with the E;, potential of
the cathodic wave at 1010 mV), meaning that in the timescale of the
CV (scan speed 10-200 mV s~ ') step a is reversible; the dimerization
represents the not reversible chemical step, producing the inter-
mediate radical cation 2°* which undergoes further electron trans-
fer and further chemical (deprotonation) steps. The CV in the wider
potential window describes an electrochemical/chemical (EC)
mechanism: the product of the first oxidation wave (path d in
Scheme 1) is transformed by a second oxidation in a product which
undergoes deprotonations in path e and fin Scheme 1 which reduce
the apparent reversibility of the process (these data, those below
reported and previous literature [5,13,14] allowed us to deduce the
redox mechanism proposed in Scheme 1).

The first redox process appears to be controlled mainly by
diffusion at the electrode, as the following relationship between
square root of scan speed and i has been obtained: i(nA)=0.4603
(172 (mV s~ 1)-0.34(3), *=0.993 [15,16].

It was noted that upon 10-15 scans peaks begin to broaden and
become undefined, in accordance with a (partial) adsorption of the
redox product(s) at the electrode surface.

The linear relationship between log i and log v, log i(nA)=0.62(4)
log v (mV s~ 1)+0.035(1), ?=0.992, confirms a diffusion-controlled
reaction [17-19].

-, -H*l f E=1139 mV

ELN

Scheme 1. Proposed mechanism for the electrochemical oxidation of 1.



D. Merli et al. / Talanta 130 (2014) 456-461 459

The value of i/v'/? ratio remains constant at different log 2, and this

furthermore confirms that the process at the electrode surface at high
LSD concentration was mainly diffusive; peak potential linearly
depends on log of the scan speed, EmV)=71(2)log v (mVs~')+877
(3), ?=0.982. This is consistent with the EC mechanism, where the
electron transfer at the electrode is coupled with a following irrever-
sible chemical process [17,20], as said before.

The second oxidation wave (E;;=1059 mV) seems to be con-
trolled mainly by diffusion at the glassy carbon, as the following
relationship between square root of scan speed and current is
obtained: i(nA)=0.473(2)v'/? (mV s~ 1)-0.14(2), 1*=0.992 [15,16].

The relationship between logi and logv [17,18] is linear, as
expected for a diffusion-controlled reaction [19,20]. The equation
was: log i (uA)=0.74(3)log v (mV s~ 1)-0.03(2), ?=0.993.

The relationship between i/v'/? vs. log v does not show any
increment of the first term with respect to the second, and this
furthermore confirms that the process on the electrode surface is
mainly diffusive when high concentrations of LSD are used in
solution; the linear dependence of peak potential on log of scan
speed, with a regression line E(mV)=130.8(2)logz (mV s ')+
1026(3), r?=0.985, is consistent with the EC mechanism, where
the electron transfer at the electrode is coupled with the following
irreversible chemical process [17], as said before.

Concerning the cathodic wave (E;,=1075 mV), a linear relation-
ship between square root of scan speed and i is obtained, i(uA)=0.888
(32 (mV s~ 1)-135(2), ?=0.999 [15,16], and the process is diffu-
sion controlled as log i vs. log v [17,18] was linear: log i(nA)=0.37(2)
logv (mVs~1)+3.16(3), ’=0983. These data confirm that the
reductive process is mainly diffusive, but the increase of ifv'? vs.
log v is indicative of adsorption of the reactant (see Fig. S3). Peak
potential linearly depends on log of scan speed with a linear
regression line E(mV)=22.03)logr (mV s~ ')+1100(4), r*=0.982,
and is consistent with the EC mechanism, where the electron transfer
at the electrode is coupled with a following irreversible chemical
process [17,19].

The electrons involved in the rate determining step, determined in
CV ((BuN)ClO4-005M in DMF, LSD 50mgL~!, E=700mV,
E=1400 mV) by applying Eq. (1) (see note in Supplementary infor-
mation) are respectively 1.1(2) for the first oxidation peak and
0.9(1) for the second one. Both represent the mean value of 10 mea-
surements carried out with scan speeds ranging from 10 to 200
mVs~! (see Fig. 2). From these values and from data reported in
literature [5,20,21] for similar structures, as the oxidation process
consists in the dimerization of two LSD molecules, and as there is a
consumption of one electron for mole of compound, it can be con-
cluded that each redox peak involves two molecules of reactant, i.e.
two moles of electrons. The indole core is the oxidation center, as it is
more oxidizable than the amino one and the double bond [20-22].

The generated radical cation 1° " (path a) can add itself onto
the double bond in the indole ring of a second LSD molecule (path
b). Then, detachment of a proton from the dimer (path c) produces
a neutral radical 2° [5,13]. Further one-electron oxidation followed
by deprotonation takes place to produce the electronically neutral
2 obtained in the first oxidation wave (path d). Electrochemical
oxidation of 2,2” and 3,3’ bis-indoles has been investigated in
literature. According to what suggested for 3,3’-bis-indole [21], the
second oxidation wave and the following deprotonation result in
the formation of highly conjugated aromatic radical 3" (path e).
Further oxidation and loss of proton (path f) conduce to neutral 3
[5]. The electrochemistry of the compound remains unchanged if
tartaric acid (up to 5 gL~ 1) is added to the supporting electrolyte.

3.3. Electrochemical determination of LSD

The determination of LSD at glassy carbon electrode by AdSV
was obtained on the second wave (E,;=+1139 mV), by the

external standard addition method with concentrations ranging
from 5 to 90 ng L~ (see Fig. S4).

The optimized electrochemical conditions are below reported.
At low concentrations (ng L~! concentrations), adsorption of the
compound occurs at the electrode surface [5]; while shifting to
non-aqueous (DMF) supporting media, the adsorption is weaker
and during the anodic scan the compound accumulated on the
surface during the deposition step could be stripped off. In the
electrochemical conditions described for the CV investigations,
the adsorption of LSD on the electrode surface is negligible, as
illustrated before.

Sharper and well-defined peaks were obtained with 0.05 M (BuyN)
Clo4 in DMFE. The concentration of the supporting electrolyte was
shown to play a major effect on the definition and separation of the
two peaks obtained. Although generally a diminution of a stripping
signal is expected lowering the concentration of the supporting
electrolyte [23], in this case we observed the contrary phenomenon;
this is sometime observed and is attributed to the interaction between
the target molecule (LSD) and the supporting electrolyte, which causes
a shielding effect [24].

The deposition potential has a limited effect on the analytical
signal: as a compromise, a deposition potential of +400 mV was
chosen as the co-evolution of hydrogen and progressive damage of
the GC surface are avoided; potentials less negative than -500 mV
did not lead to an increase of the stripping signal and caused
progressive diminution of the signal. Further chemical or physical
cleaning of the electrode after each deposition cycle was not
necessary as the oxidative scan is brought to 1.3V, sufficient to
clean the electrode.

The effect of scan speed was investigated in the range 10-
200 mV s~ ! and, as expected, it was found that high scan speeds
increased the peaks height but also broadened the peaks and
worsen the definition. A scan speed of 100 mV s~ ! was chosen as
the best compromise.

The choice of the deposition time is related to the concentration of
LSD expected in the sample. By increasing the deposition time, the
signal linearly increases until a complete monolayer is formed on the
electrode surface and saturation of the signal is obtained (e.g. this is
observed for 250 s deposition time at 5 ug L~! LSD concentration). For
deposition times of 50 s, a limit of detection (LOD) of 14 ng L~ ! and a
limit of quantification (LOQ) of 43 ngL~! were obtained, and the
signal was linear up to 90 pgL~'. The calibration curve obtained
under these conditions (10 data points) was: i(nA)=0.0308(3)
(C, ngL~1)-0.008(5), *=0.995. At a concentration greater than
90 ng L~ ! loss of linearity occurred.

Summing up, AdSV optimized parameters were E;= +700 mV,
Ef=+1300 mV, scan rate v=100mV s~ 1 Egep=+400mV and
deposition time 50 s. The other electrochemical parameters were
constructor's default parameter of the chosen stripping techniques
(BASi): pulse amplitude=50 mV, pulse width=50 ms and pulse
period=200 ms (see Fig. 3 for a typical voltammetric curve).

Water, if present up to 10% with respect to DMF, did not interfere.
At greater concentrations, peaks broadened and became undefined.

The most common excipients and drugs that can be administered
together with LSD were investigated: sucrose, caffeine, mescaline,
bromazepam, amphetamine did not change peak height and profile
up to a 50 times the LSD concentration. Tartaric acid (up to 5gL~1)
did not influence the performance of the method.

3.4. Validation of the proposed methods

The analytical method was validated according to the Interna-
tional Conference on Harmonization (ICH) guidelines [25]. A ten
concentration (AdSV: 5-90ngL~! t4,=50s) calibration graph
was obtained by least-square regression method and LOD and
LOQ were calculated from the calibration curve. The repeatability
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Fig. 3. AdSV curves obtained for LSD at 5, 10, 15, 20, 25, 30 and 35ngL~"'
concentrations. Electrochemical conditions as described in the text.

(intraday precision) was evaluated by assaying (AdSV) during the
same day 6 samples containing 30 ng L~ ! of LSD and the reprodu-
cibility (interday precision) in the same number of samples in two
different days. Recovery, average value of 3 replicates, was carried
out by addition of known amounts of standard drug solution in
DMF (1, 3,10, 30 ng L~ ') and ranged from 94% to 108%. In Table 1
are listed the figures of merits obtained that show the compar-
ability with other already existing methods [11].

3.5. Analysis in urine samples, plasma, toons and hair

The method was applied to the analysis of LSD in biological
matrices and toons, before and after spiking with known amounts
of LSD (see Fig. S4 in Supplementary information for typical
voltammograms obtained). Undiluted aliquots of urine were
spiked with LSD (1-30pgL~') and extracted by adapting a
procedure reported in the literature (see Section 2.6) [12]. A
typical calibration curve obtained by the standard additions
method was i(pA)=0.0063 (C, ngL~1)+0.119, 1*=0.9917, and the
concentration of LSD in the sample was calculated. Recovery was
quantitative with a single extraction obtaining yield in the range
84-122%.

Plasma samples, spiked with LSD to obtain solutions at con-
centrations in the range 1-10 pg L~ !, were extracted and analyzed
following the same procedure (see Section 2.6). A typical calibra-
tion curve obtained by the standard additions method was i(pA)=
0.0223 (C, ngL~1)+0.4303 with r?=0.999. Recoveries were in the
range 83.5-110%.

Concerning the hair, a proper amount of LSD standard solution
were added to 0.5 g of samples, obtaining concentrations between
1 and 10 ng g~ !; 50 mg were sampled and extracted as illustrated
in Section 2.6. A second extraction demonstrated that the recovery
was quantitative. The equation of the calibration curve was i(uA)=
0.0145 (C, ng L~ 1)+0.4055, *=0.9976 and recovery between 65%
and 135%.

The application of the method on biological samples enables
the determination of LSD at a concentration that can be reasonably
found in plasma, urine [12] and hairs [26] of drug abuser.

Toons containing LSD between 50 and 100 pg were obtained
depositing known amounts of the drug on filter paper cards, size
2 x 3 cm?. For the extraction, the sample was suspended in 15 mL
of DMF and sonicated for 10 min.

A blank extraction of a card of the same size not containing LSD
demonstrated the absence of electroactive or interfering sub-
stances. Quantitative analysis with recovery between 91.5% and
103% was performed by the standard additions method, and a

Table 1

Figures of merit obtained for LSD. Electrochemical conditions as described in the
text. The uncertainty on the last digit has been reported in brackets when
appropriate.

Parameters AdSV
Concentration range 5-90 ng L'
Slope + standard error 0.0308(4)
Intercept + standard error -0.0815(6)
Correlation coefficient () 0.9998

LOD l4ngL™!
LOQ 43nglL~!
Intraday precisions (%) 9.08
Interday precisions (%) 74
Recovery (%) 84-117

Table 2

Measured concentrations (and relative confidence interval, calculated at the 95%
level, p=0.05) of LSD in various matrices spiked with LSD. n=number of samples
analyzed.

Sample Concentration of Measured concentration
LSD spiked and confidence intervals
Urine 30pugl! 2747 yg L' +1.67
n=>5, p=0.05
10pgL! 10.67 ug L' + 1.20
n=38, p=0.05
gL 3.02ug L' +0.57
n=>5, p=0.05
1pglL™! 1.01 pg L' £ 016
n=>5, p=0.05
Plasma 10pgL™! 95ugL ' +34
n=3, p=0.05
gL’ 3.04pugl! +0.17
n=12, p=0.05
1pgL! 1.02 ug L' +0.11
n=>5, p=0.05
Hair 10ngg™! 92ngg'+153
n=14, p=0.05
5ngg! 55ngg ! +1.95
n=4, p=0.05
Toons 100 pg 100.78 pg +2.53
n=7, p=0.05
50 pg 4745 pg +3.18
n=>5, p=0.05
typical equation of calibration curve was i(nA)=0.0142

(C, ng L™1)40.3967, 1?=0.9945.

Results are shown in Table 2.

To better understand the possible interference of ampheta-
mine, bromazepam, caffeine and mescaline, these substances were
added to the biological matrices (plasma and urine) at up to 50
times the concentration of the LSD, before the extraction
procedure.

1-Chlorobutane resulted to be quite selective for the extraction
of LSD, while amphetamine, caffeine and bromazepam are poorly
extracted, as LSD partition coefficient (log P=2.95 [27]) is greater
with respect to the other drugs' one (caffeine log P=-0.07 [27a],
bromazepam log P=2.05 [27b], amphetamine log P=1.76 [27c],
mescaline log P=0.78 [27d]). Thus, LSD can be accurately deter-
mined by following this approach.

4. Conclusions
A rapid, sensitive and specific adsorptive stripping voltam-

metric method at glassy carbon electrode for the determination of
LSD has been developed and optimized after the investigation of
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the electrochemistry of the drug. It is alternative to the LC-MS, less
expensive and with comparable sensitivity. The method can be
applied to different matrices, from toons to body fluids such as
urine, plasma, and hairs, and shows good reproducibility and
recovery rate at realistic LSD concentration. Excipients and drugs
that can commonly be administered together with LSD do not
interfere in its analytical determination even at up to a 50 times
the LSD concentration.
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