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Abstract

Amphetamine (AMP) is posing critical issues in our society being one of the most
encountered drugs-of-abuse in the current illicit market. The continuous drug
production in Europe urges the development of new tools for the rapid on-site
determination of illicit drugs such as AMP. However, the direct electrochemical
detection of AMP is a challenge because the molecule is non-electroactive at the
potential window of conventional graphite SPEs. For this reason, a derivatization step
is needed to convert the primary amine into an electroactive oxidizable group. Herein,
the rapid electrochemical detection of AMP in seized samples based on the
derivatization by 1,2-naphthoquinone-4-sulfonate (NQS) is presented by using square
wave voltammetry (SWV) at graphite screen-printed electrodes (SPEs). First, a
detailed optimization of the key parameters and the analytical performance is
provided. The method showed a sensitivity of 7.9 pA mM-* within a linear range from
50 to 500 puM, a limit of detection of 22.2 uM, and excellent reproducibility (RSD= 4.3%,
n=5 at 500 uM). Subsequently, the effect of NQS on common cutting agents for the
selective detection of AMP is addressed. The comparison of the method with drugs-
of-abuse containing secondary and tertiary amines confirms the selectivity of the

method. Finally, the concept is applied to quantify AMP in 20 seized samples provided



by forensic laboratories, exhibiting an accuracy of 97.3+10.5%. Overall, the fast
analysis of samples with the electrochemical profiling of derivatized AMP exhibits a
straightforward on-site screening aiming to facilitate the tasks of law enforcement

agents in the field.
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1. Introduction

Amphetamine (AMP) is a central nervous system stimulant to psychologically enhance
mood and attention used in medical treatments such as attention deficit, hyperactivity
disorder and narcolepsy [1,2]. Moreover, AMP produces a transient psychotic state in
healthy individuals by altering dopamine kinetics which is translated into euphoria,
reward sensitivity, physical fearlessness, and impulsivity [3,4]. Unfortunately, these
effects have led to an abuse of AMP in the society. AMP abuse provokes hyperthermia
which can lead to fatal complications, neurotoxicity, depletion of antioxidants, increase
in the oxidative stress at the cell level, among others undesired effects [5]. During
prolonged used, AMP intoxications might induce severe health issues such as
psychosis [6]. Hence, the consumption of AMP is a dangerous activity that has to be

strictly monitored and controlled by law enforcement agencies (LEAS).

Estimates of amphetamine-type substances (ATS) use in European Union (EU) are
about 2.0 million in adults (15-64) (number reported in the last year use of AMP) [7].
Synthetic drug production in clandestine laboratories appears to be driving the spread
of AMP and other ATS in EU and worldwide [8]. The spreading of ATS production has
led to a confiscation of 6.4 tons of AMP (in 2017) which accounts for 5% of the total
EU drug seizures [8]. Hence, LEAs demands new tools and devices that can be used

in a decentralized manner to tackle the ATS spreading in the streets.

AMP is the most adulterated ATS, with an average purity between 19% and 34% in
Europe [7]. Caffeine is the most used adulterant found in seized samples, but also
diluents such as creatine, lactose and sucrose can be encountered [7,9-11]. Table 1

summarizes the frequency and concentration ranges of common cutting agents found



in seizures. AMP can be mainly found as a drug-of-abuse in powders but also in tablet
form. Considering route of administration, 15% of users reported oral consumption of
AMP, 52% reported sniffing and 17% reported injecting [7].

Table 1. Cutting agents and their proportions in seized samples.

Adulterant/ cutting Frequency in seizures? Concentration

agent (%) range® (%) References
Caffeine 58 0.1- 63 [9,10’12_14]
Paracetamol 3 2.16 [9,14]
Creatine 34 4-51 [14]
Sucrose 39 <6-74 [9,14-16]
Lactose 65 <9-79 [13,14]

Traditionally, the confiscation process starts with a fast analysis of cargos in border
settings (e.g. harbors, airports), clandestine laboratories or intercepted street samples
by performing presumptive color tests or portable spectroscopic analysis [17,18]. This
step determines whether the material should be confiscated and send to a forensic
laboratory for a confirmatory analysis. In the laboratory, AMP seized samples are
traditionally analyzed by standard methods: (i.e. gas or liquid chromatography —
GC/LC- coupled with mass spectrometry —MS—-) due to the reliability of the method
[19,20]. However, those techniques are not operational in the field due to their high
cost, low portability and need for trained personnel. Therefore, there is a demand of
portable devices and easy-to-use tests for the detection of AMP in the field. Today,
presumptive color tests based on the Marquis reagent and Simon test are widely
spread in the forensic community [21]. However, these tests might rise to false
positives and true negatives depending on the composition of the sample as well as
the subjective misinterpretation of the results according to the operator. Portable
spectroscopic methods (i.e., Raman and infrared) are a known alternative to detect
illicit drugs in the field [22,23]. These devices exhibit relevant benefits for on-site
analysis of suspicious samples. For example: (i) non-invasive tests meaning that the
sample remains unaltered after the analysis; (ii) easy or non-existence sample
preparation; and importantly, (iii) it is a user-friendly and rapid technique. Still, these
methods present some flaws: (i) data analysis needs to be performed by an expert in
order to avoid errors in data interpretation, and (ii) cost-effectiveness to fulfill a

complete deployment in the field.



Electrochemical sensors for the detection of illicit drugs is becoming an emerging field
in forensics as they offer fast, portable, affordable and accurate qualitative and
guantitative information in several applications [24—26]. The electrochemical approach
is based on the characteristic electrochemical profile (EP) of each compound that
reveals the electroactive moieties of the target compound [27-29]. Recently, the EP
strategy coupled with electrochemical pretreatments has enhanced the effectiveness
toward the selective detection of cocaine [30], and heroin [31] in mixtures with common
cutting agents by the use of a graphite screen-printed electrode (SPE). Besides, the
integration of data treatment improves the peak analysis as it was proven for the
ketamine analysis [32]. Regarding ATS, 3,4-methylenedioxymethamphetamine
(MDMA) and para-methoxyamphetamine have already been detected due to their
electroactivity in the methylenedioxy group [33]. However, AMP does not contain an
electroactive group in its structure in the potential window of a graphite-based SPE,
thus the direct AMP detection in a SPE still remains a challenge. Therefore, an indirect
detection method is needed (e.g. derivatization of AMP into an electroactive
compound). Recently, our group reported a derivatization procedure that introduced
formaldehyde to achieve the methylation, via an Eschweiler-Clarke mechanism, of
illicit drugs containing primary and secondary amines [34]. Alternative methods such
as the use of an immunosensor [35] or membranes (using a potentiometric approach)
[36] have been proposed but not successfully reached on-site applications due to

expensive fabrication methods and multiple electrode’s modification steps.

Several papers used Folin’s reagent (i.e. 1,2-naphthoquinone-4-sulphonic acid
sodium salt —-NQS-) as a chromogenic reagent and derivatizing agent for the
determination of pharmaceutical amines using spectrophotometry [37] or to label AMP
for its electrochemical reduction after high-performance liquid chromatography [38].
Interestingly, a proof-of-concept was shown based on the derivatization of AMP with
NQS [39]. In the latter case, the presence of AMP was monitored via either the
decrease of the voltammetric peak corresponding to the electrochemical reduction of
the quinone functionality of the NQS or via the increase in a new reduction peak related
to reaction between AMP and NQS. However, the work did not exploit the voltammetric
oxidation behavior of the system, it did not study the reactivity with similar compounds
(i.e. other illicit drugs and cutting agents), and importantly, it was not used for the

detection of AMP in seizures.



The present work demonstrates for the first time the fast and accurate detection of
AMP in seized samples using the voltammetric oxidation of a derivatized compound
on a graphite SPE. The electrochemical profiling of AMP (an intrinsic non-electroactive
compound) is based on the derivatization of AMP with NQS, which is subsequently
interrogated under square wave-voltammetry (SWV). An easy mixing process of the
suspicious powder with hydrogen carbonate buffer (CB) and NQS triggers the
chemical reaction into an oxidizable product (Fig. 1). First, the electrochemical
behavior of the conceptis studied by cyclic voltammetry (CV) and SWV. Subsequently,
a careful optimization of the parameters is performed. Thereafter, a preliminary study
of the EP approach employing common cutting agents encountered in seizures is
deeply addressed. Interestingly, the effect of NQS over illicit drugs containing
secondary or tertiary amines does not hinder the identification of AMP. Ultimately, the
concept is applied for the quantification of AMP in confiscated samples, and compared
with the analysis from forensic laboratories. Overall, the fast and easy-to-use
electrochemical detection of AMP is presented as a breakthrough for the screening of

suspicious powders, aiming to facilitate the tasks of LEAs in the field.

ELECTROCHEMICAL PROFILE

NON-ELECTROACTIVE

Fig. 1. Schematics of the concept for the on-site screening of amphetamine (AMP). (a) A
suspicious powder is mixed (b) with sodium 1,2-naphthoquinone-4-sulfonate (NQS) in
hydrogen carbonate buffer pH 10, (c) thoroughly shaken for in situ derivatization, and (d)
deposited on a SPE for the SWV interrogation by a portable potentiostat. The characteristic
electrochemical profile is displayed in a laptop or smartphone exhibiting the illicit compound

found in the suspicious sample aiming for a confiscation.
2. Material and methods
2.1. Materials

Standards of d,l-amphetamine-HCI, mephedrone-HCI, methylone-HCI, 4-Cl-alpha-
PVP-HCI, methamphetamine-HC| and 3,4-methylenedioxymethamphetamine-HCI



(MDMA) were purchased from Lipomed, Switzerland, and cocaine-HCl and
heroin-HCI, were purchased from Chiron AS, Norway. Standards of 3-
fluoroamphetamine-HCI, 2-aminoindane-HCI, 5,6-methylenedioxy-2-
aminoindane-HCI, cathine-HCI, paracetamol, caffeine and creatine were provided by
National Institute for Criminalistics and Criminology (NICC, Belgium). Street samples
of AMP in its sulphate form were also provided by the NICC.

Analytical grade salts of potassium chloride, potassium phosphate, sodium borate,
sodium bicarbonate, sodium acetate and potassium hydroxide were purchased from
Sigma-Aldrich (Overijse, Belgium). 1,2-naphthoquinone-4-sulphonic acid sodium salt
(>98%) and N-N-dimethylcyclohexylamine were purchased from Tokyo Chemical
Industry Co., LTD., Japan. All solutions were prepared in 18.2 MQ cm™ doubly
deionized water (Milli-Q water systems, Merck Millipore, Germany). The pH was
measured using a pH-meter (914 pH/Conductometer, 2.914.0020, Metrohm,
Switzerland).

2.2. Methods

Square wave voltammograms and cyclic voltammograms were recorded using a
MultiPalmSens4 or EmStat Pico potentiostats (PalmSens, The Netherlands) with
PSTrace/MultiTrace. Disposable Dropsens screen-printed electrodes (SPES)
(Metrohm-Dropsens, Spain), containing a graphite working electrode (@ = 4 mm), a
graphite counter electrode, and a (pseudo) silver/silver chloride reference electrode
were used for all measurements. The CV parameters that were used: scan rate 0.1V
s1 and potential window from -0.6V to 1.4V. The SWV parameters that were used:
potential range of 0.0 to 1.4 V, frequency 10 Hz, 25 mV amplitude and 5 mV step
potential. All the square wave voltammograms are background corrected using the

“moving average correction” (peak width = 1) tool in the PSTrace software.

Electrochemical measurements were performed in 20 mM buffer solutions containing
100 mM KCI by applying 80 uL of the solution onto the SPE. Every measurement was

performed with a new SPE and subsequently discarded.
2.3. Amphetamine detection and quantification in street samples

During the analysis of the seized samples, a portable potentiostat connected to a

laptop with PSTrace software was used. Regarding sample preparation, a solution of



1.5 mg mL* of the suspicious powder was prepared in distilled water and thoroughly
mixed for 30 s in a 5 mL tube. Thereafter, a 1:10 dilution of the previous solution in CB
pH 10 with 5 mM NQS was prepared and let to react for 2.5 min. Finally, a 80 uL drop

of the solution is placed at the SPE surface for the electrochemical analysis by SWV .

For the validation of the electrochemical method employing SPEs, qualitative and
guantitative analysis of the street samples were performed using the standard
methods gas chromatography/mass spectrometry (GC/MS) and gas
chromatography/flame ionization detection (GC/FID), respectively, at the forensic
laboratory (NICC, Belgium). The applied chromatographic methods are 1SO17025
accredited and are continuously evaluated through participation to international quality
control programmes (UNODC, ENFSI, NMI).

3. Results and discussion
3.1. Exploration of the electrochemical behavior after AMP derivatization

The electrochemical behavior of AMP through its derivatization with NQS was firstly
evaluated by CV (Fig. 2a). It is suggested that after mixing the reagents, the primary
amine of AMP reacts with the sulfonate group of NQS potentially leading to a
secondary amine [39] (Fig. S1a). Particularly, the lone pairs of the electron of nitrogen
can attack the electron deficiency center of the 4-C of NQS (4-C=C bond conjugates
with 2-C=0) leading to a condensation reaction [40]. However, different products have
been elucidated and the exact reaction is still unclear [41]. Despite the unknown
products being formed, a product of the chemical reaction can be subsequently
oxidized at SPE leading to a characteristic electrochemical signal at ca. 0.66V which
can be analytically used (Fig. 2a). The oxidation and reduction peaks at negative
potentials were accounted to the redox behavior of the benzoquinone moiety of NQS
(Fig. 2a). Fig. 2b shows CV consecutive scans of the mixture AMP with NQS showing
the redox wave at ca. 0.66V while a decrease in an oxidation peak at ca. 1.2V in
comparison to the results obtained with the consecutive scans over a blank SPE (Fig.
S2a) and with 5 mM NQS (Fig. S2b). Indeed, Fig. S2b confirmed that the redox wave
at ca. 0.66V is due to the formation of a product as a result of the interaction between
AMP and NQS. Subsequently, the concept was explored employing SWV technique

to unravel a characteristic EP for AMP in a rapid and sensitive manner as well as
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avoiding high capacitive background currents [27]. Clearly, Fig. 2c exhibited an
oxidation peak (P1) at 0.66V only when AMP is present with NQS, proving the
oxidation of the derivative product formed during the chemical reaction (see Fig. S1b
for the suggested electrochemical oxidation at SPE). Moreover, the second oxidation
peak from NQS (P2, at 1.18V) decreased, suggesting that a chemical reaction is
occurring. The origin of the latter oxidation peak is not elucidated yet and further
experiments will follow to understand the nature of the signal. Fig. 2d exhibited the
SWV with the moving average algorithm from the software which facilitates the
interpretation of the results. Note that this data treatment was also employed in the
following experiments.
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Fig. 2. Electrochemical study of the sensing method to detect AMP at SPE: a) CV of buffer, 5
mM NQS and 0.5 mM AMP + 5 mM NQS. Start potential at 0V; b) Consecutive CV scans of
the mixture of 0.5 mM AMP + 5 mM NQS; ¢) SWV of buffer, 0.5 mM AMP, 5 mM NQS and 0.5
mM AMP + 5 mM NQS; and d) corrected baseline SWV of the conditions in c). All

measurements are performed in 20 mM hydrogen carbonate buffer pH 10. CV scan-rate was
performed at 0.1V s™.

3.2. Optimization of the parameters



3.2.1. Buffer and pH influence

In order to obtain the best analytical performance for the use of the approach in the
field, the optimization of the sensor was carefully addressed. Note that all the SWV
experiments were launched after 2.5 min of the chemical reaction (i.e. after mixing
AMP with NQS) as an optimal time of operation for an on-site test. Following the
reported conditions for the chemical reaction between primary amines with NQS
[39,42,43], CB was tested at different pH (from 9 — 12) using SWV (Fig. 3a). Fig. 3b
exhibits the shift in peak potential (Ep) as well as in peak current (Ip) according to the
pH at test for 1 mM AMP with 5 mM NQS. As the pKa of amphetamine is 9.9 [5], it is
suggested that as more amino group (-NH,) with nucleophilic capability and less
protonated amine (-NHJ) which loses capability as nucleophile for NQS, the better the
performance of the chemical reaction, and consequently, higher the electrochemical
signal (Fig. 3b). Therefore, alkaline pHs effectively remove the proton, facilitating the
nucleophilic substitution reaction. However, strong alkaline conditions generate high
concentration of hydroxide ion (also with nucleophilic activity) which might compete
against the amino group to attack NQS, in consequence, showing a decrease of peak
current in strong alkaline media [44]. For this reason, pH 10 was chosen as the optimal
condition exhibiting the highest peak intensity. Concerning the oxidation mechanism
of the product, Ep displayed a pH relationship with the electrochemical process
indicating the participation of protons (Fig. 3b). The E, shifted towards less positive
values at more alkaline conditions following the linear relationship E, (V) =-0.064 pH
+ 1.31, showing close Nernstian slope (0.059 V pH* at 298 K), that suggested the
transfer of an equal number of protons and electrons in the electrochemical oxidation

process.

Fig. 3c shows the comparison between CB and Britton-Robinson buffer (BR) at the
selected pH, proving the need for CB to trigger the chemical reaction [39,42,45]. From
the SWV analysis of the NQS sample (without AMP) which exhibits an oxidation
process at high potential values (<1V) in CB, it is suggested that CB catalyzes the
oxidation of AMP-NQS in comparison to BR buffer. Moreover, the influence of the
buffer on the chemical reaction was evidenced by the change in color which is visually

showed in Fig. S3.

3.2.2. Evaluation of NQS concentration and time in the reaction



Importantly, the influence of the concentration of NQS in the EP of 1 mM AMP was
evaluated (Fig. 3d). As expected, the higher the concentration of NQS, the higher the
oxidation peak of the derivatized AMP. In this case, 5 mM was chosen as the optimal
concentration as it exhibited the highest current for P1. Higher concentrations of NQS

were not evaluated to avoid an increase in the cost per analysis.

The reaction time is a key parameter for a sensitive electrochemical reaction. For this
reason, 5 mM NQS (without AMP) and a mixture of 0.5 mM AMP with 5 mM NQS were
interrogated by SWV after increasing reaction times (Fig. 3e and Fig. 3f, respectively).
Fig. 3e shows a decrease in P2 after some time and the insurgence of a small
oxidation peak at 0.78V which might be attributed to the oxidation of a byproduct
generated during a possible degradation of NQS at alkaline pH. Presumably, the
hydroxide ion with high nucleophilic ability attacks the 4-position sulfonate of NQS at
high alkaline conditions producing an oxidizable byproduct [44]. However, further
confirmation will be performed in future works to assess the nature of that peak. When
AMP is present with NQS (Fig. 3f), an oxidation peak appears at 0.66V (P1) which
increases while P2 decreases, suggesting that the chemical reaction is occurring over
time. As a compromise situation between time of operation and sensitivity of the EP,

2.5 min reaction time was chosen.

The influence of the ionic strength of the buffer over the electrochemical signal was
also evaluated exhibiting 20 mM as optimal condition due to buffering capacity and P1
peak intensity (Fig. 3g). Fig. S4 displays the raw voltammograms from Fig. 3g,
showing an enhancement of the background current at high buffer concentration, thus

confirming that 20 mM was the optimal condition.
3.2.3. Assessment of the product formation

To further prove the formation of a product (potentially a secondary amine, Fig. S1a)
between AMP and NQS, a pH screening test with BR was developed at different pH
after performing a previous reaction in a separate batch during 1h containing 1 mM
AMP and 5 mM NQS in CB at room temperature. Subsequently, an aliquot from the
reaction batch (1 mM AMP with 5 mM NQS after 1 h reaction) was diluted into the
corresponding BR buffer at suitable pH (to stop the reaction from the CB) to a
concentration of 100 uM, and interrogated by SWV. BR was used because it hinders

the chemical reaction between AMP and NQS (Fig. 3c), whereas it allows a pH
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screening. Fig. 3h displays the EP of the product of the reaction at different pHs (black
SWYV) overlapped with a control experiment (i.e. NQS incubated for the same period
without AMP) (green dashed SWV), confirming the formation of an oxidizable product
in the presence of AMP. Finally, a complete pH screening of the aforementioned
aliquot and the comparison with a compound containing a tertiary amine in its structure
(i.e. N-N-dimethylcyclohexylamine) was carried out (Fig. S5). The EPs of the product
from AMP+NQS reaction and the N-N-dimethylcyclohexylamine exhibited similar
behavior in the peak potential of both compounds at pH 9 and 10, showing an evidence
of the potential formation of a tertiary amine. In contrast, an expected enhancement of
the peak currentat pH 11 and 12 did not occurred in comparison to the model molecule
N-N-dimethylcyclohexylamine. As previously suggested, the hydroxide ion might
strongly attack the NQS at alkaline conditions [44] possibly breaking the former
product of AMP and NQS, thus decreasing the expected signal at alkaline conditions
(i.e. pH 11 and pH 12).
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Fig. 3. Optimization of the electrochemical detection of AMP at SPE: a) Influence of the pH in
20 mM hydrogen carbonate buffer: SWV of 1 mM AMP + 5 mM NQS. b) Representation of the
peak potential (Ep) and peak current (Ip) from the SWV at each pH. c) Effect of the buffer at
pH 10 on the 5 mM NQS, and 1 mM AMP + 5 mM NQS mixture. d) Influence of the
concentration of NQS on 1 mM AMP. e) Study of the time of reaction upon the 5 mM NQS. f)
Study of the time of reaction upon the 0.5 mM AMP + 5 mM NQS. g) Influence of the ionic
strength of CB (1, 10, 20 and 100 mM) on the electrochemical response of 0.5 mM AMP + 5
mM NQS. h) pH screening (from pH 8 to 11 in BR) of 100 pM of the product (black SWV)
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formed after 1h reaction with 1 mM AMP and 5 mM NQS in CB buffer pH 10 and blank without
AMP (green dashed SWV) using same conditions. The reaction time was set at 2.5 min in all
the experiments except for the reaction time and product pH screening studies.

3.3. Analytical performance

Fig. 4 shows the analytical performance of the sensor under optimal conditions (i.e. 5
mM NQS, 2.5 min reaction time and 20 mM CB pH 10). Fig. 4a exhibits the EP upon
increasing concentrations of AMP. Clearly, Fig. 4a and Fig. S6a (corresponding to the
raw SWVs) show an increase in P1 current upon increasing concentrations of AMP
while a current decrease at P2. Accordingly, Fig. 4b displays the calibration curve from
P1 which exhibits a slope of 7.9 pA mM-1 within a linear range from 50 to 500 uM and
a limit of detection (LOD) of 22.2 uM based on the standard deviation of the response
(Sy) and the slope of the calibration curve (S) according to the formula: LOD =
3.3(S,/S). Standard deviations of the calibration curves were obtained from peak
current at P1 (0.66V) by triplicates (Fig. S6b). Besides, an excellent reproducibility
was obtained at 500 uM for intraday measurements with different SPEs (RSD= 4.3%,
n=5, Fig. S7a) and 1 mM (RSD= 8.9%, n=4, Fig. S7b). In comparison to other
electrochemical methods for the detection of AMP which use antibodies or deposition
of complex membranes and setups (Table 2), the proposed method exhibits a similar
analytical performance, but remarkably, a much affordable and easy-to-use solution
by the employment of disposable SPEs for the applicability in the on-site detection of
AMP.
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Fig. 4. AMP detection at SPE: a) SWVs of increasing concentration of AMP from 10 to 1000
MM, and b) corresponding calibration curve with 5 mM NQS in CB pH 10 obtained from the
current at 0.66V. Linear range from 50 uM to 500 uM at SPE (n=3) (R?=0.99). The reaction

time was set at 2.5 min.

Table 2. Electrochemical sensors for AMP detection.

Recovery Time of

Method  Electrode LOD  Sensitivity kg:]eaer Reproducibity — or 7S O Ref
9 Accuracy y
AM  Ab/Membrane/Pt 2.5 uyM - 0.74u_l\/ll4.8 <15% - 12 min [35]
Cvand i giskE  30.9 M 200 WA Cm®  110.9— : B5% - [46]
SWvV ~ M mM1  258.9 M e
LSV PGE 22 M 91 pA mM80 - 560 pM - - T [39]
60.LmV__ 10 - 1000
PT ISE 2uM oo M - - 10s  [36]
. Cucurbit[7]uril / ) 1pM-1 i i i
Transistor gold E 1pM UM [47]
Ru(bpy)s]** — _
ECL Nafion sopm 23AU. SnM-1 4.8% : 155 [48]
. mM mM
comp05|te
83-
. .
SWV SPE 22.2 UM 7.9 JA mMM150 - 500 UM 4.3% 1}5’&%/" 3 min VTVE'ri
seizures*

Abbreviations: AM: amperometry; DPV: differential pulse voltammetry; ECL: Electrochemiluminescent;
GCE: glassy carbon electrode; ISE: ion-selective electrode; LSV: linear sweep voltammetry; PGE:
pyrolytic graphite electrode; PT: potentiometry; Pt: platinum; SPE: screen-printed electrode; SWV:
square-wave voltammetry.

*Values from the accuracy can be found in Table S1.

3.4. Evaluation of the approach with cutting agents and other illicit drugs

AMP is usually adulterated to enhance the psychoactive response, to avoid undesired
effects, and to increase drug traffickers' profits while maintaining the drug’s weight [7].
Table 1 reports common adulterants encountered in AMP seizures. Accordingly, the
EP of AMP with the most popular adulterants and diluents (i.e. caffeine, creatine,
paracetamol, lactose) was investigated at equimolar concentrations (0.5 mM AMP +
0.5mM corresponding cutting agent). Fig. 5a clearly exhibits the oxidation peak of the
derivatized AMP (P1, 0.66V) as well as the oxidation peaks corresponding to other
adulterants (e.g. paracetamol at 0.2V). The diluent lactose did not show any
electrochemical signal as it does not contain any electroactive moiety as well as it does
not react with NQS. Caffeine oxidation peak occurs at high potentials (< 1V), thus

overlapping with the NQS signal. Interestingly, cutting agents were evaluated with
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NQS as a control experiment (dashed green line), showing no interaction with the
derivatization agent. Therefore, the proposed method allows the selective detection of
AMP in commonly adulterated samples.

The derivatization approach was conducted in other illicit drugs with similar structures
to AMP containing primary and secondary amines to evidence its potential for forensic
applications.  First, 3-fluoroamphetamine (3-F-AMP), 2-aminoindaine, 5,6-
methylenedioxy-2-aminoindane (MDAI) and cathine were tested as primary amines
containing substances (Fig. 5b). The same reaction mechanism as in AMP occurred
with the aforementioned illicit drugs unravelling an oxidation peak (0.66V) after the
NQS reaction in comparison to the voltammetric interrogation without NQS (dashed
blue SWV). The only issue was found with MDAI as the electrochemical signal was
overlapping with the oxidation peak from the methylenedioxy group, thus widening the
output EP. Second, the method was applied to ATS and new psychoactive substances
(NPS) containing secondary amines (i.e. methylone, mephedrone, methamphetamine,
and MDMA) which are electroactive at the potential window of a carbon SPE (Fig. 5c¢).
In this case, NQS scarcely modified the EP of each drug (comparison with dashed
blue SWV for drug without NQS), and importantly, no oxidation peak appeared in the
oxidation window of AMP at P1. As an example of a cyclic amine (i.e. pyrrolidine ring),
4-chloro-alpha-pyrrolidinovalerophenone (CI-PVP) was used. In this case, CI-PVP
overlaps the electrochemical signal of the derivatized AMP. Fortunately, CI-PVP is not
as commonly encountered as MDMA or methamphetamine in street samples, thus it
should not be an issue for the implementation of the method in the field. Finally, binary
mixtures at equimolar 0.5 mM concentrations of AMP with popular illicit drugs (i.e.
cocaine, heroin, MDMA, methamphetamine, mephedrone) were tested to evaluate the
capabilities of the method to identify both illicit drugs in a potential sample. Fig. 5d
unravels the oxidation peak of AMP as well as other illicit drugs, thus allowing for the
detection of both drugs in mixtures. The only issue was found in the heroin mixture in
which exists a peak overlap shown as a broaden peak in the EP in comparison to pure
heroin (green dashed line). The integration of data treatment which facilitates peak
separation might overcome this issue similar to previous reported work [31,32].
Overall, the sensor exhibits outstanding performance for the selective detection of

AMP in adulterated samples and drugs-of-abuse mixtures.
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Fig. 5. Influence of cutting agents and illicit drugs in the chemical reaction with NQS. a)
Electrochemical profiles (EP) by SWV of mixtures of AMP and cutting agents (equimolar 0.5
mM). b) EP of illicit drugs holding a primary amine after reaction with NQS. c¢) EP of ATS and
new psychoactive substances (NPS) holding a secondary amine after reaction with NQS. Cl-
PVP is included as an example of a cyclic amine. d) EP of binary mixtures of AMP with popular
illicit drugs (equimolar 0.5 mM). Dashed blue SWV corresponds to pure cutting agent or illicit
drug in CB pH 10. Dashed green SWV corresponds to pure cutting agent or illicit drug in 5 mM
NQS CB pH 10. The red dotted line indicates the oxidation peak potential of AMP at 0.66V. 3-
F-AMP=3-fluoroamphetamine; CIl-PVP=4-chloro-alpha-pyrrolidinovalerophenone; MDAI=5,6-

methylenedioxy-2-aminoindane; MDMA=3,4-methylenedioxymethamphetamine.
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3.5. Testing the concept in confiscated samples

The rapid detection of AMP in the field is an essential duty for LEAS to accurately
determine when a cargo needs to be seized. For this reason, this sensing concept
aims to assist in the decision-making process of regular LEAS’ tasks. Hence, the
sensing capabilities of the approach were evaluated in 20 confiscated samples
provided by NICC (compositions described in Table S1). After the EP analysis, the 20
samples were all positive for AMP reporting consisting results in comparison to the
standard methods form the forensic laboratory of GC/MS for the identification of the
compounds, and GC/FID for the quantification of each compound (wt. %) in the seized
samples. The intraday reproducibility of confiscated samples was also tested by the
electrochemical method in sample SS 6.63 (RSD|;=8.6%, n=3) (Fig. S7c). Fig. 6
displays the EP of the street samples exhibiting an oxidation signal after NQS reaction
at ca. 0.66V (black straight line) in comparison to a flat EP when the street samples
were analyzed in CB (blue dashed line). Moreover, the peak current at 0.66V
corresponding to the oxidation of the AMP-NQS product allowed to calculate the
concentration of AMP in the solution according to the previous calibration curve, and
consequently, perform the validation with the standard method. Hence, the
concentrations of 18 samples examined by the forensic laboratory employing the GC-
FID technique, were used for comparison. Remarkably, the electrochemical sensor
exhibited an accuracy of 97.3+10.5% (n=17) in confiscated samples ranging from 4.9
to 100 wt. % of AMP (Table S1). Besides, a paired t-test suggested that there is no
significant difference between the two methods assuming the null hypothesis (p=0.75).
It is worth to mention that samples containing a mixture of AMP and 3-F-AMP, the sum
of concentrations from the GC-FID was used to compare with the EP approach as the
EP measures the oxidation product formed by the primary amine with the NQS.
However, this feature should not represent an issue for LEA for the detection of AMP
in the field as both compounds are illegal and classified as AMP type substance in
many countries (e.g. Belgium). The only issue was risen by the SS 11 sample which
accuracy against the standard method was not satisfactory in comparison to the other
seized samples. Interestingly, SS 14 sample displayed an oxidation peak at 0.8V
before and after the NQS treatment, showing the presence of an electroactive
compound from an impurity or an added cutting agent (information from this compound

was not provided by the standard method). Nevertheless, it did not interfere in the
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identification and accurate quantification of AMP (i.e. accuracy of 92.6%), proving a
reliable method to quantify AMP even in the presence of other electroactive
compounds. Finally, the minimum mass of the sample required to be detected by the
electrochemical approach could be in the pg range of AMP in a seizure if the dilution
step (10-fold) is avoided in the preparation of the sample. For example, considering
the successful detection of the 4.9 wt.% AMP powder, a sample with 0.49 wt.% should
be detected by using direct powder mixing with the buffer. Overall, the electrochemical
analysis demonstrates an excellent analytical performance in confiscated samples for
its identification and even quantification, thus being a promising tool for the rapid on-
site screening of AMP in border and laboratory settings, respectively.
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Fig. 6. Electrochemical profile of confiscated samples (SS) at SPE in 5 mM NQS CB pH 10.
Black SWV corresponds to tests in 5 mM NQS CB pH 10. Dashed blue SWV corresponds to

the street samples tests in CB pH 10. The red dotted line indicates the oxidation peak potential
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of AMP at 0.66V. Samples were solved in distilled water at 1.5 mg mL™* and subsequently
diluted 1:10 in 5 mM NQS in CB pH 10 for its incubation during 2.5 min before the
electrochemical analysis. Samples SS 19 and SS 20 were diluted 1:20.

4. Conclusions

In this article, the electrochemical oxidation of AMP on a SPE employing an easy
derivatization step with NQS is for the first time demonstrated to be a viable analytical
method for the quantification of AMP in drug seizures. This work provides an
investigation based on a chemical reaction between NQS and AMP that unravels the
EP of AMP, an illicit drug that cannot be directly determined by electrochemical
methods in a conventional graphite SPE. The analytical performance of the derivatized
AMP is fully characterized exhibiting a significant oxidation peak at 0.66V in SPE after
2.5 min reaction in hydrogen carbonate solution at pH 10. To prove the selectivity of
the sensor to detect AMP in confiscated samples, the EP of AMP with common cutting
agents and other illicit drugs containing secondary and tertiary amines moieties was
successfully evaluated. Remarkably, the analytical performance of the sensor shows
the feasibility of the method to detect and quantify AMP in 20 real confiscated samples
from forensic laboratories in ca. 3 min. Overall, this work demonstrates the applicability
of a rapid, accurate, easy-to-use and sensitive method for the detection and
guantification of AMP in confiscated samples via the use of a characteristic EP on a
disposable SPE. This approach will pave the way toward the electrochemical detection
of AMP in the field, assisting LEASs in the selective confiscation of cargos in border

settings.
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