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Abstract: Methamphetamine (MAP) is a highly addictive and illegal stimulant drug that has
a significant impact on the central nervous system. Its detection in biological and street samples
is crucial for various organizations involved in forensic medicine, anti-drug efforts, and clinical
diagnosis. In recent years, nanotechnology and nanomaterials have played a significant role in the
development of analytical sensors for MAP detection. In this study, a fast, simple, and cost-effective
electrochemical sensor is presented that is used for the sensitive detection of MAP in confiscated street
samples with a complex matrix. The optimized screen-printed sensor based on a carbon working
electrode modified with graphene demonstrated an excellent limit of detection, good sensitivity, and
a wide dynamic range (1-500 uM) for the target illicit drug both for standard solutions and real
samples (seized samples, tap water, and wastewater samples). It can detect MAP at concentrations as
low as 300 nM in real samples. This limit of detection is suitable for the rapid preliminary screening
of suspicious samples in customs, ports, airports, and on the street. Furthermore, the sensor exhibits
a good recovery rate, indicating its reliability and repeatability. This quality is crucial for ensuring
consistent and accurate results during screening processes.

Keywords: methamphetamine; graphene; electrochemical fingerprinting; street samples; water samples

1. Introduction

Currently, drugs of abuse represent a global concern [1]. Amphetamines are the
second-most-used illicit drug, after cannabis. Consequently, methamphetamine (MAP) has
received much attention as an amphetamine-like stimulant drug [2,3].

MAP is a powerful central nervous system stimulant that can cause mental alertness
and increased energy [1,2]. The most common forms of MAP are powder or crystals, and
they are consumed by oral route, injecting, or smoking [4]. A lower oral dose of MAP can
improve cognitive function, causing effects like positive mood and euphoria and reducing
fatigue, but if the consumption is repeated, tolerance can appear and the consumer rapidly
becomes dependent [5].

The most concerning effects that appear in the case of chronic use are cardiovascular
anomalies, nutritional deficiencies, sleep deprivation, and decreased cognitive function-
ing [1,3]. As a result, the determination of MAP has attracted much attention [6].

There is a great interest in the detection of this compound, preferably with a cheap
and effective method, from various matrices, ranging from seized samples to biological and
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environmental samples [2]. The most commonly used methods for the detection of MAP
nowadays include gas chromatography coupled with mass spectrometry (GC-MS), high-
performance liquid chromatography coupled with mass spectrometry (HPLC-MS), capillary
electrophoresis (CE), and spectrometry [1]. These methods present some disadvantages,
like time-consuming procedures, expensive apparatus, and tedious and complicated sample
pre-treatment [1].

Developing a simple and inexpensive electrochemical method for MAP detection that
can provide better sensitivity and reduced analysis times, thus facilitating the development
of rapid tests that can be useful in real-world scenarios [2,7-9].

Nowadays, the substances that are present in the seized samples besides the illicit
drug represent a great concern. These substances can be classified as follows: (i) cutting
agents or bulk agents, which are used as fillers, (ii) adulterants, which are used to suppress
the adverse effects of the drug, to mimic and enhance the desired ones, or to facilitate the
administration, and (iii) other drugs of abuse [10].

Illicit drugs are recognized as a group of emerging environmental pollutants and can
be detected in environmental matrices such as tap water, wastewater, and surface water as
a criminalistics tool for the evaluation of illicit drug consumption and the localization of
clandestine laboratories [11,12], MAP being one of the illicit drugs that have undergone
such an analysis [13,14]. Furthermore, illicit drug analysis in environmental waters is
employed for the evaluation of the effects that these pollutants may have on the local fauna
and microbial communities [15]. The gold-standard method employed in this regard is
HPLC-MS/MS, but recently sensors and biosensors have begun to represent a convenient
alternative [2,11,16,17].

In this study, an extensive investigation was conducted to assess the direct electrochem-
ical transformation of MAP and the impact of the functionalization of planar screen-printed
carbon electrodes with different nanomaterials such as graphene and multiwalled carbon
nanotubes on the electrochemical signal obtained. Other graphene-based sensors were
developed for electrochemical direct detection of MAP, but the platform used was based
on glassy carbon electrodes and was suited for assessing illicit drugs from contaminated
surfaces such as glass, stainless steel, plastic, and varnished wood [18,19]. This sensor
possessed similar analytical performance to the sensor developed in the present study,
but it is not portable and was not tested in the matrices assessed in our study, i.e., seized
samples and water samples. By evaluating different platforms and different reaction media,
we aimed to identify the most suitable ones for detecting the target illicit drug. Specifically,
we focused on the current signal recorded after the electrochemical oxidation of the target
analyte, which could be applied for the direct and rapid detection of this illicit drug from
standard samples and complex real matrices. The choice of platforms incorporating nano-
materials was motivated by their unique properties, such as high surface area, excellent
conductivity, and catalytic activity. These characteristics make them promising candidates
for enhancing the sensitivity and selectivity of electrochemical drug detection systems. To
assess the influence of electrolytic media, we used two different pH values. The pH of the
electrolytic medium can significantly affect the ionization state and stability of illicit drugs
and their adulterants, thereby influencing the detection process. By examining multiple
pH conditions, we gained valuable insights into the performance of the platforms under
different physiological and environmental conditions.

Electrochemical methods such as cyclic voltammetry (CV) and square wave voltam-
metry (SWV) were applied to test the electrochemical behavior of MAP.

The range of concentrations for which there is a linear variation of the analytical
signal with the concentration of MAP was determined, and then the selectivity of the
sensor towards the target analyte in multicomponent solutions, where it is in combination
with other illicit drugs but also with common adulterants/cutting agents, was tested.
The validation of the sensor was carried out by field testing, with the help of a portable
potentiostat, for MAP detection in real samples (confiscated street samples and water
samples), but also by comparing the results with those obtained with conventional methods
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currently applied in the analysis of illicit drugs, such as GC-MS, GC-FID, FTIR, and Raman.
The optimized method has proven its potential for the fast, decentralized screening of
suspicious samples captured from the street and environmental waters.

2. Materials and Methods
2.1. Materials and Instrumentation

All the chemical solvents and substances used in this work were of analytical grade
and were used as received from the manufacturer without any further purification. Metham-
phetamine was purchased from Cayman Chemicals (Ann Arbor, MI, USA), and acetaminophen,
benzocaine, caffeine, lactose, procaine, quinine, starch K,HPO4, KH,PO,, KCl, HCI, and
NaOH were purchased from Merck (Rahway, NJ, USA).

All experiments were performed using a phosphate buffer saline (PBS) solution of
20 mM with 0.1 M KCl as the supporting electrolyte, which was prepared with K;HPO,4 and
KH,POy, adjusted to the corresponding pH values (7 or 12) with either NaOH or HCI. All
aqueous solutions used were prepared with ultrapure water (18.2 M(), Adrona B30, Vilnius,
Lithuania). Britton Robinson buffer (BR) consists of a mixture of equal concentrations
(40 uM) of boric acid, phosphoric acid, and acetic acid that has been titrated to the desired
pH (between 7 and 12) with 0.1 M NaOH.

For all the experiments, the electrodes used were custom screen-printed electrodes
based on carbon working electrodes (Dropsens—Metrohm, Oviedo, Spain), which had
a silver pseudo-reference and a carbon counter electrode. The surface of the working
electrodes was functionalized with graphene (GPH) or with multi-walled carbon nanotubes
(MWCNTs) (9 = 4 mm).

The electrochemical experiments (SWV and CV) were performed using an AUTOLAB
PGSTAT 302N potentiostat (EcoChemie, Utrecht, The Netherlands) equipped with the
associated NOVA 1.10 software. The analysis of the experimental data and the generation of
figures were performed using the Origin 8.5 software (OriginLab, Northampton, MA, USA).

2.2. Methamphetamine Characterization via CV

An electrochemical characterization of MAP on three different platforms (graphite,
GPH, and MWCNTs) was performed by CV using a 0.5 mM MAP solution in PBS (20 mM)
with 0.1 M KCl at two pH values (7 and 12). The CV was performed in the potential
window from —0.8 V to 1.6 V with a scan rate of 100 mV/s.

2.3. Electrochemical Fingerprinting of Methamphetamine/Adulterants by SWV

All electrochemical fingerprints were obtained using SWV with the following param-
eters: a potential window of 0 to 1.3V, a step potential of 5 mV, a scan rate of 100 mV/s,
an amplitude of 25 mV, and a frequency of 10 Hz. All the solutions used were prepared in
PBS or BR buffer.

Firstly, the electrochemical fingerprint of MAP was performed at two pHs (7 and 12)
and on three different platforms (graphite, GPH, and MWCNTs) using a 0.5 mM MAP
solution. The optimization of pH was done by using CV, SWV, and 100 uM MAP solutions
in BR buffers of different pH. The optimization of the scan rate was done by using CV,
SWYV, and 100 pM MAP solutions in PBS at pH 12. Afterwards, using the optimal pH, scan
rate, and platform, the electrochemical fingerprints of (i) 10 adulterants/cutting agents
(acetaminophen, benzocaine, caffeine, lactose, procaine, quinine, and starch) in a 0.5 mM
solution and (ii) binary mixtures of MAP with each adulterant/cutting agent in a 1:1 ratio
(0.5 mM:0.5 mM) were obtained.

2.4. Analytical Performance

The analytical performance of the optimized method was evaluated by several pa-
rameters: calibration curve, limit of detection (LOD), and limit of quantification (LOQ).
The LOD value was estimated based on the signal-to-noise ratio of 3 (5/n = 3), and the
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LOQ represents the lower limit of the dynamic range of MAP concentration tested for
the calibration.

2.5. Assessment of Real Samples

Finally, the optimized method was applied to real samples consisting of street seized
samples, tap, and wastewater samples. The real samples were processed as follows:

(a) Street seized samples: a solution of about 0.3 mg/mL of the suspicious confiscated
powders (12 seized samples) was prepared in PBS pH 12. The mixture was thoroughly
mixed for 30 s before being used for testing. Thereafter, a 100 uL. drop was deposited
on the screen-printed electrodes for the electrochemical interrogation. The street
samples prepared as mentioned were tested without any other pre-treatment.

The composition of the seized real samples was assessed in the forensic laboratory
at NICC using standard methods. The tests aimed to validate the electrochemical sen-
sor, and both the identification and quantification of the samples were performed with
gas chromatography-mass spectrometry (GC-MS) and gas chromatography with flame-
ionization detector (GC-FID), respectively, which were used as reference methods. At the
NICC drugs laboratory, these methods were accredited by the ISO17025 standard and are
continuously evaluated through participation in international quality control programs
(United Nations Office on Drugs and Crime—UNODC, and European Network of Forensic
Science Institutes—ENFSI). Quality is assured with an in-house quality control (QC) sample
and participation in proficiency tests. Each homogenized sample was weighed (20 & 5 mg)
and dissolved in a 10 mL internal standard solution. Then, 1 mL of this solution was
transferred to a glass vial, sealed, and subjected to chromatographic analysis. GC-MS
analysis (7890A-5975C VL MSD or 7890B-5977B MSD, Agilent Technologies, Santa Clara,
CA, USA) was performed for identification based on comparison with in-house libraries
(retention time and spectra). An Agilent DB5-MS column (15.0 m x 250 pm x 0.25 um)
was used with helium as the carrier gas at constant pressure with retention time locking.
The oven temperature was initially set at 100 °C and then increased to 325 °C. A volume of
1 puL was injected in split mode with a split ratio of 40:1. The run time was 14.25 min. MSD
Chemstation E.02.00 SP2 software (Agilent Technologies, Santa Clara, CA, USA) was used
for data retrieval.

A miniaturized portable potentiostat (EmStatBlue, PalmSens, Houten, The Nether-
lands), a handheld Raman spectrometer (Bruker Bravo, Bruker Optik GmbH, Ettlingen,
Germany), and a compact ATR-FTIR (Attenuated Total Reflectance Fourier-transform
infrared) spectrometer with a diamond crystal (Bruker Alpha II, Bruker Optik GmbH,
Ettlingen, Germany) were also used to test the seized samples. For better visualization
and comparison, some of the recorded voltammograms were baseline-corrected using the
“Moving average” option available in both NOVA1.11 and the PSTrace 5.7 software. In
the case of the ATR-FTIR spectrometer, the spectra were recorded from 4000 to 500 cm !
with a resolution of 4 cm~!. Each spectrum was an average of 24 scans. Both an in-house
spectral MIR library, consisting of reference materials for illicit drugs, and commercial
libraries (Bruker; Merck; S.T. Japan, Tokyo, Japan) were used for library matching and
identification. The Bravo handheld Raman device has a spectral range of 3200-300 cm !
with a resolution of 10-12 ecm~!. Two excitation lasers are used with wavelengths of
785 nm and 852 nm. The available libraries are the TICTAC Raman Drug Library and
the Forensic Raman Spectra Database. The data interpretation and graph representation
were performed using the Microsoft Excel Spreadsheet Software (Microsoft 360) and the
OriginPro 8.5 software (OriginLab, Northampton, MA, USA).

(b) Tap water samples were diluted in a 1:1 ratio with a PBS solution containing 20 mM
of both K;HPO, and KH,PO, + 100 mM KCl that was adjusted to pH 12 with NaOH.
Then the samples were spiked with MAP to reach a concentration of 0.5 mM. Wastew-
ater samples: were diluted in a 1:1 ratio with PBS of pH 12 (containing 20 mM of
both K,HPO,4 and KH,PO4 + 100 mM KCI) and were then spiked with MAP to reach
a concentration of 0.5 mM.
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3. Results and Discussion

The main purpose of the study was to develop a simple and fast analytical method
for the selective and sensitive direct electrochemical detection of the illicit drug MAP from
real samples (samples confiscated from the street and water samples). For this, several
screen-printed electrode platforms were tested, as well as different experimental conditions.
All optimization data are presented and discussed further, with the results also being
compared with data from the literature obtained for the detection of MAP. This comparison
aims to highlight the advantages and limitations of the analytical method proposed in this
study. Moreover, the validation of the method on real samples was done by comparing
the results with those obtained with conventional methods used in the current analysis, in
this, case GC-MS, GC-FID, FTIR, and Raman (portable devices were used for the FTIR and
Raman analyses).

3.1. The Electrochemical Characterization of Methamphetamine on Different Platforms by CV

CV and MAP solutions prepared in PBS at pH 7 and pH 12 were used to select the
most suitable electrode platform and the best pH conditions for the direct detection of this
illicit drug. Screen-printed planar electrochemical cells based on graphite screen-printed
electrodes, as such or functionalized with graphene (GPH) or multiwalled carbon nanotubes
(MWCNTs), were tested. As can be observed from Figure 1, the signal corresponding to
the direct electrochemical oxidation of MAP is better highlighted on GPH-functionalized
screen-printed electrodes when tested in a pH 12 phosphate buffer medium.
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Figure 1. CVs registered for 0.5 mM MAP prepared with: 20 mM PBS of pH 7 (A-C) and pH 12 (D-F)
on different types of electrodes: graphite-based screen-printed electrodes—(blue); graphite-based
screen-printed electrodes modified with—GPH (green); and graphite-based screen-printed electrodes
modified with MWCNTs (purple). The dashed lines correspond to the blank tests, recorded on each
type of electrode in the absence of MAP. (Experimental parameters for CV tests: potential window
from —0.8 V to 1.6 V with a scan rate of 100 mV/s).

This observation is important given that the same platform and electrolyte have also
been selected for other illicit drugs [20], making it an important step in the development



Sensors 2023, 23, 6193

6 of 18

of a portable array of sensors that can simultaneously detect several drugs of abuse, each
on another electrode in the array but using the same electrolyte. On the graphite electrode
functionalized with GPH, the oxidation peak is observed at a potential of about 0.7 V, while
on other types of electrodes, the signal position is slightly shifted towards higher values,
but the value of the peak current intensity is very small, making it very difficult to compare.

3.2. Influence of the Platform Composition and the pH of the Electrolyte

The electrochemical behavior of MAP was evaluated via CV. The influence of pH
on the behavior of a 0.5 mM MAP solution was first assessed using CV in the pH range
of 7 to 12, but no analytical signal was recorded on any of the tested platforms except
at higher pH. Since CV is not a very sensitive method, SWV was used to compare the
performance of the three electrode platforms tested. SWV tests were performed, and the
results obtained at both pH 7 and pH 12 are presented in Figure 2 and Table 1. It was
also observed that the oxidation signal of MAP shows maximum intensity at pH 12 on
all tested platforms, but the highest signal was obtained using GPH, so the subsequent
optimization tests for the selection of the working pH were carried out on GPH based
platforms. The increased sensitivity of the SWV technique compared to CV allowed, in
the case of electrodes functionalized with GPH, to observe a small oxidation signal even
at pH 7, with the intensity increasing significantly from 1.34 ©A at pH 7 to 23.56 pA at
pH 12 (Table 1). Simultaneously with the increase in the current intensity, a cathodic shift
of the peak potential from 0.985 V to 0.674 V was also observed. This behavior suggests
the involvement of an equal number of protons and electrons in the electro-oxidation
mechanism of MAP, as previously reported [9,21].

pA
N
(&)}
o
1

1/ pA

00 02 04 06 0.8 10 12 14 00 0.2 04 OB-TE 10 12 14
E/V vs. Ag/AgCI E/V vs. Ag/AgCI

Figure 2. SWVs registered for 0.5 mM methamphetamine prepared with 20 mM PBS of pH 7 (A) and
20 mM PBS of pH 12 (B) on different types of electrodes: graphite-based screen-printed electrodes
(solid blue), graphite-based screen-printed electrodes modified with GPH (solid green), and graphite-
based screen-printed electrodes modified with MWCNTs (solid purple). The dashed lines correspond
to the blank tests recorded on each type of electrode in the absence of methamphetamine. The graph
inserted in Figure (B) represents detail for the part of the voltammogram where the electrochemical
oxidation signal of methamphetamine is observed. (Experimental parameters for SWV tests: potential
window from 0 to 1.3 V, step potential of 5 mV, scan rate of 100 mV /s, amplitude of 25 mV, and
a frequency of 10 Hz).
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Table 1. The influence of the working electrode configuration and pH of the electrolyte solution on
the electrochemical oxidation of MAP.

WE Material pH Iox (UM) Eox (V)
graphite - -
GPH 7 1.34 0.985
MWCNT - -
graphite 4.14 0.787
GPH 12 25.76 0.674
MWCNT 8.66 0.665

With bold: the experimental parameters selected for the study; WE: working electrode.

The influence of pH on the behavior of a 100 uM MAP solution was tested using SWV
in the pH range of 7 to 12 (Figure 3A). The highest signal intensity was observed at a very
alkaline pH, as expected, which agrees with the structure of the compound and with other
literature data. The effect of pH on the oxidation peak current intensity (Iox) of MAP was
also studied using 100 uM solutions of the drug in the pH range from 7 to 12, prepared
with BR buffer (Figure 3B).

B c

0.94

0.8+

I/ uA
E /V vs. Ag/AgCI
€

od 1 %
0 g 9

——

04 06

E /V vs. Ag/AgCI pH

08

T d : i i : ; 0.7 T T T T T 1
1.0 12 7 8 9 10 1 12 13 7 8 9 10 11 12 13
pH

Figure 3. (A) SWVs registered on GPH based screen-printed electrodes for 100 uM MAP prepared
with BR buffer of different pH. (B) Variation of the electrochemical oxidation current of MAP (Iox)
(wine bullet), and (C) of the electrochemical oxidation peak potential of MAP (Ep, ox) (dark cyan bullet)
with the pH value of the electrolyte. (Experimental parameters for SWV tests: potential window
from 0 to 1.3 V, step potential of 5 mV, scan rate of 100 mV /s, amplitude of 25 mV, and a frequency of
10 Hz).

The Iy value (LA) increases spectacularly with the increase in pH from 7 to 11.5, the
pH at which the maximum signal is recorded, while at pH 12, the value of the peak current
decreases slightly. For further studies, pH 12 was chosen considering that it is desired to
integrate the sensor on an array of electrochemical sensors for the simultaneous detection
of six illicit drugs, and for the other selected illicit drugs, pH 12 proved to be optimal [20].
This pH value is similar to those reported in other studies for the electrochemical oxidation
of MAP on other working electrodes such as graphite [9] or nanodiamond-derived carbon
nano-onions decorated with silver nanodendrites [16]. The SWVs in Figure 3A illustrate
that the oxidation signal of MAP slightly shifts towards more negative potential values
as the pH increases. The oxidation peak potential (Ep ox) is linearly dependent on the pH
value (Figure 3C) under a regression equation of Ep ox (V) = —0.061 pH + 1.619 (R% = 0.988),
with the value of the slope very close to that of the Nernst equation. This suggests that
the electrochemical transformation mechanism of MAP on the GPH-based sensor involves
an equal number of protons and electrons [1,21].
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The effect of pH on the peak potential can be explained by considering the theoretical
pKa value of MAP, which is 9.5, indicating the predominant presence of its deprotonated
form in the analyzed solution. It can be seen in Figure 1 that MAP undergoes irreversible
electrochemical transformation [1], a process for which the most predictable mechanism
that can be imagined is based on the oxidation of the secondary amine in the MAP structure
that occurs more readily in alkaline conditions than in acidic conditions, which aligns with
the pKa value of MAP (pKa = 9.5) [21,22]. This phenomenon occurs because the oxidative
process is facilitated by the abstraction of an electron from the lone pair of electrons on
the amino-nitrogen atom, confirming that the oxidation site of MAP is located on the
secondary amino group. The oxidation mechanism of the secondary amino group involves
the formation of hydroxylamine through a process that involves a two-step reaction and
requires two protons and two electron transfers, as illustrated in Scheme 1. The same
mechanism was previously reported by Lee et al. [18]. Based on both the lowest peak
potential and the highest I,y values, pH 12 and GPH electrodes were determined to be the
optimal conditions for further experiments.

g \
"CH3  -2e;2n¢ "CHs

CH3 + HZO CH3

MAP HO-MAP
methamphetamine hydroxylamine-methamphetamine

Scheme 1. The mechanism proposed for the electrochemical oxidation of MAP in alkaline conditions.

For the elucidation of the kinetics involved in the MAP electrochemical oxidation on
the GPH-based sensor, both CV and SWV optimized procedures were applied in the pres-
ence of 100 pM MAP solution in 20 mM PBS (pH 12) at the different scan rates (Figure 4A,B).
By increasing the scan rate from 5 mV to 500 mV /s for CV or 250 mV /s for SWV, respec-
tively, the intensity of the oxidation peak (Iox) increased. A linear variation was obtained for
the variation of Iox with the scan rate (Figure 4C) (Iox (HA) = 0.065 v (mV/s) — 0.482), with
an excellent correlation coefficient of R? = 0.9915, while for the representation of I,x depen-
dence on the square root of the scan rate, the correlation was modest, at only R? = 0.9606
(Figure 4D). This suggests an electrochemical oxidation process governed by the adsorption
of the analyte on the electrode surface, while diffusion and other specific interactions on
the GPH platform are negligible. The variation of the logarithm of peak currents with the
logarithm of the scan rate was also determined (Figure 4D), and the acceptable correlation
(R? = 0.920) confirms that the oxidation of MAP was controlled by adsorption phenomena.
This behavior is different from the kinetics reported in other studies [1,9], where on other
electrode surfaces it was established that diffusion is the determined step in the mechanism.
The change in mechanism in the present study, compared to other studies, may be due
to the properties of the GPH nanomaterial on the electrode, which can generate adsorp-
tion phenomena for the tested analyte. A linear variation was observed for the oxidation
peak potential (Epox) with the logarithm of the scan rate using the following equation:
Epox (V) =0.1021og (v (mV/s)) + 0.761; R? = 0.904. The Tafel slope was calculated as 0.187 V
based on the slope of the above-mentioned equation, while for 1-c the calculated value was
0.24, which confirms the previously proposed mechanism for the electrochemical oxidation
of MAP (Scheme 1) and the literature [21].
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Figure 4. (A) CVs registered for 0.5 mM MAP prepared with 20 mM PBS of pH 12 on graphite-
based screen-printed electrodes modified with GPH at different scan rates between 5 and 500 mV/s.
(B) SWVs registered for 100 uM MAP prepared with 20 mM PBS of pH 12 on GPH at different scan
rates between 5 and 250 mV /s. (C) The current intensity variation with increasing scan rate (from
5mV s~ to 150 mV/s) (purple bullets). (D) with the square root of the scan rate (blue bullets).
(E) The logarithmic current intensity responds with increasing logarithmic scan rate (dark yellow bul-
lets). (F) The variation of the oxidation peak potential with the logarithmic scan rate (violet bullets).

3.3. Analytical Performance for MAP Detection

In the development of the electroanalytical methodology, the optimization of SWV
experimental parameters represents a crucial step. Thus, for the quantification of MAP, the
following parameters were optimized: step potential, scan rate, amplitude, and frequency
to determine the optimal experimental setup. Experiments were performed on the GPH
platform in the presence of 0.5 mM of MAP prepared in PBS pH 12. One parameter was
varied while the others were kept constant. The most suitable SWV parameters obtained
for MAP detection were a step potential of 5 mV, a scan rate of 100 mV /s, an amplitude
of 25 mV, and a frequency of 10 Hz. The optimized procedure was applied to assess the
dependence between the analytical signal and its concentration and to draw the calibration
curve. Analytical parameters were determined from the obtained SWV curves after spiking
the buffer solution (in our case, a 20 mM PBS solution of pH 12) with known volumes of
the MAP standard solution. A linear increase in the oxidation current of MAP with the
concentration was obtained in the range from 1 to 500 uM. Overlaid voltammograms for
all tested concentrations are shown in Figure 5A, while the calibration curve is shown in
Figure 5B. The points plotted in the calibration curve represent the mean of at least three
tests for each concentration, and the error bars represent the standard deviation calculated
for each point. The equation that characterizes the dependence between the recorded
current and the MAP concentration is Iox (LA) = 0.031 + 0.1 x [MAP (uM)] — 0.076 + 0.22,
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with a correlation coefficient of R? = 0.9925 and an average relative standard deviation
(RSD) of 3.48% over the entire concentration range tested. A LOD of 300 nM was estimated
based on the signal-to-noise ratio of 3 (S/n = 3), a LOQ of 1 uM was estimated based on
S/n =10, and the sensitivity was 30.6 nA nM—1.

A B
20 -
15+
<C -
3_10
=~
—
0
10] T T T T T T T T T 1 I 2 1 ¥ 1 o I i I 5 Ll % 1
0.4 0.5 0.6 0.7 0.8 0.9 0 100 200 300 400 500 600

E /V vs. Ag/AgCl [MAP] / uM

Figure 5. (A) SWVs registered for different concentrations of MAP from 1 uM to 500 uM prepared
with 20 mM PBS of pH 12 on GPH. (B) Calibration curve for MAP electrochemical oxidation on
graphite-based screen-printed electrodes with graphene. Error bars correspond to the standard
deviation calculated for three different tests on each concentration. (Experimental parameters for
SWV tests: potential window from 0 to 1.3 V, step potential of 5 mV, scan rate of 100 mV /s, amplitude
of 25 mV, and a frequency of 10 Hz).

The window of potential for the detection of MAP was established based on the peak
potential values obtained during the calibration. A 5% error was taken into account for the
variations generated by changes in temperature. Thus, it was established that the signal of
MAP could be detected by using the optimized sensor in the potential window from 0.61 V
to 0.73 V.

In Table 2, some examples of MAP detection methods, sensors, and devices are
presented for comparative purposes. Analytical parameters are presented (dynamic range,
LOD, recoveries, etc.), as well as details regarding the method and type of real samples in
which the presence of the illicit drug was tested. It can be seen that most of the detection
methods present a better detection limit than the one obtained in the present study, but
this aspect is not relevant because our sensor is designed to be useful for simple and fast
testing of real samples captured from the street, where the drug content is high and the test
solutions obtained have mM concentrations of MAP. The levels of MAP in human blood
were found to be between 0.03 mg/L (160 nM) and 0.41 mg/L (2.19 uM) [23]. However,
the analytical parameters are better than those obtained on a similar platform but based on
unmodified graphite [9], thus justifying the use of graphene for the functionalization of
the working electrodes. The positive outcomes of our optimized detection strategy can be
attributed to the utilization of GPH as a distinctive nanomodifier. This modifier serves to
enhance the surface area of the graphene screen-printed electrodes, thereby amplifying the
electrocatalytic reaction. As a result, the overall efficiency of the electrochemical process
has significantly improved.
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Table 2. Electrochemical detection methods of MAP.
. Linear Range Real Samples/ .
No.  Method Working Electrode LOD (uM) (uM) Recovery (%) Time (s) Ref.
MWCNTs/Au-NPs/SH .
1. SWV (CH2)3-5i-Si0%@Fe;0, GCE 0.016 0.05-50 urine/101-111 - [24]
- 0.01-1 urine/94.2-96
. _ 3
2. FFT-SWV MIPs-MWCNTs CPE 0.83 x 10 3-100 serum/92.8-104.6 >20 2]
3. spilt SWV C-screen-printed 2.68 0-33.5 . 55 [25]

electrodeswith a mediator

urine/98.54-105.99

4. Drv Polypeptide GCE 87.58 67-670 serum/94.43-103.58 - [26]
saliva/90.03-93.06
Ru(bpy);]**-Nafion 3 . )
5. ECL comiposite GCE 0.05 x 10 0.005-1000 15 [6]
0.2-0.1
SWSV AuNPs/MWCNTs 0.006 -
‘ 3.0-50 >200 [71
screen-printed electrodes
EIS 03 x 1073 (1.15-2.69) x 1073 -
street
. sample/99.71-102.57
7. DPV PPGE 0.05 0.075-54 serum /96.91-100.5 >600 [27]
urine/102.40-95.64
8. ECL Imunosensor 0.002 0.013-3.35 serum/90-106 - [28]
9. DPV BDDE 0.05 0.07-80 human urine/93.4-97.6 - [1]
anti- human
-3 _ -
10. Amp MA/naZZZ:?eiltffge/PB/LC 7.5 x 10 0.01-5 blood /96.9-104.2 [29]
11. EIS Immunosensor 0.677 x 1077 (1.34-13.4) x 1077 serum/80.8-104 - [30]
12. SWV C-screen-printed electrodes 16.7 50-2500 street samples/- [9]
. wastewater/82.01 .
13. SWV GPH-screen-printed 03 1-500 tap water/89.72 5 This
electrodes work
powder/-

Amp = amperometry; anti-MA/nano-Au/MPS/PB/LC Au electrode = -methamphentamine antibody-
gold nanoparticles-(3-mercaptopropyl trimethoxysilane)-persian blue-L-cysteine modified gold electrode;
AuNPs/MWCNTs = screen printed electrode modified with multi-walled carbon nanotubes and gold nanoparti-
cles; BDDE = boron doped diamond electrode; DPV = differential pulse voltammetry; ECL = electrochemilumines-
cence; EIS = electrochemical impedance spectroscopy; FFT-SWV = fast Fourier transform square wave voltamme-
try; GPH = graphene; MIPs-MWCNTs-CPE = carbon paste electrode modified with MIPs and multi-walled carbon
nanotubes; MWCNTs/Au-NPs-SH (CH2)3-5i-SiO,@Fe3 O, GCE = multi-walled carbon nanotubes-gold nanopar-
ticles linked to nanomagnetic core shells modified glassy carbon electrode; PPGE= pretreated pencil graphite
electrode; C = carbon electrode; SWV = square wave voltammetry; SWSV = square wave stripping voltammetry.

The inter-assay reproducibility of the nanostructured platform (inter-assay stability)
was investigated with six sensors, recording and comparing the voltammograms in the
presence of 0.5 mM MAP in PBS of pH 12 under the same experimental conditions. An RSD
of 3.61% was obtained, proving the reproducibility of the sensor platform and the good
repeatability (precision) of the method. Next, three successive tests were performed on
a single sensor, with a new analyte solution for each test, to test the stability of the analytical
signal upon retesting and the possibility of reusing the sensors. It was observed that the
signal of the illicit drug decreased by approximately 16% after the three tests, so it is
recommended that the sensor be reused only after an electrochemical regeneration of
the electrode surface by cycling in 0.1 M H,SO4. This aspect is also important from the
perspective of avoiding the risk of contamination of the real samples analyzed by retesting
on the same sensor.
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3.4. Selectivity Tests for MAP Detection

The evaluation of the electrochemical behavior of some adulterants was performed on
the optimized sensor platform, found alone in solution or in the presence of MAP. Several
1:1 mixtures of MAP with some of the most commonly reported adulterants or cutting
agents for this illicit drug were tested. The obtained results are presented in Figure 6.
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Figure 6. Selectivity study for the detection of MAP in the presence of different adulterants or cutting
agents. The overlapped voltammograms represent the blank test in buffer solution (dash green),
the test obtained in the presence of 0.5 mM MAP (solid green), the test obtained for 0.5 mM of
adulterant/ cutting agent (dark red), and the 1:1 binary mixtures of MAP with these compounds
(purple). (Experimental parameters for SWV tests: potential window from 0 to 1.3 V, step potential of
5mV, scan rate of 100 mV /s, amplitude of 25 mV, and a frequency of 10 Hz). v’ =no interference;

X = interference.

Ten possible interferents were tested, namely: caffeine, lactose, starch, acetaminophen,
chlorpronazine, promethazine, benzocaine, procaine, quinine, and dextromethorphan.
It was found that MAP can be tested with good selectivity in the presence of caffeine,
lactose, starch, acetaminophen, and chlorpronazine, while the presence of promethazine,
benzocaine, procaine, quinine, and dextromethorphan partially hindered the access of
the target analyte to the electrode surface for electronic transfer. This can be due to the
oxidation peak of the aforesaid adulterants being near or in the same window of potential
as the oxidation peak of MAP, generating its shift or suppression.

From the SWV data, the recoveries obtained for MAP in the presence of the ten
compounds were calculated by comparing them with the signal obtained at the same
concentration for standard solutions of MAP, data included in the calibration curve. The
data are presented in Table 3, where recovery values between 10.45% and 102.2% can
be observed.

Additionally, binary mixtures of MAP were tested with other amphetamine-type
stimulants (i.e.,, MDMA and AMF) and ephedrine, a precursor of MAP, in a combined
ratio of 1:1. Importantly, in the tested potential range, no electrochemical signal was
recorded for AMF or ephedrine, this behavior is an agreement with the previously reported
literature [31,32]. Excellent recoveries were obtained for MAP in the tested binary mixtures,
namely 87.95%, 94.40%, and 99.15% in the presence of AMEF, ephedrine, and MDMA,
respectively.
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Table 3. Variation of the analytical performances of MAP depending on the adulterant molecule.

Pure Drug Pure Adulterant Mixture MAP Recovery
E (V) I (uA) Name E (V) I (uA) E (V) I (uA) (%)
Caffeine - - 0.694 14.84 93.27
Lactose - - 0.669 16.26 102.20
Starch - - 0.694 14.85 93.33
0.075 150.00
Acetaminophen 0.07 14.95 92.45
0.699 14.71
0.503 0.33
Chlorpromazine 0.538 11.10 87.87
0.664 13.98
0.650 15.91 , 0.422 104.00 0.407 23.72
Promethazine 68.07
0.614 13.62 0.664 10.83
0.488 48.60
Benzocaine 0.513 13.36 22.63
0.709 3.60
0.503 58.37
Procaine 0.529 28.00 10.45
0.704 1.66
0.790 55.83
Quinine 0.871 18.15 UD *
0.936 0.55
Dextromethorphan 0.584 62.87 0.589 72.09 UD

* UD = undetectable.

3.5. Assessment of Real Samples

The practical applicability of the sensor and the optimized detection method was
tested by analyzing water samples spiked with MAP and real seized samples provided
by the National Institute of Criminalistics and Criminology (NICC) in Belgium (see all
the details related to the preparation of real samples for testing and the control methods
applied in Section 2.5).

Testing of the electrochemical sensor for MAP detection was done on water samples to
which known volumes of MAP stock solution were added, as described in the experimental
part. Tap water and wastewater were tested in both situations without any pretreatment
applied to the sample, except for the analyte spike with a known amount of MAP. The
obtained samples were electrochemically tested with the optimized SWV method, and
recoveries were calculated using the equation of the calibration line. The results obtained
for spiked water samples are presented in Table 4. Good recovery rates were obtained,
and it can be concluded that MAP can be identified from water samples, illustrating the
potential of the sensor as a useful tool for environmental analysis.

Table 4. Assessment of methamphetamine in water samples using the developed sensor.

I (uA) of 0.5 mM MA
in Standard Solution

I (uA) of 0.5 mM MA
in Tap Water Solution

I (1A) of 0.5 mM in

0,
Recovery/RSD (%) Wastewater Solution of MA

Recovery/RSD (%)

16.18

14.52 89.72/2.76 13.27 82.01/14.54

In the case of real samples captured from the street, nine samples with different
compositions and contents of MAP and three samples containing cocaine were tested.
The composition of the drug samples was determined by GC-MS and GC-FID, then the
samples were analyzed with the optimized SWV method with a portable Raman and
FTIR. For six samples, the voltammograms were plotted and compared to the blank signal
recorded in the absence of the drug and the signal obtained in the presence of a MAP
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_-- - Blank PBS pH12

standard of known concentration (Figure 7). Each sample was retested at least three times
on different GPH-based sensors, and the mean of the oxidation peak current values was
used to calculate the illicit drug content in the sample. The electrochemical profile of the
seized samples was compared to the electrochemical profile of a 0.5 mM MAP standard
solution. This step is important because the presence or absence of MAP can be detected
through the presence or absence of the characteristic oxidation peak in the same potential
range, and implicitly, the presence of the drug in the analyzed sample can be observed.
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Figure 7. Detection of MAP in powdered street samples. The overlapped voltammograms represent
the blank test in buffer solution (dash green), the test obtained in the presence of 0.5 mM metham-
phetamine (solid green), and the test obtained for the solution containing the confiscated powder
(red). (Experimental parameters for SWV tests: potential window from 0 to 1.3 V, step potential of
5 mV, scan rate of 100 mV/s, amplitude of 25 mV, and a frequency of 10 Hz).

The results obtained when testing the twelve samples with the optimized SWV method
but also with the previously mentioned control methods are presented in Tables 5 and 6.
It can thus be concluded that the use of the electrochemical method and the GPH-based
sensor allowed the detection of eight seized samples out of nine (89%), these being true-
positive results. Moreover, true-negative results (100%) were obtained when the optimized
sensor based on GPH was tested in the presence of three real samples containing cocaine.
The optimized SWV method proved to be more sensitive than the portable Raman device,
which allowed the detection of only three samples containing MAP out of nine (33%).
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Table 5. Testing the electrochemical sensor for MAP detection from real samples captured from the
street. Comparison with other methods and devices currently used in the field and in the laboratory.

GC-MS Analysis o Electrochemical Portable Raman FTIR (Identified
Sample No. (Identified Compound) GC-FID (%) Sensor E (V) (Identified Compound) Compound)
#1 MAP + DMSO 81 0.67 dichloromethane MAP + DMSO
#2 MAP + DMSO 64 0.67 Dichloromethane MAP + DMSO
#3 MAP 97 0.65 ephedrine HCI MAP
#4 MAP + DMSO 85 0.73 ephedrine HC1 MAP + DMSO
#5 MAP + DMSO 46 0.7 ephedrine HCI MAP + DMSO
#6 MAP + DMSO 8.5 0.69 Dichloromethane MAP + DMSO
#7 MAP 99 0.73 MAP MAP
#8 MAP 97 0.69 MAP MAP
#9 MAP 95 0.8/ND MAP MAP
#10 Cocaine 87 ND Cocaine Cocaine
#11 Cocaine + Caffeine 92 ND Cocaine Cocaine
#12 Cocaine + Levamisol 75 ND Cocaine Cocaine
Table 6. The balance of true positive (TP) and false negative (FN) results obtained for the twelve real
samples with all the methods considered in the study.
Sample No. GC-MS Analysis Electrochemical Sensor Portable Raman Portable FTIR
#1 MAP + DMSO (V] Q (V]
w0 MAP + DMSO » QA »
#3 MAP L/ Q @
#4 MAP + DMSO (V] Q (V]
#5 MAP + DMSO » QA »
#6 MAP + DMSO ? Q 2
# MAP / / /)
#8 MAP / / /
# MAP Q ] ]
#10 Cocaine \) \) \)
#11 Cocaine + Caffeine \3 \D \)
#12 Cocaine + Levamisol \) \) \)
TP (sensitivity) 100% (12) 89% (8) 33% (3) 100% (9)
N 0% (0) 100% (3) 100% (3) 100% (3)
FN 0% (0) 11% (1) 67% (6) 0% (0)
Accuracy 100% 92% 50% 100%

0 true positive test for MAP; \D true negative tests for MAP; 0 false negative test for MAP; TP—true
positive; FN—false negative; TN—true negative.
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The FTIR device identified nine out of nine (100% true positive rate) real samples
containing MAP, and it identified DMSO as an adulterant in five samples, this being in
concordance with the GC-MS results. For the validation parameters, the electrochemical
detection of MAP on the disposable graphene screen-printed electrodes exhibited a similar
performance to the FTIR device (92% vs. 100% accuracy) and a net superior performance
to the Raman device (Table 6). Furthermore, these values are in accordance with previous
evaluations of electrochemical screening of MAP in seized samples [9].

4. Conclusions

In this study, a graphite-based screen-printed platform with a working electrode
functionalized with graphene was used for the first time for the elaboration of an electro-
chemical sensor for methamphetamine. The use of graphene for functionalization proved
to be a good strategy for improving the analytical performance of the sensor for the simple
and cost-effective direct electrochemical detection of the targeted drug of abuse. Cyclic
voltammetry and square wave voltammetry were the electrochemical methods applied for
the characterization of the nanostructured platform and for the quantification of MAP. The
optimized method is less time-consuming and less expensive than other analytical methods
currently applied for the determination of MAP, especially chromatography and hyphen-
ated techniques. In addition, the optimized platform presents the advantages of portability
and a detection limit of 5 uM, lower than the previously reported sensor based on graphite
screen-printed electrodes, with the potential to be employed by law enforcement agencies
for the fast and accurate screening of suspected cargo.

Finally, the optimized method was successfully applied to analyze real samples con-
taining MAP and validate the applicability of the sensor in practical scenarios. The method
proved sufficiently selective for the detection of MAP not only from samples mixed with
other drugs or adulterants but also from real samples with complex matrices such as tap
water, wastewater, and seized samples captured from the street.

By evaluating the performance of our nanostructured platform using real samples,
we obtained valuable insights into its real-world viability. It can be assumed that it can be
easily adapted for the detection of other illicit drugs and has the potential for deployment
in drug detection applications.

Author Contributions: Conceptualization, ET., A.-M.D., M.T. and C.C.; methodology, FT., A.-M.D.,
AS., EVDD. and M.T,; validation, C.C., M.T. and K.d.W.; formal analysis, F.T., A.-M.D., M.P. and
M.T.; investigation, ET., A.-M.D. and M.T.; resources, C.C.; writing—original draft preparation,
FT., A-M.D. and M.T.; writing—review and editing, FT. and M.T.; visualization, C.C. and K.d.W.;
supervision, M.T. and C.C.; project administration, C.C.; funding acquisition, C.C. and K.d.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union’s Horizon 2020 Research and Innovation
Programme under grant agreement No. 833787, BorderSens.

Data Availability Statement: Data is contained within the article.

Acknowledgments: F. Truta would like to acknowledge the support of the PhD Research Project No.
774/5/11.01.2023 offered by “Iuliu Hatieganu” University of Medicine and Pharmacy, Cluj-Napoca.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

Svore, L.; Vojs, M.; Michniak, P.; Marton, M.; Rievaj, M.; Bustin, D. Electrochemical behavior of methamphetamine and its
voltammetric determination in biological samples using self-assembled boron-doped diamond electrode. J. Electroanal. Chem.
2014, 717, 34-40. [CrossRef]

Akhoundian, M.; Alizadeh, T.; Ganjali, M.R.; Norouzi, P. Ultra-trace detection of methamphetamine in biological samples using
FFT-square wave voltammetry and nano-sized imprinted polymer/MWCNTs-modified electrode. Talanta 2019, 200, 115-123.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.jelechem.2014.01.008
https://doi.org/10.1016/j.talanta.2019.02.027
https://www.ncbi.nlm.nih.gov/pubmed/31036164

Sensors 2023, 23, 6193 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bensmann, W.; Ernst, J.; Rddle, M.; Opitz, A.; Beste, C.; Stock, A.-K. Methamphetamine Users Show No Behavioral Deficits in
Response Selection After Protracted Abstinence. Front. Psychiatry 2019, 10, 823. [CrossRef] [PubMed]

European Monitoring Centre for Drugs and Drug Addiction. European Drug Report 2020: Trends and Developments; Official
Publications of the European Communities: Luxembourg, 2020. [CrossRef]

Yeh, C.-H.; Wang, W.-T; Shen, P-L.; Lin, Y.-C. A developed competitive immunoassay based on impedance measurements for
methamphetamine detection. Microfluid. Nanofluidics 2012, 13, 319-329. [CrossRef]

McGeehan, J.; Dennany, L. Electrochemiluminescent detection of methamphetamine and amphetamine. Forensic Sci. Int. 2016,
264, 1-6. [CrossRef]

Rafiee, B.; Fakhari, A.R.; Ghaffarzadeh, M. Impedimetric and stripping voltammetric determination of methamphetamine at
gold nanoparticles-multiwalled carbon nanotubes modified screen printed electrode. Sens. Actuators B Chem. 2015, 218, 271-279.
[CrossRef]

Ghorbanizamani, F.; Moulahoum, H.; Celik, E.G.; Timur, S. Ionic liquid-hydrogel hybrid material for enhanced electron transfer
and sensitivity towards electrochemical detection of methamphetamine. J. Mol. Lig. 2022, 361, 119627. [CrossRef]

Dragan, A.-M.; Parrilla, M.; Sleegers, N.; Slosse, A.; Van Durme, F,; van Nuijs, A.; Oprean, R.; Cristea, C.; De Wael, K. Investigating
the electrochemical profile of methamphetamine to enable fast on-site detection in forensic analysis. Talanta 2023, 255, 124208.
[CrossRef]

Cole, C.; Jones, L.; McVeigh, J.; Kicman, A.; Syed, Q.; Bellis, M. Adulterants in illicit drugs: A review of empirical evidence.
Drug Test. Anal. 2010, 3, 89-96. [CrossRef]

Mao, K.; Zhang, H.; Pan, Y,; Zhang, K.; Cao, H.; Li, X.; Yang, Z. Nanomaterial-based aptamer sensors for analysis of illicit drugs
and evaluation of drugs consumption for wastewater-based epidemiology. TrAC Trends Anal. Chem. 2020, 130, 115975. [CrossRef]
Li, K.; Du, P; Xu, Z,; Gao, T.; Li, X. Occurrence of illicit drugs in surface waters in China. Environ. Pollut. 2016, 213, 395-402.
[CrossRef]

Green, M.K; Ciesielski, A.L.; Wagner, ].R. Detection of one pot methamphetamine laboratory byproducts in wastewater via solid
phase extraction and liquid chromatography-tandem mass spectrometry. Forensic Chem. 2020, 19, 100253. [CrossRef]

Gao, T,; Du, P; Xu, Z.; Li, X. Occurrence of new psychoactive substances in wastewater of major Chinese cities. Sci. Total. Environ.
2017, 575, 963-969. [CrossRef]

Santos, M.E.S.; Grabicova, K.; Steinbach, C.; Schmidt-Posthaus, H.; Salkova, E.; Kolafova, J.; Stariova, A.V.; Grabic, R.; Randak, T.
Environmental concentration of methamphetamine induces pathological changes in brown trout (Salmo trutta fario). Chemosphere
2020, 254, 126882. [CrossRef]

Khorablou, Z.; Shahdost-Fard, F.; Razmi, H.; Yola, M.L.; Karimi-Maleh, H. Recent advances in developing optical and electro-
chemical sensors for analysis of methamphetamine: A review. Chemosphere 2021, 278, 130393. [CrossRef]

Lal, K.; Noble, E; Arif, KM. Methamphetamine detection using nanoparticle-based biosensors: A comprehensive review.
Sens. Bio-Sens. Res. 2022, 38, 100538. [CrossRef]

Lee, K,; Saisahas, K.; Soleh, A.; Kunalan, V.; Chang, K.H.; Limbut, W.; Abdullah, A F.L. Forensic Electrochemistry: Electrochemical
Analysis of Trace Methamphetamine Residues on Household Surfaces. J. Electrochem. Soc. 2022, 169, 056514. [CrossRef]
Saisahas, K.; Soleh, A.; Somsiri, S.; Senglan, P.; Promsuwan, K.; Saichanapan, J.; Kanatharana, P; Thavarungkul, P.; Lee, K,;
Chang, K.H.; et al. Electrochemical Sensor for Methamphetamine Detection Using Laser-Induced Porous Graphene Electrode.
Nanomaterials 2021, 12, 73. [CrossRef]

Dragan, A.-M.; Truta, EM.; Tertis, M.; Florea, A.; Schram, J.; Cernat, A.; Feier, B.; De Wael, K.; Cristea, C.; Oprean, R. Electrochemi-
cal Fingerprints of Illicit Drugs on Graphene and Multi-Walled Carbon Nanotubes. Front. Chem. 2021, 9, 67. [CrossRef]
Khorablou, Z.; Shahdost-Fard, F.; Razmi, H. Nanodiamond-derived carbon nano-onions decorated with silver nanodendrites as
an effective sensing platform for methamphetamine detection. Surf. Interfaces 2022, 31, 102061. [CrossRef]

Riahifar, V.; Haghnazari, N.; Keshavarzi, F.; Ahmadi, E. A sensitive voltammetric sensor for methamphetamine determination
based on modified glassy carbon electrode using Fe;O;@poly pyrrole core-shell and graphene oxide. Microchem. ]. 2021,
170, 106748. [CrossRef]

Jones, A.; Holmgren, A. Concentration Ratios of Methamphetamine to Amphetamine in Blood Can Help to Distinguish Use of
Methamphetamine from Various Mixtures of the Two Stimulants. J. Anal. Toxicol. 2012, 36, 634-637. [CrossRef] [PubMed]
Haghighi, M.; Shahlaei, M.; Irandoust, M.; Hassanpour, A. New and sensitive sensor for voltammetry determination of
Methamphetamine in biological samples. ]. Mater. Sci. Mater. Electron. 2020, 31, 10989-11000. [CrossRef]

Bartlett, C.-A.; Taylor, S.; Fernandez, C.; Wanklyn, C.; Burton, D.; Enston, E.; Raniczkowska, A.; Black, M.; Murphy, L. Disposable
screen printed sensor for the electrochemical detection of methamphetamine in undiluted saliva. Chem. Central J. 2016, 10, 3.
[CrossRef]

Demir, B.; Yilmaz, T.; Guler, E.; Gumus, Z.P.; Akbulut, H.; Aldemir, E.; Coskunol, H.; Colak, D.G.; Cianga, I.; Yamada, S.; et al.
Polypeptide with electroactive endgroups as sensing platform for the abused drug ‘methamphetamine’ by bioelectrochemical
method. Talanta 2016, 161, 789-796. [CrossRef]

Oghli, A.H.; Alipour, E.; Asadzadeh, M. Development of a novel voltammetric sensor for the determination of methamphetamine
in biological samples on the pretreated pencil graphite electrode. RSC Adv. 2014, 5, 9674-9682. [CrossRef]

Jiang, L.; Yang, Y.; Tu, Y. A new strategy to develop the disposable label-free immunosensor with electrochemiluminescent
probing. J. Electroanal. Chem. 2015, 747, 136-142. [CrossRef]


https://doi.org/10.3389/fpsyt.2019.00823
https://www.ncbi.nlm.nih.gov/pubmed/31803080
https://doi.org/10.2810/420678
https://doi.org/10.1007/s10404-012-0964-0
https://doi.org/10.1016/j.forsciint.2016.02.048
https://doi.org/10.1016/j.snb.2015.03.077
https://doi.org/10.1016/j.molliq.2022.119627
https://doi.org/10.1016/j.talanta.2022.124208
https://doi.org/10.1002/dta.220
https://doi.org/10.1016/j.trac.2020.115975
https://doi.org/10.1016/j.envpol.2016.02.036
https://doi.org/10.1016/j.forc.2020.100253
https://doi.org/10.1016/j.scitotenv.2016.09.152
https://doi.org/10.1016/j.chemosphere.2020.126882
https://doi.org/10.1016/j.chemosphere.2021.130393
https://doi.org/10.1016/j.sbsr.2022.100538
https://doi.org/10.1149/1945-7111/ac6c4f
https://doi.org/10.3390/nano12010073
https://doi.org/10.3389/fchem.2021.641147
https://doi.org/10.1016/j.surfin.2022.102061
https://doi.org/10.1016/j.microc.2021.106748
https://doi.org/10.1093/jat/bks075
https://www.ncbi.nlm.nih.gov/pubmed/23034928
https://doi.org/10.1007/s10854-020-03647-6
https://doi.org/10.1186/s13065-016-0147-2
https://doi.org/10.1016/j.talanta.2016.09.042
https://doi.org/10.1039/C4RA11399C
https://doi.org/10.1016/j.jelechem.2015.04.011

Sensors 2023, 23, 6193 18 of 18

29.

30.

31.

32.

Zhang, L.-Y,; Liu, Y.-J. Label-free amperometric immunosensor based on prussian blue as artificial peroxidase for the detection of
methamphetamine. Anal. Chim. Acta 2014, 806, 204-209. [CrossRef]

Yang, Y.; Pan, J.; Hua, W.; Tu, Y. An approach for the preparation of highly sensitive electrochemical impedimetric immunosensors
for the detection of illicit drugs. . Electroanal. Chem. 2014, 726, 1-6. [CrossRef]

Truta, F; Cruz, A.G.; Tertis, M.; Zaleski, C.; Adamu, G.; Allcock, N.S.; Suciu, M.; Stefan, M.-G.; Kiss, B.; Piletska, E.; et al.
NanoMIPs-based electrochemical sensors for selective detection of amphetamine. Microchem. |. 2023, 191, 108821. [CrossRef]
Platts, M.; Smith, R.B.; Mould, N.; Davis, J. Ephedrine-copper—carbon interactions: An electroanalytical investigation.
Electrochem. Commun. 2006, 8, 633—-637. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.aca.2013.11.019
https://doi.org/10.1016/j.jelechem.2014.04.022
https://doi.org/10.1016/j.microc.2023.108821
https://doi.org/10.1016/j.elecom.2006.01.014

	Introduction 
	Materials and Methods 
	Materials and Instrumentation 
	Methamphetamine Characterization via CV 
	Electrochemical Fingerprinting of Methamphetamine/Adulterants by SWV 
	Analytical Performance 
	Assessment of Real Samples 

	Results and Discussion 
	The Electrochemical Characterization of Methamphetamine on Different Platforms by CV 
	Influence of the Platform Composition and the pH of the Electrolyte 
	Analytical Performance for MAP Detection 
	Selectivity Tests for MAP Detection 
	Assessment of Real Samples 

	Conclusions 
	References

