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Highlights
¢ A microneedle (MN) array-based electrochemical platform was fabricated.
e A hollow MN patch was successfully integrated into a wearable electrochemical
Sensor.
e The enhancement of the MDMA signal using nanomaterials on the MN was achieved.
e The performance of the sensor is reported in buffer and artificial interstitial fluid.

Abstract

lllicit drug consumption constitutes a great concern worldwide due to its increased spread and
abuse, and the negative consequences exerted on society. For instance, 3,4-
methylenedioxymethamphetamine (MDMA), a synthetic amphetamine-type substance, was
abused by 20 million people worldwide in 2020. This psychoactive substance exerts a myriad
of effects on the human body being dangerous for the consumer’s health. Besides, MDMA
has been used in the treatment of some psychiatric conditions. Therefore, the development of
wearable devices for MDMA sensing in biological fluids is of great importance for forensic
toxicology (e.g., monitoring of patients with suspected or known MDMA consumption) as well
as for therapeutic management of patients. Herein, we report the development of a wearable
electrochemical platform based on a hollow microneedle (MN) array-based sensor for the
monitoring of MDMA in the interstitial fluid by square-wave voltammetry. First, the holes of the
MN array were modified with conductive pastes to devise a MN patch with a three-electrode
system. Subsequently, the functionalization of the working electrode with nanomaterials
enhanced MDMA detection. Thereafter, analytical parameters were evaluated exhibiting a
slope of 0.05 pA uM" within a linear range from 1 to 50 uM and a limit of detection of 0.75 uM
in artificial interstitial fluid. Importantly, critical parameters such as selectivity, piercing
capability, temperature, reversibility and stability were assessed. Overall, the obtained MN
sensor exhibited excellent analytical performance, making it a promising tool for MDMA
tracking in interstitial fluid for individuals on probation or under therapeutic treatment.
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1. Introduction

3,4-Methylenedioxymethamphetamine (MDMA) is an amphetamine-type illicit drug, presently
classified as a Schedule | drug [1,2]. According to the most recent report of the United Nations
Office on Drugs and Crimes (UNODC), around 20 million users were consuming MDMA
globally in 2020 [3]. The frequent abuse of MDMA can be attributed to its psychoactive effects
such as euphoria, hallucinations, and higher-order cognitive processing. Nevertheless, MDMA
users are exposed to a myriad of negative consequences on their health such as
cardiovascular anomalies (tachycardia and hypertension), cognitive impairment (i.e., memory
loss, response inhibition), convulsions, insomnia, paranoia, and many others [1,4].
Traditionally, in clinical drug testing, the assessment of illicit drugs consumption is performed
by presumptive tests (i.e., colorimetric tests and immunoassays) for screening in urine,
plasma, or saliva, usually followed by a confirmation test using chromatographic techniques
coupled to (tandem) mass spectrometry which is the gold standard technique in the forensic
analysis [1,5].

The (potentially) portable sensing of MDMA has been reported for some biological matrices
[1] such as serum, urine [6,7], saliva, or fingerprints [8] employing surface-enhanced Raman
spectroscopy. Another intriguing strategy was reported by Pollard et al. which described the
development of a point-of-care test for the detection of MDMA in latent fingerprints using
surface plasmon resonance and lateral flow immunoassay technologies. The sample required
no pretreatment and exhibited excellent performance in sensitivity, specificity and accuracy
parameters (100%, 95% and 98%, respectively) [8].

Electrochemical methods were intensively used as portable alternatives for MDMA detection
in biofluids, using either unmodified electrodes [9,10] or platforms functionalized with various
structures such as antibodies [11], molecularly imprinted polymers [12] or metallic and
carbonaceous nanomaterials [13]. The analysis of MDMA in spiked serum samples was
achieved by Garrido et al. using a glassy carbon electrode and voltammetry as the analytical
technique. However, the obtained limit of detection (LOD) was 2.4 uM which is above the
reported peak concentrations of MDMA in plasma (0.7 uM - 1.15 uM [14]) [15]. Alternative
matrices such as saliva and urine have been used for the electrochemical detection of MDMA.
For example, bare carbon SPEs were employed for MDMA detection in saliva by mixing the
sample with either a buffer solution [9] or with a surfactant-mediated solution [10], the latter
displaying enhanced analytical performance. In another work, an amperometric
immunosensor was developed for the highly specific and sensitive detection of MDMA in saliva
and urine, outperforming the ELISA methods, but with a very long incubation time (45 min)
[11]. Another approach proposed by Couto et al. consisted of using a molecularly imprinted
polymer-based sensor for the analysis of MDMA using voltammetry. The sensor was applied
for the screening of serum and urine samples with LODs of 3.9 uM and 6.4 uM, respectively,
using an incubation time of 10 min [12]. More recently, carbon nanohorns decorated with
platinum nanoparticles were employed for the development of a highly sensitive
electrochemical sensor using differential pulse voltammetry, reaching a LOD of 0.018 uM in
buffer. However, when the sensor was applied for the analysis of spiked serum and urine
samples, the lowest analyzed concentration was 0.5 uM for both samples [13].

An attractive alternative for the identification and monitoring of illicit drug abuse is the use of
wearable devices, for which an increasing trend of use was observed in healthcare assistance
[16—18]. Given the negative consequences illicit drug abuse exerts on human health and
society, it is not surprising that some advances were reported for the development of wearable
devices for the detection of illicit drugs [19]. Among these are several electrochemical devices,
which constitute an emerging technology in forensic analysis due to their excellent analytical
capabilities, low cost, and user-friendliness [1]. Intriguing examples include a ring for
tetrahydrocannabinol sensing in saliva [20], gloves for cocaine [21] and fentanyl [22] screening
in street samples, and a microneedle (MN) array for opioids (morphine and norfentanyl)



detection in interstitial fluid (ISF) [23]. The majority of reported wearable electrochemical
sensors for drug analysis employ voltammetry (e.g., square-wave voltammetry or differential
pulse voltammetry) as it allows a fast analysis of the sample without any complex treatments.
This is only meaningful when the analyte of interest is electroactive in the working potential
window of the electrode at specific conditions (e.g., pH) of the sample. In this case, the
electrochemical profiling allows the identification of the analyte according to its oxidation
potential. The rapid profiling avoids the use of recognition elements labelled with electroactive
molecules (e.g. aptamers) or other labelling steps in which the electrode needs to be washed
and incubated (e.g., when using antibody conjugated strategies).

Another important aspect is that several clinical studies were reported for the approval of some
currently classified illicit drugs (i.e., psilocybin, lysergic acid, MDMA and ayahuasca) to be
used in the treatment of several psychiatric conditions [24,25]. For instance, MDMA is being
evaluated in the treatment of obsessive-compulsive disorder (OCD) [26], anxiety [27,28] and
post-traumatic stress disorder (PTSD) [29,30], the latter being already approved in Australia
by the Therapeutic Goods Administration [31]. Therefore, the development of wearable
devices for MDMA identification and monitoring in biological fluids is of great importance for
forensic toxicology within the range of interest, i.e. 0.24 uM and 2.41 uM [32-34], as well as
for the proper management of the patients under MDMA treatment. Potential applications
include identification and monitoring of patients with suspected or known MDMA consumption,
cases of suspected overdose or abstinence monitoring.

MN arrays represent an emerging platform for the development of wearable electrochemical
sensors, being able to penetrate the stratum corneum barrier (the top layer of the epidermis)
and reach the ISF, the biofluid present in the dermis layer. ISF can serve as a biological matrix
for minimally invasive monitoring of the health status as well as the substance intaking,
including abused illicit drugs, since the species present in blood pass in the ISF by diffusion
through the walls of the blood capillaries present in the dermis [35,36]. Hence, MN array
platforms can be used for the identification and monitoring of different target species present
within this biological fluid [37-39], of which concentration can be correlated with the levels in
blood [40]. For the fabrication of MN-based sensors, two types of MN arrays can be used:
solid and hollow MN arrays (HMN) [40,41]. The latter can be employed in different manners
for the development of an electrochemical sensor, such as the attachment of the HMN array
to screen-printed electrodes (SPEs) [41,42], the insertion of the electrochemical cell into the
HMN [43,44], or the filling of the HMN with conductive pastes [45,46].

MDMA was chosen as the target since its concentration in blood, and consequently in ISF, is
reportedly higher than that of its metabolites [32—34,47]. Firstly, an optimization study was
conducted to ensure the suitability of the electrochemical sensor for MDMA analysis in ISF.
Hence, a variety of nanomaterials were investigated for the enhancement of the MDMA
electrochemical signal, since this has been proved useful in previous works [48,49]. The
included nanomaterials were either carbon-based, i.e., single-walled carbon nanotubes
(SWCNTSs), graphene oxide (GO) and nanodiamond particles (nDs), or metallic nanoparticles,
i.e., gold nanoparticles (AuNPs) and palladium nanoparticles (PdNPs). The MN sensor
performance was investigated in buffer and artificial ISF (AISF) to prove its suitability for the
intended purpose. Hence, the linear range, LOD and limit of quantification (LOQ) were
determined. Additionally, the selectivity of the sensor was investigated against common
species found in biofluids (i.e., tyrosine, glycine, ascorbic acid and uric acid [41]) and other
possible interferents such as: (i) commonly abused illicit drugs from the class of the synthetic
cathinones (butylone and 3-methylmethcathinone), opioids (heroin and morphine) and
cocaine [3]; (ii) illicit drugs metabolites (morphine and benzoylecgonine, as metabolites of
heroin and cocaine [50-52], respectively), and (iii) frequently encountered adulterants
(caffeine and paracetamol [53]). Importantly, critical parameters that might influence the
performance of the sensor were further investigated by performing a Parafilm M® piercing test
[54], a temperature study, and reversibility and stability tests.

To the best of our knowledge, no wearable devices were reported to date for the detection of
MDMA in ISF. Hence, we report herein for the first time the fabrication and analytical
evaluation of a wearable electrochemical sensor based on a HMN patch filled with conductive
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pastes and functionalized with SWCNTSs for the electrochemical identification and monitoring
of MDMA by square-wave voltammetry (SWV) in ISF (Fig. 1a).

a. MN sensor application for MDMA screening and monitoring in artificial ISF
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Fig 1. a) The concept of MDMA identification and monitoring in ISF using the MN sensor. b)
Schematics of the MN platform fabrication (b1), functionalization (b2.1) and assembly of the
sensor (b2ll) using a hollow microneedle array (M1; dimensions in mm), Ag/AgClI paste (M2),
graphite paste (M3), screen-printed connections (M4), double adhesive tape (M5), silver paste
(M6) and glue (M7). HHMA: 3,4 - dihydroxy-methamphetamine; RE: reference electrode; WE:
working electrode; RT: room temperature; CV: Cyclic Voltammetry. The bioelements (arm and
Skin components) were generated using Biorender.

2. Materials and methods

2.1 Materials and reagents

The standards of MDMA hydrochloride (HCI), 3-methylmethcathinone HCI, butylone HCI,
cocaine HCI, heroin HCI, and morphine HCI were purchased from Lipomed, Switzerland and
Chiron AS, Norway. The standards of ascorbic acid, caffeine, glycine, paracetamol, sodium
dodecyl sulfate (SDS), tyrosine, and uric acid were purchased from Sigma-Aldrich (Overijse,
Belgium). Palladium powder, graphene oxide solution (2 mg mL ') and nanodiamond particle
dispersion (10 mg mL ') were purchased from Sigma Aldrich (Overijse, Belgium). The gold
nanoparticles solution was prepared from gold (lll) chloride trihydrate and sodium citrate
(purchased from Sigma-Aldrich), according to the method reported by Mendonca et. al [55].
SWCNTs synthesized by the arc-discharge method (diameter 1.4 £ 0.2 nm) and subsequently
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purified by air oxidation by Carbon Solutions Inc (P2, batch #03-A019) were solubilized by
adding 2.5 mg mL ' of the SWCNTSs to a 1% wt/V solution of SDS (Acros Organics, 99%) in
deuterated water (D20, Cortecnet, 99.8 atom%D). The solutions were sonicated for 30
minutes in a bath sonicator (BRANSONIC,1510E-MTH) and then stirred on a magnetic stirring
plate for 2 months. Afterward, medium-speed centrifugation was applied (4 h at 16 215 g with
a tabletop centrifuge Sigma 2-16KCH in a swing-out rotor), and the supernatant was collected
for further sensor development. Absorption spectra of the obtained SWCNTSs solution were
obtained in a Cary5000 UV-vis-NIR absorption spectrometer using a quartz microcell (60uL)
with a path length of 3 mm.

ItalSens SPEs with a graphite working electrode (WE) (J = 3 mm), a carbon counter electrode
(CE) and a silver pseudo-reference electrode (RE) were purchased from PalmSens, (The
Netherlands) and were used for the platform and waiting time optimization.

Conductive pastes of silver/silver chloride (Ag/AgCl) and graphite (Sun Chemicals) purchased
from Dupont Limited, UK., and hollow microneedle arrays (consisting of 5 x 5 pyramidal HMNs)
were used to manufacture the MN electrochemical platform. The HMN patches were
fabricated from polyether ether ketone (PEEK) sheets which were machined using a
nanosecond-pulse, diode-pumped, solid-state laser operating. The dimensions and evaluation
of the piercing capability are described in our previous works [41,56]. Silver paste purchased
from Sun Chemicals, UK, was used to manually screen-print the connections for the MN
platform on a polyethylene terephthalate (PET) substrate (125 um). Double adhesive tape and
glue were used for the assembly of the MN sensors.

Phosphate buffer saline (PBS) solution of 20 mM with 100 mM KCI and pH 7.4 was prepared
using analytical grade dipotassium hydrogen phosphate, potassium dihydrogen phosphate
(NaH2POy), potassium chloride (KCI) and potassium hydroxide purchased from Sigma-Aldrich
(Overijse, Belgium).

Artificial interstitial fluid at pH 7.4 was prepared in water according to a previously reported
recipe [41,57] using 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), calcium
chloride (CaCly), KCI, magnesium chloride (MgClz), NaH2PO. and sodium chloride (NaCl),
purchased from Sigma-Aldrich (Overijse, Belgium).

All solutions were prepared in 18.2 MQ cm™' doubly deionized water (Milli-Q water systems,
Merck Millipore, Germany).

2.2 Methods and instrumentation

2.2.1 Instrumentation and electrochemical methods

Experiments requiring a temperature-controlled environment were performed inside a Mistral
heater (Spark Holland B.V., the Netherlands).

A pH-meter (914 pH/Conductometer, 2.914.0020, Metrohm, Switzerland) was used to
measure the pH whenever it was needed.

The Silhouette Cameo cutter (USA) was employed to design and cut the shape of the
connections on a PET substrate which was used for screen-printing the connections.

All electrochemical experiments were performed using the MultiPalmSens4 potentiostat
(PalmSens, The Netherlands) operated with the PSTrace 5.9 software. Cyclic voltammetry
(CV) was employed for the preliminary electrochemical study of MDMA on the MN sensor (see
Section 2.2.3). SWV (from 0.3 V to 1.2 V, with a step of 5 mV, an amplitude of 25 mV, a
frequency of 10 Hz and 5 s equilibration time) was employed for the optimization and analytical
characterization of the MN sensor. For better visualization, all SWVs were baseline-corrected
using the “moving average baseline” option (window size: 2 points) available in the PSTrace
5.9 software. The data analysis and graphs representation were performed using the
OriginPro 8.5 software (OriginLab, United States). The chemical structures were generated
using the ChemDraw tool.

2.2.2. Method optimization

Before using the MN sensor, two parameters were investigated on SPEs: (i) the
functionalization with nanomaterials of the WE and (ii) the waiting time (adsorption time of the
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analyte) before analysis. Firstly, the signal of a 10 uM MDMA solution in PBS (pH 7.4) was
registered by SWV on SPEs, either bare or modified with various nanomaterials: SWCNTs,
rGO, nD, AuNPs and PdNPs. The influence of the SDS surfactant over the MDMA signal was
investigated as well since the SWCNTs and rGO solutions were prepared with surfactants.
The SPEs modification protocols are described in the supplementary material, namely the
Modification protocols of SPEs with nanomaterials, in the “Methods” section.

The waiting time before analysis, defined as the time that passed between the moment in
which the MN sensor was put in contact with the interrogated solution and the start of the SWV
test, was further investigated. For this, SPEs modified with the best performing two candidates
among the tested nanomaterials were used. Hence, the signal of MDMA was registered on
the bare and nanomaterial-modified SPEs at 0.0, 1.0, 2.5 and 5.0 min after the drop of 50 pL
of a 10 uM MDMA solution in PBS (pH 7.4).

2.2.3 MN sensor fabrication, functionalization, and characterization

Firstly, the electrochemical cell was manufactured on a HMN array (Fig. 1b - M1). For that,
the RE was first manually built by filling 5 MNs with a spatula using Ag/AgCl commercial paste
and subsequently cured for 10 min at 70°C. Then, the WE and CE were built by filling 8 MNs
and 12 MNs, respectively, using graphite commercial paste, and were again cured for 10 min
at 70°C (the design is depicted in Fig. 1b). For each filling step, before curing, the excess
paste was removed from the surface of the MNs using a scalpel, since the electrodes are
meant to cover only the inside of the MNs. Separately, three connections (one for each
electrode) were manually screen-printed on a PET substrate using silver paste and cured for
10 min at 100°C (Fig. 1b - M5).

The surface of the MN WE was functionalized by drop-casting a volume of 0.5 uL nanomaterial
solution on each MN of the WE of the MN platform. Subsequently, the MN platform was dried
at 70°C for 10 min. This process was repeated three times (the functionalization protocol was
skipped for the preparation of the unmodified MN sensors). Afterward, the MN sensor was
fixed on the connections using double adhesive tape and silver paste (to establish the
connection between the RE, CE and WE to each correspondent connection). The assembly
was subsequently cured for 10 min at 70°C. The area surrounding the MN platform was
isolated using glue. The obtained platform was kept at room temperature for at least 12 hours.
Finally, 10 cycles of CV from 0.3 V to 1.2 V with 100 mV s in PBS (pH 7.4) were applied,
after which the obtained MN sensor was rinsed with water (five times with 200 pL) and dried
at 70°C for 10 min. A schematic representation of the fabrication process is depicted in Fig.
1b. At the beginning of each electrochemical experiment before testing the solution of interest,
at least one blank test (i.e. SWV) was performed in PBS (pH 7.4) or AISF.

CVs were performed for the electrochemical characterization of the bare and nanomaterial-
modified MN sensor in 5 mM [Fe(CN)e]*”* solution in 0.1 M KCI (in the window of potential
from -0.5 V to 1.2 V with a scan rate of 100 mV/s), and for the investigation of the MDMA
electrochemical behavior on both sensors from a 100 uM MDMA solution in (PBS pH 7.4) (in
the window of potential from -0.5 V to 1.2 V with a scan rate of 100 mV/s).

2.2.4 Analytical characterization of the MN sensor

The analytical performance of the MN sensor was evaluated by drop-casting 100 pL working
solution on the surface of the sensor. Hence, MDMA solutions of increasing concentrations
(1.0,2.5,5.0,7.5, 10.0, 15.0, 25.0, 50.0 uM) were investigated by SWV in PBS (pH 7.4) using
both the bare and the nanomaterial functionalized MN sensor. The obtained oxidation currents
were plotted against the corresponding concentrations to build the calibration curves, based
on which the sensitivity, LOD and LOQ were determined. The sensitivity was considered the
slope of the calibration curve, while LOD and LOQ were calculated according to the following
formulas: LOD = 3.3%(S,/S), LOQ = 10*(S,/S), where S, is the standard deviation of the
response and S is the slope of the calibration curve within the range from 1 to 25 uM.
Selectivity studies were performed in PBS (pH 7.4) by testing single solutions of the
interferents (200 uM uric acid, 100 uM tyrosine, glycine, ascorbic acid, and 50 uM butylone,



3-methylmethcathinone, heroin, morphine, cocaine, benzoylecgonine, caffeine, paracetamol)
and their binary mixtures with MDMA (10 uM and 50 pM).

Furthermore, the MDMA solutions of increasing concentration were interrogated in AISF at
room temperature and at 33°C to assess the influence of the matrix and temperature over the
performance of the MN sensor. Given the fact that the sensor is meant to pierce the skin, a
parafilm piercing test was also performed to assess the robustness of the sensor after this
simulated scenario. Parafiim M® has been proposed as a suitable alternative to the use of
biological tissue, such as neonatal porcine skin, for MN array insertion studies [54]. The
parafilm piercing test consists of performing a calibration curve before and after the insertion
in the Parafilm M®. The parafilm piercing test was executed by pressing the MN sensor onto
the Parafilm M® layers (8 x 127 um) through a simple application of thumb pressure with the
MNs tips piercing through the film layers, as previously reported [54]. Moreover, stability and
reversibility tests were performed in AISF by testing the sensor in 10 and 50 uM MDMA
solution every 30 min for 9h, and, respectively, by varying the concentration between 10 and
50 pM nine times.

3. Results and discussion

3.1 Design of the MN-based electrochemical sensor

In this work, a HMN array, as a minimally-invasive platform, has been integrated for the first
time into an electrochemical sensor for the detection of MDMA in ISF. As a first step, an
electrochemical cell was constructed on the HMN array by filling the holes of the MNs with
conductive pastes (Ag/AgCl for the RE - 5 MNs and graphite paste for the CE - 8 MNs and
WE - 12 MNs; Fig. 1b). An important detail here is the removal of the excess of paste on the
outside surface of the MNs to avoid mechanical damage of the electrodes upon piercing. To
evaluate the morphology of the modified HMN array with conductive pastes, scanning electron
microscopy was employed. Fig. S1 depicts the SEM images of the modified MNs and the
corresponding electrode surfaces. Fig S1A shows the top view of a HMN modified with
Ag/AgCl as the RE. The zoom into the electrode’s surface exhibits the particulate shape of the
Ag/AgCl pastes (Fig S1B and Fig S1C). Fig. S1D illustrates the top view of the carbon paste-
modified HMN. The zoom into the electrode surface shows the wrinkled surface typical of
commercial carbon-based SPEs (Fig S1E and Fig S1F) [58]. Thereafter, the fabricated
electrochemical MN sensor was attached to a screen-printed connection (M4 in Fig. 1b)
through the cured paste located at the back of the patch (Fig. 1b.ll). This connection enables
a user-friendly insertion into a portable potentiostat. Importantly, the front side of the array
maintained its ability to penetrate the skin (which was evaluated here through a parafilm
piercing test - see Section 3.4 - and elsewhere on pork skin [41,56]) and reach the ISF through
the MN-based electrodes. Thus, the electrochemical detection of the species within the ISF
can be performed after their diffusion towards the surface of the electrodes.

Prior to the MN platform fabrication, the selection of an optimal nanomaterial to functionalize
the WE for increased sensitivity and improved LOD at physiological pH (7.4) was assessed.
The nanomaterial may increase the electroactive surface area and potentially catalyzes the
electrooxidation of MDMA at the surface of the WE. Hence, the influence of several
nanomaterials over the electrochemical signal of MDMA was evaluated on SPEs. For this, the
signal of a 10 uM MDMA solution was recorded on bare and modified (with SWCNTs, rGO,
SDS, nD, AuNPs and PdNPs) SPEs. As can be observed in Fig. 2a, the highest peak current
intensity (I,) registered was on the SWCNTs-SPEs (0.7 pA), followed by the reduced GO (rGO;
0.22 pA, Fig. 2b) obtained from the GO after the reduction CV applied as described in the
modification protocol, and the SDS-SPEs (0.6 pA, Fig. 2c). Furthermore, in these cases, a
cathodic shift of the MDMA oxidation peak was observed, from 0.98 V on the bare SPEs to
0.91 V, 0.90 V and 0.90 V on the SWCNTs-, SDS- and rGO- SPEs. In the case of SWCNTs-
SPEs and rGO-SPEs, this could be due to the higher working surface and increased
conductivity provided by the two carbon-based nanomaterials, as previously reported for other
illicit drugs as well [48,49]. The effect of SDS is most probably due to its surfactant properties,
ensuring higher concentrations of the analyte at the interface between the electrode and
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solution through two processes: (i) facilitating the adsorption of MDMA at the electrode surface
(as previously reported [10] for other illicit drugs), and (ii) reducing the hydrophobicity of the
electrode surface (as described for other surfactants as well [48]). Since both SWCNTs and
GO solutions used for the modification contain surfactants for stabilization, the effect produced
by the nanomaterials is most probably aided by the presence of the surfactant.

The nD particles generated a decrease of the MDMA signal from 0.1 pA on the bare SPEs to
0.05 pA on the nD-SPEs and an anodic shift of the peak potential (Ep) from 0.98 Vto 1.01V,
respectively (Fig. 2d). Various concentrations of nD were investigated since it was previously
reported that this could have an important influence on the signal enhancement [59]. It was
suggested that rather lower concentrations of nDs had an amplifying effect over the |, (at least
in the case of the investigated analytes, dopamine and uric acid), while high concentrations of
nDs could block the surface of the WE, forming a non-conductive layer. Nevertheless, in our
case, an improvement over the MDMA signal was not obtained using nDs. A similar result was
obtained when the PdNPs were used (Fig. 2e), the signal of MDMA being completely
suppressed or shifted outside of the working window of potential. Lastly, when AuNPs-SPEs
were explored, a signal in the blank was obtained in the same region as the MDMA oxidation
peak (Fig. 2f), rendering this nanomaterial unsuited for MDMA detection.
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Fig. 2. Baseline corrected SWVs of MDMA 0 uM (blanks; dashed lines) and 10 uM (continuous
lines) in buffer (PBS pH 7.4) on bare SPE (red lines, a-f), and SPE modified with (a) single-
walled carbon nanotubes (SWCNT; purple lines), (b) reduced graphene oxide (rGO; green
lines), (c) sodium dodecyl sulfate (SDS; blue lines), (d) nanodiamond particles (nD; pink lines),
(e) palladium nanoparticles (PdNPs; grey lines) and (f) gold nanoparticles (AuNPs; yellow
lines).

The influence of the accumulation time (the time of maintaining the solution on the surface of
the sensor before analysis) on the electrochemical oxidation of bare, rGO-, SDS-, and
SWCNTs-SPEs was subsequently evaluated. The increasing waiting time had no effect when
the bare SPEs were investigated (Fig. S2a) but generated an increment in the peak current
of MDMA in the case of SDS and nanomaterial-modified SPEs, hinting toward an adsorption-
controlled phenomenon when using nanomaterials. From our previous works, a diffusion-
controlled phenomenon governed the MDMA electrooxidation at bare electrodes [60], and an
adsorption-controlled phenomenon occurred when using SDS [10]. The increase of the current
intensity stopped after 2.5 min accumulation time in the case of rGO-SPEs (Fig. S2b.ii).
Importantly, for the same waiting time, higher values of MDMA |, were obtained on the
SWCNTs-SPEs (Fig. S2c.ii) than on the rGO- and SDS-SPEs (e.g., 2.0 yA, 1.22 pA and 1.07
WA after 2.5 min, respectively). Furthermore, an anodic shift of the MDMA E, was observed
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with the increase of the waiting time when rGO-SPEs were tested (Fig. S2b.iii), while in the
case of SDS- and SWCNTs-SPEs the E, remained constant (Fig. S2c.iii). Nevertheless, after
2.5 min, the E, remained constant on the rGO-SPEs as well. This is important since one of
the previewed applications of the final sensor is to monitor the MDMA concentration in time,
hence it is advantageous for the E, to remain constant since its shift could make the data
interpretation more complicated or even generate overlapping with other species present in
the sample. Having these results, SWCNTSs, one of the carbon-based nanomaterials, were
selected for the surface functionalization of the MN sensor. Besides, the previewed application
of the MN sensor includes the detection of intoxications with MDMA which are usually
emergencies and require fast responses, thus an accumulation time of 2.5 min before analysis
was chosen.

3.2 Evaluation of the electrochemical behavior of the MN sensor for MDMA
electrooxidation

The bare and SWCNTs-modified MN (SWCNTs-MN) sensors, prepared as described in
Section 2.2.3, were investigated by CV in 5 mM [Fe(CN)g]**> to evaluate the impact of the
SWCNTs over the electrochemical performance of the MN platform. The registered CVs
showed the reversible redox processes of the [Fe(CN)g]*”*> redox couple on both platforms
(the corresponding values of the oxidation and reduction peaks on each platform are shown
in Fig. 3a). Moreover, an increase in the capacitive current of the platform modified with
SWCNTs was observed. Nevertheless, the current corresponding to the [Fe(CN)g]*”* redox
couple increased in intensity for both the oxidation peak (from 8.09 pA on the bare MNs to
19.05 pA on the SWCNTs-MNSs) and the reduction peak (from -8.54 pA on the bare MNs to -
16.54 pA on the SWCNTs-MNs). Furthermore, the oxidation peak of the redox couple
registered a cathodic shift (of 120 mV), while the reduction peak registered an anodic shift (of
290 mV) on the SWCNTs-MN sensor, reducing the distance between the oxidation and
reduction peaks by 410 mV. These changes suggest an improvement of the electron transfer
rate on the SWCNTs MN platform, compared to the unmodified one. These findings are in
agreement with the previously reported effects of the carbon nanotubes over the properties of
other electrochemical platforms [48,49].

a. CV study with [Fe(CN)G]"'“' b. CV study with MDMA c. Optical absorption spectrum of the SWCNT
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Fig. 3. CV characterization (a and b) of the bare (red) and CNTs — modified (purple) MNs
platforms in 5 mM [Fe(CN)6]*"* solution in 0.1 M KCI (a) and of 100 uM MDMA in PBS (pH
7.4) (b; inset: rescaled representation of the cyclic voltammogram on bare MN). (c) Optical
absorption spectrum of the SWCNT sample measured in a quartz cell with pathlength 3 mm.
The arrows indicate the expected absorption ranges of the optical transitions of the
semiconducting (S_11 and S_22, in blue) and metallic (M, in red) SWCNTs present in the
sample.

The electrochemical behavior of MDMA was investigated on the bare and SWCNTs-MN
sensors by SWV. Fig. 3b displays the irreversible oxidation of MDMA (to 3,4 - dihydroxy-
methamphetamine [60]) from a 100 uM solution in PBS (pH 7.4) on both platforms: Ep=1.01 V
on the bare MN sensor and E,=0.98 V on the SWCNTs-MN sensor. Similarly to the effects
observed for the 5 mM [Fe(CN)g]*’*> solution, a higher capacitive current, an increase in the
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current intensity (of 3.9 pA) and a cathodic shift (of 30 mV) of the MDMA E,, was observed
when the SWCNTSs were present on the MNs surface. Hence, the enhancement of the electron
transfer rate manifested for MDMA on the SWCNTs-MN sensor as well. According to
previously reported findings, this enhancement could be attributed to both the SWCNTs
[48,49] as well as the surfactant [10] (as explained in Section 3.1) present in the solution used
for the MNs modification. The very low optical density in the range of the S_11 transitions
observed on the absorption spectra of the SWCNTs sample (Fig. 3c¢) is indicative of the doping
of the SWCNTSs in the aqueous surfactant solution.

3.3 Analytical performance in buffer

First, the electrochemical response in MDMA solutions of increasing concentration (between
1 uM and 50 uM) on both the bare and the SWCNTs-MN sensors in buffer was performed by
SWV, with a 2.5 min accumulation time before analysis. The electrochemical oxidation of
MDMA could be observed on both sensors, at an average value of 1.02 V (RSD=0.3% among
the different concentrations, N=15) and 0.95 V (RSD=0.4% among the different
concentrations, N=24) on the bare (Fig. 4a) and SWCNTs modified (Fig. 4b) MN sensors,
respectively. Ergo, a cathodic shift (70 mV) of the MDMA peak occurred when SWCNTs were
deposited on the surface of the WE. This shift is in accordance with the results obtained on
the SWCNTs-SPEs (see Section 3.1) as well as previously reported work on the CNTs-
modified electrodes [48,49]. When the bare MN sensor was used, a linear dependence of the
I, was obtained in the concentration range between 7.5 uM and 50 uM (Fig. 4a), described by
the equation I, (UA) = 0.004*[MDMA] (uM) - 0.03 (R?=0.998; mean RSD of 12%, N=3 per each
concentration), with a LOD of 8.3 uM and a LOQ of 25.7 uM. When the SWCNTs-MN sensor
was employed, the interrogation of the SWCNTs-MN sensor between 1 uM and 50 uM showed
a LOD and LOQ of 1.87 uM and 5.67 uM, respectively, making the SWCNTs-MN sensor
suitable for MDMA detection in ISF (Fig. 4b). The reported concentrations of MDMA in the
blood (therefore in ISF) are between 0.24 uM and 2.41 uM [32-34]. Furthermore, the linear
dependence is described by the equation Ip (HA) = 0.0459* [MDMA] (uM) - 0.03 (R?=0.998;
mean RSD of 8%, N=3 per concentration), displaying an approximately 11 times higher
sensitivity for the SWCNTs-MN sensor compared to the unmodified one (0.0459 pA pM' and
0.004 pA uM T, respectively). These results exhibit the superior performance of the SWCNTSs-
MN sensor for the detection of MDMA at physiological pH. Consequently, all the following
experiments were performed using this functionalized sensor.
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a. SWVs and calibration curve on bare MNs in buffer b. SWVs and calibration curve on CNTs-MNs in buffer
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Fig. 4. Analytical performance of the MN sensing platform for the detection of MDMA in buffer
(PBS, pH 7.4): (i) SWVs of increasing concentrations of MDMA solutions from 7.5 uM to 50
UM using the bare MN sensor (a) and from 1 uM to 50 uM using the SWCNTs-MN platform
(b); Insets: calibration curves obtained with the bare MN sensor (a) and SWCNTs-MN sensor
(b) over the corresponding concentration ranges (equations displayed above the inset
graphs); (ii) The influence of several molecules over the MDMA signal (grey column) at two
levels of concentration for MDMA (10 uM on the left and 50 uM on the right side of the grey
column) on the SWCNTs-MN in binary mixtures with: (c) common species found in biofluids
(vellow columns): tyrosine — TYR, glycine — GLY, ascorbic acid— AA, uric acid— UA), (d) other
common llicit drugs (blue columns), illicit drugs metabolites (stripes grided columns) and
common  adulterants (rhombi  grided green columns): butylone —  BUTY,
3-methylmethcathinone — 3MMC, heroine — HER, morphine - MOR, cocaine — COC,
benzoylecgonine — BEZE, caffeine — CAF, paracetamol — PARA.

The selectivity of the SWCNTs-MN sensor was evaluated in solutions of common species
found in biofluids (uric acid, tyrosine, glycine, ascorbic acid [41]) as well as commonly abused
illicit drugs (butylone, 3-methylmethcathinone, heroin, morphine, cocaine [3]), illicit drugs
metabolites (morphine from heroin [51], benzoylecgonine from cocaine [52]) and frequently
encountered adulterants (caffeine and paracetamol), separately and in binary mixtures with
MDMA at two concentration levels of the target (10 uM and 50 puM; further details can be found
in Subsection 2.2.3). Fig. S3 depicts that the only electrochemically active molecules in the
investigated window of potential in PBS (pH 7.4) were tyrosine, uric acid, heroin, morphine,
and paracetamol. Nevertheless, their oxidation peaks occurred at 0.62 V, 0.33 V, 0.43 V, 0.41
V and 0.34 V, respectively, thus assuring an excellent separation from the MDMA peak
(Ep=0.95 V). Binary mixtures of MDMA with these interferents were also evaluated and it can
be observed that the investigated molecules did not shift the oxidation peak of MDMA (Fig.
S3). The recoveries of the MDMA |, were calculated based on the obtained |, for MDMA in
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pure solution and in binary mixtures with the interferants (the results are displayed in Fig. 4c
and 4d). Some variation over the current intensity of MDMA was registered, with recovery
values between 71.4 % - 114.9 % and 102.3 % - 129.8 % for the 10 uM and 50 uM MDMA
concentration levels, respectively. For the mixtures containing common species found in
biofluids, a reduction in the MDMA signal between 5% and 13% was observed for the low-
concentration level mixtures, except for the mixture with tyrosine (one of the electroactive
compounds) when a reduction of 28% was observed. For the high-concentration mixtures, an
increase of the MDMA signal was observed between 6% and 17% for all mixtures, except the
mixture with ascorbic acid for which an increase of ~30% was observed.

For the mixtures containing other illicit drugs or their metabolites, variable modifications of the
MDMA signal were observed for the low concentration level mixtures (in all cases under 15%):
an increase was observed for the mixtures with butylone, heroin and morphine, the other
generating a decrease in the MDMA signal. For the high concentration level mixtures, an
increase of the MDMA signal between 5% and 23% was observed for all mixtures, except for
the mixture with paracetamol when an increase of ~32% was obtained.

It is worth mentioning that some of the variations might be due to the manual preparation and
modification of the sensor (a mean RSD of 8%, N=3 per concentration, was obtained during
the calibration step as previously mentioned). Besides, it is suggested that working at low
volumes on the MN sensor can potentially lead to evaporation effects, and thus an increment
in the variability of the electrochemical signal.

3.4 Analytical performance in AISF

The designed SWCNTs-MN sensor is meant to be used as a wearable device for MDMA
identification and monitoring in ISF. Therefore, the evaluation of the SWCNTs-MN sensor was
addressed in AISF to emulate the closest conditions to the real scenario. Consequently, the
electrochemical response of increasing concentrations of MDMA in AISF was evaluated in the
same conditions as for the experiments in the buffer. Fig. 5a and 5b display the comparison
of the SWVs and corresponding calibration curves obtained in the two media.

The two linear trendlines are superposable, presenting very similar slopes (0.0459 pA pM-'in
PBS and 0.0485 pA pM" in AISF with a mean RSD of 6%, N=3 per concentration), the LOD
and LOQ for the analysis in AISF being 0.75 pM and 2.28 pM, respectively. It is important to
mention that a slight anodic shift (of 5 mV) of the MDMA oxidation potential was observed in
AISF, which can be attributed to the manual manufacturing process and is thus considered
negligible for the analytical purpose. Another important parameter to consider for the
successful analysis of MDMA in ISF using the SWCNTs-MN sensor is its mechanical
resistance while penetrating the skin. Previously reported works have already shown the
resistance of the HMN array after penetration in porcine skin [41,56]. Therefore, we evaluated
the SWCNTs-MN electrochemical performance in AISF after its insertion into 8 layers (127
um each) of Parafilm M®. Fig. 5¢ displays the perforation of the Parafilm M®by the MN during
the parafilm piercing test. Fig. 5d exhibits the obtained calibration curve after the piercing test
compared to the calibration curve obtained in AISF before the parafilm piercing test.
Importantly, the linear dependence of the Ip on the MDMA concentration as well as the
sensitivity remained unchanged. Consequently, we can affirm that the analytical performance
of the SWCNTs-MN sensor was not affected by the parafilm piercing test, showing optimal
mechanical resistance, and therefore, potentially suitable for skin penetration.

Wearable devices are normally skin-worn. Therefore, we evaluated the response of the
electrochemical SWCNTs-MN sensor in AISF in the same range of concentration (between 1
uM and 50 uM) at 33°C (the average local temperature at the surface of the skin [61]), and
subsequently compared it to the calibration curve obtained at RT. Fig. 5e displays the
amplifying effect that this temperature increase had over the MDMA electrochemical oxidation.
The corresponding equation exhibited a slope ~1.9 times higher (i.e. 0.091 pA puM") than the
one obtained at RT (i.e. 0.048 uA uM") in the same concentration window, proving the effect
of temperature in the analytical response. This variation of the current intensity generated by
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the temperature increment was reported before for MDMA [60]. Usually, skin temperature
remains constant, thus the calibration curve for adequate prediction would need to be
performed at skin temperature. However, the integration of a temperature sensor along with
the MN-based electrochemical sensor could also be useful for the use of the device in outdoor
environments where big temperature differences exist.

a. SWVs in buffer and artificial ISF b. calibration curve in buffer and artificial ISF
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Fig. 5. Analytical performance of the SWCNTs-MN sensor for the detection of MDMA in AISF
in the concentration range from 1 uM to 50 uM: (a) SWVs and (b) calibration curves obtained
at RT in PBS (black lines and squares, respectively) and in AISF (multi-colored lines and dots,
respectively); (c) image of the Parafilm piercing test; (d) SWVs obtained at RT in AISF before
(multi-colored lines) and after Parafilm piercing test (cyan lines); Inset: the calibration curves
obtained in AISF at RT before (multi-colored dots) and after (cyan rhombi) the PPT; (e) SWVs
obtained in AISF at RT (cyan lines) and 33°C (red lines); Inset: the calibration curves obtained
in AISF at RT (cyan rhombi) and 33°C (red triangles).

Lastly, reversibility and stability studies were performed in AISF to evaluate the ability of the
device for continuous monitoring of MDMA fluctuations of concentration and for prolonged
exposure times, respectively. The reversibility evaluation is necessary since the MDMA
concentration in ISF is dynamic due to the pharmacokinetic processes occurring in the human
body (absorption, distribution, metabolization and excretion). Therefore, the SWCNTs-MN
sensor was tested by varying the MDMA concentration from 10 to 50 uM and back several
times. In terms of Ip, a stable response was obtained for each concentration level with RDSs
among the different measurements of 6.5 % and 2.1 % for the 10 uM and 50 uM solutions,
respectively (Fig. 6a). Furthermore, for the Ep of the MDMA, RSDs of 0.26 % and 0.25% were
registered, respectively (Fig. 6b), both parameters displaying the high reversibility of the
system.
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Finally, for the employment of the SWCNTs-MN sensor for MDMA monitoring in ISF, the
assessment of the response stability is required over an extended period (e.g. several hours).
Therefore, the response of the sensor was tested every 30 min for nine hours at two
concentration levels (10 uM and 50 uM). Excellent RSD values were obtained for both the Ip
(5.7 % and 2.8 %, respectively) and the E; (0.2 % and 0.5 %), illustrating the high stability of
the system in time.

Overall, the RSD values obtained for the reversibility and stability studies are similar to the
RSD values obtained during the analytical characterization of the sensor. Hence, it can be
affirmed that the SWCNTs-MN sensor displayed high reversibility and stability, meeting the
required characteristics for MDMA identification and monitoring in ISF.

a. reversibility of Ip in AISF b. reversibility of Ep AISF
< | 5 1.021
225 = " B m m | < 1,00
_‘2\ 4 ()] 4
20 < 0.98+
g 4 ] ] ®
.E 1.5 4 ;0.96- — 00—, - -~
E 1'0_' 5 0.94—-
8 . 1 g 0.92 4
.5-'|'|'|'|'|§0-90'I'I‘I'I'I'I'I'I‘I'I
0 2 4 6 8§ 10 o 1 2 3 4 5 6 7 8 9 10
Test no. Test no.
c. stability of Ip in AISF d. stability of Ep in AISF
P o 1.02
- (o)) 1
EE Bl B NN N R < 1.001
2 4] < L B E N
i 4 5 0.98+ -y e
- > d BB BBBBBBD-B -9-9-@-.a.a.4.
E 3 < 0.96_
R [ T T WD _see |3 %%
OO'|'|'|'|'|'|'|'|'|ch>0.90-.-..,-.-,-..,...,
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time /h Time /h

Fig. 6. Investigation of the variation of the MDMA electrochemical signal in AISF at two
concentration levels (10 uM — yellow dots and 50 uM — purple squares): reversibility study of
the current intensity (Ip; a) and peak potential (Ep; b) by variation of concentration (e.g., from
10 uM to 50 uM to 10 uM, five tests/concentration), and stability study of the current intensity

(c) and peak potential (d) by monitoring the response over an extended period (e.g., every 30
min. for nine hours) for each concentration.

4. Conclusions

In this work, a SWCNTSs functionalized HMN-based sensor was developed and tested for the
electrochemical identification and monitoring of MDMA in ISF. We first developed a method
for the fabrication of MN-based voltammetric sensors. Subsequently, we investigated the
functionalization of the MN and the influence of the adsorption time upon the electrooxidation
signal of MDMA. The study revealed that the use of the SWCNTs and 2.5 min accumulation
time were the optimal parameters for the electrochemical detection of MDMA. Secondly, the
analytical characterization of the SWCNTs-MN sensor was performed. The performance of
this sensor was investigated in both buffer and AISF with excellent analytical features being
observed, and importantly, fitting the detection limits necessary in case of MDMA
consumption. Furthermore, the mechanical robustness of the sensor was evidenced by the
piercing test maintaining the analytical capabilities. The sensor exhibited high selectivity,
reversibility, and stability, making it suitable for the intended purpose.
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It is important to mention that further optimization of the SWCNTs-MN sensor is needed since
reaching sub-micromolar values remains a challenge for the detection of MDMA after several
hours of consumption. Hence, we envision further improvements by the sorting of the
nanotubes to only have metallic SWCNTs to increase the sensitivity of the system.
Nevertheless, our MN sensor reached a sub-micromolar LOD with the concentration window
potentially fiting MDMA levels in ISF. Besides, the employment of a coating is foreseen to
avoid any potential leaking of the nanomaterials and to confer biocompatibility. Overall, we
report a promising wearable patch for the minimally invasive monitoring of MDMA using an
innovative SWCNTs-MN electrochemical system which could be employed to track drug
consumers under probation and to monitor the therapeutic levels in patients undergoing
MDMA treatment.
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