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Dual Microfluidic Sensor System for Enriched Electrochemical Pro-
filing and Identification of Illicit Drugs On-Site

Annemarijn S. M. Steijlen, Marc Parrilla, Robin Van Echelpoel, Karolien De Wael*

A-Sense Lab, Department of Bioscience Engineering, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Bel-

gium

ABSTRACT: Electrochemical sensors have emerged as a new analytical tool for illicit drug detection to facilitate ultra-fast and
accurate identification of suspicious compounds on-site. Drugs of abuse can be identified using their unique voltammetric fingerprint
at a given pH. Today, the right buffer solution is manually selected based on drug appearance and in some cases a consecutive analysis
in two different pH solutions is required. In this work, we present a disposable microfluidic multi-channel sensor system that auto-
matically records fingerprints in two pH solutions (e.g. pH 5 and pH 12). This system has two advantages. It will overcome the
manual selection of a buffer solution at the right pH, decrease analysis time and minimize the risk of human errors. Second, the
combination of two fingerprints, the superfingerprint, contains more detailed information about the samples, which enhances the
selectivity of the analytical technique. First, real-time pH measurements proved that the sample can be brought to the desired pH

within a minute. Subsequently, an electrochemical
study on the microfluidic platform with 1 mM illicit
drug standards of MDMA, cocaine, heroin and meth-
amphetamine showed that the characteristic voltam-
metric fingerprints and peak potentials are reproduc-
ible, also in the presence of common cutting agents.
Finally, the microfluidic concept was validated with
real confiscated samples showing promising results
for the user-friendly identification of drugs of abuse.
In short, this paper presents a successful proof-of-
concept study of a multi-channel microfluidic sensor
system to enrich the fingerprints of illicit drugs at pH
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5 and pH 12, thus providing a low-cost, portable, and
rapid identification system of illicit drugs with mini-
mal user intervention.

The use of psychoactive drugs is associated with serious health
risks.! The United Nations Office of Drugs and Crime estimated
that in 2020, 284 million people between 15 and 64 years old
used drugs in the previous 12 months. Cannabis is the most fre-
quently used drug with an estimated 209 million users in 2019.
Opioids like heroin account for the most significant harm. Opi-
oids were used for non-medical reasons by approximately 61
million people in 2019, followed by amphetamine-type stimu-
lants (34 million) and cocaine (21 million users).? In 2020, over
350 production facilities were found in Europe and numbers of
drug seizures are hitting records.? Therefore, the reduction of
illicit drug production, trafficking and use are key challenges
for the European governments.

In order to intercept illicit drugs and identify drug trafficking
routes, there is a need for fast and reliable on-site detection sys-
tems. Current handheld systems, often used by border officers,
include color tests* and portable spectroscopic systems.’ How-
ever, in the case of colored samples or the presence of certain
cutting agents, these systems often produce unreliable results.®

Although novel spectroscopic alternatives based on near-infra-
red technology are developed to overcome color interference,”®
alternative on-site electrochemical detection methods are
emerging. The detection method is based on the characteristic
electrochemical profile of each compound, recorded using
square wave voltammetry.? Provided that the right pH strategy
is used, key illicit drugs such as cocaine, heroin, methampheta-
mine, 3,4-methylenedioxymethamphetamine -MDMA-, and
ketamine can be detected. Heroin and MDMA can be detected
at pH 5 and pH 12'%!! and cocaine and methamphetamine at pH
12 but not at pH 5.'2!* Currently the technique relies on manual
selection of the buffer solution with the right pH by the operator
based on a first visual inspection of the suspicious sample.'*

In this paper, we introduce for the first time the design of a dis-
posable microfluidic platform that will automatically bring the
sample solution to the right pH and transports it to the electro-
chemical sensor (i.e. screen-printed electrodes). Hence, the
multi-channel platform can be used to simultaneously perform
an electrochemical measurement at different pH levels. The
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Figure 1. Concept illustration. A) The user adds a small amount of the sample to the ampoule with 0.1 M KCI in water and shakes it. B) A
droplet is placed at the inlet of the microfluidic system. The microfluidic system brings the sample to the right pH and transports it to the
sensor chambers. A dual measurement is performed with one potentiostat. C) Measurements at two different pH values result in a superfin-
gerprint of the sample. The algorithm analyses the superfingerprint and tells the user whether an illicit drug is found.

results will be combined to create a superfingerprint of the two
signals to identify the different illicit drugs automatically.

The concept of the illicit drug detection platform is presented in
Figure 1. In the case a suspicious compound is found, a small
amount is collected with a spatula and placed in an ampoule to
dissolve it in demineralized water with 0.1 M KCI (Figure 1a).
The user is requested to shake the ampoule and to add one drop-
let (ca 90 pL) at the inlet of the microfluidic system, which is
then placed in the handheld MultiPalmSens4 potentiostat
(PalmSens, the Netherlands) (Figure 1b). Once the system is
completely filled, i.e. the two electrodes are completely cov-
ered, a dual square wave voltammetric measurement is per-
formed. Two fingerprints of the substance are recorded (Figure
1c) at pH 5 and at pH 12 respectively. Together they form the
superfingerprint. A tailored algorithm applies a baseline cor-
rection and a top hat filter' to the recordings for an easier iden-
tification of the peak potentials. Subsequently, it checks
whether the set of peak voltages corresponds to the illicit refer-
ence measurements from the database, and thereafter, a clear
indication of the presence or absence of the illicit drugs is given.

To reduce the time of analysis and improve the automation of
the electrochemical procedure, different concepts of microflu-
idic designs can be deployed for a new automated buffer supply
system. Microfluidic design concepts can be organized by fab-
rication method. Common fabrication methods to create micro-
fluidic channels include casting polydimethylsiloxane
(PDMS)!%!7 or laminating polymer foils.!® Furthermore, various
paper-based microfluidic structures, also known as upads!®?°,
have been developed in recent years. Regarding paper-based
systems as well as PDMS or foil-based systems, different strat-
egies can be identified for automatic reagent addition and opti-
mal mixing. For PDMS and laminated foil structures, a large
range of concepts can be found where liquid reagents are sup-
plied via different inlets, after which passive mixing is realized
by smart geometry changes in the channel.?! For example, by
creating a sinusoidal microchannel,?? Tesla valves,” staggered
bars?* or even 3D structures.”> Paper-based structures gained
interest for their ability to store reagents for multistep processes.
The lateral flow assay?*?’ is a widely used system for point-of-
care solutions and even enables the integration of nanomaterials
for receptor immobilization.”® Fu et al. developed a paper-

based system for malaria antigen detection that sequentially
adds the sample and conjugated antibody, a rinse buffer and a
signal amplification reagent.”” A disadvantage for commercial
use of this system by laymen is that three well-defined amounts
of liquid need to be added to three different inlets by the user.

Our new microfluidic system with electrochemical sensors for
illicit drug detection requires the integration of three consecu-
tive steps: 1) the addition of the dissolved sample ii) bringing
the dissolved sample to the desired pH and iii) the voltammetric
analysis. Laminated foils are easy to fabricate and facilitate
quick iterations of the microfluidic design. Furthermore, we aim
to avoid the risk of entrapment of air at the sensor surface and
to minimize the risk of contact of a paper medium with the sen-
sor surface. Therefore, a hydrophilic foil-based system is de-
signed. First, the design of the patch including a flow simulation
is presented. Second, a pH 5 single channel microfluidic system
is build and real-time pH measurements are performed in the
sensor chamber to analytically assess whether the desired pH
value of 5 can be guaranteed. Third, the concept is expanded to
a dual buffer system (pH 5 and pH 12) and tested with standard
solutions of four of the most common illicit drugs, i.e. MDMA,
cocaine, heroin and methamphetamine. Voltammograms of the
four drugs with cutting agents are recorded to simulate street
compositions. Finally, a validation with 20 confiscated samples
previously analyzed by forensic standard methods is performed
to evaluate the reliability of the microfluidic system.

Experimental section
Reagents and Materials

Analytical grade reagents of citric acid, sodium citrate dihy-
drate, potassium chloride, potassium phosphate and sodium hy-
droxide were purchased from Sigma-Aldrich (Merck, Bel-
gium). For pH 5, a citrate buffer with citric acid and sodium
citrate dihydrate was made. For pH 12, a phosphate buffer with
disodium hydrogen phosphate, potassium dihydrogen phos-
phate and sodium hydroxide was made. 18.2 MQ/cm doubly
deionized water (Milli-Q, Merck Millipore) was used to make
the solutions. Standards of four of the most common illicit
drugs: 3,4-methylenedioxymethamphetamine HC1 (MDMA),
cocaine HCI, heroin HCI and methamphetamine HCI were ac-
quired from Chiron AS, Norway. The cutting agents

2



1cm

4.Air Outlets

3.5ensor
chamber

2b. Buffer supply
reservoirs pH 12

2a. Buffer supply
reservoirs pH S

1Inlet

Figure 2. Detailed design of the microfluidic system integrated on
the screen-printed electrodes for simultaneous dual pH analysis.

paracetamol, caffeine, lidocaine, levamisole and phenacetine,
as well as the confiscated samples were supplied by NICC, the
National Institute for Criminalistics and Criminology in Bel-
gium. The confiscated sample composition was analyzed by
NICC with a standardized gas chromatography-mass spectrom-
etry procedure. The microfluidic channels were created with a
highly hydrophilic foil (ARflow® 93361) and a double-side ad-
hesive (ARcare® 8939) both from Adhesives Research Inc.,
Ireland. Both materials are polyester films with a top hydro-
philic layer and adhesive layers respectively. Disposable
ItalSens IS-C Screen Printed Electrodes (SPEs) (PalmSens, the
Netherlands) were integrated into the microfluidic channels.
The potentiometric pH measurements were performed with cus-
tom-made screen printed electrodes with carbon working elec-
trodes (Sunchemical, United States) modified with aniline and
HCI (Sigma-Aldrich, Belgium). Reagents for the flow experi-
ments and pH measurements include brilliant black and thymol
blue sodium salt (Sigma-Aldrich, Belgium).

Instrumentation and apparatus

Voltammetry and potentiometry were performed with a Multi-
PalmSens4 and EmStat4R potentiostat (PalmSens, the Nether-
lands). Square wave voltammetry between -0.1 and 1.5V (5 mV
step potential, 25 mV amplitude and a frequency of 10 Hz) was
used. All voltammetric measurements in this manuscript are
performed in 0.1 M KCI solution with the screen-printed elec-
trodes, containing a graphite working electrode (3 mm diame-
ter), a carbon counter electrode and a silver (pseudo) reference
electrode. Voltammograms were background corrected using
the moving average baseline correction tool in PSTrace soft-
ware (PalmSens, The Netherlands). To analyze the confiscated
sample voltammograms, peak separation was enhanced using a
top-hat filter written in Matlab (MathWorks, United States).
Reference measurements were performed in a 90 pl droplet of
20 mM 0.1M KCI buffer solutions. The foils of the new micro-
fluidic systems were cut in the desired shape with a general-
purpose vinyl cutter (Silhouette Cameo 4, United States) and
assembled manually.

Microfluidics design

Figure 2 shows the detailed design of the microfluidic system.
A droplet of the dissolved analyte is placed on the inlet of the
microfluidic system (Figure 2, nr.1). Capillary forces ensure the
inflow of the sample fluid in the first reservoirs (Figure 2, nr. 2,

thickness =126 pm). These reservoirs contain buffer salts that
adjust the sample to the desired pH. Afterward, the sample en-
ters the sensor chambers (Figure 2, nr. 3, thickness = 380 um)
where a square wave voltammogram is recorded. The supply
channel branches into two channels to increase the capillary
pressure’, ensuring the complete filling of the sensor chamber.
In the two buffer reservoirs on the left side, a buffer solution pH
5 based on sodium citrate dihydrate and citric acid is added to
each reservoir. On the right side, a buffer solution with pH 12
based on potassium phosphate is added to both reservoirs. The
reagents are deposited in the system by drop casting 2.6 uL of
concentrated buffer solution (100 mM) in each buffer supply
reservoir and left to dry at room temperature. Given that the
sensing reservoir is 26 pL, the desired buffer capacity of 20 mM
will be reached when the sample is added. The detailed assem-
bly process is depicted in Supporting Information Figure S1.

Simulation and flow tests

Capillary forces ensure the inflow of the sample in the micro-
fluidic system. The capillary pressure is dependent on the di-
mensions of the microchannel and the surface tension, as ex-
plained by the Young-Laplace equation. To decrease the con-
tact angle of the walls, highly hydrophilic foils were chosen.
However, the sensor surface is more hydrophobic, which may
result in a flow along the edges and entrapment of air above the
sensor. To analyze this effect and optimize the air outlets of the
design, computational fluid dynamics (CFD) simulations of the
measurement chamber were performed in COMSOL Mul-
tiphysics software with two different designs. The level set
function for movement of the fluid interface and the Navier
Stokes equations for mass and momentum transport are used in
this simulation.®' Initially, the sensor chamber is filled with air
and water can move freely into the channel. Hydrostatic pres-
sure is added and the wetted wall feature is used to define the
hydrophilic and hydrophobic areas. A longitudinal symmetry
plane is defined in the sensor reservoir to minimize computa-
tional time. To test the final concept, two flow experiments
were performed. First, the inflow of the sample was tested by
drop-casting demineralized water dyed with 1mg/ml brilliant
black. Second, pH indicator experiments with a 2 mM thymol
blue sodium salt solution with 3 mM HCI were performed.

Fabrication of a potentiometric pH sensor

Once the design was established, miniaturized pH electrodes
were fabricated to measure the pH in the sensor chamber. To
create pH sensitive sensors, electrodeposition of polyaniline
(PANI)*>33 on our custom screen-printed carbon electrodes was
chosen. Cyclic voltammetry between -0.2 and 1.2 V was per-
formed at a scan rate of 0.025 V/s in 0.1M aniline 1 M HCI to
electrodeposit a PANI layer. The number of cycles was opti-
mized based on the response time of the sensors. The sensors
were dried overnight and they were conditioned for three hours
before use. After calibration with Britton Robinson buffers
from pH 4 to pH 8, they were placed in the microfluidic system.
Measurements with 0.1 M KCI solution in the microfluidic sys-
tem were performed to test the use of reservoirs to achieve dif-
ferent pHs in the sensor chambers.

Electrochemical analysis of illicit drugs

The analytical evaluation consists of three parts. First, the su-
perfingerprints of 1 mM standards of four illicit drugs: MDMA,
cocaine, heroin, and methamphetamine, in 0.1 M KClI, are rec-
orded with the new microfluidic system. Three new microflu-
idic systems are used for each measurement to test the repro-
ducibility. Based on these measurements, characteristic peak
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Figure 3. a) Simulations of the volume fraction of air in the sensor chamber at different time points during the filling process. The top row
shows the results of a system with one air outlet (grey dots). The bottom row shows the results of a system with multiple air outlets (grey
dots). b) Result of the filling process with a brilliant black solution for the single air outlet system (top) and the multiple air outlet system
(bottom). ¢) Pictures of the filling process with thymol blue solution (at 5 s, 10 s and 30 s). The colors indicate that in the left reservoirs the
pH is shifted to a pH above 2.5 and in the right reservoirs to a pH above 9. d) Real-time pH measurement during the filling process with a
custom-made PANI sensor located in the left sensor chamber. The pH value stabilizes at pH 5 within 50 seconds for all three devices.

potential detection windows for each illicit drug are determined.
For each drug, two reference measurements of 1 mM standard
in 20 mM citrate buffer pH 5 and 20 mM PBS buffer pH 12 are
performed to compare with the results from the microfluidic
system. In a second series of experiments, binary mixtures
(equimolar, 1 mM) of the illicit drug standards and the most
common cutting agents are recorded in new microfluidic sys-
tems to test whether the characteristic peaks of the illicit drugs
can still be identified in the solutions with cutting agents. Third,
the superfingerprints of five confiscated samples of each of the
four drugs are recorded with new microfluidic systems, to find
out whether the drugs can be identified in real samples. The
confiscated samples are prepared by making solutions of 1
mg/ml in demineralized water with 0.1 M KCI. For metham-
phetamine samples, higher concentrations of 5 mg/ml were
used, except for the liquid sample (nr. 20).

Results & Discussion
Assessment of the filling process

Because the sensor surface is hydrophobic compared to the ma-
terials of the microfluidic system, the sensor reservoir tends to
fill along the edges. This leads to the entrapment of air in the
sensor chamber Figure 3a shows a simulation of how the air
will be entrapped when there is only one air outlet at the top of
the reservoir. Therefore, it was decided to create an alternative
design for the air outlets. This design consists of a row of air
outlets below and above the sensor surface (Figure 2). As
shown in the second simulation, this design forces the fluid-air
interface to move in a more horizontal direction from bottom to
top. This results in a completely filled system, avoiding

entrapment of air at the electrode surface (Figure 3a). Figure
3b shows the results of a fluid flow experiment. Inflow was
monitored when a 50 pl brilliant black solution is pipetted at the
inlet. These experiments prove that the simulations correspond
to reality and the system with multiple air outlets fills in the
desired way. A second flow experiment was performed with the
pH indicator thymol blue. Figure 3¢ shows three pictures of the
inflow of the thymol blue solutions at three points in time. The
pictures show that the buffer addition reagents dissolve directly
and the color change indicates that the pH on the left side shifts
to a pH above 2.5 but below pH 9 and at the right side to a pH
above 9, since these are the indicator endpoints (i.e. pKin) of
thymol blue.>* There is a slight gradient visible in the sensor
chamber, when you zoom in at the picture at the right. However,
due to their lower molecular weight, the diffusion rate for the
buffer salts will be higher (as explained by Graham’s law),
which will result in faster homogeneous distribution of the
buffer compounds.

Real-time pH measurement

During the fabrication process of the pH sensors, the number of
voltammetric cycles was varied between 24, 12 and 6 cycles. It
was concluded that electrodes with PANI deposited for just 6
cycles resulted in the fastest response time and excellent repeat-
ability (Figure S2). Once the optimal electrodeposition was se-
lected, the analytical characterization of the pH sensors was ex-
ecuted. Figure S3a shows the time trace of the pH sensor upon
pH changes in the solution exhibiting excellent reversibility
with a short time of response. Importantly, potentiometric
measurements showed a linear relationship from pH 4 to pH 8
(Figure S3b). This confirms that the sensors can be applied to
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test whether the pH 5 buffer addition system works. After char-
acterization, the sensor was placed in the microfluidic system.
A 0.1 M KClI solution was added to the system and the pH was
recorded for 350 seconds. Three systems were fabricated to test
the reproducibility. Figure 3d shows that the pH of all three
systems goes to pH 5 within approximately 50 seconds. Alt-
hough the pH slightly varied between replicates from pH 4.72
to pH 4.92, the experiment proves the ability of the microfluidic
system to attain ca. pH 5 values which is sufficient for the pur-
pose of analyzing a voltammogram for drug analysis at pH 5.3

Analytical characterization of the microfluidic device

From previous work, it is known that the four selected illicit
drugs are electroactive.'* In most cases, this electroactive be-
havior can be explained by the oxidation of secondary and ter-
tiary amines on a carbon-based electrode, resulting in a peak at
a potential between 0 and 1.2 V. Triplicate measurements of 1
mM drug standards (MDMA, cocaine, heroin and methamphet-
amine) in 0.1 M KCl solution were performed using every time
a new microfluidic system (Figure 4). The recordings were
compared with a reference measurement of 1 mM standard in
buffer solution pH 5 and pH 12 on a bare electrode (using a
droplet of 90 puL) (dotted lines in Figure 4).

The results for MDMA (Figure 4a) showed that the MDMA
peak is clearly visible (E,=1.054 +0.004 V, N=3) and even
shows a higher peak current with respect to the reference. As
shown in Figure S4, this can be explained by the presence of a
surfactant on the hydrophilic foil, which can improve the elec-
trochemical oxidation of the drugs at the electrode.’®*” Alt-
hough the peak intensity varies due to the presence of surfac-
tants, the peak potential is reproducible between measurements
(max. difference = 10 mV, see Table S1). AtpH 12, the MDMA
peak contains a shoulder in the reference measurement, which
becomes a separated peak in the microfluidic systems. Previous
work explained that this first peak is attributed to the secondary
amine oxidation process, while the second peak
(E;=0.991+0.008 V, N=3) shows the oxidation of the meth-
ylenedioxy group.'* For cocaine (Figure 4b), there is no peak
linked to the presence of cocaine at pH 5, while at pH 12 there
is a clear peak at 0.802 V, which is similar to results in litera-
ture.*® The cocaine peak is slightly asymmetrical and shifted to-
wards a more negative potential compared to the reference (a
0.06 V shift) which is most probably caused by the surfactant
present on the hydrophilic foil. The difference in intensity might
be explained by an uneven distribution of surfactant across the
foil, resulting in different concentrations of the analyte in each
sample. For the heroin standards (Figure 4c), a characteristic
peak is identified at both pHs (pH 5 mean E,=0.996 +0.005 V,
N=3, pH 12 mean E;=0.761 £0.010 V, N=3). At pH 12, the fin-
gerprints of the heroin standard usually show two characteristic
peaks. In alkaline conditions, heroin degrades resulting in the
formation of 6-monoacetylmorphine (6-MAM). This explains
the first peak (i.e. E;=0.160 V) in the reference measurement at
pH 12.*° In the microfluidic system, the measurement is per-
formed directly after bringing the sample to pH 12. There is less
time for degradation, explaining the very small 6-MAM peak
(Figure 4c, pH 12). To confirm this hypothesis, the measure-
ment was performed in a new microfluidic system 20 min after
the sensor reservoir was filled. Figure S5 shows that the 6-
MAM peak is indeed clearly visible when the measurement is
performed later. As can be seen in Table S1, the heroin peaks
are close to the mean peak values of cocaine and MDMA. This
confirms the need for measuring the drugs at two pH values,
which results in a more unique fingerprint for each analyte.

Previous research of the fingerprints of methamphetamine
showed a significant shift of the peak potential to lower voltages
at higher concentrations.!* Furthermore, it was demonstrated
that a higher sample amount (7.5 mM) resulted in more reliable
detection of methamphetamine in the presence of other com-
pounds. Therefore, both 1 mM and 7.5 mM methamphetamine
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Figure 5. Electrochemical fingerprints of equimolar (1 mM) binary mixtures of a) MDMA, b) cocaine, c) heroin and d) methamphetamine
and common cutting agents after moving average baseline correction. Measurements were performed in the microfluidic system, bringing
the sample pH 5 and pH 12. The dotted lines show the fingerprints of 1 mM drug standard in the microfluidic system. The grey bars indicate

the potential window for identifying the drugs.

standard solutions were tested in the microfluidic system. In
Figure 4d, the 1 mM measurements are shown. A characteristic
peak can be identified at pH 12 (mean E,= 0.767 + 0.002 V,
N=3), and no peaks are detected at pH 5, corresponding to lit-
erature.'® Figure S6 shows the 7.5 mM results as well. For the
higher concentration, the mean peak value shifted not signifi-
cantly (0.027+0.006 V, N=3) in the microfluidic system. In
short, reproducible characteristic fingerprints of all four illicit
drugs were successfully obtained using the microfluidic elec-
trochemical system.

Figure 5 depicts the electrochemical profiles of the binary mix-
tures of drugs with cutting agents. As shown in Figure 5a,
MDMA peaks can still be recognized in the presence of caffeine
and paracetamol. For the binary mixtures with cocaine (Figure
5b), the peaks are suppressed in the presence of levamisole and
phenacetin. This corresponds to the effects reported in litera-
ture.!? Phenacetin oxidizes at a lower potential than cocaine and
will release protons. In the presence of these protons cocaine
cannot oxidize, which results in suppression of the cocaine
peak.*® The microfluidic reservoir enlarges this effect, since the
thin reservoir inhibits diffusion of these protons away from the
electrode surface. To test whether an increased buffer capacity
could diminish this effect, a test was performed in a microflu-
idic system with a higher buffer capacity (80 mM instead of 20
mM). The dotted red line in Figure 5b shows that a clear co-
caine peak appears when the buffer capacity is increased. This
indicates that the performance of the sensor system will increase
for cocaine when there is a stronger buffer capacity. For heroin

(Figure 5c¢), the paracetamol peak overlaps with the 6-MAM
peak, which was already reported in literature.® Fortunately,
the heroin peak is visible in the presence of both cutting agents.
Methamphetamine binary mixtures were made at 1 mM and 7.5
mM. For the equimolar 1 mM binary mixtures, the metham-
phetamine peak was not identified (Figure Sd). In contrast, at
7.5 mM, the characteristic methamphetamine peak can be de-
tected in the presence of caffeine. Similarly, the peak is not vis-
ible in an equimolar mixture with paracetamol. Nevertheless, in
literature it is reported that the relative amount of paracetamol
in seized samples is 10% at maximum.'** When the mixture
contains 0.75 mM of paracetamol, the methamphetamine peak
is clearly visible as shown by the green dotted line in Figure
5d.

To validate the functioning of the microfluidic system, five con-
fiscated samples of each illicit drug were analyzed. Information
about the composition of the confiscated samples from the
standard GC-MS analysis performed at NICC can be found in
Table S2. The voltammograms of these samples were pro-
cessed with a top-hat filter, which enhances the separation of
overlapping peaks originating from cutting agents and precur-
sors.*! Figure 6 shows the superfingerprints of MDMA, co-
caine, heroin and methamphetamine. The MDMA samples
(Figure 6a) all exhibit the characteristic MDMA peak at both
pH 5 and pH 12. However, for pH 5 the peak is slightly shifted
to a higher potential. This can be explained by the high purity
of samples 2-4 (Table S2). Higher sampling of MDMA can lead
to a shift to higher potentials.!" To successfully detect these
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samples as well, the potential window may be widened. The in-
crease of false positives by widening the potential window will
be minimal compared to the single pH system, because the
measurements at two different pHs will be combined to draw a
conclusion. In Figure 6b it is shown that only three out of five
cocaine peaks could be identified. For sample 7, cocaine was
probably not identified because of the presence of boric acid,
which might lower the pH at this low buffer capacity, inhibiting
the oxidation of cocaine. In sample 9, 42% of levamisole was
present, which suppresses the cocaine peak as well.!? The anal-
ysis of these samples was repeated with microfluidic systems
with a four times higher buffer capacity. The dotted lines in Fig-
ure 6b show the results and the successful appearance of the
cocaine peak. For heroin (Figure 6c¢) all five samples showed a
peak in the characteristic potential window at pH 5. Figure 6d
depicts the superfingerprint of methamphetamine samples. All
five samples showed no peak at pH 5 and a clear peak around
0.75V at pH 12, similar to the measurements, of the standards.
As shown by the results, the substances MDMA and heroin can
be reliably detected at pH 5, while for cocaine and methamphet-
amine a buffer at pH 12 is required to identify the compound.
The creation of the superfingerprint ensures that the character-
istic peaks for each compound can be recorded without manual
selection of the buffer. The new method also maintains a very

short operation time. The sample is dissolved in one ampoule
and two measurements are performed in parallel.

In this work, we presented a successful design of a microfluidic
dual pH sensor system. Future steps would include a stability
study to research shelf life, to perform usability tests with end-
users, and to fully integrate the electrodes in the microfluidic
system by screen-printing directly on the films to reduce the
cost price for large batches. Currently, the identification of the
samples was based on the characteristic peak location of the
drug compounds. However, the presence of the characteristic
peak potentials of different cutting agents can also be used to
substantiate the identification of the drug. For example, for con-
fiscated samples of heroin there are many other electroactive
substances present, while MDMA shows a very clean curve.
Moreover, the multi-buffer voltammetric analysis system offers
prospects for applying array-based pattern recognition algo-
rithms such as principle component analysis, linear discrimi-
nant analysis and machine learning for improved recognition of
the analytes.*>** The current application focused on the detec-
tion of illicit drugs in seized samples. Future work includes il-
licit drug detection in biofluids to be able to detect illicit drug
use on-site as well. This requires lower detection limits which
may be reached by electrode modifications. Lastly, the dual pH
strategy can be applied in other voltammetry applications, such
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Figure 6. Electrochemical fingerprints of confiscated samples after applying the top-hat filter to the raw data. Superfingerprint of a) con-
fiscated MDMA samples at pH 5 and 12, b) cocaine street samples c) heroin street samples and d) methamphetamine street samples. The
colored bars show the potential windows based on the average results of the 1 mM standard solutions in the microfluidic systems. The dotted
voltammograms for the cocaine samples are the results after increasing the buffer capacity four times.



as in the medical domain and food and nutrition domain, to de-
rive more unique fingerprints of the analytes for reliable identi-
fication.

Conclusion

This work presents the design of a microfluidic system for
multi-channel voltammetric analysis of illicit drugs at different
pHs. The sample is automatically brought to the desired pH in
the buffer reservoirs, whereafter electrochemical measurements
are performed in the sensor chamber. Real-time pH measure-
ments in the sensor chamber showed that the sample reaches the
desired pH value in 50 seconds. A proof-of-concept study was
performed to detect four of the most common illicit drugs with
square-wave voltammetry. By enabling electrochemical analy-
sis at two pHs (5 and 12), characteristic superfingerprints of
each drug were obtained. Measurements with drug standards in
the microfluidic system showed that the characteristic peak po-
tentials were reproducible. Furthermore, the feasibility of the
concept was successfully explored with confiscated samples.
To improve the drug detection of the more challenging samples,
the buffer capacity should be optimized in future work to avoid
pH variation at the surface of the electrode. The microfluidic
electrochemical system thus simplifies the detection of illicit
drugs in street samples by providing a single sampling proce-
dure while maximizing the electrochemical information for a
proper decision making process. Overall, the microfluidic de-
vice presents a leap forward on the voltammetric analysis of il-
licit drugs for rapid identification in decentralized settings by a
non-expert user.
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