J. Sens. Sens. Syst., 14, 111-118, 2025
https://doi.org/10.5194/jsss-14-111-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Novel low-cost instrumentation based on an RGB sensor
using molecularly imprinted polymers (MIPs) for the
rapid detection of aqueous 2-methoxphenidine (2-MXP)

Serguei Stoukatch', Francois Dupont!, Joseph W. Lowdon?, Gil van Wissen?, Kasper Eersels?,
Bart van Grinsven?, and Jean-Michel Redouté'

'Department of Electrical Engineering and Computer Science (Institut Montefiore), Microsys Laboratory,
University of Liege, Quartier Polytech 1, Allée de la Découverte, 10, 4000 Liege, Belgium
2Sensor Engineering department, Faculty of Science and Engineering, Maastricht University,

P.O. Box 616, Duboisdomein 30, 6229 GT Maastricht, the Netherlands

Correspondence: Serguei Stoukatch (serguei.stoukatch @uliege.be)

Received: 19 September 2024 — Revised: 6 February 2025 — Accepted: 20 March 2025 — Published: 19 June 2025

Abstract. In this paper, we demonstrate a novel, cost-effective sensing system utilizing a molecularly imprinted
polymer (MIP) for the indirect colorimetric detection of 2-methoxphenidine (2-MXP). Unlike other colorimetric
methods that often require expensive spectrometers and bulky read-out equipment, our system is streamlined,
employing basic components such as a digital RGB colour sensor, a white LED, and a 3D-printed opaque enclo-
sure compatible with standard spectrometer cuvettes. The sensor is constructed from readily available commer-
cial components using conventional manufacturing processes. Our approach is versatile, accommodating various
liquid analytes, making it suitable for diverse applications, including rapid toxicological screening. To this end,
optimization towards the dwell time, number of assays needed, and a dose response for the methodology are
explored. Specifically, we focus on the detection of 2-MXP in an aqueous solution within a concentration range
of 0.05 to 1 mM. Within range, our system effectively identifies the presence of the analyte and quantifies its con-
centration. Notably, we achieved a detection limit as low as 0.026 mM, which corresponds to a typical metabolite
concentration observed in humans. These results underscore the potential of our prototype sensor for practical

applications in the rapid and economical field of diagnosis of MXP intoxication.

1 Introduction

A recent report by the European Monitoring Centre for Drugs
and Drug Addiction (EMCDDA, 2024) has highlighted the
rise of new psychoactive substances (NPSs) in the EU (Vari
et al., 2020). These designer drugs, structurally altered to by-
pass current legislation, are toxicologically similar to classic
illicit drugs (Shafi et al., 2020). Diphenidine (WHO, 2020a)
and its derivative methoxphenidine (MXP) (WHO, 2020b)
are an example of such compounds and have emerged on
the black market for recreational use, typically sold online.
MXP, with ketamine-like dissociative effects at 50—100 mg
doses, is often a key ingredient in NPS mixtures. Its phar-
macological effects and toxicity are largely unknown, and its
numerous regioisomers and derivatives (McLaughlin et al.,

2016) complicate detection and identification, further hin-
dered by chemical impurities. This is why the demand for
detecting psychoactive substances like MXP in samples is
high and growing, though analyses with traditional methods
pose a challenge.

Common techniques (WoZniak et al., 2020) such as chro-
matography, infrared (IR), Raman, and mass spectroscopy
often require complex sample preparation. To address these
challenges, researchers are exploring alternative methods.
Studies have shown that X-ray powder diffraction (XRPD)
effectively detects psychoactive substances and outperforms
IR and Raman spectroscopy in complex compounds (Jurdsek
et al., 2020, 2022). Successful identification of MXP isomers
has also been achieved using gas and high-performance lig-
uid chromatography with mass spectroscopy (McLaughlin
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et al., 2016). Additionally, new techniques like MALDI-Q-
TOF-MS and UHPLC-MS are being developed for detecting
MXP and its metabolites in biological samples (Vagnerova et
al., 2022). Even though above-mentioned methods are highly
effective and sensitive, they are expensive and require spe-
cialized laboratory equipment and highly skilled personal.
Thus, there is an increasing demand for low-cost, rapid test
kits that could be used in the field by, for instance, law en-
forcement agencies.

In this context, a valuable emerging alternative is the use
of molecularly imprinted polymers (MIPs) (Ayerdurai et al.,
2023; He et al., 2024). These polymers, due to their inherent
affinity for the target analyte, can achieve selective targeting
(Hua et al., 2023). For this reason (Martin-Esteban and Sel-
lergren, 2012), MIPs have been utilized in a wide range of
applications, in particular, in biosensors and chemosensors
(Giancarla et al., 2023). MIP techniques effectively target
small molecules (molecular weight < 1500 g mol~!) (Turner
et al., 2006). They have been used for selective detection in
various applications, such as melamine in milk (Caldara et
al., 2022), antibiotics in milk (Bitas and Samanidou, 2018),
and pesticides in environmental samples (Mar¢ et al., 2021).
MIP-based sensors offer advantages: a low price point, ease
of implementation, robustness, and stability (Bahrani et al.,
2021). Furthermore, MIPs are effective at biological con-
centration levels, making them suitable for detecting NPS in
various scenarios (Musiat et al., 2022). Studies have demon-
strated MIP-based detection of synthetic cathinones and am-
phetamines in urine (Sdnchez-Gonzilez et al., 2019) and 4-
methyldimethcathinone (4-MDMC) (Chen et al., 2021), as
well as MXP and its regioisomers (Lowdon et al., 2018). This
said, one of the main limitations of MIP technology lies in
the deposition of the receptors (Caldara et al., 2023), with a
strong alternative being the utilization of MIP-based dye dis-
placement assays that enable the indirect naked-eye detec-
tion of compounds. These assays involve competitive bind-
ing between the target molecule and a dye for binding sites
within the MIP matrix. When the target molecule binds to the
MIP, it displaces the dye, causing a measurable change in the
absorbance of a solution, which correlates with the concen-
tration of the target molecule in the sample. This approach
enables sensitive and specific detection of analytes ranging
from small molecules to biomacromolecules, depending on
the design and synthesis of the MIPs. This methodology has
already been highlighted for the detection of 2-MXP (Low-
don et al., 2019), amphetamine (Lowdon et al., 2021), and
xylazine (Marroquin-Garcia et al., 2024). Researchers (Heidt
et al., 2021; Goossens et al., 2023) have built upon these
optical MIPs, providing microfluidic solutions coupled with
spectrophotometers for the rapid on-site detection of com-
pounds. This said, to date, colorimetric detection has tended
to be performed using expensive commercial spectropho-
tometers (Ye et al., 2018; Wang et al., 2023), though it is
possible to utilize low-cost components to achieve the same
result.
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This work therefore presents a novel, straightforward, and
low-cost sensing system based on MIP particles deposited
at the bottom of the cuvette for the indirect colorimetric de-
tection of aqueous 2-MXP. This low-tech solution is char-
acterized by a custom in-house low-cost photometer setup
(Dupont et al., 2024) that employs an RGB sensor and an
LED. Constructed from readily available commercial com-
ponents, the system can be assembled in a common labora-
tory without the need for a cleanroom. Thus, the proposed
methodology facilitates the cost-effective, sensitive (as low
as 0.1 mM), and rapid colorimetric analysis of liquid analytes
with simplistic equipment.

2 Materials and methods

2.1 Reagents, components, and equipment

All chemicals and reagents were purchased from Sigma-
Merck. All weights were measured on an analytical balance
ACS 100-4M, from KERN (KERN, 2024), Germany. All so-
lution volumes were measured using a one-channel Eppen-
dorf manual mechanical pipette with 1000 uL retractable tips
(epT.LP.S.® Standard) (Eppendorf Research, 2024). All op-
tical measurements were conducted inside a disposable plas-
tic cuvette (Avantor by VWR, 2024) (VWR 612-5503) made
of polymethyl methacrylate (PMMA) with dimensions of
10 x 10 x 45 mm?. To manufacture all 3D-printed compo-
nents, we employed the 3D printer Ultimaker S5 Pro (Ul-
timaker, 2024a) with recommendations by the vendor Ulti-
maker Tough PLA (polylactic acid), black, and 3D printing
filament of 2.85 mm diameter (Ultimaker, 2024b). Accord-
ing to the literature (Avantor by VWR, 2024), the tensile
Young’s modulus of PLA is 3.2541.19 GPa, the melting
point is 151.8 °C, and the glass transition temperature (7)
is 59.1 °C. PLA is a biocompatible and biodegradable plastic
that has previously been used for similar applications (Dilién
etal., 2017).

2.2 Synthesis and preparation of MIP-based assay

The methodology surrounding the synthesis of the MIPs
for the detection of 2-MXP and their subsequent conver-
sion into the dye displacement assay was taken directly
from prior work (Lowdon et al., 2019). In short, methacrylic
acid (MAA, 1.02mmol), ethylene glycol dimethacrylate
(EGDMA, 1.7mmol), and azobisisobutyronitrile (AIBN,
0.30 mmol) were dissolved in dimethyl sulfoxide (DMSO)
in the presence of 2-MXP (0.17 mmol). The mixture was
purged with N> and polymerized at 65 °C for 12 h. MIPs were
milled using a Fritsch Planetary Micro Mill (Fritsch, 2024)
and sieved to obtain microparticles smaller than 100 um. A
sieve was used for this process, with a 100 um mesh, collect-
ing any particles that passed through. The template molecule
was removed by Soxhlet extraction (Pirzada and Altintas,
2021) with acetic acid and methanol (1 : 10 v/v), followed
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by methanol, and verified using FTIR. The resulting MIP
powder was then dried at 60 °C overnight. Further, 20 mL
of a 1 mM aqueous malachite green solution was added to
500 mg of MIP powder (microparticles smaller than 100 um)
and shaken at 250 rpm for 2 h. The suspension was then fil-
tered, and the collected solid was washed with distilled water
until the filtrate was colourless. The coloured MIP powder
was then dried overnight at 60 °C, yielding the MIP-based
dye displacement assay.

2.3 Colorimetric measurement system

The colorimetric measurement system (Fig. 1) has been pre-
viously developed and comprehensively described in a prior
study (Dupont et al., 2024). In essence, this system con-
sists of a white LED (400-880nm, 5500 K colour temper-
ature, VLMW33S2V1-5K8L-08) and a digital RGB sensor
(VEML3328, Vishay, Malvern, PA, USA), enclosed within a
black 3D-printed opaque PLA housing designed to accom-
modate a commercially available plastic cuvette. These com-
ponents were placed 15 mm above the bottom of the enclo-
sure. To mitigate ambient light interference, the enclosure
is equipped with an opaque cap. A complete list of compo-
nents used in the colorimetric system is presented in Dupont
et al. (2024).

The sensor interface circuit was based on the Sen-
sorXplorer and VEML3328-SB development kits (Vishay,
Malvern, PA, USA), with a customized layout tailored
specifically for this application. Data collection was facil-
itated by the VEML3328_Xplorer_v1.4.1 software, which
streamlined device configuration and data management. Fig-
ure 2 shows the RGB sensor channel normalized sensitiv-
ity alongside the absorbance spectrum of the malachite green
dye. The red channel (with peak sensitivity at 610 nm) was
the only channel that overlapped with the dye’s maximum ab-
sorbance wavelength (Apmax = 621 nm; Mohseni et al., 2014).
Therefore, the red channel was selected as the best choice for
this analysis and was the only channel used in the remaining
experiments. In principle, the system for this particular appli-
cation can be further optimized; for example, the white LED
can be replaced by a red LED, and the RGB sensor can be re-
placed by a corresponding photodiode with higher sensitivity
to red light. However, in this study, we deliberately decided
to maintain the generality of the system, suitable for detect-
ing various dyes, in order to ensure the cost effectiveness of
the developed system.

2.4 Analysis of agueous samples

To assess the signal variation from the colorimetric measure-
ment system, the MIP-based dye displacement assay was in-
troduced into the plastic cuvette, followed by the addition
of 2.5 mL of the analyte solution (2-MXP). The cuvette was
then placed within the measurement system, where the RGB
spectra were recorded (Fig. 3). As the assay is designed to-
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wards the colorimetric detection of 2-MXP, there should be
trends observable when the assay is incubated with the dis-
placement assay. This study investigated multiple parame-
ters: the mass of the MIP assay applied (ranging from 2.5 to
15 mg), the time dependency of dwell time before conducting
measurements (spanning O to 70 min), and the concentration
of the analyte (0.05 to 0.5 mM).

3 Results and discussion

3.1 Dwell time dependency study

As the MIP utilized in the experiments is specifically engi-
neered towards the detection of 2-MXP and preloaded with
malachite green dye, exposure to aqueous 2-MXP results in
the dye being released into the surrounding solution. Thus,
this provides a robust mechanism of indirect colorimetric de-
tection, only possible as the assay has been tailored towards
2-MXP. If the MIP were not specifically designed for 2-MXP
detection, no dye displacement would occur in its presence.
This has been highlighted in previous studies (Lowdon et
al., 2018, 2019) where the cross-sensitivity of the detection
method to other chemicals and contaminants in solutions is
demonstrated to have a high degree of selectivity and sensi-
tivity. Subsequently, the amount of malachite green displaced
from the MIP directly correlates with the concentration of 2-
MXP in the solution, with the dwell time and mass of assay
directly affecting this. It can therefore be assumed that these
factors could also impact on the sensing apparatus, with these
being variables of high importance for consideration. There-
fore, to ensure that the assay does not directly interfere and
diffract the light being passed through the cuvette, impacting
the measurements, the dwell time of sample analysis was in-
vestigated. To this end, the RGB signal was monitored as a
function of time after applying a known volume of analyte
inside the cuvette that contained the MIP-based assay. The
experiment was then conducted over 70 min, monitoring the
stability of the resultant signal (Fig. 4). Figure 4 clearly illus-
trates that the RGB signal output changes significantly within
the first 8 min (section 1 of the plot). During this time, most
of the large MIP particles, which have the greatest impact on
the light transmission between the LED and the RGB sensor,
gradually settle to the bottom of the cuvette. Between 8 and
20 min (section 2), the number of residual particles in suspen-
sion, likely the smallest ones, decreases significantly, caus-
ing the signal to nearly stabilize. After 20 min (section 3),
the RGB signal stabilizes, and visual confirmation showed
no remaining MIP particles in suspension. For rapid analy-
ses, the RGB signal can be reliably used after the first 8 min
(section 2), provided that the system remains stable, and no
shaking or vibration occurs. However, for the most accurate
data, a dwell time of 20 min (section 3) is recommended. It is
important to note that, as outlined in Dupont et al. (2024), the
particles deposited at the bottom of the cuvette do not affect
the RGB sensor output.
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Figure 1. Prototype overview: (a) cross-sectional schematic view; (b) frontside with main PCB, cuvette, and cap; and (c) backside with
unmounted LED PCB. This figure was partially adapted from Dupont et al. (2024).
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Figure 2. RGB sensor channel (red, green, and blue) normalized
sensitivity and malachite green dye absorption spectrum.
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Figure 3. A schematic drawing outlining how the MIP powder is
allowed to sediment before the optical signal is recorded between
the white LED and the RGB sensor. 1 — MIP powder, 2 — a test
specimen, 3 — a cuvette.

3.2 Mass dependency study

To study the impact that the mass of assay has on the sensitiv-
ity of the platform, an experiment was devised where 2.5 mL
aliquots of varying concentrations (0.05-1 mM) were added
to different masses (2.5-12.5 mg) of MIP powder within the
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Figure 4. The output signal of the RGB sensor over time (minutes)
is divided into three distinguishable sections (sections 1, 2, and 3).

cuvette. From these experiments the mass of MIP-based as-
say could be plotted against the concentration of 2-MXP,
generating a matrix that could be referred to for the perceived
detection of the analyte (Fig. 5).

The plot features two distinct zones, separated by a dashed
line: the “detection” zone and the “no detection” zone. The
detection zone indicates that the target concentration of 2-
MXP can be identified with the appropriate amount of MIP,
while the no detection zone signifies that 2-MXP cannot be
detected regardless of the MIP quantity used. The initial test
result is marked with an eight-point star. Points within the
detection zone are represented by filled dots, whereas those
outside are shown with unfilled dots. This plot is useful for
estimating the amount of MIP needed to detect various 2-
MXP concentrations. As anticipated, higher concentrations
of 2-MXP require less MIP, while lower concentrations ne-
cessitate more. For instance, detecting a 1 mM 2-MXP con-
centration requires only 2.5 mg of MIP, whereas detecting a
0.1 mM concentration requires at least 12.5 mg of MIP. Addi-
tionally, using a smaller amount of MIP can be advantageous
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Figure 5. A plot demonstrating the mass of MIP-based assay
against the concentration of 2-MXP in solution and the subsequent
perceived detectability.

Figure 6. A reference cuvette with 2.5 mL of water (a), another
reference cuvette with 2.5 mL of water and 12.5 mg of MIP pow-
der (b), and four cuvettes with 12.5 mg of MIP powder and varying
2-MXP concentrations: 0.5 mM (c¢), 0.25mM (d), 0.1 mM (e), and
0.05 mM (f).

because fewer particles settle more quickly, leading to a more
stable RGB signal.

3.3 Concentration-dependent studies

As demonstrated in Sect 3, a dwell time of 20 min provides
the most accurate results. Therefore, the studies were con-
ducted with a 20 min duration as follows. Two reference cu-
vettes were prepared: one with 2.5 mL of water and another
with 2.5 mL of water containing 12.5 mg of MIP powder. The
purpose of the latter was to verify that particles settled at the
bottom of the cuvette do not significantly impact the sen-
sor readings. Additionally, four cuvettes were prepared with
varying concentrations of the analyte 2-MXP: 0.5, 0.25, 0.1,
and 0.05 mM, as shown in Fig. 6.

Visual inspection revealed that cuvettes a and b showed
no dye displacement, while cuvettes ¢ through f exhibited
decreasing levels of displaced malachite green dye as the an-
alyte concentration decreased. This trend was further con-
firmed with the RGB setup, which clearly differentiated be-
tween the various 2-MXP concentrations (Fig. 7). Among
the concentrations tested, 0.05 mM showed a signal inten-
sity comparable to water, with a distinguishable signal first
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Figure 7. The RGB signal output stimulated from the increasing
absorbance of the displacement of malachite green from 12.5 mg of
assay against the exposure concentration of 2-MXP (0.05-0.5 mM).
Each point represents the average of 50 RGB sensor readings. and
the standard deviation is less than 2 % of the average (blue lines).

appearing at 0.1 mM. At 0.25 mM, the amount of displaced
dye increased noticeably, and at 0.5 mM, there was a marked
exponential increase in dye displacement.

The resulting dose response graph was plotted using Ori-
gin x and the data analysed with a dose response (y = A1 +
(A2 — A1)(1+10°((LOGx0 — x) *x P))) fitting. The resulting
trend (red line) line yielded an R? of 0.99962, demonstrat-
ing a strong correlation between the amount of dye displaced
and the signal intensity observed. Due to the extremely low
internal standard deviation of the results, the theoretical limit
of detection (LoD) of the sensor is 0.021 mM when calcu-
lated using the 30 methodology. This is well within the cal-
culated physiological range that typically occurs during hu-
man metabolism (Elliott et al., 2015) after ingesting a stan-
dard dose of 2-MXP (from 75 to 120 mg) (WHO, 2020a) and
therefore highlights the sensitivity of the system.

4 Conclusions

In this work, a simple and cost-effective MIP-based sens-
ing system for the indirect colorimetric detection of 2-
methoxphenidine (2-MXP) was demonstrated. Unlike typi-
cal colorimetric systems that rely on spectrometers, this sys-
tem utilizes an RGB sensor and a corresponding LED. Con-
structed from readily available commercial components, the
system can be manufactured in a standard laboratory envi-
ronment using conventional industrial methods, without the
need for a cleanroom.

The developed colorimetric measurement system, based
on RGB sensors and MIP receptors, effectively detects 2-
MXP in aqueous solutions at concentrations below 1 mM. It
can distinguish between concentrations of 1, 0.5, 0.25, and
0.1 mM 2-MXP. The analysis time is 20 min, primarily due
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to the time required for the MIP powder to settle at the bot-
tom of the cuvette. This sediment does not affect the mea-
surement system’s output signal, as confirmed by previous
studies.

Additionally, the study established the detection window
for MIP-MXP interactions, specifying the amount of MIP
needed to detect various 2-MXP concentrations. The tested
concentration range (from 1 to 0.1 mM) is relevant for real-
life applications, as it corresponds to concentrations found
in human metabolism after ingesting typical oral doses of 2-
MXP. This MIP-based sensing method is thus suitable for
detecting a broad range of specific liquid analytes associated
with human metabolism.
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