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Food supplements

The rising demand for weight-loss solutions, driven by obesity concerns and societal pressure, has led to an
increasing growth in both the consumption and market of food supplements. However, several studies have
identified food supplements as common targets of economically motivated adulteration by the addition of
pharmaceutical drugs to enhance the product’s effects. Despite its toxicity and associated health risks, 2,4-dini-
trophenol (2,4-DNP) is prone to be illegally added to weight-loss products due to its thermogenic effect,
emphasizing the need for reliable detection methods. In this study, we report the first electrochemical sensor
integrating a molecularly imprinted polymer (MIP) onto a paper-based platform for the selective detection of 2,4-
DNP. This innovative approach combines the high selectivity of MIPs with the cost-effectiveness, portability, and
disposability of paper-based devices, paving the way for practical, on-site monitoring of 2,4-DNP in food sup-
plements. The sensor features a paper-based transducer with a gold and carbon ink working electrode that was
modified with the MIP, which was synthesized through precipitation polymerization. The sensor’s performance
was thoroughly evaluated, demonstrating a linear range of 50 - 1000 umol L and a limit of detection of 16.3
umol L1, The sensor was successfully applied to the analysis of various commercially available weight-loss food
supplements (e.g., slimming activators, fat burners, thermoshape) in capsule form, yielding satisfactory re-
coveries ranging from 85 to 109%. These results highlight the potential of this MIP-based sensor for the rapid,
sensitive, and selective determination of 2,4-DNP in food supplements, contributing to consumer safety and
regulatory compliance.

ingredients, they are frequently advertised as “natural” products, which
can mislead consumers in perceiving these products as safer than con-

1. Introduction

In the last decades, the prevalence of overweight and obesity has
been rising, particularly in Western developed countries, leading to
increasing dissatisfaction with physical appearance. The growing con-
cerns over obesity and societal pressures towards a slim figure, have
driven a rising demand for weight-loss solutions [1]. Among those,
several consumers look for quick and easy approaches while avoiding
making lifestyle changes, such as diet and exercise. This has contributed
to the increasing growth of the food supplements market, with popular
products, known as "fat burners," typically containing ingredients that
boost metabolism, such as caffeine, green tea extract, and carnitine [2].
Moreover, because most food supplements include medicinal plants as
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ventional pharmaceuticals [3]. Despite including medicinal plants, food
supplements are legally considered foods according to Directive
2002/46/EC [4] and the Dietary Supplement Health and Education Act
[5]. Therefore, they do not require any specific risk assessment before
being commercialized, with the responsibility for food safety issues
relying on food business operators. Although manufacturers do not have
to provide evidence that supports the product’s safety and effectiveness,
food supplements must be safe, effective, and absent from adulterations.
Nevertheless, several studies have reported the detection of pharma-
ceutical drugs illegally added to food supplements to boost their effect,
aiming for increasing sales and higher economic gain. In particular,
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different substances have been detected in supplements for weight loss
including banned anorexics such as sibutramine and rimonabant, ban-
ned laxatives such as phenolphthalein, amphetamine-derived drugs such
as fenproporex, and antidepressants such as fluoxetine [6-8]. Recently,

Amidzic et al. [9], conducted a review of data reports spanning from
2011 to 2022 of the Rapid Alert System for Food and Feed (RASFF),
concluding that among the unauthorized pharmaceuticals identified in
food supplements for weight loss, 45 were related to sibutramine, 18 to
phenolphthalein, 7 to N-didesmethyl sibutramine and 6 related to 2,
4-dinitrophenol (2,4-DNP). 2,4-DNP is a crystalline solid that is only
slightly soluble in water but easily dissolves in organic solvents like
ethanol and diethyl ether [10]. Initially used in the early 20th century
for manufacturing explosives and as an industrial chemical, 2,4-DNP
was later found to promote weight loss by increasing metabolism and
inducing fat burning. Despite its weight-loss potential, 2,4-DNP’s severe
toxic effects were quickly recognized since it interferes with cellular
energy production, leading to hyperthermia, tachycardia, and, in many
cases, death [11]. Due to its toxicity, 2,4-DNP was banned for human
consumption by the Food and Drug Administration (FDA) in 1938 and
by the UK’s Food Agency in 2003. In 2015, Interpol issued a global alert
highlighting its dangers [12,13]. Despite being a particularly dangerous
substance [13,14], 2,4-DNP may be illegally added to weight loss
products for its thermogenic effects. A recent analysis of social media
posts revealed that the most commonly consumed dose was 150 mg
(equivalent to 1-2 pills, depending on the formulation), followed by 300
mg (or 2-3 pills). Alarmingly, the lowest recorded lethal dose for humans
was 4.3 mg kg™, while doses higher than 2.8 g have resulted in fatalities
and generally associated with suicide attempts [15,16]. This underlines
the extreme danger of using 2,4-DNP, where even small variations in
dose can result in severe toxicity and death. Therefore, reliable and
sensitive analysis methods for detecting 2,4-DNP are crucial for ensuring
consumer safety. While chromatographic techniques performed at lab-
oratories equipped with advanced and expensive equipment remain the
gold standard as confirmatory techniques, there is also the need for fast,
low-cost screening methods for checking potential adulteration of food
supplements at point-of-care (e.g., customs). To date, electrochemical
sensors developed for the detection of 2,4-dinitrophenol (2,4-DNP) have
focused primarily on environmental monitoring, often requiring
ultra-low detection limits due to the trace levels typically encountered in
water samples. These systems commonly employ conventional elec-
trodes modified with nanomaterials to enhance sensitivity, but are
generally unsuitable for on-site use due to complexity and cost. In
contrast, the presence of 2,4-DNP in food supplements—where it may be
illicitly added in higher concentrations—demands simple, rapid, and
cost-effective screening tools rather than ultra-sensitive detection. In
this context, the present study introduces the first paper-based molec-
ularly imprinted polymer (MIP) electrochemical sensor specifically
designed for the detection of 2,4-DNP in food supplements. By
combining the selectivity of MIPs with the affordability and portability
of a paper-based platform, this work offers a promising solution for
preliminary on-site screening, contributing to consumer safety and
regulatory enforcement. In this context, Molecularly Imprinted Poly-
mers (MIPs) represent a highly suitable approach for the selective
recognition and determination of 2,4-DNP. These synthetic materials
mimic biological recognition sites, offering high specificity, chemical
stability, and reusability. When integrated with electrochemical trans-
ducers, MIPs enable rapid, cost-effective, and sensitive detection, mak-
ing them particularly attractive for the development of robust chemical
sensing platforms [17-22]. MIPs have been produced through various
techniques, such as bulk polymerization, precipitation polymerization,
sol-gel transformation, suspension polymerization, and in situ
self-assembly electropolymerization [23,24]. Bulk polymerization is the
most common and widely used method for MIP production because of its
straightforward operation and low costs. However, bulk polymerization
may have some shortcomings, such as the loss of binding sites during the
mechanical disintegration of the synthesized polymer, which can lead to
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a lower yield and reduced sensor performance. The polymerization
procedure in precipitation polymerization is similar to bulk polymeri-
zation, but with the advantage that post-treatment steps, such as
grinding and sieving, are not required. This simplifies the process by
reducing the number of steps and, more importantly, minimizes the risk
of destroying the imprinted cavities, which are crucial for the sensor’s
selectivity. In precipitation polymerization, the reaction occurs in a
large volume of organic solvent where the polymer is insoluble, causing
it to precipitate. Unlike other methods, this approach does not require
surfactants and allows control over the particle size [25,26].

In this study, to the best of our knowledge, we present the first paper-
based MIP sensor designed for detecting 2,4-DNP in food supplements.
The sensor was designed with a gold and carbon ink working electrode
(WE), which provides enhanced conductivity and surface area. The MIP
was synthesized through precipitation polymerization, ensuring robust
formation of the MIP with selective recognition sites for 2,4-DNP. This
paper-based platform offers several advantages, including low cost, ease
of fabrication, and portability, making it highly suitable for on-site
analysis in various settings. The optimization and performance of this
sensor were evaluated, highlighting its potential for application in the
determination of 2,4-DNP in food supplements.

2. Materials and methods
2.1. Reagents and solutions

2,4-DNP (> 98 %), methacrylic acid (MAA), ethylene glycol dime-
thacrylate (EGDMA, 98 %), 2,2"-azobisisobutyronitrile (AIBN, > 98 %),
Nafion solution (perfluorinated resin solution, 5 wt.% in lower aliphatic
alcohols and water), anhydrous N,N-dimethylformamide (DMF, > 99.8
%), citric acid, potassium hexacyanoferrate(Il) and (III), Chloroform
(CHL, > 99.0 %) and Toluene (TOL, > 99.8 %) were obtained from
Sigma-Aldrich. Methanol (MeOH, > 99.9 %), acetonitrile (ACN, > 99.5
%) 4-nitrophenol, and sodium benzoate were purchased from Riedel-de-
Haén. Glacial acetic acid (AcOH, > 99.8 %, VWR Chemicals), ethanol
(EtOH, > 99.5 % Carlo Erba), a zinc standard solution (Zn, Panreac), and
phenol (Merck) were also used. The gold and silver inks used to fabricate
the sensor’s working, reference, and counter electrodes were obtained
from Gwent Electronic Materials Ltd. Before use, MAA and EGDMA were
purified by passing them through a short column filled with neutral
alumina (Sigma-Aldrich) to remove inhibitors. All other reagents were
of analytical grade and used without further purification. 2,4-DNP stock
solutions were prepared daily in phosphate buffer (0.1 mol L}, pH =
7.0) and stored at 4°C. Ultrapure water (resistivity = 18.2 MQ-cm) was
obtained from a Millipore (Synergy UV) water purification system and
used throughout the work. The food supplements were acquired online
on different websites selling supplements for weight loss. In addition,
food supplements, including different medicinal plants as ingredients,
namely for boosting energy and improving mental performance and
cognitive function, were also analyzed to evaluate possible matrix
effects.

2.2. Apparatus and Measurements

Differential pulse voltammetric (DPV) and cyclic voltammetric (CV)
measurements were performed using a Metrohm Autolab PGSTAT 204
potentiostat/galvanostat, equipped with a connector for screen-printed
electrodes (Metrohm Dropsens) and connected to a computer running
NOVA 1.10 software. All measurements were carried out at room
temperature.

2.3. Fabrication of the electrochemical cell
A Fyjifilm Dimatix Materials Printer inkjet printer (DMP-2850)

equipped with a Samba piezoelectric printhead (12 nozzles) was used
for the deposition of the electrodes on Toughprint waterproof paper. The
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pattern was designed using Inkscape software, and both silver and gold
conductive inks were printed with a resolution of 1693 dpi (drop spacing
15 um). The electrodes were then sintered at 175°C for 10 minutes. After
this, the electrochemical cells were cut into rectangles measuring 1 cm
by 3 cm. The dimensions were chosen to match those of the screen-
printed electrodes (SPE), allowing the use of the same connector. The
working electrode (WE, # = 3 mm) was confined using an adhesive
circle to prevent the spread of the drop. Subsequently, 3 uL of carbon ink
(23% carbon paste in DMF) was drop-casted onto the working electrode
and left to dry overnight. Finally, the adhesive circle around the working
electrode was removed, and non-conductive adhesive tape was applied
on top of the working electrode to prevent the solutions from spreading
to the connections of the reference, auxiliary, and working electrodes
(see Fig. 1).

2.4. MIP and NIP construction & Analytical signal recording

A schematic representation of the synthesis procedure, the sensor’s
construction, and the recording of the analytical signal is presented in
Fig. 2. MIP microspheres for 2,4-DNP recognition were synthesized
using precipitation polymerization. First, 1.0 mmol of 2,4-DNP and 4.0
mmol of MAA (functional monomer) were mixed in 15 mL of ACN. Next,
20 mmol of EGDMA (crosslinker) and 0.30 mmol of AIBN (initiator)
were added to the mixture, which was then purged with nitrogen for 10
min. The mixture was subsequently heated at 60°C in a thermoblock for
4 h. The resulting mixture was centrifuged, and the MIP was separated
from the reaction medium by filtration. 2,4-DNP was removed from the
MIP by repeated washing with a mixture of AcOH and MeOH (1:9, v/v).
Finally, the polymer was collected and dried in an oven at 60°C. A non-
imprinted polymer (NIP) was synthesized using the same procedure,
without the use of 2,4-DNP. After synthesizing the polymeric MIP/NIP
microspheres, 5 mg of the material was weighed and dispersed in a
mixture of 300 uL of EtOH, 790 uL of phosphate buffer (0.1 mol L}, pH =
7.0), and 10 pL Nafion. The mixture was then sonicated for 5 min and 2
uL of the prepared suspension was deposited onto the WE of each elec-
trochemical cell and allowed to dry at room temperature. This procedure
was repeated 6 times.

To obtain the analytical signals, 40uL aliquots of either standard or
sample solutions were placed on the paper-based cell, covering the three
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electrodes. Differential pulse voltammograms (DPVs) were recorded by
applying a potential between 0.2 and 1.4 V (pulse amplitude: 50 mV;
scan-rate: 50 mV s!). For the MIP/NIP characterization, 40 uL of a 1
mmol L'! [Fe(CN)s]37* solution was dropped onto the electrochemical
cell. Cyclic voltammograms (CVs) were recorded by applying a potential
between -0.1 and 0.6 V (scan-rate: 50 mV s'l). Each sensor was used only
once.

2.5. Sample preparation

Samples of food supplements intended for energy boost/metabolism
and weight loss were analysed. The samples were prepared using the
following procedure: 6 mg of the capsule contents or crushed pill were
weighed and 2000 pL of phosphate buffer (0.1 mol L, pH = 7.0) were
added. The mixture was then sonicated for 15 min and stored at 4°C.

3. Results and discussion
3.1. MIP and NIP characterization

Before proceeding with the characterization of the MIP and NIP-
modified sensors, preliminary tests were carried out to confirm the
electrochemical functionality of the fabricated paper-based platform.
For this purpose, differential pulse voltammetry (DPV) measurements
were performed in the presence of 2,4-DNP using both the paper-based
sensor and a conventional screen-printed carbon electrode (SPCE). As
shown in Fig. S1, both platforms exhibited comparable electrochemical
responses at a DNP concentration of 1000 umol L™, validating the
capability of the paper-based transducer to support electrochemical
measurements. Furthermore, in the absence of the MIP layer, the paper-
based sensor did not generate a detectable signal when exposed to 500
umol L' DNP. However, after MIP modification, a well-defined peak was
observed, as will be further discussed in the following sections. These
preliminary results validate the suitability of the paper-based platform
for subsequent molecular imprinting and selective detection of DNP.

The electrochemical characterization of the different steps involved
in MIP/NIP sensor fabrication was carried out using cyclic voltammetry
(CV). The redox behaviour of the [Fe(CN)s] 3-/4- probe served as an in-
dicator of the sensor’s electron transfer capability throughout the
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a) Printed paper with integrated electrochemical cells

1cm

3cm ‘_J ., .J

c) WE
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b) Dimensions
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e) Protection of
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Fig. 1. Photographs of a) the front view of the electrochemical cell; b to e) different construction steps of the electrochemical cell, and f) the placement of the

electrochemical cell into the SPE connector.
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Fig. 2. Schematic representation of the MIP/NIP synthesis via precipitation polymerization, followed by the preparation of the electrochemical cell through the
deposition of 6 layers of MIP/NIP microspheres. The detection process was then carried out using differential pulse voltammetry (DPV).

modification process. Fig. 3 displays the CV voltammograms corre-
sponding to the redox reaction of [Fe(CN)e] 3-/% for the MIP (Fi 2. 3A) and
NIP (Fig. 3B). Initially, a typical reversible redox process is observed for
the unmodified (bare) electrode, characterized by well-defined redox
peaks and a relatively high peak current (ip). However, after the depo-
sition of six layers of MIP or NIP polymers onto the working electrode
(WE), a marked decrease in current response was detected, indicating
the successful immobilization of a compact polymeric film that hinders
the charge transfer of the redox probe, effectively covering the electrode
surface. Following template extraction in the MIP, a slight increase in
peak current was observed, which is attributed to the formation of
specific cavities within the polymer matrix, facilitating partial access of
the redox species to the WE surface. Upon incubation with a 500 pmol
L™ 2,4-DNP solution, a further decrease in ip was noted, confirming the
rebinding of 2,4-DNP molecules into the imprinted cavities, thus
limiting electron transfer due to steric and electrostatic effects. In
addition to the variations in current intensity, slight shifts in peak po-
tentials were also observed, particularly after incubation with the target
analyte. These shifts are indicative of alterations in the interfacial
electron transfer kinetics and local microenvironment caused by the
binding of 2,4-DNP within the MIP layer. Such shifts were notably more

pronounced in the MIP than in the NIP, reinforcing the evidence of se-
lective recognition. In contrast, the NIP electrode showed minimal
changes in both current response and peak potentials throughout the
process, consistent with the absence of specific recognition sites. These
results highlight the selectivity and functionality of the developed MIP
sensor, as the NIP serves as an essential control to distinguish between
specific and non-specific interactions.

3.2. Optimization steps

A key aspect in the optimization of molecularly imprinted polymers
is understanding the recognition mechanism that governs selective
binding. This mechanism is directly influenced by the interactions
established during polymerization, as well as by the efficiency of tem-
plate removal. The recognition mechanism of the synthesized MIP relies
on the formation of specific binding sites complementary to the template
molecule in size, shape, and functional groups. Methacrylic acid (MAA)
was used as the functional monomer due to its ability to form non-
covalent interactions (e.g., hydrogen bonding) with the template dur-
ing the pre-polymerization phase. Acetonitrile, as a porogenic solvent,
favored these interactions by minimizing solvent interference. Upon
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Fig. 3. Characterization of the MIP and NIP sensors using cyclic voltammetry (CV), highlighting the enlargement of the anodic peak of the [Fe(CN)s]>”* redox
system, in the presence of 1 mmol L™ [Fe(CN)s]>/# solution. (A) CVs of the bare sensor, MIP after polymerization, after template extraction, and after incubation
with 500 pmol L 2,4-DNP; (B) CVs of the bare sensor and NIP at the same preparation stages; (C) Enlarged view of the anodic peak shown in (A) and (D) Enlarged

view of the anodic peak shown in (B).

initiation by AIBN, free radical polymerization was carried out with
ethylene glycol dimethacrylate (EGDMA) as the crosslinker, forming a
rigid polymer matrix that preserved the spatial arrangement of the
template-monomer complexes. After polymerization, the template
molecule was removed by washing the polymer with a solution of acetic
acid and methanol, a procedure repeated over 4 days with the extraction
solution being renewed three times per day to ensure efficient and
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complete removal of the template. This mixture effectively disrupted the
non-covalent interactions—such as hydrogen bonds and electrostatic
forces—between the polymer and the template, allowing for complete
removal without affecting the integrity of the imprinted sites. Acetic
acid was chosen for its ability to donate protons, weakening hydrogen
bonds, while methanol, a polar protic solvent, aids in solubilizing and
extracting the template from the polymer matrix. As a result, highly
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Fig. 4. Influence of various experimental parameters on i, and MIP/NIP ratio. (A) Optimization of the template:monomer:crosslinker ratio (1:2:20, 1:4:20, and
1:6:20); (B) Effect of different solvents (chloroform, toluene, and acetonitrile); (C) Impact of the number of layers (2, 4, 6, and 8) deposited on the WE; (D) Effect of
2,4-DNP incubation time (5, 10, 15, and 30 min) on the WE. Experimental conditions: NIP (500 pmol L1, dark grey bars) and MIP (2,4-DNP 500 umol L1, white bars).

Results are presented as average + standard deviation (n = 3).
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specific recognition cavities remained within the polymer matrix. These
cavities, being chemically and structurally complementary to the orig-
inal template, enable selective rebinding of the target molecule, thus
conferring the MIP its molecular recognition ability. In this way, several
key parameters influencing the sensor’s performance were investigated
to optimize the imprinting process: (a) the template:monomer:cross-
linker ratio, (b) the solvent, (c) the number of layers deposited on the
WE, and (d) the incubation time of 2,4-DNP. Optimization studies were
performed, and the final parameters were selected based on the rela-
tionship between MIP/NIP, ensuring enhanced selectivity and sensi-
tivity for the determination of 2,4-DNP. This was determined by
comparing the responses of the MIP and NIP sensor in the presence of
500 umol L 2,4-DNP (incubation step). The results of these optimiza-
tions are shown in Fig. 4. As shown in Fig. 4A, different template:
monomer ratios were tested while maintaining a constant amount of
crosslinker. An increase in i, and MIP/NIP ratio was observed between
1:2:20 and 1:4:20 ratios, followed by a decrease beyond this point. This
can be attributed to fewer interactions between the monomer and the
template molecule. This can lead to fewer specific interactions between
the analyte and the recognition sites, as the monomer may not be as
effectively aligned or positioned to form selective cavities for the ana-
lyte. The 1:4:20 ratio was selected as it provided the highest i, and MIP/
NIP ratio, which is likely due to an optimal balance between the number
of available binding sites and the structural integrity of the polymer
matrix. Various solvents, including CHL, TOL, and ACN, were evaluated
(Fig. 4B). The use of CHL and TOL resulted in very low i, values and
MIP/NIP ratios, possibly due to the poor solubility of 2,4-DNP in these
solvents or limited affinity between the template and the monomer in
them. ACN, however, produced a significantly better results, suggesting
it offers better solvation of the template and facilitates more efficient
interaction between the template and the monomer. Consequently, ACN
was chosen as the solvent for the synthesis of the MIP. Fig. 4C illustrates
the effect of the number of MIP layers deposited on the WE. An increase
of i and MIP/NIP ratio was observed from 2 to 6 layers, after which they
plateaued. Six layers were ultimately chosen, as this number provided
the sensor with a greater number of binding sites without compromising
the signal, potentially enhancing the sensor’s sensitivity. As indicated in
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Fig. 4D, an incubation time of 15 min was identified as ideal for 2,4-DNP
binding to the available sites. After 30 min of incubation, a slight
decrease of the i, value and the MIP/NIP ratio was observed, which is
possibly due to the saturation of the binding sites or the desorption of the
analyte, which can occur if the incubation time is too long. After each
incubation step, the electrodes were rinsed with ultrapure water to
remove any unbound or non-specifically adsorbed compounds, ensuring
that only the analyte retained in the specific cavities contributed to the
final electrochemical response.

3.3. Electroanalytical performance of the sensor

Using the optimized conditions of the paper-based sensor, 2,4-DNP
solutions with concentrations between 50 and 1000 pmol L' were
analysed. Representative voltammograms for this concentration range
obtained with the MIP sensor are shown in Fig. 5A, with a more detailed
view provided in Fig. 5B. In Fig. 5C, it is possible to observe peak in-
tensities of 14.4 + 0.3 pA for MIP, 0.60 + 0.05 uA for NIP, and no signal
for the bare electrode when incubated with 2,4-DNP at a concentration
of 1000 umol L', which corresponds to the higher concentration in the
calibration plot. This suggests that the MIP exhibits a strong recognition
ability for 2,4-DNP, leading to a significantly higher signal compared to
the non-imprinted polymer (NIP) and the bare electrode, which shows
negligible interaction with the analyte. The calibration plot for both the
MIP- and NIP-sensors are presented in Fig. 5D. A linear relationship
between i, and 2,4-DNP concentration for the MIP sensor was estab-
lished, following the equation: i, (LA) = 0.0148 [2,4-DNP] (umol L) -
0.788, with an excellent correlation coefficient (r 0.999). The
analytical figures of merit can be found in Table S1. Additionally, a
linear relationship between the peak current (ip) and 2,4-DNP was
observed for the NIP sensor, following the equation:: i, (uA) = 0.0005
[2,4-DNP] (umol L™') — 0.1099. However, the low correlation coefficient
(r = 0.821) and the low slope suggests limited specificity of the sensor
for 2,4-DNP detection. The limits of detection (LOD, 16.3 umol L) and
quantification (LOQ, 54.2 umol L) were determined based on the
calibration data using the equations LOD = 3Sp,/m and LOQ=10S,/m (S,
represents the standard deviation of the blank and m is the slope of the
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Fig. 5. (A) DPV voltammograms of the paper-based MIP sensor for 50 to 1000 umol L™ 2,4-DNP solutions. (B) Enlarged view of the DPV voltammograms. (C) DPV
voltammograms of the paper-based MIP, NIP, and bare electrode upon incubation with a 1000 umol L™ 2,4-DNP solution. (D) Calibration plots for the MIP- and NIP

sensors. Results are presented as average + standard deviation (n = 3).
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calibration straight). This indicates the sensor’s capability to detect and
quantify low concentrations of 2,4-DNP. These levels are crucial
considering the potential health risks associated with the illicit presence
of 2,4-DNP in food supplements. The sensor’s LOD corresponds to 0.003
g L't and, given that reported fatal doses range from 2.8 g to approxi-
mately 5 g, this demonstrates its usefullness for safety monitoring of
food supplements. The method showed good precision (coefficient of
variation (Vyg) of 5.2 %). The precision of the results was assessed
through three successive measurements (repeatability) and through the
analysis on three separate days (reproducibility), using different paper-
based sensors, of a 500 pmol L 2,4-DNP solution. The average co-
efficients of variation (CV) were 1.9 % for repeatability and 3.9 % for
reproducibility, inicating that the MIP sensor offers precise results,
confirming its reliability for analytical applications. Although no
experimental stability tests were performed in this study, it is important
to note that the MIP sensor does not rely on biological recognition ele-
ments such as enzymes or antibodies, which are typically prone to
degradation. Due to the inherently stable nature of the synthetic poly-
mer matrix, MIPs are known for their chemical and thermal robustness,
suggesting that the sensor is likely to exhibit good long-term stability
under appropriate storage and operational conditions.

3.4. Selectivity and Interference studies

To assess the selectivity of the MIP sensor toward 2,4-DNP, several
ingredients that are commonly present in nutritional supplements were
tested: sodium benzoate, 4-nitrophenol, zinc, citric acid, and phenol.

The selection of interferents for the selectivity study was based on
their common occurrence in food supplements, either as preservatives,
metallic components, flavoring agents, or potential contaminants. So-
dium benzoate and citric acid are widely used as preservatives and
acidulants in food supplements. Zinc is frequently included as a trace
element in multivitamin and mineral supplements. Phenol and 4-nitro-
phenol were selected as structurally related analogues to 2,4-DNP,
sharing similar aromatic characteristics and hydroxyl or nitro sub-
stitutions, potentially interfering with molecular recognition. 4-nitro-
phenol, in particular, has been occasionally reported as a degradation
product or impurity in synthetic compounds and was included to assess
the sensor’s selectivity under realistic conditions. Thus, solutions of
these ingredients and 2,4-DNP (control) (all at 500 pmol L) were
analysed individually and in a combined solution (Fig. 6). Additionally,
a mixture containing all of them and 2,4-DNP (all at 500 umol L) was
analysed to assess their interference in the analysis. As can be seen in
Fig. 6, none of the tested ingredients produced an analytical signal when
tested alone or in the mixture, indicating that they do not interact with
or bind to the specific recognition sites designed for 2,4-DNP on the MIP
sensor. This confirms the sensor’s selectivity, which is crucial for the
reliable detection of 2,4-DNP in complex matrices, reducing the
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likelihood of false positives due to non-specific binding. For the mixture
containing all the ingredients and 2,4-DNP, the current response was
5.72 £+ 0.16 pA, which is comparable to the response obtained for the
MIP with 2,4-DNP at 500 pmol-L* (6.04 + 0.47 pA). This demonstrates
that the tested species do not interfere with the analytical performance
of the sensor.

3.5. Sample analysis

To assess the practicality of the paper-based sensor for determining
2,4-DNP in food supplements, capsules and pills marketed for energy
boost, metabolism enhancement, mental performance, and weight loss
were analysed. The quantification of 2,4-DNP was carried out by
recording voltammograms before and after spiking the extracts with
known amounts of 2,4-DNP at two different concentrations. The vol-
tammograms recorded before spiking exhibited no oxidation peak,
indicating that the amount of 2,4-DNP in the tested samples was below
the LOD. To evaluate the sensor’s response, two different concentrations
of 2,4-DNP were spiked into each sample. Since recovery values between
85% and 107% were obtained, the samples tested for weight loss were
spiked with only one concentration of 2,4-DNP.

Following the spiking of the weight loss extracts with a concentration
of 250 pmol L of 2,4-DNP, recovery values between 85.9 % and 108.3
%, with coefficients of variations below 10 %, were obtained (Table 1).
These results demonstrate not only the sensor’s accuracy but also its
capability for precise quantification of 2,4-DNP in complex matrices
such as food supplement extracts. This indicates the sensor’s robustness
and reliability, making it a suitable tool for routine monitoring of 2,4-
DNP in food supplements to ensure consumer safety and product
compliance.

As far as we are aware, this is the first MIP-paper-based sensor for the
determination of 2,4-DNP in food supplements. Previous studies have
typically employed conventional transducers such as glassy carbon
electrodes (GCE) [22,27] or graphite-epoxy composites [28], often
modified with conductive nanomaterials like graphene oxide (GO) [27]
or nickel-GO composites [22], to enhance sensitivity. These approaches
(Table S2) have yielded low limits of detection and narrow linear ranges,
particularly suitable for environmental applications—such as in surface
or wastewater—where 2,4-DNP is present at trace levels and strict safety
and environmental regulations necessitate ultra-sensitive detection.
However, the context of food supplements differs substantially. In such
products, 2,4-DNP is usually present at significantly higher concentra-
tions due to its deliberate and illicit addition as a weight-loss agent.
Therefore, the need for extremely low LODs is less critical. In this regard,
although the sensor developed in this work exhibits a higher LOD
compared to previously reported MIP-based electrochemical platforms,
it offers unique and relevant advantages. Most notably, it represents the
first example of a MIP integrated onto a disposable, low-cost

Ty (4A)
»
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Fig. 6. Selectivity and interference studies. (A) DPV voltammograms of the MIP sensor for individual solutions of sodium benzoate, 4-nitrophenol, zinc, citric acid,
phenol, and their mixture (ALL) at 500 umol L™, as well as the mixture of these species with 2,4-DNP (ALL+2,4-DNP, all at 500 pmol L™). (B) i, values for each

solution. Results are presented as average + standard deviation (n = 3).
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Table 1
Results of the recovery tests for the quantification of 2,4-DNP in food supple-
ments samples. Results are presented as average + standard deviation (n = 3).

Food Purpose 2,4-DNP 2,4-DNP Recovery
supplement added found (%)
(umol L (umol L
h b)
A To support normal 350 3153 £ 90.1 +7.7
energy-yielding 27.1
metabolism and help 450 413.0 + 91.8 +5.9
reduce tiredness and 26.7
fatigue
B Mental performance 100 111.7 + 106.6 +
and Energy 6.5 7.2
650 641.5 + 98.7 + 3.9
25.2
C Cognitive function and 250 226.3 + 90.5 + 5.4
peripheral circulation 13.4
900 875.3 £ 97.3 £ 4.9
43.9
D Energy 100 85.2 &+ 85.2+ 25
2.5
400 380.0 + 95.0 + 4.6
18.4
E Weight loss 250 235.1 £ 94.0 £ 3.1
(slimming activateur, 3.1
F fat burner, 270.8 £ 108.3 +
thermoshape) 125 5.0
G 230.3 £ 92.1 + 3.0
7.4
H 214.8 + 87.8+0.3
0.8
I 219.6 £ 85.9 £0.3
0.8
J 220.9 + 88.4 +
25.7 10.3
K 250.6 + 100.2 +
9.3 3.7
L 258.6 + 103.5 +
11.3 4.5

paper-based electrode specifically designed for 2,4-DNP detection in
food supplements. Furthermore, while the use of advanced nano-
materials in earlier studies contributed to lower detection limits, they
often involve complex fabrication steps, increased costs, and reduced
compatibility with point-of-need applications. In contrast, the proposed
platform favors simplicity, sustainability, and affordability—features
that are crucial for rapid, on-site screening. Importantly, the method
demonstrated acceptable recoveries in a complex food supplement ma-
trix, supporting its practical utility for preliminary screening and routine
monitoring, where portability and ease of use are as critical as analytical
performance.

4. Conclusions

In this study, a paper-based MIP sensor was successfully developed
for the selective and sensitive determination of 2,4-DNP in food sup-
plements. The optimization of key parameters, including the template:
monomer:crosslinker ratio, solvent, number of MIP layers, and incuba-
tion time, resulted in a sensor with a broad linear range (50 to 1000 umol
L") and low limits of detection and quantification (16.3 pmol L™! and
54.2 umol L™, respectively). The paper-based sensor exhibited good
precision, with low coefficients of variation for both inter-electrode and
inter-day tests, indicating consistent analytical performance. The re-
covery tests further confirmed the sensor’s accuracy and reliability in
real sample analysis, achieving recovery rates above 85 % with RSD
values below 10 %, even in complex matrices. The sensor demonstrated
high selectivity for 2,4-DNP.

Given its affordability, rapid response, and ease of use, this sensor
offers a promising tool for the decentralized and routine monitoring of
2,4-DNP in food supplements. This is particularly important considering

Electrochimica Acta 540 (2025) 147177

the potential health risks associated with the illicit use of 2,4-DNP in
weight loss products. The developed MIP sensor provides an efficient
means to ensure consumer safety and product compliance, contributing
to the overall quality control of food supplements on the market.
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