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ARTICLE INFO ABSTRACT
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Molecularly imprinted polymers (MIPs) act as “artificial antibodies” offering molecular recognition along with
advantages like cost-effective production, versatility, stability, and reusability. These features make MIPs ideal
for detecting food contaminants such as mycotoxins, harmful secondary metabolites produced by fungi on ce-

Z,earalen(,m,e . reals, fruits, and vegetables. However, their use as sensors requires a transducer of the analyte binding event. In
Light-emitting diode . o o A . )
Mycotoxins this work, we report the development of a hybrid light-emitting device for the wireless electroanalysis of

zearalenone (ZON), as exemplary mycotoxin with endocrine disrupting activity. Our approach combines the
concepts of bipolar electrochemistry (BE) with the fine molecular recognition of a tailored MIP and the optical
readout provided by a light-emitting diode (LED). The polymeric-microelectronic hybrid bipolar electrode in-
corporates a MIP-coated anode and a gold wire cathode to the extremities of a green LED. The MIP responds
immediately to the binding of the target mycotoxin, facilitating redox reactions of the electroactive probe ([Fe
(CN)6]3‘/ 4‘) at each terminal of the bipolar electrode and triggering the emission of light. A correlation between
the intensity of the emitted light and the analyte concentration was obtained. By integrating the BE setup with a
microfluidic platform, a highly sensitive analytical device has been built, offering a linear ZON quantification

Food analysis

range of 10-70 ng mL™" , suitable for its quantification in food samples.

1. Introduction

Molecularly imprinted polymers (MIPs) have represented a signifi-
cant innovation in the field of analytical chemistry, offering a synthetic
alternative to biological antibodies [1-3]. Briefly, MIPs are produced via
polymerization of functional monomers in the presence of a template
molecule, which defines the specific recognition features of the material.
After the synthesis, the template molecule is removed, leaving cavities
within the polymer matrix that match the template in size, shape, and
functional groups. This endows MIPs with molecular recognition capa-
bilities akin to those of their biological peers, with the advantages of
enhanced chemical, thermal, and mechanical stability, as well as reus-
ability. Recently, MIPs have been successfully used for the chemical
analysis of pesticides, metal ions, pathogenic bacteria and mycotoxins
[1,4-8]. In particular, the latter are toxic secondary metabolites pro-
duced by fungi that contaminate a wide range of agricultural products
such as cereals, fruits, and vegetables [9]. In this context, different

* Corresponding authors.

specific MIPs for the detection of mycotoxins such as zearalenone (ZON),
aflatoxin B1, ochratoxin A, and deoxynivalenol (DON), have been
realized [10-13]. ZON, an estrogenic metabolite produced by Fusarium
fungi, poses a significant risk to human and animal health alike [14]. It
has been found that nearly 60 % of all food samples analyzed worldwide
contain ZON; therefore, the development of accurate and straightfor-
ward methods of quantification of this mycotoxin is of high interest
[15].

The significant affinity and selectivity of MIPs have been extensively
used in multiple analytical techniques, ranging from chromatographic
systems to optochemical and electrochemical sensors [16-19]. Howev-
er, most of them face limitations, often requiring expensive equipment,
lengthy procedures or direct electrical connections that may hinder their
application. A promising alternative that addresses some of those limi-
tations exploits the inherent advantages of bipolar electrochemistry
(BE), such as simplified equipment, shorter processing times and
adaptability to in vivo applications [20-24]. BE is based on the induction
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of a polarization potential difference (AV) across a conducting substrate
or “bipolar electrode” (BPE) by applying an external electric field (E)
[20-22]. When AV overcomes the thermodynamic threshold potential
(AVpin) established for a set of electroactive species, redox reactions
take place asymmetrically at each extremity of the BPE. Due to its
operational simplicity, BE has become a powerful tool in multiple ap-
plications ranging from material science and environmental remediation
to organic electrosynthesis [25-27]. BE has emerged recently as an
interesting alternative to generate unconventional dynamic and optical
readouts of chemical information in electroanalysis [28-36]. The latter
show multiple advantages such as high sensitivity, broad dynamic
range, short response time and low cost [37-41]. The use of optoelec-
tronic devices such as light-emitting diodes (LEDs) has gained consid-
erable attention in electroanalysis since, in contrast to alternative
light-emitting techniques such as fluorescence and electro-
chemiluminescence, no additional light sources and chemicals are
required [42-46]. Interestingly, the chemical information associated to
the redox reactions in BE is encoded in the electron flux travelling from
the anode to the cathode of the BPE [47]. Hence, LEDs represent stable
and controllable light sources that can generate optical signals in
response to molecular recognition events [48]. Moreover, unlike elec-
trochemical readouts, the emission of light from LEDs is related to the
charge carrier mobilities (electrons and holes), triggered by an external
electric stimulus; therefore, small changes of current result in large
variations of the luminous intensity. Furthermore, the LED transduction
can readily be used as an optical alarm to warn on the mycotoxin level in
the sample above a set threshold.

In this work, we report an unconventional strategy for the sensitive
quantification of ZON, based on the synergy between the molecular
recognition ability of a MIP and a wireless optoelectronic readout
powered by BE. The MIP was synthesized by thermal polymerization on
the surface of a functionalized gold wire, with N-(2-aminoethyl) meth-
acrylamide (EAMA) acting as functional monomer and cyclododecyl
2,4-dihydroxybenzoate (CDHB), a surrogate of ZON, as the template
molecule. The use of a mimic rather than the target analyte has proven
to be very useful for trace analysis because any bleeding from the MIP
does not alter the low limit of detection. A surrogate is also valuable in
those cases where the analyte cannot be used as template, due to its
toxicity, high cost, and/or limited availability, as in the case of ZON.

These elements were selected for their capacity to form highly spe-
cific cavities for ZON recognition, improving the polymer selectivity
[10]. The hybrid BPE is designed by combining three main components:
(i) a selective MIP for the chemical target recognition, (ii) a micro-LED
for the transducing emission of light, and (iii) gold wires connected to
the terminals of the LED, where the redox reactions occur (Fig. 1). When
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Fig. 1. Illustration of the hybrid MIP—bipolar system, in the absence (left) and
in the presence of ZON (right), with a depiction of the associated redox re-
actions, the anodically and cathodically polarized gold wires (87 and &,
respectively), and the resulting emission from the green LED in the presence of

the mycotoxin when an appropriate electric field is applied between the
feeder electrodes.
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a high enough electric field is applied into the solution, reduction and
oxidation of the [Fe(CN)6]3’ and [Fe(CN)g] 4 species, acting as a sacri-
ficial redox pair, trigger a flux of electrons from the anode to the cathode
of the hybrid BPE powering the emission of the LED. The MIP coating on
one of the gold wires plays the role of a chemically-sensitive on-off
switch, since the presence of ZON facilitates the electron-transfer reac-
tion. The integration of MIPs with LEDs represents in this way a prom-
ising approach to develop highly sensitive and specific sensors that
furnish a straightforward readout. This innovative approach has the
potential to become an alternative tool for in situ food analysis, due to
the synergy between the selectivity of MIPs and the analytical advan-
tages of BE. With this research, we aim not only to advance in the field of
mycotoxin detection but also to open new avenues for the development
of streamlined sensors for a wide range of applications.

2. Materials and methods
2.1. Reactants and materials

Reactants for the synthesis of MIPs, solvents, buffers, toxins, surro-
gate, materials for manufacturing the BE cells, syntheses and purifica-
tion protocols are fully described in the Supporting Information.

2.2. Chemical modification of the gold electrode surface

The functionalization of the Au wire was carried out in a two-step
procedure (Figure S1). Firstly, the metal surface was functionalized
with amino groups by immersing a 1.0 cm-long segment of the wire in a
3 mmol L-! 6-amino-1-hexanethiol (Indagoo, 95 %) solution in absolute
ethanol placed into a HPLC glass vial. The amount of solution controls
the height of the functionalized segment because the gold wire is held
tightly into a PFA tubing inserted into a rubber septum, while a segment
of the wire protrudes out of the tubing. The wire was allowed to react
overnight at 5 °C into the solution and then it was thoroughly rinsed
with absolute ethanol and toluene. In a second step, the activated wire
was transferred to a septum-capped 12-mL glass vial containing 14 mg
of pre-dried potassium carbonate (K3COs, Scharlau) in anhydrous
toluene. Then, dry argon sparging was set for 15 min before 240 umol of
acryloyl chloride (Merck, 96 %), dissolved in a small volume of anhy-
drous toluene, was introduced dropwise with a syringe. The reaction
was kept at room temperature overnight under the inert atmosphere.

The MIP was prepared from a mixture of neutralized EAMA (8 pmol),
methacrylamide (MAM, 8 pmol), CDHB (4 pmol), ethylene glycol
dimethacrylate (EDMA, 14 umol), and azobisisobutyronitrile (AIBN, 5 %
of the total monomers weight) in 5 mL of dimethylsulfoxide (DMSO).
The gold wire, functionalized with acrylamide groups, was dipped in
this pre-polymerization mixture. The solution was then deoxygenated by
argon sparging for 30 min, and polymerization was conducted in a
thermostatic bath using the following temperature profile: 50 °C for 2 h,
65 °C overnight, and 80 °C for 2 h. After polymerization, the MIP-coated
gold wire (Au@MIP) was thoroughly rinsed with DMSO to eliminate the
excess of monomers. To remove the template molecule, the wire was
washed for 30 min into 2 mL of a methanol—trifluoroacetic acid (TFA;
95:5 v/v) mixture with stirring, followed by washing with 2 mL of
methanol for another 30 min. Non-imprinted polymers (NIPs) were
prepared similarly but in the absence of the template molecule
(Au@NIP). Those functionalization and polymerization procedures
were also used to modify the gold disk electrodes (3 mm dia., Autolab).
The morphology of the resultant polymers was characterized by scan-
ning electron microscopy (SEM; JEOL JSM 7600 F) operating at 20 kV
(UCM National Center for Electron Microscopy).

2.3. Electrochemical measurements

The classical electrochemistry measurements were performed in a
three-electrode cell comprising an Au disk electrode, a platinum mesh
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(99.9 % AlfaAesar), and a silver wire (99.9 %, 0.5 mm dia., AlfaAesar)
as working, counter and pseudo-reference electrodes, respectively. All
the potentiodynamic studies were carried out with a PalmSense®
potentiostat connected to a personal computer. BE measurements were
carried out into a 5 mmol L} pH 8.2 phosphate buffer solution con-
taining [Fe(CN)6]3' and [Fe(CN)g] 4- (0.8 mmol L. each) as redox
probe. This electrolytic solution was used for all the measurements un-
less otherwise stated. In all the BE experiments a Manson EP-613 power
supply coupled to an ARCELI ARC-1001 electronic voltage regulator
were used.

2.4. BPE cells fabrication

The hybrid BPE was manufactured by connecting a pristine and the
polymer-coated Au wires to the cathode and anode, respectively, of a
miniature green LED (RS 654-4304 consisting of a green 0603 SMD LED
onal.7 mm x 0.8 mm x 0.65 mm base). A small amount of silver paint
(Electrode Microscopy Sciences) was employed to establish electric
connection between the Au wires and the LED terminals.

2.4.1. Classical platform

The classical bipolar electrochemical cell was made up of the hybrid
BPE, either the Au/LED/Au@MIP or the Au/LED/Au@NIP, positioned
between two 2mm dia. x 8.5cm long graphite feeder electrodes
(Staedtler, 2H) (Figure S2). In this cell a constant electric field of
1.16 Vem ™! is applied between the two parallel feeder electrodes
positioned 5.5 cm apart in a 9-cm plastic Petri dish. Several 1 — 27 pL
aliquots of stock solutions of ZON are added to provide 0 — 100 ng mL™*
of the mycotoxin in 30 mL of the electrolytic working solution. The
medium is homogenized after each addition with the help of a 5 mL
micropipette and then allowed to incubate for 5 min in order to permit
the diffusion of the analyte into the MIP and NIP coatings of the
respective BPEs.

The green LED emission was recorded on a Fujifilm X-H2-1050
camera with a Fujinon XF16-80 mm F4-R-OIS-WR lens. Digital camera
pictures of the LED were taken after the incubation period every 0.5 s for
20 s, allowing determination of the LED emission intensity once it had
stabilized (a stable intensity of the green light occurred around the 30th
picture). Photographic images were processed with Image J 1.54
software.

2.4.2. Microfluidic platform

The microfluidic cell was built as follows: a PVC (polyvinyl chloride)
template was designed and in-house manufactured (UCM Research
Support Facilities) to produce a 55 mm x 6 mm x 2 mm microfluidic
channel, in which the hybrid BPE is placed. Then, two methacrylate bars
(17 mm x 2 mm x 2 mm) were glued to the PVC template to create the
corresponding cavities for the feeders upon demolding. The template
was glued to the bottom of a 9-cm plastic Petri dish and 27.4 g of the
SYLGARD™ 184 mixture of PDMS elastomer and curing agent (9:1 w/
w), previously centrifuged to remove any dissolved air, was carefully
added. Once cured for 48 h at 40 °C, the solid elastomer was removed
from the Petri dish and cut into a rectangular shape (77 mm x 32 mm x
5 mm), and the graphite feeders were mechanically inserted into the
generated cavities. The resulting PDMS BE channel was attached to a
standard microscope slide to which the Au/LED/Au@MIP device is fixed
by means of a double-sided tape (Kapton). The PDMS/glass slide as-
sembly was sandwiched between two drilled PMMA (poly-
methylmethacrylate) plates (89 mm x 45 mm x 8 mm) and tightened
with four butterfly nuts (Figure S3). The top PMMA plate featured a
threaded opening to attach a SMA905-terminated optical fiber patch-
cord (StellarNet F1000-UV-VIS-SR 1000-pm 1-m PVC-coated PCS silica
fiber) that carries the LED light to the spectrometer. The latter is a USB-
powered Ocean Optics FLAME-S-VIS-NIR-ES fiberoptic spectrometer
equipped with a 200 pm entrance slit, a 600 lines mm ™! 350 —1000 nm
grating and a 2048-pixel Sony ILX511B linear CCD sensor. The
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measurements were acquired in the presence of ambient light.

The microfluidic measurements were performed by injecting 600 uL
of the working electrolytic solution, containing the desired analyte
concentration (0 < [ZON] < 2000ng mL*I; 0< [DON] <
100 ng mL™Y), into the chamber by means of a plastic 1-mL syringe
punctured into the PDMS between the feeder cathode and the bare Au
wire. Additionally, another plastic syringe barrel with a needle was
placed between the feeder anode and the Au@MIP wire as the liquid
sample outlet. The injected solution volume is incubated for 5 min
before applying a constant electric field (1.8 V.em™!) between the
feeders (placed 4.9 cm apart, Figure S3). Collection of the LED light
spectrum by the spectrometer (15 s integration time, 10-point boxcar
width, “dark electrical mode” selected) is launched 5 s after the electric
field has been applied to the feeders. The emission spectrum was
analyzed with SSPS SigmaPlot 14.0 software.

3. Results and discussion
3.1. Synthesis and characterization of the MIP-coated gold wire

The ZON-selective MIP was obtained by following a reported pro-
cedure [10]. Therefore, we have not carried out any further optimiza-
tion of the monomer composition, monomers/template ratio or reaction
conditions. In brief, it is prepared by thermal polymerization of a
EAMA/CDHB/MAM/EDMA monomer mixture in a 2:1:2:20 mol ratio in
DMSO on the surface of a gold disk electrode previously functionalized
with acrylamide groups (Figure S1). As a first proof of the chemical
modification, the surface morphology of the obtained MIP-coated,
NIP-coated and the pristine Au electrodes was examined by scanning
electron microscopy (SEM) (Figure S4). The SEM micrographs reveal a
smooth homogeneous surface for the unmodified gold wire, whereas the
polymer-modified surfaces exhibit a rough morphology corroborating
their polymer coating. It is important to highlight that, due to the limited
magnification of the microscope, a clear distinction of the morpholog-
ical differences between the MIP and NIP surfaces cannot be achieved.

After the surface characterization we studied the electrochemical
behavior of the polymer coating (vide infra and Figure S5). As such, the
MIP and NIP behave as classical insulators, hence limiting the electron
transfer rate constants between the Au surface and the electroactive
probes ([Fe(CN)6]3‘ and [Fe(CN)gl 4'). In a first approximation, this fact
leads to a decrease of the current passing through the LED with
concomitant dim light emission. However, we hypothesize that the
binding of the target mycotoxin to the polymer sites induces a reconfi-
guration of the MIP network, thereby facilitating the interfacial electron
transfer reaction. This suggestion aligns with the so-called "gate effect",
which establishes that the binding of a target analyte to the polymer
recognition sites leads to significant structural modifications of the
polymer matrix [49]. The MIP nature plays a crucial role in determining
the specific changes that may occur. For instance, one mechanism in-
volves shrinkage of the polymer network due to the exchange between
solvent molecules and the analyte. As the functional groups in the se-
lective MIP cavities interact closely with the complementary ones of the
analyte, a slight contraction of the polymer backbone occurs. This
shrinkage facilitates the formation of pathways that allow the redox
probe to reach the electrode surface more easily, eventually increasing
the current signal (Figure S6). This effect highlights the critical impor-
tance of structural reconfiguration in molecularly imprinted polymers
during the analyte detection, as emphasized in various studies [50,51].

To support this explanation, the voltammetric behavior of the [Fe
(CN)613-"* redox pair was investigated separately with a pristine Au
disk, a MIP- and a NIP-coated electrode. This study was carried out in a
classic three-electrode cell containing 0.1 mol L™! phosphate buffer (pH
8.2), [Fe(CN)e] 3-and [Fe(CN)el 4 (5 mmol L! each), in the absence and
in the presence of ZON (1000 ng mL™). As it can be observed in
Figure S5A, a diffusion-limited quasi-reversible process with a AE, ~
180 mV was measured with the pristine Au electrode, both in the
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absence and in the presence of ZON, demonstrating that the mycotoxin
of interest is not electroactive within the selected range of potential. This
is in agreement with the reported behavior of ZON under similar
experimental conditions [52]. Hence, the analyte does not contribute to
the Faradaic current quantified by our electrochemical setup. However,
in the absence of the mycotoxin, the current associated with the redox
process decreases ca. 4-fold after coating the gold electrode surface with
either the MIP or the NIP (Figure S5B and S5C). Nevertheless, an in-
crease in the current density of the redox process was observed in the
presence of ZON (Figure S5B and S5C), with this enhancement being
more pronounced in the case of the MIP-coated electrode (Figure S5B).
This fact suggests that the presence of ZON within the MIP matrix fa-
cilitates the diffusion of the electroactive redox probe towards the
electrode surface and, consequently, the electron transfer reactions. This
effect is similar to the “gate effect” mentioned above, where the
permeability of certain types of MIPs is modulated by specific in-
teractions with their target molecules. Furthermore, it has been shown
that the presence of the target analyte significantly alters the surface
roughness of MIPs, indicating changes in polymer structure [53]. Such
alterations can lead to an expansion of the pores, thereby enhancing the
diffusion of redox probes through the polymer to the electrode surface.
This effect ultimately boosts the Faradaic current response, as observed
here in the presence of the target analyte. Additionally, a higher current
density was observed with the MIP-coated than with the NIP-coated
electrode, both in the absence and presence of ZON. This difference
can be attributed to the distinct local porosity and accessible surface
area of the MIP, which are influenced by the incorporation of the tem-
plate molecule during its synthesis [54,55].

3.2. Classical BE platform for the wireless quantification of ZON

Having demonstrated the effect of the mycotoxin on the electron
transfer features of the MIP-modified electrode, we adapted such an
analyte-dependent process to the wireless BE with LED transduction
format. For both the Au@MIP and Au@NIP hybrid BPEs, we fabricated
polymer-coated Au wire electrodes and connected each of them to the
anode of a miniature green LED (see Experimental section), while a bare
Au wire was connected to each LED cathode. Considering the intrinsic
threshold potential of the green LED declared by the manufacturer (~
2.1 V) and the overall length of the BPEs (I = 4 cm), electric field values
above 0.52 V cm™! would be required to switch the LED on (Eq. S1). In
principle, under these conditions, the polarization potential difference
(AV) of the hybrid BPE would enable the oxidation and reduction of a
redox probe at the anodic and cathodic extremities of the device,
respectively. As a consequence, the concomitant electron flow should
produce a high enough current to trigger the LED emission. However,
larger electric field values are actually required due to the intrinsic low
conductivity of the solution and the interfacial resistive contribution of
the polymer layer. This can be readily addressed by using redox probes
requiring a relatively small AV such as the [Fe(CN)6]3‘/ “4- redox pair
(~0.18 V, Figure S5). In this way, by applying an adequate electric field
between the feeder electrodes, we can provoke the LED emission in the
presence of the mycotoxin since the redox reactions will take place,
while its emission will not occur in the absence of the mycotoxin due to
inhibition of the redox process (Fig. 2).

As discussed above, binding of the mycotoxin to the MIP facilitates
the access of the redox probe to the Au wire due to the polymer shrinking
that leads to pore widening (Figure S6). Furthermore, it is reasonable to
think that such pore widening may be related to the amount of myco-
toxin bound to the MIP. In order to corroborate this hypothesis, the
radiance power of the LEDs connected to either the hybrid Au@MIP or
the Au@NIP BPEs as a function of ZON concentration was evaluated
(Fig. 2). To this end, each ensemble was placed at the center of a BE cell
(Figure S2) containing the electrolytic working solution. Under these
conditions, the LED in each BPE remains off in the absence of ZON
(Fig. 2, inset). However, after the first analyte addition (10 ng mL’l),
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Fig. 2. Normalized emission of the LED as a function of the ZON concentration
in aqueous 5 mmol L.~ phosphate buffer (pH 8.2) solution in the presence of
both [Fe(CN)s]®> and [Fe(CN)]* (0.8 mmol L™ each) subject to a constant
electric field of 1.16 Vem™! for the hybrid Au@MIP (red dots) and Au@NIP
BPEs (blue diamonds). Inset: photographs of the green LED light generated by
the Au@MIP and Au@NIP BPEs under those conditions, at the indicated ZON
concentrations. The green bar below the LED indicates the scale, corresponding
to 1.7 mm.

the LED connected to the Au@MIP switches on, whereas the Au@NIP
LED remains off. These results are in agreement with the voltammetric
measurement, lending additional support to the polymer “gate effect”
caused by the ZON binding that facilitates the access of the redox probe
to the electrode surface, allowing the electron transfer reactions there.
The LED intensity as a function of the ZON concentration is plotted in
Fig. 2. A correlation between the normalized light intensity and the
amount of analyte present in the solution was obtained for the Au@MIP
BPE (Fig. 2, red dots). On the contrary, the Au@NIP BPE remains off
along the full range of concentrations tested (Fig. 2, blue diamonds),
corroborating the key role of the selective recognition element.
Having demonstrated the essential function of the MIP in the
occurrence of the bipolar electrochemical process, we studied the system
specificity, i.e. the light-emitting behavior of the device in the presence
of a potentially interfering species such as deoxynivalenol (DON),
another habitual mycotoxin. ZON and DON are currently the most
common mycotoxins found in contaminated food worldwide [15].
Moreover, both mycotoxins originate from the same fungus and share
similar functional groups and molecular size (Fig. 3). Therefore, selec-
tive quantification of ZON in the presence of such a molecule is highly
desirable. The effect of DON on the composite Au@MIP electrode was
tested under the same conditions than those used for the ZON analysis.
The selected mycotoxins concentration range (0 < [ZON] <
100 ng mL~%; 0 < [DON] < 500 ng mL~1) is based on the maximum
residue limits (MRLs) established by the European Commission Regu-
lation (EU) 2023/915 for each mycotoxin in different foods. As can be
observed in Fig. 3, the LED in the BPE remains off in the absence of both
ZON and DON. Unexpectedly, a gradual increase of the LED intensity as
a function of the DON concentration was also observed. This behavior
suggests the existence of nonspecific interactions between the imprinted
polymer and DON that occur during the incubation period. However,
higher concentrations of DON (> 30 ng mL’l) than those of ZON (>
5ng mL™!) are required to trigger the LED emission (Fig. 3). Further-
more, a steeper increase of the latter was observed with the additions of
ZON compared to the DON pattern. The slope of the linear section of the
light intensity—concentration plots is related to the binding constant of
the analyte to the MIP coating. In this regard, it is evident that the
binding of ZON to the MIP is more efficient than the interaction of DON
as the slope of the plot for the former mycotoxin (2 x 10-2 mL ng™!) is
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Fig. 3. (Top) Chemical structures of the ZON and DON toxins. (Bottom)
Normalized LED light intensity as a function of the ZON (red dots) or DON
(purple diamonds) concentration, in 5 mmol L~ aqueous phosphate buffer (pH
8.2) solution, in the presence of both [Fe(CN)s]®>~ and [Fe(CN)g]*~
(0.8 mmol L~! each) at a constant electric field of 1.16 Vem ™' with a com-
posite Au@MIP BPE.

one order of magnitude larger than the slope for the potential interferent
(3 x 10~ mL ng™1). Nonetheless, the interference of DON would only
occur at a concentration higher than ca. 30 ng mL™! based on the LED
switch-on effect of this mycotoxin (Fig. 3). Based on these results, a new
cell design was developed to reduce nonspecific interactions, decrease
the working sample volumes, and streamline the LED intensity moni-
toring, thus optimizing the detection of ZON in the presence of potential
interferents.

3.3. Microfluidic platform for the wireless quantification of ZON

After identifying significant differences in the response of the
Au@MIP sensor to related mycotoxins, we decided to design a micro-
fluidic setup to fulfill our goals. For this purpose, a microfluidic cell was
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fabricated using PDMS and equipped with a channel to place the Au/
LED/Au@MIP BPE and two graphite bars embedded at its ends as feeder
electrodes; further details can be found in the Experimental section and
Figure S3. To perform a measurement, the electrolytic solution con-
taining the analyte is injected into the PDMS chamber, incubated, and
then subjected to an electric field, after which the LED emission spec-
trum is recorded using a fiberoptic spectrometer. Under these condi-
tions, the successive injection/removal of the solutions mimics a
dynamic approach that minimizes the nonspecific interactions. Fig. 4
illustrates the BE measurements of ZON solutions taken in the micro-
fluidic cell. It must be noted that the applied electric field is higher in the
microfluidic setup than in the classical system due to geometric con-
siderations. The use of a spectrometer rather than a camera or a
photodiode allows to collect a full spectrum of the green light emitted by
the transducing LED (Fig. 4 A). This spectrum is centered at (577 + 1)
nm and its maximum intensity and area depend on the mycotoxin
concentration. From these spectra, a plot of the normalized area under
the emission curve ((S — Smin)/(Smax — Smin)) as a function of the ZON
concentration was built (Fig. 4B).

In the same way we observed for the classical BE cell, the LED re-
mains off in the absence of the mycotoxin whereas it begins to emit from
the first addition of ZON (10 ng mL ). A linear correlation between the
normalized emission area and the ZON concentration was obtained in
the 10-70 ng mL~! concentration range (r* = 0.993) (Fig. 4B), with a
low detection limit of 3 ng mL~. At high concentrations of ZON (>
100 ng mL™Y), a decrease of the LED emission occurs (Fig. 4 C and
Figure S7). Such a decrease suggests that the MIP has reached saturation
of its binding sites, and the excess of mycotoxin binds unspecifically to
the polymer surface. This unspecific binding at high ZON concentration
interferes with the electron-transfer process leading to a depletion of the
electron flux across the LED and to the concomitant decrease of its
emission. Naturally, this unspecific binding should affect one or more
properties of the MIP; otherwise, the signal would level off and not
decrease.

Considering that the high limit of detection depends on the satura-
tion of the MIP binding sites, the way to raise it would be to escalate the
number of binding sites by increasing the amount of MIP on the gold
wire. In order to keep the current response time of the sensor, the latter
goal might be realized by either using a thicker gold wire (since the
electric field required to trigger the oxidation and reduction at each
extremity of the bipolar electrode, Eq. S1, does not depend on the
electrode thickness), or nanostructuring the gold wire before applying
the MIP coating.

Having demonstrated the functionality and simplicity of the micro-
fluidic system for MIP-based BE measurements, we investigated the ef-
fect of DON on this setup. The optical behavior of the Au/LED/Au@MIP
device was assessed under the same experimental conditions at different
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Fig. 4. (A) LED light spectra measured by the spectrometer as a function of the ZON concentration (0-70 ng mL~ ) in 5 mmol L™} aqueous phosphate buffer (pH 8.2)
solution, in the presence of both [Fe(CN)6]®™ and [Fe(CN)s]*™ (0.8 mmol L ™! each) at a constant electric field of 1.8 V cm™! with a microfluidic Au/LED/Au@MIP BE
cell. (B) Normalized area under the emission spectrum as a function of the ZON concentration obtained from the spectral data in Fig. 4 A. The red dashed line
represents the best fit to the equation y = —0.04 + 0.01x. (C) Normalized area under the emission spectrum as a function of the ZON concentration in the 0 —

2000 ng mL~! concentration range.
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concentrations of DON. In the 0-70 ng mL! range, we observe a linear
response of the device to ZON. Remarkably, no LED emission was
observed after adding DON in this concentration range (Fig. 5). The
slopes of the sensor response to ZON (1.4 x 10 2 mL ng~ ') and DON
(4.3 x 10° mL ng_l) evidence that the microfluidic device efficiently
minimizes the nonspecific interactions of the analyte with the MIP,
enhancing the method selectivity by three orders of magnitude with
respect to the BE classical system. Furthermore, the reusability of the
electrodes was demonstrated by performing repeated measurements
with the device for at least three times during one month, with no loss of
the analytical signal. It is important to point out that, before each series
of experiments, the polymer-coated wires were stored at 5 °C in ACN
and, prior to its use washed for 30 min with a MeOH—TFA solution
(95:5 v/v) followed by another 30 min with MeOH to remove residual
TFA.

Finally, the results obtained with the microfluidic platform and the
classic BE setup were successfully compared using the elliptical joint
confidence region (EJCR) plot derived from the ordinary least squares
regression analysis (Figure S8) [56].

4. Conclusions

For the first time, a light-emitting device based on a hybrid molec-
ularly imprinted polymer (MIP)-Au material for the wireless electro-
chemical analysis of ZON, a widespread mycotoxin, has been
successfully fabricated. This novel system capitalizes on the molecular
recognition ability of the MIP and its electrochemical transduction
through an analyte-mediated “gate effect”. Furthermore, owing to the
optical readout provided by a micro-LED, the convenience of micro-
fluidics, and the fundamental principles of BE, the optosensing device is
compact, fast and versatile.

The microfluidic platform will readily allow automation through a
flow injection analytical (FIA) system. The latter would enable to
introduce washing steps after the incubation of the MIP-coated electrode
with the sample in order to minimize even further the nonspecific in-
teractions between the analyte and the recognition element. As far as the
device components are concerned, the PDMS cell might be replaced with
alternative materials such as the thermoplastic elastomer Flexdym™, a
multiblock copolymer of polystyrene/ethylene-butylene/polystyrene
for improved flexibility, easy molding and bonding. The green LED
could be changed for a red LED to take advantage of their stronger
radiance power and higher sensitivity of the solid-state detectors in this
region. Moreover, a simple photodiode with an amplification circuit
might be substituted for the current compact spectrometer and optical
fiber to lower the cost of the BE-based device. Further work is in progress
to use the novel Au/LED/Au@MIP device to perform the wireless elec-
troanalysis of other mycotoxins in real-world food samples, thus
addressing a significant global health concern.
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