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Organic electrochemical transistors (OECTs) have been used as flexible biosensors, in organic bioelectronics,
with high sensitivity and high transconductance but limited selectivity. OECTs can measure metabolic bio-
markers, also continuously with real-time monitoring applications, in different biofluids of interest, with ap-
plications in sports, healthcare, biology and agriculture. In this study we developed an OECTs biosensor based on
the functionalization of the active channel of the OECT with a biomimetic recognition element, namely
molecularly imprinted nanoparticles (nanoMIPs), to selectively bind the target analyte D-glucose. Two config-

urations based on textile absorbent materials (nanoMIP fiber wire) or on polymer microfibers (nanoMIP
microwire) were prepared and tested for D-glucose sensing and for D-fructose interference. The results show that
the nanoMIPs improved the sensitivity and selectivity towards D-glucose. The nanoMIP fiber D-glucose wire
sensor was used to monitor tomato plants in the field together with the conventional OECT based biosensor
bioristor, providing new insights into the dynamics of the drought defense response.

1. Introduction

Organic electrochemical transistors (OECTSs) serve as versatile bio-
sensors in various bioelectronic applications due to their unique prop-
erties [1]. Specifically, OECTs are devices that utilize ionic currents for
signal amplification and conductivity modulation through electro-
chemical doping processes [1]. The conductive polymer poly(3,
4-ethylene-dioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS) has been extensively used in OECT applications due to its
unique properties, such as transparency and flexibility, biocompati-
bility, and high electrical conductivity [2]. OECTs excel in transducing
changes in ionic signals in a fluid environment into significant variations
in electronic output signals, providing the requisite high sensitivity [3]
for detecting subtle biological signals. Their fast response time, attrib-
uted to high transconductance [4], makes them suitable for measuring
changes in biological signals.

OECTs offer easy miniaturization and integration with microfluidics
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[5,6], providing up to lab-on-a-chip devices for the detection of multiple
analytes on a single platform [7,8]. Operating at low voltages and with
minimal power consumption [3,7], OECTs are ideal for portable and
implantable biosensing applications. Notably, they can be rendered
biocompatible [9,10] by utilizing active materials and conductive
polymers, aligning with biological systems. In particular, OECTs are
intended for the conversion of biological signals from body fluids into
electrical signals; thus, applications of OECTs are particularly directed at
the monitoring of target molecules in biofluids, such as lactate [11],
glucose [12], urea [13], salts [14,15], while more recently have been
found in the early detection of cancer [16]. Additionally, OECT bio-
sensors have also been developed for food safety to detect pathogens
such as E. coli [17] and Salmonella spp. [18], as well as toxins to prevent
bacterial contamination [19,20].

Moreover, thanks to their biocompatibility, flexibility, and stability,
OECTs have been developed and implemented in vivo in living plants
[21]. This sensor, namely the Bioristor [21], can detect the changes in
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the composition of the plant sap in growing plants, in vivo and in
real-time, without interfering with their phyiological functions [22-24].
Bioristor enables the measurement of ion concentrations and move-
ments in the vascular tissues of the plant, with a focus on the xylem
vessels, which are responsible for water and mineral nutrients (xylem
sap) transport from roots to leaves through the transpiration stream [9,
22]. Through the bioristor, novel information was acquired on the in vivo
detection and monitoring of plant physiological mechanisms related to
ion movement and compartmentalization, under both normal and stress
conditions such as drought [22] and salt stress [23], or under environ-
mental variations such as vapor pressure deficit (VPD) and increments in
relative air relative humidity (RH) [25,26].

Critical to the OECT performance is the ability to selectively recog-
nize specific targets. This is usually achieved by molecular recognition
elements, such as antibodies [27-29], enzymes [30], or aptamers [31,
32]. However, these biological recognition elements have limitations,
prompting a novel approach in the field: the use of biomimetic recog-
nition elements and, specifically, of molecularly imprinted polymeric
(MIP) materials.

MIPs are a distinctive class of polymeric biomimetics, prepared uti-
lizing a template-assisted synthesis, in a process in which the polymer
matrix is formed in the presence of a target analyte [33,34], this latter
acting as a template. As a result, the synthetic materials obtained present
molecular cavities that are complementary in shape, size, and stereo-
chemistry to the target molecule of interest [35]. Recently, MIPs have
also been synthesized in the form of nanoparticles, with resulting di-
mensions ranging from approximately 10 to 300 nm depending on the
polymeric composition and on the synthetic approach, being this latter
either a high-dilution approaches [36,37] or a solid-phase synthesis
[38]. These nanometric MIPs are generally referred to as nanoMIPs.

In contrast to MIP membranes or to MIP bulk polymers, nanoMIPs
are discrete homogeneous recognition elements, with a close resem-
blance to antibodies; in fact they exhibit a low number of binding sites
per nanoparticle [39], fast interaction kinetics, and high affinities
(dissociation constants Kp < 10°° M), tuned selectivity, while sharing
the robustness and shelf-lives of polymers. NanoMIPs have a huge po-
tential as “plastic receptors” to be integrated into sensors [40] and their
use has been demonstrated to enhance the sensor sensitivity, respect to
the use of bulk MIPs [41]. Several MIP-based sensors have been reported
in the field of OECT, but to date, no example based on nanoMIPs has
been reported. MIPs are characterized by high selectivity and sensitivity
[34], making them a promising alternative to traditional recognition
elements in OECT biosensors, while offering the stability, robustness,
cost-effectiveness, and resistance to environmental factors typical of
polymeric materials. Additionally, MIPs can be customized offering the
possibility to design OECT biosensors specifically for diverse analytical
applications.

OECT sensors based on MIPs have also been reported. In particular,
MIPs in the form of membranes have been placed between the channel
and the liquid electrolyte to create a selective layer [42]. Despite the
selectivity, the MIP membrane might constitute an obstacle to the
interaction of the ionic species with the active material, thus reducing
the sensitivity of the sensor, and the membrane maintains an insulating
factor that results in reducing the access of the ions and shielding the
modulation effect that enables the mechanism of detection [43].

As an improvement in the coupling of MIPs and OECTs, imprinted
membranes were implemented on the gate electrode [44]; this resulted
in the reduction of the gate potential on the solution and allowed the
detection of the sole species attracted by the gate electrode, typically for
transistors with p-type conductivity channels.

OECTs based on MIPs (MIP-OECT) have been exploited for various
biological measurements, mostly in the detection and recognition of
biochemical compounds present in biofluids, for instance, MIP-OECT
sensors for the detection of amino acid enantiomers, such as L/D-
tyrosine and L/D-tryptophan [45], and L/D-histidine [46], have been
reported. These approaches were highly sensitive and selective against
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their targets, due to the specific recognition of the imprinted cavities,
and to the oxidation of the two amino acids, which generated distinct
electrochemical signals, even at very low concentrations of the analytes,
i.e. in the range from 300 nM to 10 pM. The amplification of the signal
carried on by the transistor demonstrated the effectiveness of MIPs as a
recognition element.

The application of MIP-OECTs has even been extended to the
detection of ascorbic acid [47], to the discrimination of ammonium and
tetrabutylammonium ions [48], to the non-invasive sensing of cortisol in
sweat [43], for adrenaline and uric acid detection [49] in artificial urine
thus aiming to meet the demands of diagnostic applications. In addition,
MIP-OECTs have been developed for the quantification of dopamine
[50], a marker for several neurological disorders, such as Parkinson’s
disease [51] and ADHD [52].

The developed sensor paves the way for real-time monitoring of the
defense response triggered by plants during drought. Drought impacts
affect both physiological and biochemical aspects related to photosyn-
thesis, respiration, translocation, ion uptake, sugar and nutrient meta-
bolism, and phytohormone balance [53-56]. Among these, sugar
signaling, metabolism, and transport are important mechanisms for
survival in such dehydration-induced challenges.

Drought stress not only induces sugar accumulation but also facili-
tates the breakdown of storage sugars (i.e. starch) into soluble sugars (i.
e. sucrose, glucose, fructose, etc.) leading to a decrease in the water
potential of the cell, a smart strategy to capture the limited moisture
present in the soil [57].

Here we implemented the nanoMIP-based OECTs (nanoMIP-OECT)
for glucose detection in tomato plants in open field and compared the
glucose-specific signal with the conventional non-specific bioristor for
the entire growing season under different irrigation volumes.

2. Experimental material and methods
2.1. Materials

All materials were analytical grade and used as received. D-glucose,
D-fructose, acrylamide, N,N’ methylene bisacrylamide (BIS), 3-(Acryl-
amido)phenylboronic acid (APBA), tert-butylacrylamide (tBAM), N,N,
N',N'-Tetramethyl ethylenediamine (TEMED), ammonium persulfate
(APS), dodecyl benzene sulfonic acid (DBSA) were from Sigma Merck
(Darmstadt, Germany); ethanol absolute, sulfuric acid 98 % from VWR
Chemicals, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) from Clevios PH1000, StarckGmbH.

2.2. Synthesis of the nanoMIPs

The synthesis of D-glucose 1X nanoMIP (12.5 pM) was carried out
with 0.2 % w/v of template (T) and with a ratio template versus
monomer (T:M) ratio of 1:150 in a final volume of 15 mL. All the
monomer stock solutions were 2 % (w/v) in Milli-Q water while stock
APBA was 2 % (w/v) in ethanol. A volume of 75 uL of APBA, 61 uL of
acrylamide, and 55 pL of tBAM were admixed to the template, 160 uL of
D-glucose (stock 8 mM) for 30 min under mild stirring. 1310 pL of BIS
was added. The nanoMIP vials were closed with rubber caps; Ny was
bubbled through the reaction mixture for 15 min. Following the addition
of 5 pL. APS 40 % v/v and 5 pL. TEMED the polymerization was carried
out at 20 °C for 20 h. The nanoMIPs were extensively dialyzed overnight
against 3 liters of Milli-Q water using a dialysis tube with 10000 MWCO
(Sigma Aldrich, Milan, Italy). The synthesis of D-glucose 10X nanoMIP
(125 uM, 0.2 %T; T:M 1:150) was carried out similarly except for the
addition of 10 times more D-glucose.

2.3. Isothermal titration calorimetry

A Nano ITC Standard Volume (TA Instruments, Texas) with a fixed
gold cell was used for titrating the nanoMIP imprinted with glucose with
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D-glucose or with D-fructose. NanoMIPs were suspended in Milli-Q
water at 1 mg/mL and titrant (D-glucose or D-fructose) at 100 pM;
each sample was degassed under vacuum for 15 min before use. The
reference cell was filled with 220 uL degassed Milli-Q water. The sample
cell was filled with 220 uL nanoMIP and stirred at 250 rpm. The titrant
(either D-glucose or D-fructose) was loaded into the syringe. The ITC
experiment was conducted at 25 °C and consisted of 15 injections of 4 yL
every 300 sec. A blank experiment, aimed at estimating the heat of
dilution of the titrant, was performed by titrating water with the D-
glucose or with D-fructose respectively and the signal was then sub-
tracted to that of the nanoMIP measure. Data were analyzed with the
NanoAnalyze Data Analysis software v. 2.3.6 (TA Instruments, New
Castle, DE), and the dissociation constant (Kp), the reaction stoichiom-
etry (n), the enthalpy, entropy and free energy variation (AH, AS and
AG) were calculated. Specifically, the affinity constant (K, reciprocal of
Kp) was estimated by fitting the binding isotherm obtained from the heat
changes upon titration, with the following equation:

o nVOAHKa[Mo] (1 — ai)
=TT KM (1 —a)

Where ¢; = heat released or absorbed in the i injection; n is the stoi-
chiometry of the binding interaction (molar ratio of ligand to macro-
molecule); Vy the cell volume; AH is enthalpy change per mole of
binding; K, is the association constant; [M] is the initial concentration
of titrant in the cell; a; fraction of macromolecule bound after the ith
injection. This equation is fitted to the binding isotherm (heat change vs.
molar ratio) to estimate Kg;; AH and n through nonlinear regression
analysis. For the single-site binding model, the fraction of bound
nanoMIP follows the classical Langmuir isotherm model.

2.4. The nanoMIP-OECT devices and their configuration

OECTs consist of a conductive polymer in contact with an electrolyte
and a gate electrode immersed in the electrolytic solution. One of the
most commonly used polymers to realize an OECT is the p-type
conductive poly(3,4-ethylenedioxytiophene) doped with poly(styrene
sulfonated) (PEDOT:PSS). The gate channel is often made of a metal
wire (for example silver or copper) or of a wire functionalized with
PEDOT:PSS. The drain current is generated by applying a drain-source
voltage (Vgs) across the channel terminals, which drives holes along
the polymer backbone. When a positive voltage is applied to the gate
(Vy), the electrolytes present in the aqueous solutions are forced towards
the nanoMIP film, interacting with the nanoMIP sites and de-doping the
PEDOT. This reduces the number of carriers available and, conse-
quently, the source-drain current (I4s) decreases. Two types of OECT
devices were developed for the detection of D-glucose from aqueous
solutions. The first one, hereafter referred to as “nanoMIP microwire”,
presents a drain-source channel made of a single microwire of PEDOT:
PSS functionalized with D-glucose nanoMIPs, while the gate is made of a
single PEDOT:PSS unfunctionalized microwire (Fig. 2A). The microwire
was linked to the copper wires using a conductive silver paste.

To realize the nanoMIP microwire sensor for D-glucose detection, the
first step was the preparation of the gate electrode: an aqueous solution
of PEDOT:PSS, previously modified with the addition of DBSA surfactant
(5 %), was injected directly into a beaker containing sulfuric acid (98 %)
with a syringe equipped with a 0.6 mm needle, forming a continuous
film of polymer microwire. The microwire formed was washed with
distilled water and dried at 60 °C for 15 min. For the realization of the
drain-source channel, a solution of PEDOT:PSS, modified with the
addition of DBSA (5 %) and D-glucose nanoMIP (8 % w/w) was injected
directly into a beaker containing sulfuric acid (98 %) with a syringe
equipped with a needle of 0.6 mm diameter, forming a continuous film
of modified polymer microwire. The microwire was then baked at 60 °C
for 15 min. The second type of sensor, hereafter referred to as “nanoMIP
fiber wire”, was prepared differently from the nanoMIP microwire: the
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drain-source channel is made of a polypropylene fiber coated with
PEDOT:PSS solution and functionalized with nanoMIP imprinted with
D-glucose, while the gate is made of a polypropylene fiber coated with
unfunctionalized PEDOT:PSS (Fig. 1A). The drain-source and gate wires
were connected to the copper wires using silver paste. The two sensors
differ in size and material (Fig. 1B-C); the nanoMIP fiber wire sensor was
easier to handle and less fragile than the nanoMIP microwire sensor.
Two types of polypropylene fibers were used to develop the nanoMIP
wire sensor for D-glucose detection, one for the gate channel and the
other one for the drain-source channel. To realize the gate electrode, a
polypropylene thread was soaked in an aqueous solution of PEDOT:PSS
and DBSA surfactant (5 %); after soaking, the thread was baked at 120
°C for 15 min. This procedure was repeated three times. The poly-
propylene wire was then treated with sulfuric acid (98 %) for 15 min
and washed with deionized water. For the realization of the drain-source
channel, a polypropylene filament was soaked for three cycles in an
aqueous solution of PEDOT:PSS and DBSA (5 %) and D-glucose nanoMIP
(8 % w/w). After each soaking cycle, the polypropylene fiber was baked
at 60 °C for 15 min. The wire was then treated with sulfuric acid (98 %)
and washed with deionized water after 15 min. After the modification
with the PEDOT:PSS solutions, the diameter of the polypropylene thread
does not change and retains its flexibility and physical strength. A
detailed sketch of the nanoMIP microwire and nanoMIP fiber wire OECT
architectures is reported (Fig. 1D). A third type of sensor, based on the
same architecture described for the wire sensor, was fabricated using the
same unfunctionalized PEDOT:PSS fiber for both the gate and the drain-
source channels and was considered as a negative control. SEM imaging
was performed with by scanning electron microscopy (SEM, FlexSEM
1000, Hitachi, Tokyo, Japan).

2.5. Electric measurements

All electrical measurements for both OECT types were performed
using a two-channel source/measure precision instrument benchtop
SMU unit Agilent B2902A controlled by a home-made LabView 2024
software.

The dependence of the drain current (I4s) as a function of time
measured at a constant voltage (Vgs= —0.1 V) by pulsing the gate
voltage from O to 1V at 0.2V steps was investigated for both the
nanoMIP fiber wire and nanoMIP microwire sensors using D-glucose
(107°M, 10°M,107* M, 1073 M, 1072 M and 10~! M) as the target
analyte and D-fructose (107°M, 107> M, 1074 M, 103 M, 102 M and
10! M) as the interfering compound. To simplify the comparison be-
tween the I4 current variations of the two sensors in the presence of D-
glucose and D-fructose, we normalized the measured current values I4s
with respect to the initial values Igso.

The responses of the sensors (R), given by the expression (Igs - I3s0)/
Iaso where Igso represented the current across the channel when Vg = 0,
were measured and plotted either as a function of the gate voltages V; or
as a function of the analyte concentrations [C] to compare the nanoMIP
microwire and the nanoMIP fiber wire sensors.

Transfer characteristic curve was performed by measuring I4s cur-
rents at increasing positive Vg values (from O to 1 V) at a constant
Vags= —0.1 V; output curves were performed by measuring I4s currents
for negative Vg5 values (from 0 to —0.6) at increasing Vg (from 0 to 1 V).

In addition, the transconductance (gp,) was calculated and plotted as
the change in output voltage (V) versus the change in input current (Igs)
to characterize the sensitivity and linearity of the devices to D-glucose
and D-fructose.

2.6. Tomato measurements

A reduced water availability condition was applied in the field (60 %
irrigation of the ideal water conditions). Four plants were equipped with
four non-selective bioristor and four nanoMIP fiber wire OECT for D-
glucose detection.
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~1mm
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Fig. 1. NanoMIP OECT sensors. A) NanoMIP microwire (left) and nanoMIP fiber wire (right) OECT biosensors for glucose detection. B) SEM images of microwire and
fiber wire before MIP functionalization. C) Schematic representation of the nanoMIP microwire (above) and the nanoMIP fiber wire (below) and their relative
sections and dimensions. PEDOT:PSS layers are depicted in violet. D) Schematic of the OECTs composed of drain (D), source (S) and gate (S) electrodes immersed in

the liquid sample.

The bioristor and the nanoMIP OECT were inserted into the plant
stem of tomato plants with a distance of 5 mm between the two threads
in tomato plants at 15 days after transplanting (5-6 leaves) at 10 cm
above the soil surface [22-24] (Fig. 2A). The channel was connected by
bonding two thin electric wires on both sides, while the gate is con-
nected solely to the electrical wire on one side. These wires were fixed to
a 3D-printed holder made of blue polymer material to improve the
stability of the bioristor (Fig. 2A) and connected by wires to the digital
motherboard (Fig. 2A) or the control unit (Fig. 2B).

A constant voltage (Vgs = —0.1 V) was applied between the source
and drain terminals of the channel, resulting in a continuous current

flow, and a positive voltage (Vg = 0.5V) was applied to the gate,
resulting in a decrease in channel conductivity due to cations being
pushed into the channel from the electrolyte. The current (Igs) was
monitored continuously. The sensor response (R) was the main index
obtained and was proportional cation concentration in the sap. It is
given by the expression:

R= |Tgs—Iaso| /Taso 1

where Igso represents the current across the channel when Vg= 0.
The sensor response R was recorded for the entire productive life
cycle for the bioristor sensor. To acquire the value of the D-glucose

1
Bioristor

NanoMIP fiber wire
for D-glucose

Fig. 2. Sensors implemented in tomato plants in field. A) NanoMIP fiber wire OECT for D-glucose detection and conventional bioristor, B) field control unit.
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content, the nanoMIP fiber wire sensor response (gR) has been
normalized with respect to the signal of the non-specific bioristor (R),
prepared with the same geometrical structure but without MIP nano-
particles in the channel, obtaining a Normalized nanoMIP fiber wire
value for D-glucose response (gNR=gR/R).

3. Result and discussion
3.1. D-glucose selective nanoMIPs

NanoMIPs were synthesized based on a monomer composition con-
taining acrylamide derivatives, using BIS as a crosslinking agent (details
in SI, Fig.S1), and choosing a one-pot synthesis strategy via free radical
initiation in aqueous solution, as reported earlier [37]. D-glucose was
used as a template for the imprinting process and was added to the
monomer mixtures either 12.5 yM (1X) or 125 uM (10X). To favor the
formation of D-glucose-specific binding sites, the functional monomer
APBA was chosen, because it possesses the boronic acid group that en-
ables it to form reversible covalent bonds with cis-diols. The choice was
also supported by previous optimizations over the compositions of
glucose-selective MIPs [58].

After the polymerization process, homogeneous colloidal nano-
materials were obtained as shown by dynamic light scattering (DLS), see
Table 1. The hydrodynamic size of the nanoMIPs was further confirmed
by scanning electron microscopy (SEM) images, as reported in SI (Fig.
S2).

It was observed that the synthesized nanoMIPs were characterized by
a small hydrodynamic size averaging around 20 nm. The polydispersity
index (PDI) value varied between 0.3 and 0.4, indicating the formation
of fairly homogeneous nanoparticulates. Additionally, at the completion
of the synthesis, the imprinted nanoMIPs were subjected to extensive
washing to remove the template and lyophilization for storage purposes.
The lyophilised nanoMIPs were then resuspended and showed no sig-
nificant changes in size or PDI with respect to the freshly synthesized
ones, indicating the possibility of fully preserving the nanoMIPs
(Table 1). Due to the higher homogeneity of the 10X nanoMIPs,
compared to the 1X nanoMIPs, the 10X nanoMIPs were used for all the
further experiments.

The imprinting of D-glucose on the nanoMIPs was confirmed by
isothermal titration nanocalorimetry. A 1 mg/mL solution of nanoMIP
was titrated with the template D-glucose (100 uM). During the titration,
the binding events were measured as heat changes (uJ). The heat
contribution specific for the nanoMIP/D-glucose binding event was
quantified after the subtraction of the heat of dilution of D-glucose. The
selectivity of nanoMIPs was assessed by monitoring the titration of
nanoMIPs with D-fructose. The nanoMIP/D-fructose titration heat,
subtracted from the heat of dilution, was compared with the nanoMIP/
D-glucose (details in SI). It was reported that the thermodynamic pa-
rameters calculated by fitting the experimental data with the indepen-
dent site model (details in SI, Fig.S3) showed a favorable enthalpic
contribution (AH°<0) and an overall negative free energy change
(AG°<0) was observed for the nanoMIP/D-glucose titrations, indicating
spontaneous D-glucose binding under the experimental conditions. The
affinity for D-glucose was estimated to be Kp=7.91 4+ 0.22 * 107> M
with a number of binding sites per nanoparticle of about 27 + 3,

Table 1
physical parameters associated with D-glucose specific nanoMIPs.
Name Hydrodynamic radius Polydispersity
(nm) Index
D-Glucose 10X nanoMIPs 18+2 0.281 + 0.023
D-Glucose 1X nanoMIPs 21 +£2 0.430 + 0.038
D-Glucose 10X nanoMIPs 22+1 0.321 + 0.028
resuspended
D-Glucose 1X nanoMIPs 25+ 4 0.410 4+ 0.058
resuspended
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whereas in the case of D-fructose, the affinity was Kp=1.26 * 1074 M
and the estimated number of binding sites per nanoparticle was 33,
suggesting that the interactions taking place were more labile for the
non-template with respect to D-glucose. Overall, these results indicated
the affinity of the nanoMIPs for their template, D-glucose, was about one
order of magnitude higher than that observed for fructose, supporting
the imprinting of D-glucose effectively occurred on the nanoMIPs.
Concerning the number of binding sites, this appeared to be consistent
for the binding of the template, D-glucose, and for fructose, suggesting
the two sugars are bound by the same and finite number of sites,
generated by the imprinting process. Given the great similarity in
chemical functionalities and in size of the two sugars, a certain degree of
recognition for fructose by the imprinted sites was expected. These re-
sults supported the ability of the 10X nanoMIPs to discriminate between
D-glucose and fructose. The number of binding sites per nanoMIP (i.e.
n =27 + 3) correlates with the binding capacity of the nanoMIPs
embedded in the sensor, hence it has an impact on the overall sensitivity
of the sensor. The 10X nanoMIPs appeared as a suitable recognition
element in the sensor, while further sensor’s optimizations might imply
to modify the molar ratio between D-glucose and the functional mono-
mer so to modulate the number of binding sites per nanoMIP.

3.2. NanoMIP fiber wire and nanoMIP microwire OECT preparation

The two sensors, prepared as described in the experimental Section
2.4, consisted of a microwire based sensor with PEDOT:PSS and a
nanoMIP channel, and a fiber wire-based sensor with PEDOT:PSS and a
nanoMIP channel.

Potentiometric measurements were carried out in the presence of
different concentrations of D-glucose (107°M,107°M, 107* M, 1073 M,
1072 M and 107! M) as the target analyte and of D-fructose (107 M,
1075 M, 1074 M, 1078 M, 1072 M and 107! M) as the interfering com-
pound to provide valuable information on the electrochemical proper-
ties of the nanoMIP-OECTs and their selectivity towards the D-glucose.
These experiments were designed to demonstrate whether PEDOT:PSS
based nanoMIP OECT devices were able to discriminate between D-
glucose and an interfering compound and to verify its performance.

3.3. NanoMIP microwire characterization

D-glucose and D-fructose solutions in deionized water prepared at
increasing concentrations were used to measure the I4s current for the
nanoMIP microwire as a function of time.

The I4s current, measured by pulsing the gate voltage (Vg) between
0.2 V and 1.0 V with 0.2 V steps in the presence of D-glucose (Fig. 3A),
had a negative slope for a positive Vg and reached a steady state with no
further fluctuations in approximately 5 min. Measurements in deionized
water, i.e. in the absence of the analyte, showed the I3 ranging from
—0.98 mA (at Vg = 0.2 V) to —0.94 mA (at Vg = 0.8 V). For increased
concentrations of D-glucose, I4; were reported from —0.98 mA (at Vg =
0.2V) to —0.83 mA (at Vg = 0.8 V) when D-glucose was 107° M and
from —0.98 mA (at Vg = 0.2V) to —0.54 mA (at Vg = 0.8 V) for D-
glucose at 107! M.

To assess the selectivity of the nanoMIP microwire, D-fructose was
used as an interfering analyte, and the drain current I3 was measured for
increasing concentrations of D-fructose (Fig. 3B). It was observed that
the Ig; of 10~! M D-fructose decreased from —0.97 mA (at Vg=0.2V)to
—0.88 mA (at Vg = 0.8 V).

The slopes of the Igs measured for the D-fructose were significantly
lower than those reported for D-glucose. The nanoMIP microwire device
produced a lower response to interfering D-fructose molecules than D-
glucose for all the concentrations tested, suggesting specific interactions
taking place for the D-glucose with the nanoMIP layer.

The device response (R) was calculated as the ratio (Ip-1)/Iy, where
“I” is the off current measured for gate voltages Vg # 0 and Iy is the on
current both measured for gate voltages Vg = 0. The responses of the
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Fig. 3. NanoMIP microwire-based sensor properties. A) Drain current () as a function of time in the presence of different D-glucose concentrations (107¢ M, 107>
M, 1074 M, 107> M, 10~2 M and 10~! M) measured pulsing the gate voltage between 0.2 V and 1.0 V. B) Drain current (I4s) as a function of time in the presence of
different D-fructose concentrations (10™® M, 10> M, 10~*M, 10> M, 10~2 M and 10~! M) measured pulsing the gate voltage between 0.2 V and 1.0 V. C) Calculated
response (R) of the nanoMIP microwire sensor towards different D-glucose concentrations as a function of the applied gate voltage (V). D) Calculated response (R) of
the nanoMIP microwire sensor towards different D-fructose concentrations as a function of the applied gate voltage (Vy).

nanoMIP microwire device for deionized water, D-glucose or D-fructose
were analyzed.

Considering the sensor response for D-glucose, it was observed that it
increased with increasing Vg for growing analyte concentrations. The
highest response for D-glucose was equal to 0.46 and was observed for
107! M at Vg = 0.8 V. In contrast, the response to increasing concen-
trations of the interfering sugar was much lower than that calculated for
the target analyte. The highest response for D-fructose was equal to 0.15
and was obtained for 10~> M concentration (at Vg = 0.8 V), whereas the
calculated R at 10~! M D-fructose was 0.14 (at Vg = 0.8 V).

3.4. NanoMIP fiber wire characterization

Similar to the analysis performed on the nanoMIP microwire, the
drain current Igs of the textile fiber nanoMIP wire was measured by
pulsing the gate voltage between 0.2 V and 1.0 V at 0.2 V steps in the
presence of increasing D-glucose concentrations (Fig. 4A). The mea-
surement was carried out using deionized water and D-glucose at
different concentrations (10™* M, 1073 M, 1072 M and 10~ M) as the
target analyte. The I4s for the nanoMIP fiber wire sensor varied from
—1.00 mA (at Vg = 0.2 V) to —0.92 mA (at Vg = 0.8 V) considering 107!
M D-glucose.

In the case of increasing concentrations of D-fructose (104 M, 1073
M, 1072 M and 10~ M), the I4 of the glucose nanoMIP fiber wire sensor
as a function of time showed less difference for the concentrations of the

interfering compound (Fig. 4B) if compared to D-glucose. In fact, the
drain current varied from —0.99 mA (at Vg = 0.2 V) to —0.96 mA (at Vg
= 0.8 V) for D-fructose at 10~ M concentration; when compared to the
channel current measured for the nanoMIP microwire sensor, the
decrease in drain current observed for the nanoMIP fiber wire sensor
was noticeably lower.

The calculated response for the nanoMIP fiber wire sensor to D-
glucose as a function of the applied Vg showed a similar trend to that
characteristic of the nanoMIP microwire (Fig. 4C), with an improved
response for the higher D-glucose concentration and for the maximum
applied gate voltage.

In addition, the calculated response for the nanoMIP fiber wire
sensor toward D-fructose as a function of the applied Vg suggested that
the response of the sensor decreased with increasing concentration of D-
fructose at Vg = 0.8 V, the response for 10~*M D-fructose was 0.033 and
for 10~1 M D-fructose was 0.025.

In the case of the nanoMIP fiber wire sensor, the calculated response
for the target analyte was an order of magnitude lower than the response
obtained for the nanoMIP microwire sensor, although the trend of the
plotted R is the same for both sensors. We can hypothesize that the
characteristic trend of the nanoMIP microwire sensor (Fig. 3C-D) de-
pends on the higher volume/surface ratio of the nanoMIP microwire
sensor if compared to the nanoMIP fiber wire sensor (Fig. 4C-D)
resulting in a higher availability of the nanoMIP active sites.
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Fig. 4. NanoMIP fiber wire-based sensor properties. A) Drain current (Igs) as a function of time in the presence of different D-glucose concentrations (10~% M, 10>
M, 1074 M, 1073 M, 1072 M and 10~ ! M) measured pulsing the gate voltage between 0.2 V and 1.0 V. B) Drain current (I4s) as a function of time in the presence of
different D-fructose concentrations (107°M, 10~°M, 10~*M, 103 M, 102 M and 10! M) measured pulsing the gate voltage between 0.2 V and 1.0 V. C) Calculated
R of the nanoMIP fiber wire sensor towards different D-glucose concentrations as a function of the applied gate voltage (V). D) Calculated R of the nanoMIP fiber
wire sensor towards different D-fructose concentrations as a function of the applied gate voltage (V).

3.5. Comparison between nanoMIP microwire and nanoMIP fiber wire

The calculated response of the D-glucose nanoMIP microwire sensor
to D-glucose and D- fructose as a function of the concentration of the two
analytes at the fixed Vg = 0.8 V (Fig. 5A) points out that there is a
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against the target compound is more evident at higher concentrations.
Similarly, the calculated response as a function of different D-glucose
and D-fructose concentrations at the fixed Vg = 0.8 V for the nanoMIP
fiber wire sensor shows a significant difference in the response consid-
ering the two analytes (Fig. 5B); the difference in the response has its
maximum values at 10~2 M concentration (0.015) and 10~ M (0.056).
The difference between the response calculated for D-glucose and D-
fructose is very small at the lower concentrations of 10™* M and 103 M,
0.006 and 0.004 respectively.

The limit of detection (LOD), representing the lowest D-glucose
concentrations that the device can distinguish from other background
signals (in our case, distilled water), is 7.94 * 108 M for the nanoMIP
microwire OECT at Vg 0.8 V, while the LOD for nanoMIP fiber wire is
approximately 3 orders of magnitude higher, 2,51 * 10~% M.

The transconductance (g,) of both the nanoMIP microwire sensor
(Fig. 6, blue line) and the non-functionalized microwire sensor (Fig. 6,
red line), measured as a function of Vg in the presence of 107! M D-
glucose, appeared to be significantly diverse. In particular, the g, values
related to the nanoMIP wire sensor increase from 0.47 (at 0.2 V) to 0.81
(at 1.0 V), whereas the g, values related to the non-functionalized
microwire sensor vary from 0.05 (at 0.2 V) to 0.16 (at 1.0 V). Transfer
characteristics (Fig. 6, black line) and output curves (see SI, Fig. S4) in
the V45 range from O to —0.6 show behaviors similar of microwire sensor
to those of standard OECTs in an electrolytic solution.

Comparing the nanoMIP microwire and the nanoMIP fiber wire
sensors (Figs. 4-5), it can be seen that the nanoMIP microwire based
sensor has a higher sensitivity for the detection of D-glucose than the
nanoMIP fiber wire sensor, as the nanoMIP microwire sensor is able to
discriminate D-glucose from D-fructose at a concentration of 10~ M,
unlike the nanoMIP fiber wire sensor which shows a significant differ-
ence in the response for the two analytes at 10~2 M concentration.
Furthermore, the nanoMIP fiber wire sensor has a calculated response
that is an order of magnitude lower with respect to the nanoMIP
microwire sensor, although the trend of the plotted R is the same for
both sensors. The lower response to D-fructose confirms the intrinsic
selectivity of the nanoMIP-OECT devices to discriminate the target an-
alyte from other interfering compounds.

Regarding the molecular reasons that allow the discrimination be-
tween the two monosaccharides, D-glucose and D-fructose are structural
isomers that share the same chemical formula but different stereo-
chemical configuration, in particular the arrangement of the hydroxylic
groups bound to the ring carbons. D-glucose is a hexose sugar mainly
present in a closed conformation with a pyranose ring, whereas D-
fructose forms a furanose ring with 5 carbons. Since D-fructose has fewer
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Fig. 6. Transconductance (g,,) of microwire sensor in the presence (blue line)
and absence (red line) of nanoMIP functionalization, and transfer curve
showing channel current I4s (black line) as a function of increasing gate voltages
(from 0 to 1 V) in the presence of 0.1 M D-glucose for nanoMIP microwire.
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carbons in the main ring, the overall size of the ring is smaller compared
to D-glucose thus reducing and modifying the contact surface with the
nanoMIPs and the possibility to interact with them.

3.6. Application of nanoMIP fiber wire OECT in tomato plant monitoring
for D-glucose detection

MIP nanoparticles sensors made with fiber wire geometry were
successfully implemented in open field in tomato plants for in vivo D-
glucose detection, in combination with a non-specific in vivo OECT
biosensor. The device enabled the continuous in vivo monitoring of to-
mato plants for two months continuously. The fiber wire device with
MIP nanoparticle was preferred to microwire geometry for reasons of
stability and robustness, since the fiber has to be inserted into the stem of
the tomato plant and must have a structure capable of resisting the
pressure exerted by the movement of the stem, maintaining elasticity
and flexibility.

The normalized D-glucose sensor response (gNR) was plotted
alongside the conventional bioristor sensor response to illustrate the
temporal trend of D-glucose accumulation. Throughout the experiment,
an inverse trend was observed between the sensor response of the non-
specific bioristor (R, red curve) and the D-glucose nanoMIP fiber wire
sensor (gNR, green curve). Specifically, when the non-specific bioristor
(R, red curve) exhibited the expected negative slope, as previously re-
ported [24], the D-glucose nanoMIP sensor displayed an increased gNR
from July 14 to August 8, 2022 (Fig. 7). Both sensors demonstrated an
overall decrease in their responses, though the decline was slower in the
D-glucose nanoMIP fiber, likely due to the accumulation of osmoregu-
latory molecules. Under drought conditions, the accumulation of soluble
sugars— such as glucose, sucrose, fructose, and maltose [59-61] —plays
a crucial role in promoting osmotic regulation in plant cells. This phe-
nomenon is consistent with previous reports of drought-stressed soybean
leaves, where enhanced sucrose cycling increased the conversion of
sucrose to glucose and fructose, improving osmotic regulation under
drought conditions. These results not only validate the efficacy of the
molecularly imprinted polymer (MIP) approach in selectively detecting
specific molecules in plant sap, but they also highlight the sensor po-
tential to further elucidate the defense mechanisms activated by plants
during drought stress [62].

4. Conclusions

We demonstrated that the functionalization of an OECT channel with
PEDOT:PSS and molecular imprinted polymer nanoparticles can be
relevant to fabricating a device sensitive and selective to D-glucose. The
presence of MIP nanoparticles has been shown to increase the specific
sensitivity to glucose, allowing a selective detection with respect to
fructose and realizing a sensor based on reversible processes and suit-
able for continuous monitoring of composite solutions. To prepare a
nanoMIP selective for D-glucose, an acrylamide monomer bearing a
phenylboronic acid functionality was chosen for the synthesis, so to
favor interactions with cis-diols. As a result, the D-glucose nanoMIPs had
an affinity for D-glucose of 1.26 10* M~! one order of magnitude higher
than that for fructose. In general, the nanoMIP materials display supe-
rior characteristics in terms of binding respect other MIPs (bulk and thin
films) proposed for sensing glucose, for their homogeneity and fast
diffusion kinetics. Integrated into the OECTs, we tested two different
channel geometries, one based on full conductive polymer microfiber,
and another made by functionalizing a textile fiber on the surface. Both
could detect different concentrations of D-glucose in the physiological
ranges of biofluids and to discriminate between the main target and
other interfering molecules.

The nanoMIP-based OECT sensors showed respectively a LOD of
7.94 * 10~ M for the microwire and a LOD of 2,51 * 10~* M for the
fiber wire. As a comparison, among the MIP-based sensors reported for
glucose and where the MIP is in the form of layers, a screen printed gold
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electrode (Au-SPE) was prepared by electropolymerizing acrylamide/
bisacrylamide in the presence of glucose showing a working range from
0.5 to 50 pg/mL (50 *107% M) and a LOD of 3.32 * 10® M [63]. Higher
sensitivity were reported and a LOD of 30 ppb (3 *10~8 M) for inter-
digitated electrodes and electrochemical transduction with 5 order of
linear response [64], demonstrating the nanoMIP OECT microwire
sensor is indeed competitive.

In addition, the efficacy of the developed sensor was demonstrated,
in vivo, as real-time monitoring of tomato plants cultivated in open field,
revealing the accumulation of D-glucose under stress in real-time and
during the entire length of the plant growth.
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