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ABSTRACT

According to the Food and Agriculture Organization of the United Nations (FAO) more than 14% of the world’s food production is lost every year before reaching
retail, and another 17% is lost during the retail stage. The use of the expiration date as the main estimator of the life-end of food products creates unjustified food
waste. Sensors capable of quantifying the effective food freshness and quality could substantially reduce food waste and enable more effective management of the
food chain. We propose an electrolyte-gated organic transistor (EGOT) that responds to the release of biogenic amines, like diamines and tyramine, generated by the
degradation of protein-rich food. The EGOT sensor features a polymeric poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) gate electrode
fabricated in the shape of a miniaturized beaker containing an aqueous solution in the inner side (to be exposed to food) and capacitively coupled through a hydrogel
to the transistor channel on the outside (not in contact with food). The hydrogen bonds formed by the water-dissolved amines with PEDOT:PSS modulate the EGOT
channel across a wide range of amine concentrations. We demonstrate that our sensor can detect different amines by the combinatorial analysis of the response from

different channel materials, PEDOT:PSS and the other DPP-DTT, with a limit of detection as low as 100 pM.

1. Introduction

As the human population grows, food freshness and safety become
crucial both to feed the increasing human population and to prevent
risks to consumer health. Over 200 diseases are caused by eating food
contaminated with bacteria, viruses, parasites, or chemicals, and it is
essential to ensure that consumed food is not contaminated or that an
unacceptable loss in freshness and quality occurs across the entire food
chain. Contamination can occur in various stages of food processing,
such as during production, preparation, packaging, distribution, and
consumption (Nerin et al., 2016). Food poisoning can be caused by
parasites, viruses, bacteria, and chemical or natural toxins, such as af-
latoxins, and mycotoxins, but also from molecules generated by food
spoilage like biogenic amines (BAs) (Ruiz-Capillas and Herrero, 2019) or
volatile organic compounds (VOCs). BAs can cause neurotransmission
disorders, such as nausea, headaches, and palpitations, especially when
ingested with monoamine oxidase inhibitors, like drugs or alcohol
(Omer et al., 2021).
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BAs are low molecular weight aliphatic, heterocyclic, or alicyclic
bases that are primarily biosynthesized in plants, animals, and micro-
organisms. The most relevant BAs (Bachrach. U, 2005) related to food
spoilage are histamine (His), tyramine (Tyr), tryptamine (Try), thiourea
(Thi), dopamine (DA), N-butylamine (NBA), o-phenylenediamine
(OPD), 2-aminopyridine (2-AP), ethylenediamine (EDA), aniline (Ani),
cadaverine (Cad) and putrescine (Put). BAs are biochemical indicators of
food safety and quality, often used as a freshness index in fish and
shellfish products (Doeun et al., 2017). They are categorized into
endogenous and exogenous BAs, with endogenous BAs being synthe-
sized in an organism’s tissues and exogenous BAs being absorbed
directly from food in the intestine. BAs are produced through the ami-
nation or transamination of ketones and aldehydes, or by decarboxyl-
ation of amino acid precursors(Wang et al., 2019). The FAO/WHO
expert meeting on the public health risks of histamine and other BAs has
reported BA thresholds in fish species. Ingestion of BAs may be more
adverse in sensitive consumers with reduced mono and diamine oxidase
activity (Li and Lu, 2020). Prevention strategies for BAs poisoning
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include good manufacturing practices, high-quality components, tem-
perature control, amine oxidants, high hydrostatic pressure, decreasing
amine residues and free amino acids, using amine-negative starter cul-
tures, and inhibiting amine-positive bacterial strain growth (Doeun
et al., 2017).

Evaluating BAs levels is directly linked to their effect on food product
quality and detecting trace levels in a complex food matrix is a major
challenge (Verma et al., 2020; Torre et al., 2020; Arulkumar et al., 202.3;
Biji et al., 2016). Detecting BAs in foods using chromatographic tech-
niques like capillary electrophoresis, gas chromatography, TLC, and
HPLC is essential, but these methods have disadvantages such as
expensive equipment, specialized personnel, and time-consuming pre-
treatment and derivatization of complex samples (Onal, 2007). At the
market level, no biosensors are available for the quantification of single
biogenic amines. BAs concentrations can greatly change in different
food sources, from the nM to mM. In the literature we can find mostly
electrochemical biosensors based on MAO (Vasconcelos et al., 2021),
gold nanoparticles (Li et al., 2021), or MIPs (Givanoudi et al., 2023),
with the lowest observed limit of detection (LOD) of 40 nM for tyramine.
Chemosensors may be a simple, fast, robust, and cost-effective alterna-
tive to current approaches for the detection of BAs (Erim, 2013). In the
past decade, electrolyte-gated organic transistors (EGOTs) emerged as
sensitive label-free immunosensors (Berto et al., 2018; Sensi et al., 2021,
2023) and enzymatic sensors (Magliulo et al., 2016). EGOT sensors are
characterized by a transistor architecture, consisting of two interdigi-
tated source (S) and drain (D) electrodes bridged by an organic semi-
conductor channel that is also in contact with the gate electrode (G)
through an electrolyte. Thanks to the capacitive coupling between the
gate/electrolyte and electrolyte/channel interfaces, any recognition
event taking place on the gate or the channel, is amplified by the organic
semiconductor and is measurable in terms of change in the output cur-
rent (Burtscher et al., 2021). The selectivity of the EGOT sensor is ach-
ieved by functionalization of one of the two interfaces with a recognition
moiety, like antibodies, aptamers, oligonucleotides, or polymers
(Torricelli et al., 2021) able to selectively interact with the target
analyte.

The most sensitive and widely explored EGOT sensors have a func-
tionalized gate electrode for target recognition (Casalini et al., 2015).
The usefulness of EGOT sensors has mainly been demonstrated for
bio-medical targets, such as oligonucleotides (Kergoat et al., 2012; Sensi
et al., 2022), proteins (Berto et al., 2016; Gentili et al., 2018; Guo et al.,
2021; Pappa et al., 2018), neurotransmitters (Gualandi et al., 2016),
antibodies (Sensi et al., 2024), and cells (Song et al., 2023; Strakosas
etal., 2015).These devices are even capable of single-molecule detection
(Macchia et al., 2018). Relatively few examples exist exploring the po-
tential of EGOTs for the detection of food targets (Bihar et al., 2016;
Gentile et al., 2022; Gualandi et al., 2020) and have mainly focused on
amines (Minami et al., 2015; Minamiki et al., 2018). In most EGOT
sensors both the electrode gate and semiconductor channel are in con-
tact with the aqueous electrolyte which may result in exchange, trans-
port, and cross-contamination of channel and gate with the analytical
target or similar molecules, thus introducing non-specific contributions
to the signal. For these reasons more complex architectures were pro-
posed with two distinct electrolyte compartments where the recognition
occurs at a floating gate separated from the extended gate driving the
channel (Lai et al., 2018; White et al., 2016).

Here we propose an innovative EGOT architecture where there is no
floating gate for recognition, instead, the extended gate itself compart-
mentalizes the recognition events and the channel gating in two separate
regions, one for recognition and one for transduction. The innovation
associated with the gate electrode is that the functions of the extended
and floating gate are both encompassed by a monolithically moulded
conductive polymer (PEDOT:PSS) hydrogel (Arthur et al., 2022) shaped
as a small beaker. This device can be easily fabricated with simple
processes. We demonstrate that our device enables the selective recog-
nition of biogenic amines thus revealing its potential as a food freshness
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indicator, with a theoretical LOD at the state of the art for this
application.

2. Results and discussion
2.1. Fabrication of the dual-compartment gate electrode

The process to fabricate the miniaturized beaker gate is shown in
Fig. 1a. The gate electrode is fabricated by casting and thermal curing of
a PEDOT:PSS solution enriched in DMSO inside a polypropylene cup
used as the mould. The capillary forces pin the meniscus to the vertical
wall of the cup, thus keeping the wall wet. As a consequence, the PEDOT:
PSS gate acquires the inner shape of the cup rather than forming a disk.

We use the PEDOT:PSS gate as a dual-compartment hydrogel elec-
trode that effectively integrates the functions of an extended gate-
floating gate in compartmentalized EGOT sensing architectures: on
one side (separated from the channel) a drop of aqueous solution is
placed to adsorb the biogenic amines, on the other side the gate is
coupled to the polymer thin film channel through a solid electrolyte
(agar). We use either PEDOT:PSS (Galliani et al., 2020; Rivnay et al.,
2018; Kumar et al., 2015); or Poly [2,5-(2-octyldodecyl)-3,6-diketo-
pyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)],
DPP-DTT (Jia et al., 2021; Pallu et al., 2019; Chennit et al., 2023),
thin films as channels. Both materials are p-type semiconductors, but
while PEDOT:PSS is a mixture of two ionomers working in depletion
mode, DPP-DTT is an organic donor-acceptor polymer, working in
accumulation mode. The polymeric films are drop-cast on interdigitated
electrodes from water dispersions for PEDOT:PSS and spin-cast from 1,
2-dichlorobenzene solutions for DPP-DTT and cured in oven for 30 min
at 120 °C and 140 °C respectively.

2.2. Electrical characterization of EGOTs with dual-compartment
hydrogel gate electrode

Our idea behind the EGOT sensor for biogenic amines stems from the
weak bonds established between PEDOT:PSS and charged amines
(Giordani et al., 2020; Hsieh et al., 2021; Jing et al., 2023; Keene et al.,
2020; Marutaphan et al., 2017; Van Der Pol et al., 2019). The large-area
dual-compartment hydrogel gate maximizes the bonds and amplifies the
binding process, avoiding the interactions between the amines and the
channel. In the experimental procedure, the analyte solution is intro-
duced inside the PEDOT:PSS hydrogel gate of the EGOT, while the
connection between the gate and the semiconductive channel is ach-
ieved through an agar hydrogel electrolyte, touching the other side of
the gate.

Fig. 1c shows a schematic representation of the EGOT configuration,
where the channel, is made either of PEDOT:PSS or DPP-DTT. The dif-
ference between these two p-type materials is in the polarization applied
to the gate electrode (in Fig. 1c the DPP-DTT transistor is depicted), viz.
positive gate bias for PEDOT:PSS, negative for DPP-DTT. The operation
of the devices with the hydrogel gate and electrolyte was assessed by
measuring transfer curves (Fig. 1d-e). The voltage between the Source
(S) and the Drain (D) electrodes (Vpg) was fixed at —0.1 V, to operate the
device in linear regime, and the current variation in the channel (Ips,
namely the current in the semiconductive channel) was measured as a
function of the potential difference applied between G and S (Vgs). Vgs
was swept between —0.2 V and 0.6 V for the PEDOT:PSS-based EGOT
(Fig. 1d), which works in depletion mode, and between —0.1 V and
—0.7 V for the DPP-DTT based device (Fig. le), which is operated in
accumulation regime.

We extract the transconductance (gn) as the first derivative of the
transfer curve (Fig. 1e and d), which is a useful property to evaluate the
ability of the device to amplify a small voltage variation in a large
current difference and how this is affected by the sensing process. The
data show a maximum transconductance in both devices at 0.1 V for the
PEDOT:PSS, and —0.6 V for DPP-DTT. Both configurations exhibit
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Fig. 1. Gate fabrication and EGOT architecture. a) Fabrication process b) Device components, from the left to the right: interdigitated electrodes, solid electrolyte
(agar), PEDOT:PSS hydrogel beaker. ¢) Schematic drawing of the experimental setup with electrical connections (the ones shown refer to the DPP-DTT EGOT). d, e)
Transfer characteristics of the EGOTs and correlated transconductance (respectively device based on PEDOT:PSS and DPP-DTT).
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Fig. 2. Tyramine sensing a, b) Transfer characteristics of EGOTs for PEDOT:PSS and DPP-DTT based devices respectively, upon exposure to different Tyramine
solutions in PBS (Tyramine concentrations are reported in the legend). Vps = —0.1 V ¢, d) Transconductance of EGOTs (PEDOT:PSS and DPP-DTT based devices
respectively). The Igs measured during the sensing are reported in Fig. S1 of Appendix A.
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excellent performance in terms of current, g, and voltage range of
operation compared to devices with the same channel materials in the
literature.

2.3. Biogenic amines sensing

The device response toward Tyramine was monitored by recording
the transfer curves in the presence of different concentrations of the
analyte to build a standard dose-response curve. The device was first
tested with a 1X PBS solution as the blank and then with increasing
known concentrations of the analyte diluted in the same buffer. We
measured a range of concentrations spanning between 5 nm and 5 mM
(Fig. 2a and b). For both the devices we observed a monotonic Ipg
decrease as the [Tyramine] concentration increased. From the trend of
the slope in the linear region of the transfer curves (between ~ —0.1 V
and ~0.2 V and < —0.6 V for PEDOT:PSS-based and DPP-DTT-based
devices respectively) we observe a monotonic decrease as a function
of the analyte concentration. The results obtained suggest that at the
gate, the amine which is positively charged at pH 7.4 in the PBS buffer
binds PEDOT:PSS through hydrogen bonds. This interaction will make
the PEDOT:PSS potential at the gate more positive/less negative. Then,
the gate electrode will push more cations/less anions towards the
channel. Either occurrence will decrease the hole carrier density in the
PEDOT:PSS channel or the DPP-DTT channel, hence the Ipg current will
decrease upon increasing concentration of the biogenic amine and the
signal will become more negative. In the measurements performed with
PEDOT:PSS channels, so with positive gate potential, we cannot exclude
oxidation of tyramine at high concentrations and partial electrodeposi-
tion of polytyramine, as shown by the peak at 0.5 V that appears in the
Igs currents (Fig. S1 in Appendix A) when [TYR] > 500 pM.

EGOTs are multiparametric devices, which means that the bio-
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recognition event at the gate can be monitored by various figures of
merit, like threshold voltage (Vy) and gy (Fig. 2c and d). Trans-
conductance in EGOTs is defined as the product of the charge carriers’
mobility (p), effective capacitance Cesf, Vps, and the weight/length ratio
of the channel (W/L). In this work, we monitored the sensing process by
taking into account the signal of the current at a specific Vgg:

_ Ipsipa) — Ipso

S eq. 1

IDS.O

Where Ipgpaj is the current measured in the presence of a specific
biogenic amine concentration and Ips is the current measured with
only PBS inside the gate electrode, both at the same Vgs.

As shown in Fig. 2a and b, upon exposure to tyramine, we observe a
monotonic decrease of both the current and transconductance in the
devices with PEDOT:PSS and DPP-DTT channels.

A different range of concentrations of [Tyramine] was used with the
two channels because devices with DPP-DTT saturates (i.e. the curves
following [Tyramine] = 1 pM are superimposed) at lower concentra-
tions compared to PEDOT:PSS based EGOTs. The maximum gp, of the
device based on PEDOT:PSS (Fig. 2c) decreases from 8 mS to 5.5 mS as a
function of [Tyramine]. For the device based on DPP-DTT, the maximum
gm decreases when [Tyramine] increases from 120 to 100 pS.

The dose curves S vs [Tyramine] at Vgs = 0.4 V and 0.2 V for PEDOT:
PSS devices and —0.2 and —0.5 V for DPP-DTT devices, are shown in
Fig. 3a and b. The interaction between Tyramine and the hydrogel gate
induces a decrease of signal for both channel materials and shows that
PEDOT-PSS sensors can be operated at higher Tyramine concentrations
while DPP-DTT sensors are saturated at micromolar Tyramine levels.
Nevertheless, despite this limitation, it is relevant that the DPP-DTT
sensors can detect lower concentrations compared to PEDOT:PSS ones,
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Fig. 3. Control experiment. a, b) Dose curve S versus [Tyramine] acquired at Vgg = 0.2 V, 0.4 V and at Vgs = —0.3 V, —0.5 V using an untreated gate and the gate
covered by Au-NPs. Device based on (a) PEDOT:PSS and (b) DPP-DTT; ¢, d) Transfer characteristics of EGOTs based on (c) PEDOT:PSS and (d) DPP-DTT, resulting
from exposure to different [Tyramine] solutions in PBS using the gate covered by Au-NPs.
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with a theoretical LOD of around 100 pM (calculated as described in the
experimental section).

Since the channel materials are not directly involved in the sensing
process but mainly in the transduction of the gate potential changes at
the electrode, we infer that the different behaviour is due to the elec-
trostatic interactions between the amines and the gate induced by the
applied Vggs, which is positive for PEDOT:PSS and negative for DPP-DTT.
The negative Vs applied on the gate in DPP-DTT devices could even be
attractive for the positively charged amines, promoting the formation of
PEDOT: PSS/amine bonds on the gate. In devices with PEDOT:PSS
channel, instead, higher concentrations of Tyramine are resolved,
because the positive Vgs applied on the gate induces a slight repulsion
between the positively charged amines and the gate itself.

The signal of the device based on PEDOT:PSS shows a rapid decrease
at low concentrations (under 5 pM) followed by a plateau at high con-
centrations. A similar trend is observed in the device based on DPP-DTT
where the plateau starts at lower concentrations (200 nM).

As a confirmation of the nature of the bonds formed between the gate
and the analyte, we performed a control experiment covering the gate
side exposed to the analyte with electroplated gold nanoparticles (Au-
NPs). This procedure aims to hinder the interaction between PEDOT:PSS
and amines by covering the PEDOT:PSS with a gold layer. The absence of
response to tyramine in both device configurations, reported in Fig. 3,
demonstrates that the deposited gold prevents the formation of bonds
between tyramine and the gate, thus confirming our suggested working
principle for the fabricated device.

In food samples we expect the presence of various biogenic amines;
for this reason, we tested the device response in the presence of a
diamine, introducing in the gate increasing concentrations of Ethyl-
enediamine (EDA, in the same concentration range as used for
Tyramine).

In Figs. 4a and 5a we report the dose curves obtained by extracting
the signals from three sets of transfer curves for each channel material.
For both the devices, Ips decreased as the [EDA] increased and the
corresponding dose curves, extrapolated by calculating the signal at Vg
= 0.2V (for devices based on PEDOT:PSS, Fig. 4a) and Vgs = —0.5 V (for
devices based on DPP-DTT, Fig. 5a), were compared to the results ob-
tained with Tyramine. From the comparison, we observe that although
the signal values are similar for EDA and Tyramine when the signal of
the current is fitted with a Hill isotherm just to guide the eye of the
reader (dashed curves in Fig. 4, details on of the fit are discussed in
Appendix A, section 4), these chemicals present distinguishable trends.
As a control, we verified the response of the device to another charged
analyte (Malic Acid, negatively charged at pH 7.4), which showed a
clearly lower response compared to the amines (Appendix A, Fig. S3).

To obtain a deeper description of the response of the devices, in
terms of influence of the analyte on the channel material, we fitted the
transfer curves with a new EGOT analytical model that we recently
published (Zanotti et al., 2024). The fitting of the transfer curves with
equation 18 in the cited paper provides four parameters that we can
monitor as a function of the analytes and the channel materials: Vi
(switch-on voltage), gm1 (linear transconductance), a (ratio of the areal
charge densities), and ¢ (energy disorder). The Vr represents the gate
voltage at which the (semi)conductor is in the flatband or charge
neutrality condition. Like the commonly used threshold voltage, Vt
depends on work function variations of the gate electrode, or of the
semiconductive channel. The determination of Vt does not require a
previous assumption of the regime (i.e. linear or saturation) where the
measurements are conducted, which is an important advantage
compared to threshold voltage. For highly doped organic semi-
conductors, like PEDOT:PSS « is directly correlated to volumetric
capacitance, as discussed in Zanotti et al., (2024). The fitting procedure
also requires fixing the minimum current, defined as the lower current
measured in each transfer curve, in the order of 10-100 nA for DPP-DTT
devices and few pA for PEDOT:PSS devices, and the band gap of the
channel material, 1.7 eV for both materials (Zanotti et al., 2024). As
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Fig. 4. Analysis of the response of PEDOT:PSS devices. a) Signal of the
current of PEDOT:PSS devices as a function of biogenic amines concentration.
The lines are a guide for the eye of the reader. b) Dashed lines are the best fit
curves obtained using eq 18 in (Zanotti et al., 2024) of the transfer curves re-
ported in Fig. 2a. Best fit parameters as a function of amines concentration: c)
transconductance signal Sg, 1, d) switch-on voltage shift AVy, e) a and f) energy
disorder o.

shown by the dashed lines in panel b of Figs. 4 and 5, the best fit pre-
cisely accurately reproduces the whole transfer curves of the devices
with either PEDOT:PSS or DPP-DTT channels. The signal of the linear
transconductance Sgm1 = (gm,1 - 8m,10)/8m,l0 Shows a decreasing mono-
tonic trend for PEDOT:PSS EGOTs, reaching a minimum of —13% for
EDA and —27% for Tyramine at the highest concentration (Fig. 4c). A
similar trend can be observed also for the AV, = V; - V; ¢ plot in Fig. 4d,
where V¢ is the V; measured without the target analyte. AV decreases
monotonically as a function of EDA and tyramine, reaching a minimum
of —20 mV and —30 mV respectively at the highest concentration. The «
parameter, related to the charge carriers and the capacitance of the
double layer, is also affected by the analyte concentration, decreasing
with both amines (Fig. 4e). The energy disorder parameter ¢ is not
affected by the analyte concentration, suggesting that the channel is not
directly modified and does not interact with the analyte, as expected
(Fig. 4f). In all the plots the variation induced by EDA is always lower
compared to the one induced by tyramine, suggesting the possibility in
the future to maximize this difference to selectively evaluate the single
amines.

The Sgm,) obtained from the fitting of the DPP-DTT transfer curves,
shown in Fig. 5c, decreases as a function of EDA (—35% at 5 pM) and
tyramine (—39% at at 5 pM). Although the final Sgy, ) is similar, we can
observe that the decrease for tyramine is localized mainly at the lower
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Fig. 5. Analysis of the response of DPP-DTT devices. a) Signal of the current
of DPP-DTT devices as a function of biogenic amines concentration. The lines
are a guide for the eye of the reader. b) Dashed lines are the best fit obtained
using eq 18 in (Zanotti et al., 2024) of the transfer curves reported in Fig. 2a.
Best fit parameters as a function of amines concentration: c) Sgm 1, d) AVy, €) «
and f) o.

concentrations and saturates in pM range, while for EDA the decrease is
faster at the higher concentrations and more reproducible (smaller error
bars). The AV, trend shown in Fig. 5, is similar for EDA and tyramine,
although in the first we observe a monotonic behavior as a function of
concentration while in the second the points are more scattered. As
observed for PEDOT:PSS, the o parameter is affected by the analyte
concentration, decreasing with both amines (Fig. 5e). Also in this case,
the energy disorder parameter is not affected by the analyte concen-
tration (Fig. 5f).

The outcome of the analysis underlines how both the linear trans-
conductance (hence dependent on the interfacial capacitance) and the
switch-on voltage (hence dependent on the initial doping level) of the
device are influenced by the presence of the amines. The device channel
parameter ¢ does not vary with concentration, the band gap being fixed
by the reported values for each channel material. The parameter o
instead undergoes a smooth variation (—50%) due to the presence of the
concentration-sensitive interfacial capacitance. This analysis also shows
that the different contributions of the two amines are better resolved for
PEDOT:PSS with respect to DPP-DTT, which suggests that the response
is correlated with the amines structure and charge, although an exten-
sive study on other amines is necessary to establish selective discrimi-
nation. At the same time, the results underline the fact that DPP-DTT
devices are in principle able to detect lower amines concentrations
compared to PEDOT:PSS EGOTs.
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3. Conclusions

We demonstrated an EGOT sensor based on a hydrogel gate made of
PEDOT:PSS that can achieve ultrasensitive detection of biogenic amines
in solution. Thanks to the different organic semiconducting materials
that were used for the channel, it was possible to detect EDA and tyra-
mine across a wide concentration range (nM to mM). The LOD in the
order of 100 pM should enable the detection of biogenic amines formed
at early food spoilage. The EGOT response embodies both the variation
of the charge and the capacitance at the gate/analyte interface. This
provides an insight into the electrostatic changes occurring upon
recognition, and on the importance of subtle changes at the interface
being amplified in the device response. The device architecture that
relies on unique patterns for non-covalent interactions can be readily
applied to other amines or other molecules able to form electrostatic,
hydrogen bonds or p-p stacking interactions with the gate material,
which was PEDOT:PSS.

4. Experimental

Reagents. All the reagents and materials were used as provided from
the manufacturer without further purifications. Ethylenediamine, tyra-
mine hydrochloride, DMSO, GOPS, HAuCl4, KCl, 1,2-dichlorobenzene
and 1X PBS were purchased from Merk-Sigma Aldrich. PEDOT:PSS
and DPP-DTT were purchased from Ossila. The Agar powder was pur-
chased from Santa Cruz Biotechnologies.

Materials. The solution for PEDOT:PSS drop casting was prepared by
adding 5% m/m dimethylsulfoxide (DMSO) and 0.2% (3-glycidylox-
ypropyDtrimethoxysilane (GOPS). Formulation for DPP-DTT spin
coating was achieved by preparing 5 mg/ml in 1,2-dichlorobenzene.

Data analysis. The response signal S = Al/Iy was measured as the
change in the device current normalized by the current in the absence of
the analyte (Ip), at a given Vgs, The LOD was taken to be the lowest
concentration of analyte detectable by the device and was calculated as
LOD = Spuffer + 30, where Spysser is the signal for PBS in the absence of
analyte and o is the standard deviation.

Electrolyte-Gated Organic Transistors fabrication. The interdigi-
tated (IDE) electrodes on glass (Micrux Technologies) were cleaned in
Hellmanex, water and ethanol, by sonicating for 10 min in each solvent.
The PEDOT:PSS formulation was diluted 1:1000 with MilliQ H,0 and
drop-cast in confined areas of test-patterns (10 pl on a 9.62 mm? area) to
achieve a PEDOT:PSS semiconductive channel, on IDE with W/L =
49000 (channel length L. = 10 pm), and cured in oven at 120 °C for 30
min. DPP-DTT formulation was deposited via spin coating at 2000 rpm
(10 pl on a 9.62 mm? area) to achieve a DPP-DTT semiconductive
channel, on IDE with W/L = 100000 (channel length L = 5 pm), and
cured in oven at 140 °C for 30 min. We determined by AFM a thickness
of 19 + 7 nm for PEDOT:PSS films and of 23.7 + 8.1 nm for DPP-DTT
films.

Gate fabrication. Formulation for the PEDOT:PSS hydrogel gate was
achieved by pouring 300 pl of a 13% m/m DMSO solution into a poly-
propylene cup with a diameter of 10 mm and baking it at 75 °C for 3 h.
We report in Fig. S2 of Appendix A, a cyclic voltammetry of the gate
electrode, showing its mainly capacitive behaviour in buffer.

Agar fabrication. Formulation for the agar hydrogel electrolyte was
prepared by pouring 1X PBS of a 2% m/v Agar solution into a vial and
baking it at 90 °C for 30 min, it subsequently left to solidify in a petri
dish from which cylinders are obtained.

Electrical Characterization. The transfer curves were measured at
room temperature inside a Faraday cage by means of an Agilent
(B2902A) Source Measure Unit (SMU) by fixing the Vpg at —0.1 V and
sweeping the gate source voltage between —0.2 V and 0.6 V (for devices
based on PEDOT:PSS) and between —0.1 V and —0.7 V (for devices
based on DPP-DTT). The electrolyte consisted of a 50 pl drop of PBS
(phosphate buffered saline, pH 7.4) containing increasing concentra-
tions of Tyramine or Ethylenediamine, ranging from 5 nM to 5 mM,
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under static conditions. The analyte solution was confined in the
PEDOT:PSS gate and replaced for each concentration.

Electrochemical deposition. A potenziostat/galvanostat CH instru-
ment model 760 was used for gold electrochemical deposition. The gate
was connected as working electrode, with a platinum wire connected as
both counter and reference electrode. The deposition was performed in
0.1 M KCl and 5 mM HAuCl, at 0.1 Vs applying a potential between
0.5 Vand —0.5 V for ten cycles.
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