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Enzyme-Mediated Organic Neurohybrid Synapses
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1. Introduction

The development of organic artificial synapses that exhibit biomimicry features

also may enable a more seamless integration of neuroelectronic devices in the
nervous system, allowing artificial neuromodulation to be perceived as natural
behavior by neuronal cells. Nevertheless, the capability to interact with both
electroactive and non-electroactive neurotransmitters remains a challenge
since state-of-the-art devices mainly rely on the oxidation of electroactive
species. Here, the study proposes an organic artificial synapse engineered

to enable interaction with non-electroactive species present in the central
nervous system. By integrating a conductive polymeric film functionalized with
platinum nanoparticles, the device can catalyze the oxidation of electroactive
molecules (i.e., H,0,) resulting from neurotransmitter-specific enzymatic
reactions following an enzymatic functionalization, therefore exhibiting
neuromorphic functions driven by non-electroactive neurotransmitters. The
creation of devices that can interact with or monitor these neurotransmitters
can be seen as a significant step toward innovative technologies

to expand the understanding of the mechanisms underlying neurological
disorders and the development of novel, more effective treatments for them.
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Bioinspired electronics aims to mimic the
structure and function of biological sys-
tems, such as the nervous system, us-
ing neuromorphic platforms and develop-
ing advanced smart materials.['?] Exoskele-
tons, prosthetics, and other devices that
combine an electronic device with a living
body are examples of bioinspired applica-
tions for which it seeks to develop electronic
sensors and motor systems that mimic
their biological counterparts.[’! These ap-
proaches are also relevant for engineering
smart and adaptive neuroelectronic inter-
faces. The latter aims to monitor, stimu-
late, and modulate the neural activity to
understand and restore neural functions.[*]
However, their seamless integration with
the nervous system from an electrochemi-
cal, physiological, and mechanical perspec-
tive is still a challenge. To face these limita-
tions, not only material design (e.g., organic
semiconductors) but an effective functional
abiotic/biotic integration is needed.l’! This
requires an interaction at the synaptic level, allowing devices to
potentially adapt their response based on the electrochemical na-
ture of the information process.®! Here, a class of neuromor-
phic devices, organic artificial synapses, have been developed ex-
ploiting conductive polymers to perform mixed ionic-electronic
conduction, in turn enabling electrochemical transduction.”) In
this manner, organic electrochemical transistors (OECTs) inte-
grated as electrochemical neuromorphic organic devices (EN-
ODes) have been developed.l®! They feature a three-electrode
architecture metal-oxide-semiconductor field-effect transistor
(e.g., MOSFET) with organic mixed ionic-electronic conductors
(OMIECs) (e.g., PEDOT:PSS) as the channel material and an elec-
trolyte at the gate/channel interface. Synaptic functions were re-
produced in ENODes by applying pre-synaptic action potential-
like voltage pulses at the gate electrode as a bias to facilitate the in-
jection of ions from the electrolyte into the semiconductive chan-
nel and by recording the resulting post-synaptic channel current
modulation as a function of time.[®?] This results in both short-
and long-term modulation of the electronic transport properties
of the OMIEC structure, resembling the synaptic weight modu-
lation of biological synaptic plasticity (e.g., short-term and long-
term potentiation/depression in biological synapses). These neu-
romorphic systems can potentially generate electrical signals that
are biocompatible and biomimetic, as well as provide an effective
solution for on-chip computing, enhancing their integration in
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biological neural networks’ information processing.['%! To date,
PEDOT:PSS-based ENODes directly interfaced with living cells
and capable of modulation of the channel’s conductance level as
a response to different concentrations of dopamine (DA, an im-
portant neurotransmitter in the central nervous system (CNS))
have been developed, resulting in a biohybrid artificial synapse
with tunable synaptic weight and long-term potentiation(!!l as
well as achieving spiking organic neurons!®?l and neurohybrid
platforms with neuronal /neuromorphic functional interfaces.!3!
These devices are sensitive to biologically relevant electroactive
molecules (e.g., neurotransmitters and other biomarkers) with
a non-selective approach, exploiting the oxidation reaction at
the gate/electrolyte interface when a proper voltage is applied
while more advanced synaptic models should be developed, al-
lowing for selectivity, connectivity, and learning, and resembling
the activity of other relevant non-electroactive neurotransmit-
ters (e.g., glutamate, acetylcholine). Enzymatic functionalization
at the gate electrode of OECTs has been proven to be an ef-
fective method to accomplish these requirements, leading, as a
result of the enzymatic reaction, to key electroactive products,
such as hydrogen peroxide (H,0,).[" These species can be ex-
ploited for channel current modulation when oxidated through
gate electrode stimulation. Principles of this kind have been ex-
tensively applied in the development of enzymatic electrochem-
ical biosensors based on OECT architecture.'>!¢ Nevertheless,
H,0, effects on PEDOT:PSS-based ENODes have been used to
restore the channel conductance level after modulation medi-
ated by neurotransmitter oxidation, enabling a closed control
system.['”] However, it is still important to evaluate the effect of
H, 0, oxidation-associated neuromorphic functionalities!*®! (e.g.,
long-term plasticity) and how, acting as a synaptic modulator,
it could enable artificial synapses’ response to non-electroactive
species.

Here, we present an engineered PEDOT:PSS-based ENODe
as an artificial synapse functionalized with Pt nanoparticles that
exhibits neuromorphic functions owing to Pt electrocatalytic ac-
tivity toward H,O, oxidation, resulting in both short-term and
long-term modulation of the channel’s conductance level. Next,
we focused on creating an enzyme-based artificial synapse with
a tunable synaptic weight and long-term plasticity through the
interaction with non-electroactive neurotransmitters, exploiting
electrochemical detection of H,O, resulting from the reaction
with a neurotransmitter-specific oxidoreductase enzyme (i.e.,
L-GlutOx). This work paves the way to creating neurohybrid
synapses that exploit a versatile enzymatic-based modulation that
can be potentially applied to diverse non-electroactive neuro-
transmitters and molecules that play key roles in synaptic signal
transmission and plasticity.

2. Results and Discussion

2.1. Development and Characterization of Pt NPs-Functionalized
ENODe

ENODes based on a three-terminal architecture including a gate
electrode (i.e., presynaptic terminal) and a semiconductive chan-
nel (i.e., postsynaptic terminal) connecting the drain and source
electrodes were engineered to emulate the neurochemical sig-
nal processing of biological synapses. The fabrication process
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details are reported in the Experimental Section. In particular,
the gate electrode was obtained by spin coating a thin layer of
PEDOT:PSS further functionalized with Pt nanoparticles (NPs)
to immobilize an enzyme to selectively bind non-electroactive
molecules (i.e., glutamate) (Figure 1a). The Pt NPs electrodepo-
sition was achieved via cyclic voltammetry (CV) from a precur-
sor solution (Figure S1, Supporting Information, Experimental
section).[' Pt NPs were successfully embedded in the 3D matrix
of the PEDOT:PSS film after fifteen CV cycles (Figure S1b, Sup-
porting Information, Experimental section). The presence and
the morphology of the particles on samples electrodeposited with
10, 15, and 20 CV cycles were confirmed and analyzed through
scanning electron microscopy (SEM), while optical spectrometry
was also performed to assess the film’s transparency. Transmit-
tance measurements comparing samples before and after fifteen
CV cycles of electrodeposition are reported in Figure 1b. SEM
analysis confirmed that the increasing number of CV-based elec-
trodeposition cycles directly correlated to a higher number of Pt
NPs being deposited into the film and to the formation of par-
ticle clusters (Figure Slc—e, Supporting Information). Notably,
optical spectrometric analysis showed that after 20 electrodepo-
sition cycles the film transparency was not preserved, whereas
15 electrodeposition cycles supported a homogeneous distribu-
tion of Pt particles within the film while partially maintaining
the gate electrode transparency. Then, the electrocatalytic activity
of the PEDOT:PSS/Pt NPs composite film was then assessed by
means of CV performed in 1 mM H, 0, solution in DPBS (Exper-
imental section). The functionalized gate exhibited H,O, oxida-
tion and reduction characteristic peaks at ~ +0.25 Vand -0.25V,
respectively (Figure 1c), that confirm the interaction with the Pt
nanoparticles, as also reported in previous studies.™ In con-
trast, no peaks were observed in the same potential range in the
case of bare PEDOT:PSS films, as no electrochemical interaction
with H,O, was observed (Figure 1c). Moreover, oxidation peaks
current increased with higher electrodeposition cycles, suggest-
ing that a higher density of nanoparticles at the gate electrode
could more effectively oxidize H,O, (Figure S2a, Supporting In-
formation). Finally, considering the electrochemical, morpholog-
ical, and transparency properties, the composite films obtained
with 15 cycles were the most suitable as gate electrodes, show-
ing reproducible H, O, detection (N = 3, Figure S2b, Supporting
Information).

2.2. ENODe Electrical and Electrochemical Characterization

Output curves showed a channel current (I,5) modulation as
the applied gate voltage (V) was increased from —0.2 to 0.8 V,
both with and without H,O, in the electrolyte (Figure 1d). In
comparison to the case where the electrolyte was solely DPBS,
a greater I modulation was observed when the synaptic mod-
ulator was present (Figure 1d, dashed lines). This suggests that
H, 0, oxidation at the gate electrode produced protons that were
driven through the electrolyte toward the PEDOT:PSS channel,
causing further de-doping of the polymer. This was consistent
with previous findings where protons were produced by oxidiz-
ing an electroactive molecule at the gate electrode in PEDOT:PSS-
based OECTs.[2! Furthermore, the transconductance was ex-
tracted from the transfer curves,!?!l obtained at different H,0,
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Figure 1. Enzyme-functionalized ENODe’s structure and functioning. a) Schematic of the ENODe function emulating the signal processing of a bio-
logical synapse with a presynaptic stimulation occurring at the gate electrode functionalized with Pt NPs and the neurotransmitter-specific enzyme and
a postsynaptic response that occurs at the semiconductive channel. The channel current modulation, which is driven by the protons obtained from
the enzymatic reaction at the gate electrode, is highlighted. b) Optical spectrometric measurements of the PEDOT:PSS film before and after the elec-
trodeposition of Pt NPs showing the partial preservation of PEDOT:PSS transparency after the functionalization with 15 cycles. SEM image showing
the composite film morphology. c) Cyclic Voltammetry of pristine PEDOT:PSS film before (continuous line) and after functionalization (dashed line)
when H,0, is added to the electrolyte and in the same voltage window. It shows the presence of current peaks related to the H,0, redox reactions.
d) Output curve of the Pt NPs-functionalized ENODe in DPBS (continuous line) and T mm H,0O, (dashed line), showing the higher channel current
depletion in H,0O, solution as the Vg value increases from —0.2 to 0.8 V. e) Transconductance values obtained from the transfer curves measured in

DPBS (continuous line) and at three different H,O, concentrations.

concentrations (Figure S2¢, Supporting Information). As the an-
alyte concentration increased, the number of oxidation events at
the gate electrode also increased, which could further reduce the
hole density in the channel. Furthermore, an increase in the an-
alyte concentration can raise the effective voltage by altering the
voltage drop across the electrolyte due to faradaic processes oc-
curring at the gate electrode.[??} As a result, the gate voltage bias
required to modulate the channel current (i.e., depletion) to a
specific level decreases with higher analyte concentrations at the
gate/electrolyte interface. This resulted in a shift of the transcon-
ductance peak toward zero gate-source voltage and an increase in
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transconductance peak values (Figure 1e). Then, to characterize
the transient response of the device for neuromorphic applica-
tions, a long-lasting quadratic voltage pulse was applied to the
gate electrode when the analyte was added to the electrolyte. The
devices were continuously biased and monitored for 1800 s, re-
flecting the inherent stability of Pt-functionalized devices under
aqueous conditions.

Prior to the Pt NPs functionalization, no difference in chan-
nel current response was observed before and after the ad-
dition of the analyte in the electrolyte solution (Figure S2e,
Supporting Information). Finally, a calibration curve has been

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. ENODe’s opto-electronic neuromorphic operation. In all measurements, the first value of the channel current, denoted with |, was subtracted
from the Ipg to compare devices with different baseline currents. a) Channel current response to a single voltage pulse, highlighting short-term modu-
lation during the on-phase of the voltage pulse. b) Channel current response to sequential voltage pulses, showing long-term modulation in terms of
non-reversible current baseline modulation. c) The response of the same ENODe to sequential voltage pulses before and after Pt NPs functionalization.
Device response was monitored in the case of bare electrolyte (continuous curves) and in T mm H,0O, solution (dashed curves) before and after the
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extracted from the measurements carried out at different analyte
concentrations, indicating the capability of a significant response
to H,0, concentrations in the order of hundreds of nanomolar
(=300 n™m) (Experimental section and Figure S2f, Supporting In-
formation) which is relevant also for the further functionalization
with the enzyme and its specific H,O, production upon analyte
binding.[2324]

2.3. Opto-Electronic H,0,-Driven Neuromorphic Activity

Then the operation of the artificial synapse was investigated con-
sidering the response to H, O, and its possible effect on the short-
term modulation of the channel current and long-term plastic-
ity induced in the ENODe upon the application of periodic volt-
age pulses at the gate electrode to emulate presynaptic stimula-
tion, while applying a constant negative voltage between drain
and source terminals. The amplitude of V¢ was set to 0.3 V,
a slightly higher value than the overpotential related to the oxi-
dation peak observed from the CV analysis, ensuring H,0, ox-
idation. Figure 2a reports the I response to a single voltage
pulse of a Pt NPs-functionalized device, highlighting a higher
pulse amplitude (i.e., current depletion) in the presence of H,O,
than the solely DPBS solution case. This modulation could only
be observed during the on-phase of the voltage pulse, that is, in
the presence of the presynaptic stimulus, demonstrating short-
term modulation of the ENODe’s synaptic weight. Long-term
modulation is then depicted in Figure 2b, highlighting reversible
and non-reversible I baseline modulation following V¢ pulses
(consisting of six squared pulses with 3s duration and 9s delay be-
tween pulses,!'’] Experimental Section) in DPBS and 1 mm H,0,
(dashed lines) solutions, respectively. These measurements were
repeated on the same device before and after Pt NPs function-
alization in DPBS (continuous line) and 1 mm H,O, (dashed
lines) to demonstrate Pt NPs-enabled neuromorphic activity in
response to H,0, when the same presynaptic stimuli were ap-
plied (Figure 2c). H* ions and electrons generated during the
faradaic reaction at the gate electrode in the presence of H,O,
had a high impact on the non-reversible channel current modu-
lation. The H* ions injected into the PEDOT:PSS channel form
stable sulfonic acid groups by bonding with the PSS-, in con-
trast to the injected electrolyte cations, which can gradually dif-
fuse back into the electrolyte solution once the voltage stimu-
lus is removed.['"?3] The non-reversible channel current modu-
lation depended on the analyte concentration in the electrolyte
solution and the corresponding number of cations injected from
the gate and retained in the neuromorphic channel during the
application of the pulsed gate bias (Figure S3a,b, Supporting
Information). Simultaneously with the electric measurements,
time-resolved UV-vis measurements were performed to moni-

www.advmat.de

tor the local absorbance variation at the channel terminal and
to demonstrate opto-electronic neuromorphic activity exploiting
the PEDOT:PSS electrochromic nature (Figure 2d).?%! The ref-
erence intensity spectrum was acquired when Vg was set to
zero and the channel was doped, then the absorbance at the
wavelength corresponding to the intensity peak was tracked over
time during the pulsed measurements (Experimental Section).
An absorbance increase was observed as a result of the poly-
mer electrochemical de-doping during device operation under
a white light source, as also previously reported.’” The opto-
electronic response to a series of periodic voltage pulses is shown
in Figure 2e, where at the V¢ pulse, the channel current exhib-
ited a depletion with a simultaneous local variation of absorbance
as a result of the polymer de-doping process. From these consid-
erations, absorbance and channel conductance variations (AAbs.
and AG%, respectively) were chosen as parameters for the arti-
ficial synapse weight modulation, therefore used to characterize
the H,O,-driven neuromorphic activity (Figure 2f). An increase
in the H,0, concentration from 10 to 100 um led to higher vari-
ations in absorbance (1.14 a.u. to 2.1 a.u., respectively) and con-
ductance (2.8% and 9.43%, respectively). Interestingly, when the
concentration reached 1 mwm value, no further increases could be
observed, indicating either the possibility of a competing effect
taking place at high H,O, concentrations due to a reoxidation of
the channel polymer by the remaining non-oxidized H,0,,['”] or
a channel saturation effect.

2.4. Glutamate-Based Artificial Synapse

Following the study and characterization of Pt NPs-
functionalized ENODes response to H,0,, its function as
synaptic modulator mediating neuromorphic operations in
response to non-electroactive molecules was assessed. Here,
glutamate binding at the gate electrode was achieved through a
chitosan-based enzyme immobilization on the PEDOT:PSS/Pt
NPs film (Experimental Section and Figure S4, Supporting
Information). The electrochemical detection was obtained by
means of an oxidoreductase enzyme,"*?°! namely L-Glutamate
Oxidase (L-GlutOx) (Figure 3a). The enzymatic reaction process
is described by the following equation: L — glutamate + O, +
H,0=2 — oxoglutarate + NH; + H,O,.

Glutamate was oxidized to 2-oxoglutarate, reducing the en-
zyme, which was subsequentially re-oxidized by the oxygen.
H,0, was then formed following oxygen reduction and enzyme
re-oxidation, leading to the electroactive synaptic modulator. Ad-
ditional details on the enzymatic reaction process and the gen-
eral working principle of the device are reported in Figure S5
(Supporting Information). The amount of H,O, produced over
time is directly proportional to the amount of glutamate oxidized

functionalization, showing a clear long-term modulation of the baseline current only in the case of the functionalized device operating in presence of the
synaptic modulator. d) Schematic of ENODe’s opto-electronic operation under optical illumination while the optical fiber records the light transmitted
through the electrochromic post-synaptic terminal. From left to right: the post-synaptic response when H,O, is not present at the gate/electrolyte in-
terface; the electrochemical reaction occurring at the gate electrode when H,O, is present in solution and the H* resulting from the Pt-catalyzed H,O,
oxidation reaction; the enhanced post-synaptic response due to the H*-related polymer de-doping at ENODe’s channel (the darken region highlights
a further de-doping). e) Opto-electronic measurements when sequential voltage pulses are applied. From top to bottom: presynaptic stimulation (Vg
pulses); channel current time-response and related absorbance changes extracted from monitoring the light transmitted through the post-synaptic ter-
minal during ENODe electrical operation in DPBS and at different H,O, concentrations. f) Absorbance and conductance variations at different H,0,
concentrations, quantifying post-synaptic long-term modulation.
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Figure 3. Glutamate-driven neuromorphic functions of the enzyme-functionalized ENODe. a) Schematic of the enzyme-functionalized ENODe post-
synaptic response when a pre-synaptic stimulus occurs. From left to right: the post-synaptic response when glutamate is not present at the
gate/electrolyte interface; the mechanism of the enzymatic reaction occurring at the gate electrode when glutamate is present in solution and the
H* resulting from the Pt-catalyzed H,O, oxidation reaction; enhanced post-synaptic response due to the H*-related polymer de-doping at ENODe’s
channel (the darkened region highlights a further de-doping). b) Transconductance values of the enzyme-functionalized ENODe obtained from the
transfer curves measured in DPBS (continuous line) and in three different glutamate concentrations. ¢,d) Long-lasting pulse response when glutamate
is added in the electrolyte solution at 220 s, showing further depletion of the channel current at different glutamate concentrations and related current
depletion quantification, respectively (capacitive peaks at the onset and the offset of the pulse were not filtered). ) Channel current response to a single
voltage pulse, highlighting short-term modulation during the on-phase of the voltage pulse. f) Channel current response to sequential voltage pulses,
showing long-term modulation in terms of non-reversible current baseline modulation when glutamate is present in the electrolyte solution. g) Error
bar plot of conductance variations at different glutamate concentrations, quantifying post-synaptic long-term modulation.

during the enzymatic reaction.['* Therefore, the amount of en-
zyme units immobilized at the electrode surface constitutes
a key parameter to optimize sensing performances. Neverthe-
less, while important for biosensing applications, it was deemed
less critical for understanding and optimizing the overall per-
formance of the artificial synapse in mimicking synaptic func-
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tionalities. Output and transfer curves were obtained in DPBS
before and after enzyme immobilization at the gate electrode
(Figure S6a,b, Supporting Information), showing higher chan-
nel current modulation when the enzyme was immobilized,
suggesting that the formation of an additional non-conductive
layer resulted in an increase in the gate electrode capacitance.
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Figure 4. ENODe mimicking biological learning-forgetting process. The channel current was monitored during ENODe operation in 1 mwm glutamate
solution by considering, for each point, the current values taken at the end of each pulse (pink curve). The blue line represents the learning threshold that
is reached by the ENODe at the end of the learning phase. Fresh glutamate solution was added in the microfluidic channel at the end of each forgetting

phase.

The ENODe was then exposed to different glutamate concentra-
tions (10 um, 100 um, 1 mwm) (Figure S6c,d, Supporting Informa-
tion) and the related transconductance curves were then obtained
(Figure 3b), exhibiting a peak shift toward lower V¢ values, from
+0.7 V to +0.35 V, as the concentration increased. Furthermore,
the Ig response to a single long-lasting squared voltage pulse
was monitored by adding glutamate to the electrolyte solution
at ~220s after the I value stabilized (I, Figure 3c). The mea-
surements performed at different glutamate concentrations are
shown in Figure 3d. When glutamate was added to the electrolyte
solution, a further depletion in the channel current was ob-
served, and the entity of the depletion increased with concentra-
tion, indicating the effective glutamate-sensing capabilities of the
device.

The glutamate-driven neuromorphic activity was then evalu-
ated based on these factors, investigating both short-term and
long-term modulation at different glutamate concentrations as
response to presynaptic stimuli, consistently with the previ-
ous characterization with H,0,. Exemplary results related to
1 mM glutamate concentration are shown in Figure 3ef, de-
picting short-term and long-term I, modulation, respectively.
The conductance percentage variations were then extracted
from these measurements, indicating an increase by increas-
ing glutamate concentrations and reflecting the effective neu-
romorphic operations capabilities of the device despite the lim-
ited sensing performance since no significant response was
recorded at 10 um glutamate concentration (Figure 3g). Although
this represents a limitation for operating this proof-of-concept
device at physiological concentrations, the sensing capabili-
ties were sufficient to analyze glutamate-driven neuromorphic
functioning.
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2.5. Mimicking Biological Learning-Forgetting Process

As mentioned earlier, in biological synapses, sustained presynap-
tic stimulation can result in an increased neurotransmitter re-
lease, which in turn can lead to an increase in receptor density at
the postsynaptic membrane, enhancing the neuronal responsive-
ness to subsequent signals.*") Similarly, in depletion-mode EN-
ODes, the application of a positive gate-source voltage induces
a modulation in the conductive polymer that can be associated
with the synaptic plasticity, the basis of the biological learning
process. This voltage application causes a reduction in the num-
ber of available electronic charge carriers, effectively depleting
the channel’s conductivity. Here, glutamate-based learning, in-
cluding forgetting and relearning processes, was achieved. A se-
quence of 20 squared voltage pulses was applied at the gate elec-
trode in the presence of 1 mM glutamate solution (Figure 4).
After the initial sequence of pulses, referred to as the learning
phase, the channel current measured at the end of each pulse in-
creased, reaching a level considered the learning threshold. Fol-
lowing this, during the forgetting phase, where no presynaptic
stimuli were applied, the channel current gradually decreased be-
low the threshold. Prior to the application of another presynaptic
stimuli sequence, 1 mm glutamate solution was inserted into the
microfluidic channel, hence constituting the relearning phase. In
this phase, only four pulses were required to achieve the learn-
ing threshold. Another cycle of forgetting and relearning was
performed, this time achieving the learning threshold after only
two pulses. A human brain relearns a forgotten memory faster
than a new memory; this ability has “time-saving” effects.3!l In
this experiment, the amount of stimulation to attain the same
synaptic weight (i.e., channel current level) was lower during
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relearning than during the first learning process; therefore, for-
gotten information can be relearned easier than new informa-
tion also in the here proposed artificial synapse, resembling bi-
ological learning processes.[*?] Notably, the incomplete recovery
of the initial channel conductance level was pivotal to ensuring
this biomimetic functioning. Although, providing H,0, with-
out oxidizing it could restore the channel conductance level af-
ter modulation mediated by neurotransmitter oxidation,['”! po-
tentially resembling memory loss. These systems can exhibit a
form of adaptability: neurons through the regulation of receptor
numbers and ENODes through the modulation of charge carrier
density, highlighting the inherent flexibility and dynamic nature
of both biological and synthetic organic materials in response to
environmental changes.

3. Conclusion

This work presents an organic artificial synapse based on
an enzyme-functionalized ENODe architecture that exhibits
glutamate-driven neuromorphic functionalities. However, these
findings suggested the possibility of developing ENODes able
to respond to other relevant non-electroactive neurotransmitters,
such as acetylcholine, by integrating neurotransmitter-specific
enzymatic reactions producing key electroactive molecules (e.g.,
H,0,). We proved how a functionalization of PEDOT:PSS with Pt
NPs at the gate terminal of the device, together with its electro-
chemical and morphological characterization, enabled both sens-
ing and opto-electronic neuromorphic functions in the presence
of H,0,, highlighting the capabilities of this molecule to func-
tion as a synaptic modulator. Moreover, the proposed ENODe ex-
hibited neuromorphic functions, mimicking synaptic informa-
tion processing in response to glutamate after neurotransmitter-
specific enzyme immobilization at the gate electrode. Ulti-
mately, considering its crucial role in memory and cognitive
functions,**! an experiment involving learning, forgetting, and
relearning processes was carried out in the presence of the neu-
rotransmitter, emulating the relearning phase of forgotten infor-
mation associated with human memory processes.

4. Experimental Section

ENODe Fabrication: Devices were fabricated through spin coating of
a PEDOT:PSS aqueous solution. The solution was prepared using 94% vol
commercial PEDOT:PSS Clevios PH 1000, 5 vol.% ethylene glycol (EG), 1
vol.% 3-glycidyloxypropyl-trimethoxysilane (GOPS), and 0.02 vol% dode-
cylbenzene sulfonic acid (DBSA), all purchased from Sigma-Aldrich.

Patterned glass substrates (25 X 25 mm) with two squared pads
(10 x 10 mm) of Indium Tin Oxide (ITO) at each corner on one side, and
a third pad (13 x 25 mm) on the other side, were obtained from KinTek
(KT21007). These substrates were used for device fabrication via rapid pro-
totyping, involving selective masking and spin coating, followed by a final
annealing step to enhance stability and conductivity.

Prior to spin coating, each glass was covered with Kapton tape. A 3D-
printed stencil-like guide was then used to expose two parallel stripes
(17 X 7 mm, 1.5 mm apart) of glass/ITO surface using a bistoury. These
exposed areas allowed the PEDOT:PSS to form the gate electrode and
the corresponding semiconductive channel of the ENODe. The masked
glasses were rinsed with deionized water and 2-propanol, dried with a ni-
trogen gun, and subjected to O2 plasma activation and cleaning (5 min,
100 W) to facilitate spin coating.
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The PEDOT:PSS solution was sonicated for 10 minutes before use. The
samples were spin-coated at 2000 rpm for 1 minute with an acceleration of
400 rpm s~! and then annealed at 140 °C for 1 hour. After the spin coating
and annealing process, the Kapton tape mask was mechanically removed,
leaving the two PEDOT:PSS film stripes on the substrate.

Device Functionalization with Platinum Nanoparticles: Pt nanoparticles
(Pt NPs) were electrochemically deposited into the PEDOT:PSS matrix at
the gate electrode using the cyclic voltammetry (CV) technique. This was
performed with a CHI Instrument 1030B potentiostat and a solution of
hexachloroplatinic acid (H,PtClg) in an electrochemical cell. A stripe of
Kapton tape was attached to prevent nanoparticle electrodeposition on
the exposed ITO at the gate electrode and within the cavity of a glass ring
(diameter: 17 mm, height: 10 mm) used to contain the electrodeposition
solution. The glass ring was positioned to ensure that the plating solu-
tion (900 pl) did not contact the PEDOT:PSS stripe of the device's channel
during electrodeposition.

A bistoury was used to expose a small portion of ITO in a corner of the
glass, onto which silver paste was deposited to provide good contact with
the working electrode connection of the potentiostat. Before placing the
glass ring on the device’s surface, biphasic glue was applied to the bottom
border of the ring. The ring was then placed on a clean glass and cured on
a hot plate at 120 °C for at least 2 minutes to form a sealed ring, preventing
solution leakage during the electrodeposition process. A plating solution
of 5 mm H,PtClg 8 wt.% in water, 0.01 M HCI, 0.1 m KCI (pH 1.73) was
used and prepared right before electrodeposition of each sample at room
temperature.l’®] CV was employed to deposit Pt particles by cycling the po-
tentials (versus Ag/AgCl/3 m KCl reference electrode, Redox.me) between
—0.25 and 0.8 V for 15 cycles with a scan rate of 50 mV s™'. After Pt par-
ticles incorporation, the electrode was rinsed with double-distilled water
for 5 min and dried at 150 °C on a hotplate for 3 min. After this process,
a PEDOT:PSS/Pt NPs composite film was obtained. The optimal number
of electrodeposition cycles (i.e., 15) was found performing morphological,
electrochemical, and spectrometric analysis of the composite film result-
ing from 10, 15, and 20 electrodeposition cycles.

Device Functionalization with Chitosan-Based L-Glutamate Oxidase En-
zyme Immobilization:  For preparing the functionalization of the gate elec-
trode, a chitosan film was electrodeposited with CHI Instrument 1030B po-
tentiostat at —1.0 V versus Ag/AgCl for 2 min (repeating for 2 more times)
on the areas targeted for glutamate oxidase immobilization.[?22°1 A 50 ml
Acetic Acid pH = 3.05 electrodeposition solution was obtained by adding
161.86 pl of Acetic Acid (Sigma Aldrich >99%) to 49.84 ml of MilliQ water.
Then 10 ml of this solution was added to 8 mg of Chitosan (Sigma Aldrich,
medium MW, DD 75-85%) to obtain a 0.08% m/V chitosan solution in a
20 ml glass vial, and magnetic stirring was performed at 50 °C, 800 rpm,
for at least 1.5 hours. A two-component mold was fabricated to obtain a
membrane with a rectangular aperture available for gate electrodeposition
with Chitosan in a limited area of the gate (7 mm x 4 mm) and a ring-
shaped guide to avoid the chitosan solution leakage from the glass ring
positioned on the top of the membrane. For the immobilization, 12.5 ul
0.2U/ul enzyme solution was drop-cast on the Chitosan/Pt-functionalized
gate electrode area by a PDMS well, right after chitosan electrodeposition.
Then the device was placed in a petri dish, sealed with parafilm to prevent
evaporation of the enzyme solution, and stored in fridge for 8 hours at
+4 °C. 3. A solution based on Bovine Serum Albumin (BSA) (Ther-
moFisher (gibco)) and Gluteraldehyde (GTA) (Sigma-Aldrich) solution
was prepared following this procedure: 1% w/v BSA solution in water was
obtained by mixing 10 mg of BSA in 1 ml of MilliQ water; then 50% w/w
GTA in water was diluted to obtain 10 ul 25% w/w solution; the BSA and
GTA solutions were mixed and let to crosslink for 5 min. Subsequently,
12.5 pl of the GTA/BSA solution was added to the enzyme-functionalized
gate surface as a protective layer, and the device was left to dry overnight
at room temperature. Before any reported measurement, the device was
gently rinsed with DI water to remove any non-immobilized enzyme. The
devices were then stored in the fridge at +4 °C in the same petri dishes
with DI water placed in the microfluidic channel to avoid enzyme denatu-
ration and sealed with parafilm.

Morphological Characterization: The morphological and topological
characterization of the PEDOT:PSS/Pt NPs composite film was conducted
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using scanning electron microscopy (SEM). No additional conductive film
coating was needed, as the ITO-coated glass and Pt nanoparticles form an
interconnected electron path between the polymer microstructure and the
conductive ITO layer underneath, allowing for direct imaging.

To enhance contact with the film and ensure efficient charge flow to
ground, a small amount of silver conductive paste was applied to a cor-
ner of the sample, which was then secured to the SEM stage with a
metallic clamp. A field emission SEM (FE-SEM Leo 1550 ZAT, Carl Zeiss
Microscopy GmbH) was used, operating at an EHT of 10.00 kV with a
30.00 pum aperture size and an In Lens detector. Imaging was performed
under vacuum conditions, with magnifications ranging from 10 kX (for
statistical evaluations of particle size distribution and density) to 300 kX
(for particle morphology).

Optical Spectrometric Analysis:  Spectrometric analysis was performed
to assess the film’s transmittance after the electrodeposition process.
The measurements were performed by means of customized software in-
stalled on the commercial platform measurement system, ARKEO (Cicci
Research S.r.l). It had the possibility to magnetically fasten an optical fiber
beneath its stage in a position extremely close to the sample. A 12-led lamp
(used as the white light source) was positioned on top of the stage where
the sample was placed. A stage aperture (5 mm x 5 mm) located between
the sample and the optical fiber allowed light to pass through the sample
and to be recorded by the optical fiber. Clean ITO glasses provided the
intensity reference values for the transmittance of ITO/PEDOT:PSS and
Pt-functionalized samples.

Electrochemical Characterization: Experiments were carried out in a
three-component cell employing a CHI instrument, Inc. VSP-300 potentio-
stat. An Ag/AgCl/3 m KCl glass electrode (Redox.me), coiled Pt wire, and
an ITO-coated glass plate (17 x 20 mm, Ossila Ltd., S111) were used as
reference, counter, and working electrodes, respectively. After PEDOT:PSS
coating and thermal annealing, a glass ring (diameter: 17 mm, height:
10 mm) was attached to the ITO coated glass with a biphasic glue (Pi-
codent, eco-sil, Dental Produktions-und-Vertriebs-GmbH) that sealed the
ring and substrate, preventing electrolyte leakage. To enhance the contact
between the sample and the probe used for WE connection, a small dot
of silver conductive paste was placed to a corner of the substrate outside
the ring.

Cyclic voltammetry (CV) was employed for the electrochemical charac-
terization of the PEDOT:PSS/Pt NPs composite film in presence of H,0,
in a 900 ul solution of T mm H,0, in Dulbecco’s phosphate buffer saline
(DPBS) -CaCl,/-MgCl,. Voltage range [—0.6, +0.6] V, scan rate of 50 mV
s713 cycles.

Electrochemical impedance spectroscopy (EIS) was performed with a
different potentiostat (BioLogic, VSP-300) interfaced with a personal com-
puter, equipped with the EC-Lab software. Measurements were recorded
with the same three electrode setup used for other electrochemical mea-
surements but with an Ag/AgCl pellet as reference electrode. Measure-
ments were performed using 900 pl of DPBS -CaCl,/-MgCl,. The sinu-
soidal input signal was set to 50 mV by scanning a range of frequencies
from 0.1 Hz to 1 MHz.

ENODe Steady-State Characterization and Experimental Setup: The
fabricated ENODes were electrically characterized using the commercial
platform ARKEO, composed by a stage and a two-channel source meter
unit (SMU). Here, two channels were connected through spring contact
probes to induce the field effect operation through the gate and the source
and drain electrodes. Silver conductive paint was used to ensure a stable
connection between the electrodes and the probes used to measure and
record electrical impulses. An electrolyte solution (DPBS -CaCl, /-MgCl,),
contained by a soft polydimethylsiloxane (PDMS) microfluidic channel
(4 mm x 17 mm) positioned on top of the device, ensured ionic contact
between the gate and channel.

The gate voltage (V) was swept from —0.2 to 0.8 V with a step of 0.05 V,
while the drain voltage (Vps) from -0.6 to 0.1V with a step of 0.05 V, obtain-
ing the output and transfer curves of the devices. The transconductance
was obtained as the first derivative of channel current (Ipg) with respect
to (Vgs)-

ENODe Transient Response Characterization: The channel current of
the OECT (Ips) was measured by keeping a fixed drain potential (Vpg =
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—200 mV), while applying square-wave pulses with a 0 V baseline and an
amplitude of 0.3 V as gate potential. Each measurement consisted of six
pulses with a width of 3 s and an inter-spike interval of 9 s (At). The sam-
pling time used for the acquisition was set to 0.05 s. For the sake of a
better visualization, the data were resampled with a sampling time of 0.3
s, so that capacitive peaks couldn’t appear in channel current plots. The
number of charges injected by the gate was calculated by integrating the
gate current occurring during the application of the gate voltage pulse. The
amount of retained charges was obtained by integrating the gate current
with the removal of the pulse and subtracting this contribution from the
charge injected.34]

ENODe H,0, Sensing Characterization: To assess sensing perfor-
mance of Pt-functionalized ENODes, calibration curves were obtained.
This approach involved the addition of H, O, while the gate was constantly
biased at +0.3 V. The H,0, concentration in the electrolyte was raised
from 50 nm to 500 um.

Two differently diluted solutions of H,O, were prepared:

1) 10 pm diluted to obtain concentrations from 50 nm to 5 um in the
microfluidic channel.

2) 1 um diluted to obtain concentrations from 10 um to 500 pm in the
microfluidic channel.

Additions were done 5 min after current stabilization. To compare
different devices a normalized current was calculated considering the
channel current value 2 min after adding H,0O, solution for each con-

Al _ Ips(2 mins after addition)—Ips (VG=0) Mean and standard de-
Iy Ips (VG=0) :

viation of this normalized current (Al/ly) were obtained from mea-
surements performed on three different devices, constituting a dose-
response curve, which was fitted with a sigmoid function y=D+
(S(_XE;)B) , where A,B,C,D are constants, y is (Al/lg) and x represents H,0O,
conccentration.

ENODE neuromorphic activity characterization: The previously men-
tioned experimental setup and parameters for devices’ transient response
characterization were used consistently for neuromorphic measurements.
In this case, measurements were performed with 3 different H,O, con-
centrations (10 um, 100 um, and 1 mm) in the electrolyte’s channel. From
these ones, channel conductance percentage variations (AG%) for each
concentration were obtained according to the following formula: AG% =

Ienp—l
M2 % 100, where Igyp represents the channel current taken after the

centration:

whoole pulsed measurement and |y represents the channel current value
before the starting of the measurements.

Opto-Electronic Measurements: The opto-electronic measurements
were conducted with the same setup used for the electrical characteriza-
tion (ARKEO, Cicci Research S.r.l.). The device was placed on the stage
with the PEDOT:PSS channel and the microfluidic PDMS channel (4 mm
in width) in correspondence of a stage circular aperture (2.2 mm in diam-
eter). Measurements were carried out simultaneously during electronic
neuromorphic functioning. A squared glass coverslip was positioned on
top of the PDMS microfluidic channel, so that the electrolyte could as-
sume a flat perpendicular surface in the light path, reducing phenomena
of scattering, undesired light focusing, and drift during experiments. 40 pl
of electrolyte, which had the same composition used for the electrical char-
acterization, was inserted in the microfluid channel. The light source was
warm white at 15% of the maximum nominal lamp power. An integration
time of 0.2 ms with a number of averaged data points equal to 100 per
measurement was set. A first acquisition was made in dark conditions,
without the light source. Then a reference measurement was acquired
with the light source on to calculate the intensity counts of the light trans-
mitted through the sample (Glass/Electrolyte/PEDOT:PSS film/Glass sub-
strate/Aperture) when the device was not working. Subsequently, a mea-
surement contemporary to an electrical one, which consists in the appli-
cation of a positive gate voltage square pulse with a 0.3 V amplitude, was
carried out tracking the absorbance (related to an intensity peak at a wave-
length of 600 nm) variation over time.
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