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Since the first reports of neuromorphic 
behavior in electronics,[2,3] a signifi-
cant effort has been devoted to develop 
computing architectures based on such 
devices, with the aim to approach the 
computational and energetic efficiency of 
the human brain.[4] In neural (and neuro-
morphic) architectures, computation and 
data storage occur in the same physical 
space, overcoming the so-called “Von Neu-
mann bottleneck.”[5] Within this context, 
organic conductors and semi-conductors 
have been proposed as active materials 
for neuromorphic applications, giving 
rise to the field of organic neuromorphic 

electronics.[6,7] Such materials behave as organic mixed ionic–
electronic conductors—OMIECs,[8] whose time response is 
dictated by the dynamic interplay between ions (slow carriers) 
and electrons (fast carriers) as well as the features of input sig-
nals. OMIECs are operated in aqueous environment and under 
driving voltages that are within the electrochemical stability 
window of water, which make them candidate for interfacing 
the living matter.[9–11] These features make OMIECs attractive 
for neuromorphic devices especially in comparison to silicon-
based devices.[12]

The first report of neuromorphic behavior in organic elec-
tronic devices was achieved by the NOMFET (nanoparticle 
organic memory field effect transistor) architecture.[13] In 
NOMFET, the slow kinetic phenomenon necessary to elicit 
a neuromorphic response was obtained by embedding gold 
nanoparticles that act as shallow traps in an organic semi-
conductor thin film. In an aqueous environment, the slow 
kinetics is inherent to the ion displacement in the electro-
lyte at the interface with the active OMIEC. A number of 
neuromorphic devices were demonstrated in aqueous elec-
trolytes, from switchable nonvolatile memory elements[14] 
to devices emulating the main synaptic signal processing 
features, like spike-timing-dependent-plasticity,[15,16] short-
term-plasticity (STP),[17,18] and long-term-potentiation.[7,19–21] 
These functions are the basis of processing, memorization, 
and learning mechanisms in the human brain.[22] Recently, 
such architectures were integrated with cultured neural cells 
with neither loss of functionality nor impairment of cell via-
bility,[23] leading to the demonstration of the first bio-hybrid 
synapses.[24]

The sensitivity of neuromorphic synapses to the composition 
of the ionic environment arises from the interplay of dynamic 
noncovalent interactions between molecular solutes and 
OMIEC, which establishes the timescale of the neuromorphic 
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1. Introduction

Neuromorphic electronics pursues the development of device 
architectures whose response depends on the previous his-
tory of the device, mimicking some processing functions of 
the brain in comparison, classification, and memory storage.[1] 
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response. This suggested the use of organic neuromorphic 
devices as sensors for species that exhibit an interaction with 
OMIEC stronger than that with ions in the electrolyte. This 
can be done even without endowing them with specific bio-
recognition groups, such as enzymes,[25] antibodies,[26] or 
aptamers.[27] This feature was used to discriminate dopamine 
(a cation at physiological pH) not only from its antagonists 
in electrochemical assays[28] but also from its metabolites and 
catabolites[29] where the only difference is a single substitu-
tion. Quantification of the relevant molecule is inferred from 
the change of the time constant of depressive STP elicited in 
an OMIEC-based artificial synapse upon a 500 Hz stimulation. 
Translating this proof-of-concept to in vivo would be important 
for in situ real-time detection of dopamine that may in perspec-
tive open the way to loco-regional treatments of neurodegenera-
tive conditions like Parkinson’s disease.

Toward this aim, we have endowed deep-brain fiber microelec-
trodes,[30] originally designed for stimulation and recording, with 
neuromorphic response by electrochemically coating their tips 
with poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate—
PEDOT/PSS. This coating is usually aimed at reducing inter-
face impedance and/or at increasing biocompatibility in neural 
applications.[31–35] Here, a further function, viz., ability to exhibit 
STP, is demonstrated. In this investigation, the input frequency 
is systematically varied across two orders of magnitude, unveiling 
a crossover from depressive (at high frequency input voltage 
pulses) to facilitative (at lower frequency input voltage pulses) 
STP responses. An equivalent circuit model is then proposed 
to rationalize the observed STP response, which shows how the 
introduction of an inductive component in parallel with the usual 
RC circuit adopted for purely depressive STP, allows one to fit 
and predict the observed STP signals and their crossover. For the 
first time, the inductance is used for explaining the neuromorphic 
response in OMIEC-based artificial synapses, which points to the 
role of charge build up inside the OMIEC as an ionic mechanism 
of control of the STP features.

2. Results and Discussion

2.1. System Design and Characterization

The proposed architecture and its connection layout are 
shown in Figure  1a. As discussed above, the electrochem-

ical deposition of PEDOT/PSS (blue film in the schematic 
drawing) yields a significant reduction of the impedance |Z| 
in comparison to the bare Pt:W microelectrode. The electrode 
to the left acts as pre-synaptic terminal and is pulsed at a 
given frequency as it is connected to a square wave voltage 
source; the current response is recorded at the post-synaptic 
electrode to the right. Wave frequency is systematically 
halved from 2  kHz to 31.25  Hz, resulting in seven investi-
gated frequency values (2 kHz, 1 kHz, 500, 250, 125, 62.5, and 
31.25  Hz). Figure  1b shows a representative depressive STP 
current response, elicited at 1 kHz.

2.2. Frequency-Dependent STP Response

Figure 2a reports a 3D overlay of the STP response at all the 
investigated frequencies. We notice that: i) at high frequencies 
the plasticity of artificial synapses exhibits a depressive behavior, 
ii) a decrease of the input frequency results in the noticeable 
reduction of the current amplitude coupled to a gradual loss of 
the depressive behavior; iii) at input frequencies below 250 Hz 
the STP response turns gradually into a facilitative one. Notice 
that the facilitative response exhibits always smaller amplitude 
with respect to the depressive one. It is possible to highlight 
these effects in Figure  2b, where current responses to the 
first ten voltage pulses are reported versus the dimensionless 
product of time and frequency, t·f, and in Figure 2c, where the 
envelopes of STP maxima are normalized to the first current 
spike, I(0) and shown versus the time interval from the stimu-
lation starting time. Figure 2c emphasizes the crossover from 
the depressive to the facilitative behavior of STP from high to 
low input frequencies.

A physical rationale of this behavior can be formulated 
by focusing on the mechanistic origin of the depressive STP 
behavior. At high input frequencies (500  Hz < f  <  2  kHz) 
the current response is dominated by the capacitive dis-
placement current arising in the electrolyte in response to a 
sudden potential variation at the pre-synaptic electrode. Since 
the current decays in a time span longer than the inverse 
of the pulse frequency, the system fails to relax in the time 
interval between two subsequent spikes and attains a new 
pseudo-equilibrium determined by the build-up of an effec-
tive over-potential at the electrode/electrolyte interface upon 
continuous stimulation.[29]

Figure 1.  a) Schematic representation of the proposed implantable artificial synapse. Inset: schematics and optical micrograph of the tip; b) Example 
of current depressive response (bottom, dark blue) at the post-synaptic electrode, achieved pulsing the pre-synaptic electrode with a 1 kHz voltage 
square wave (top, light green).
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2.3. Equivalent Circuit Model

The Randles equivalent circuit was suitable to describe the 
depressive STP response,[29] but it does not allow one to 
rationalize the emergency of the facilitative response and 
its amplitude decrease upon frequency decrease. Indeed, 
the Randles equivalent circuit exhibits a single frequency-
independent RC time constant, which results in a unique 
frequency-independent STP depressive response. It is worth 
noticing that the rise time of the square pulses (i.e., the deriv-
ative of voltage in time) is independent from the chosen stim-
ulation frequency and, accordingly, the displacement current 
in a Randles circuit would maintain its amplitude at all the 
input frequencies. In the present artificial synapse, instead, 
an amplitude decrease is observed in response to pulse fre-
quency decrease.

Both these effects can be accounted for only by introducing 
a time/frequency-dependent resistive contribution which, 
in electrochemical systems, is represented by a “pseudo-
inductance,” as proposed by Gutmann.[36] Such a definition, 
which identifies the electrochemical pseudo-inductance as a 
“region of space capable of reversibly storing electric energy 
kinetically,” accounts for the phenomenon at the origin of 
this varying resistive contribution, namely, the motion of 
ions that drift at the interface between PEDOT/PSS and elec-
trolyte. This motion spans the entire volume of the PEDOT/
PSS film and modulates its conductivity. Evidences of such 
pseudo-inductive behavior in PEDOT/PSS-based systems 
were reported in studies concerning to nonideal response of 
organic electrochemical transistors to both I–V characteriza-
tion[37] and electrochemical impedance spectroscopy;[38] fur-
thermore, pseudo-inductive behavior is widely explored in the 
context of energy storage devices.[39]

The equivalent circuit used to describe our organic artificial 
synapse is depicted in Figure 3. It involves a minimum modi-
fication of the Randles equivalent circuit by adding an induc-
tive term at the PEDOT/PSS||electrolyte interface. In detail, the 
proposed circuit features a solution resistance (RE) in series 
with an RLC section constituted by the double layer resistance 
(RDL), the double layer capacitance (CDL), and the PEDOT/PSS 
film pseudo-inductance (LF). A pulsed voltage source provides 
square wave stimulation and the amperometer (A) measures 
the overall output current.

It is possible to provide a quantitative description of the STP 
response by analytically solving the circuit in Figure 3.

The input periodic square wave in the Laplace domain reads

1 e
0V s

V

s s T( )( ) =
+ Θ− 	 (1)

where V0 is the amplitude, Θ is the duty cycle, T is the period—
namely, the inverse of the stimulation frequency—, and s is the 
Laplace variable.
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and, from Ohm’s law, one obtains
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Equation  (3) describes the current in the Laplace domain. 
Applying the inverse Laplace transform to Equation  (3), 

Figure 2.  a) Current recorded at the post-synaptic terminal (z-axis) versus stimulation time (x-axis) and input voltage frequency (y-axis). b) Current 
recorded at the post-synaptic terminal versus the product of time and stimulation frequency (x-axis). The plot emphasizes amplitude decrease and loss 
of the depressive response as stimulation frequency decreases. c) Overlay of the normalized current envelopes I/I(0) reported versus the time interval 
spanning from the first maximum to the time value of each maximum, reported in logarithmic scale.

Figure 3.  Equivalent circuit proposed to model our artificial synapse. 
It involves an RLC branch composed by the pseudo-inductance of the 
PEDOT/PSS film (LF) in parallel with the double layer resistance (RDL) 
and the double layer capacitance (CDL). The RLC branch is in series with 
the electrolyte resistance (RE).
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( ) [ ( )]1LI t I s= − , we obtain the current in the time domain, 
shown in Equation (4)
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where we grouped circuit elements in the coefficients listed 
in Table 1. x is the floor function, which returns the greatest 
integer less than or equal to x.

Equation  (4) is the analytical expression of the entire STP 
current profile and can be used to predict the neuromorphic 
response of an organic artificial synapses, provided that the 
values of all the equivalent circuit elements are known, else to 
fit the experimental STP with only four fitting parameters, e.g., 
Reff, RE, CDL, LF.

The observed trends can be explained by introducing the 
time constants τ and η, the former related to the capacitive 
response and the latter depending on the electrochemical 
pseudo-inductance. The time constants can be combined in the 
dimensionless parameter, ρ, which weights the contribution of 
τ  to the two frequency constants, Γ and Μ, accounting for the 
facilitative and the depressive response, respectively.

We limit our discussion to the domain of real non-negative 

values for ρ, viz., 0 ≤ ρ ≤ 1, and 
1
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nonpositive, and M is always positive.
Interestingly, ρ  = 1 yields Γ  = 0 and Equation  (4) depends 

only on 
1

τ
= . This is the case in which LF approaches infinite 

and the inductive contribution is negligible, exactly reproducing 
the behavior of purely depressive STP.[29]

We then derived the analytical expression for the discrete 
envelope of STP maxima, expressing the current as a function 
of the pulse number (n), instead of time (t). The pulse number, 
n, is an integer number ranging from 0 to N including the 
range boundaries, where N is the total number of administered 

pulses. The number n is obtained by subtracting 1 from the 
pulse number, e.g., for the first spike, n = 0.

The time values at which maxima are observed, tM, can be 
expressed as a function of the time of the first spike, tM,0 and of 
n, as tM (n) = tM,0+nT. In the proposed experimental conditions, 
where STP analysis starts one sample before the first voltage 
pulse, tM,0 always corresponds to the sampling time, ts, which 
is the inverse of the sampling frequency. The expression of the 
maxima time values as a function of n can be re-written as
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In our experiment, where 1/ 2Θ = , Equation  (6) reads 
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Equation (4) is recast in its discrete form
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because for any n value, (−1)−1-2n = −1. Equation (7) can be fur-
ther simplified obtaining Equation  (8), which is the analytical 
expression of the STP envelope as a function of n
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where parameters from Equation  (7) have been grouped as 
reported in Table 2.

Table 1.  Expression of the coefficients in Equation (4).

Parameter Expression Units
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Table 2.  Parameters in Equation (8).
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By fitting experimental data at each stimulation frequency, 
as shown in Figure  4a, it is possible to obtain descriptors of 
the STP behavior from Equation (8) where the STP envelope is 
expressed as the partition of the ohmic current in the electro-
lyte, /0 EV R , among a steady-state term, whose weight is γ, and 
two additive depressive and facilitative terms, weighted by the 
pre-exponential weights α and β, respectively. The latter two 
decay versus n with decay constants, σ  and θ, both positive. 
Thus, when n exceeds either σ  and/or θ, the facilitative STP 
contribution and/or the depressive STP contribution disappear, 
respectively. Owing to the fact that |Μ| > |Γ|, then σ > θ meaning 
that the depressive STP will be always faster than the facilitative 
STP, and will disappear within lesser number of pulses.

The overall current response is hence contributed by three 
terms shown in Equation (9)

D FI n I I n I nSS( ) ( ) ( )= + − 	 (9)
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is a fast-decaying additive contribution to the current which 

accounts for the depressive STP and ( ) eF
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I n
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−

 is a 

slow-decaying subtractive contribution which accounts for the 
facilitative response. To highlight the role of the weighted cur-
rent contributions, the depressive, ID(n), and facilitative, IF(n), 

contributions to the STP at 250  Hz response are reported in 
Figure  4b. They both converge to zero plateau value, with dif-
ferent dynamics the slowest, else the one requiring greater 
number of pulses n, being the facilitative one. Figure 4c shows 
the constant steady-state current, ISS, and the total current I(n), 
as obtained from Equation  (9). As predicted by Equation  (8), 

the value of the first maximum, I(0) = 
( )0

E

V

R

α β γ− +
 and, since 

both the exponential terms in Equation  (8) feature negative 
exponents, the influence of ID and IF in determining the value 
of I(n) decreases as n increases. The number of pulses which 
is required for damping each contribution is quantitatively 
expressed by θ and σ, viz., n > θ and n > σ, respectively. This is 
commented at the end of this section.

By extracting RE by electrochemical impedance spectroscopy, 
it is possible to obtain the values of the weights α, β, and γ and 
of the decay constants θ and σ upon fitting of the envelopes. 
We fit the experimental envelopes and show the trends of the 
parameters versus frequency in Figure 4d–g. This allows us to 
rationalize the observed crossover from facilitative to depressive 
behavior upon frequency increasing.

The pre-exponential terms, α and β, exhibit opposite trends 
versus frequency, as shown in Figure 4d, with α increasing and 
β decreasing upon frequency increase. Three frequency ranges 
are identified among which artificial synapses show different 
STP responses: at low frequencies (<100  Hz), α  ≈ 0, hence  

Figure 4.  a) Envelopes of the maxima of the current response reported versus pulse number at all the investigated frequency values and fitted with 
Equation (9); b) log-lin plot of ID and −IF versus pulse number, n, as calculated by fitting STP at 250 Hz with Equation (9); c) log-lin plot of constant 
steady-state current, ISS, and full STP envelope, I, versus pulse number, n, as calculated by fitting STP at 250 Hz with Equation (9); d) log-lin overlay 
of the depressive weight, α, and the facilitative weight, β, as a function of frequency. It is possible to distinguish the three frequency regions where 
the system responds either in a purely depressive manner (high frequencies), in a purely facilitative one (low frequencies), or with a mixed behavior 
(crossover region); sigmoidal fits are guides for the eye; e) log-lin plot of the steady-state weight, γ, as a function of frequency, showing a high-pass 
behavior of the electrolyte. The sigmoidal fit is a guide for the eye; f) lin-lin plot of ID decay constant, θ, as a function of frequency, with logarithmic fit; 
g) lin-lin plot of IF decay constant, σ, as a function of frequency, with linear fit.
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I(n) ≈ ISS – IF(n). The net facilitative effect observed results 
from the exponential decay of IF (n) for increasing n

0 0FI I I I ISS SS( ) ( ) ( )∞ = > ≈ − 	 (10)

This effect is progressively lost upon frequency increase/
period decrease since, as discussed above, the pseudo-inductive 
contribution becomes negligible. Indeed, at higher frequencies 
(≥500  Hz), Γ  = 0, σ  = +∞, LF →+∞, ρ  = 1, leading to IF  = 0. 
Thus, in the absence of inductive contributions, only depressive 
mono-exponential STP decay can be elicited and Equation  (8) 
becomes[17,29,37,38]
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In the intermediate frequency range (from 100 to 500 Hz), 
around 250 Hz, the facilitative and depressive regimes are co-
existing, and a mixed behavior characterized by fast depres-
sion and slow facilitation is observed. It must be noticed that 
the variability range of the depressive weight, α, is one order 
of magnitude larger than that of the facilitative weight, β; 
hence, in the facilitative region, the amplitude is more-than-
tenfold lower than the amplitude of the depression in the 
depressive region. This confirms the experimental observa-
tion in Figure 4a.

The ID decay constant of the depressive term, θ (Figure 4g) 
accounts for the depressive contribution and increases with the 
logarithm of the square root of frequency. The ID decay con-
stant, σ (Figure 4f) diverges approaching infinite with a linear 
dependence on frequency, which accounts for the electrochem-
ical pseudo-inductance representing the kinetic storage of elec-
trostatic energy. This is allowed at low frequency and prohibited 
at high frequencies. These trends are coherent with the defini-
tions of θ and σ (see Table 2), which depend on Μ−1 and Γ−1, 
and the period of stimulation T, respectively.

In summary, our model predicts the following regimes as a 
function of the number of pulses supplied, and interestingly, 
depending on the period T (equivalently its frequency 1/T), or, 
more precisely, the ratio T/τ:

1)	 n >> σ  > θ plateau;
2)	 n < σ and n >> θ facilitative STP, not depressive STP;
3)	 n < θ < σ  facilitative STP and depressive STP coexist. The 

weights α and β determine which STP behavior dominates. 
Since α >> β at high frequencies, hence depressive STP dom-
inates; vice versa α < β at low frequencies makes facilitative 
STP to dominate.

4)	 n < θ << σ depressive STP, not facilitative STP. This implies 
that MT >> −ΓΤ, and hence ρT/τ >> 0. The maximum depres-
sive STP is observed for ρ = 1 and Τ   >> τ.  This is the situation 
where, de facto, one applies single pulses, largely spaced, so 
the system does not retain memory of the previous ones. On 
this particular case, somewhat counterintuitively, the very 
slow input wave yields a depressive STP.

From the operation point of view, especially to obtain devices 
with targeted response, our model appears useful for esti-

mating how many pulses are actually needed for inducing a 
depressive STP and/or facilitative STP.

3. Conclusions

We presented an implantable artificial synapse made of two 
intracortical microelectrodes whose tips are coated by elec-
trodeposited PEDOT/PSS films. A systematic investigation of 
the STP response of such architecture was performed varying 
the pre-synaptic frequency over two decades. A transition from 
facilitative to depressive STP behavior upon frequency increase 
is observed. We explain this transition and the coexistence of 
both depressive and facilitative behaviors by the modulation 
of a frequency-dependent inductive contribution in parallel to 
the equivalent circuit model commonly used for describing 
the depressive STP. Laplace analysis of the equivalent circuit 
allowed us to reproduce the STP current trends versus time 
and to discretize the envelope of the current maxima versus the 
number of input voltage pulses, thus providing a set of quan-
titative descriptors of neuromorphic response of such devices.

We highlight here the novel and important results for organic 
neuromorphic devices: i) at a given frequency, STP manifests 
itself either as depressive or facilitative, else as a coexistence 
of the two regimes; ii) the input frequency determines what of 
the three regimes is the dominant one; thus, in principle, even 
a “pure” frequency input to an organic neuromorphic device 
that was not conditioned before (then, does not retain memory 
of its previous history), allows one to instruct the system to 
respond in one of the three modes; iii) the coexistence of the 
depressive and facilitative regimes, the former with faster and 
the second with slower timescales, is, in reality, the “unifying” 
or “universal” regime. The number of input voltage pulses 
determines whether we observe only depressive (one needs 
many more pulses for the system to turn into facilitative STP 
at high frequencies), facilitative (depressive is only for a few 
pulses at the onset of stimulation at low frequencies), or both. 
The number of pulses is, therefore, an independent control of 
the STP response that the system outputs, iv) the amplitude of 
STP is another valuable information about the input signal, as 
we noticed that high frequency tends to maintain the ampli-
tude of the response, whereas at low frequencies we observe 
a net lowering of the amplitude. It turns out that information 
flow is coded not only in the timescales but also on the STP 
amplitudes.

Another relevant result is that we have been able to link the 
timescales and their interplay to the presence of a simple, albeit 
new, element in the equivalent circuit, viz., the electrochemical 
pseudo-inductance, that accounts to some extent on the ion gra-
dient created inside the active material (PEDOT/PSS in our case) 
and that progressively builds up an internal potential against 
ion diffusion across the volume, as confirmed by the scaling 
of pseudo-inductive behavior in organic electronic devices with 
electrolyte ion concentration[38] and by other evidence that we 
reported recently, namely, the saturation of effective capacitance 
and electroactive area versus the volume of the active layer.[40] 
The novelty of these aspects should stimulate research toward 
ways of controlling, or finely tuning, the inductance element in 
the framework of RLC circuits. This is an intriguing finding, 
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since most of the previous reports addressed depressive STP 
and related its timescale to an RC equivalent circuit. It was also 
observed the emergence of facilitative response when higher 
frequency stimulation (driving the system into depressive STP) 
is followed by a low frequency stimulation. However, this is the 
first time to our knowledge, where the crossover between the 
two regimes is clearly demonstrated to occur also within a con-
stant frequency stimulation, and how this coincides with the 
inductance taking a finite value.

Finally, the importance of this work from an electrophysi-
ology point of view is that demonstrates the fabrication and 
proof-of-concept operation of implantable artificial synapses. 
As simple as the architecture may appear, it is a change of 
paradigm in electrophysiology as it would become possible 
to design components and circuitry with targeted response 
to specific physiologically relevant frequency patterns. This is 
an attractive feature, as it will move the frontiers of (passive) 
electrophysiological recording to devices able to recognize spe-
cific signals related to a given pathology or to transient deficits. 
These characteristics, together with the advantages of organic 
neuromorphic devices in terms of biocompatibility and power 
consumption, are worth to be explored, in view of developing 
standalone therapeutic devices, able to monitor electrical and/
or chemical signals, and react accordingly when the monitored 
features match those of the target signal, for instance by con-
trolling local drug delivery or administering a voltage stimulus.

We believe that methodological and analytical tools herein pro-
vided widen the applicability range of organic artificial synapses, 
enabling tunable STP for sensing and signal processing in in 
vivo applications. This will be at the basis of next-generation loco-
regional therapy with implanted devices for neurological disor-
ders like drug-resistant epilepsy or Parkinson’s disease.

4. Experimental Section
Artificial Synapse Fabrication: The proposed synaptic architecture 

involved two fiber electrodes (Thomas RECORDING GmbH) immersed 
in an electrolyte at a fixed distance of 1  mm. Each fiber electrode was 
composed by a metal core (Pt:W, 95:5) with a diameter of 25  µm, 
surrounded by a quartz insulating layer, for an overall diameter of 80 µm.

PEDOT/PSS Electrodeposition: PEDOT/PSS electrodeposition was 
carried out, according to published protocols,[41–43] from an aqueous 
solution of EDOT (3,4-Ethylenedioxythiophene, 10 × 10−3 m) and NaPSS 
(sodium polystyrene sulfonate, 0.7% w/w) in potentiostatic mode (1 V vs 
Ag|AgCl; 5 s pre-conditioning step: 0.2 V vs Ag|AgCl). A three-electrode 
cell setup was achieved using a titanium sheet as the counter electrode, 
a Ag|AgCl (3 m KClaq) as the reference electrode and the fiber electrode 
as the working electrode, using a Gamry Reference 600 potentiostat/
galvanostat (Gamry Instruments). The deposition was carried out 
under charge control and terminated upon exchanging a total charge of  
2.5 µC, that corresponded to a charge density of roughly 125 mC cm−2 
(tip lateral surface ≈ 2 × 10−5 cm2). Before and after electrodeposition of 
PEDOT/PSS, electrodes were characterized by means of electrochemical 
impedance spectroscopy.

Neuromorphic Response Characterization: STP was assessed in a  
100 × 10−3 m  phosphate-buffered saline solution using a two channel 
Keysight B2912A source-measure unit in a Faraday cage. Low-force 
terminals of both channels were connected to ground. High-force 
terminals of channel 1 and channel 2 were connected to the pre-synaptic 
and post-synaptic electrodes, respectively. Channel 1 was used as a 
voltage source to pulse the voltage of the pre-synaptic terminal between 
0 and −0.5 V, with a 50% duty cycle; channel 2, used as an amperometer, 

recorded the resulting current at the post-synaptic terminal with a 
sampling frequency ten times higher than the stimulus frequency, thus 
keeping constant the number of samples throughout all the experiments 
(i.e., 10 samples per period).
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