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The behavior of polyelectrolytes in confined spaces has direct
relevance to the protein mediated ion transport in living organisms.
In this paper, we govern lithium chloride transport by the interface
provided by polyelectrolytes, polycation, poly(diallyldimethylammo-
nium chloride) (PDDA) and, polyanion, double stranded deoxyribonu-
cleic acid (dsDNA), in confined graphene oxide (GO) membranes.
Polyelectrolyte—GO interfaces demonstrate neuromorphic functions
that were successfully applied with nanochannel ion interactions
contributed, resulting in ion memory effects. Excitatory and inhibi-
tory post-synaptic currents were tuned continuously as the number
of pulses applied increased accordingly, increasing decay times.
Furthermore, we demonstrated the short-term memory of a trained
vs untrained device in computation. On account of its simple and
safe production along with its robustness and stability, we anticipate
our device to be a low dimensional building block for arrays to
embed artificial neural networks in hardware for neuromorphic
computing. Additionally, incorporating such devices with sensing
and actuating parts for a complete feedback loop produces robotics
with its own ability to learn by modifying actuation based on
sensing data.

Introduction

Classical von Neumann computing architecture is coming close
to reaching a limit in data transfer between the physically
separate processing unit and memory storage, creating a bottle-
neck for big data calculations.' In contrast, the human brain
uses a massively parallel and fault-tolerant technique, by com-
bining memory and computation.” Most of the neuromorphic
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New concepts

The growing interest in information storage devices with high speed, high
stability, low power consumption, and large capacity establishes a rigid
foundation for the revolutionary rise of chemical memristive technologies.
The polyelectrolyte 2D material inhomogeneous interface could serve as
the low-dimensional building block for arrays to embed artificial neural
networks. The new concept assumes the use of the interaction of 2D
materials with synthetic polyelectrolytes and biopolyelectrolytes to achieve
asymmetric distribution of polymer chains inside 2D material assembled
layers. The proposed concept was demonstrated with the successful work
of the two synchronized ionic synapses. The key advantage of the 2D
material-polyelectrolyte interface is the stable and reproducible data
production at high ionic forces inside the device. The strategy offers a
more appropriate way to verify complex membrane materials and polymer
composites for application in information storage devices.

functions accomplished thus far are based on the simulation of
the electric pulse pattern using organic polymer devices.>™
However, an analog of biological synapses, and especially the
modulation of a chemical synapse in a water-based medium,
remains very demanding with these organic polymer-based
devices. Traditional complementary metal oxide semiconductor
(CMOS) technology has been successful in mimicking synaptic
behavior but requires energy-intensive processes.®® This is due
to the fundamental difference between electronics and
iontronics” - that is, the nature of charge carriers. Ions as charge
carriers have slow mobility and long decay time to ‘memorize’ a
recent spike.” Recently, most artificial synapses either make use
of conjugated polymers,’®'" metal nanoparticles,'”> doped
semiconductors'®'* with low charge mobility and environmental
issue or ionic gels, which are highly susceptible to atmospheric
humidity, resulting in the instability of device operation.'*™®
Among polyelectrolytes, the conjugated types are widely spread
as the platforms of the polymer-based neuromorphic devices.'®
Water soluble polyelectrolytes usually use as a countercharge for
the conjugated polyelectrolytes.’®>* Natural polyelectrolyte
coacervates also tend to serve in neuromorphic devices owing
to the dielectric layer formation.>**
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The common synaptic behavior includes the ion’s move-
ment through the membrane’s protein channel that initiates
synaptic polarization and depolarization. During the polariza-
tion/depolarization, the membrane potential changes and initi-
ates the release of ions. The fast ion transportation through
biological ion channels is crucial for various life processes
such as physiological environment pH stabilization, charge
homeostasis, and adenosine triphosphate synthesis. Nano-
and sub-nanochannels in proteins exist in the confined
state that, together with binding sites, provide an orderly
arrangement of ions.”>*® This protein confinement between
two lipid bilayer membranes leads to facilitating fast ion
transportation. The synthetic polyelectrolytes and natural pro-
teins combine high affinity to particular ions with the ability to
exclude other undesired permeants. Natural protein channel
dimension is just in the nanoscale or even below it.*’
Such distinctive ion transport features and related ones have
stimulated the design of biomimetic nanochannels-based
devices. Synthetic polyelectrolytes also could be present in the
confined structure.”®*° Two-dimensional materials demon-
strate the ability to provide nanoscale confinement for syn-
thetic polyelectrolytes.*'*?

In addition, not only polyelectrolytes but chemical neuro-
morphic interfaces of memristors can be made of hydrogels, 2D
materials, and 3D frameworks that contain nano- or sub nano-
pores/channels.®® The rise in attention to two-dimensional
materials, such as GO, is not exaggerated. The layered structure
of GO membrane serves as channels for ion conduction.****
Additionally, oxygenated negatively-charged groups on GO allow
it to be functionalized easily with polyelectrolytes.*>***” Along
with its mechanical toughness and flexibility, it is perfect as a
scaffold for ionic gels. Previous studies®® using GO achieved a
decay time of 0.1 s which is too quick for any significant
computation,® and another’® still used exposed ionic gels
susceptible to leakage and humidity. Peng et al. also proposed
the ion diode with horizontally aligned polyelectrolyte-
modified CNTs serving as ion channels.**** Till now, many
polyelectrolyte-solid particles composites have been proposed,
including physical confinement by polymer matrix, chemical
crosslinking, cationic bonding, and others.**** Thus, the crea-
tion of interfaces based on water-soluble polyelectrolytes in a
confined medium makes it possible to obtain asymmetric ion
transport in a neuromorphic device.*® In this manuscript, a new
type of artificial synapse is proposed using GO-polyelectrolyte
composites. To demonstrate this concept, we used the compo-
site of GO-PDDA, stacked with another composite of GO-dsDNA.
The multilayer architecture of GO tends to soak the huge
amount of ions*®*” to form ionic channels. Such a phenomenon
allows the making of low-resistance neuromorphic devices.
The strong synthetic polyelectrolyte PDDA is used as a macro-
molecular confinement medium that provides uniform distribu-
tion of positively charged functional groups inside the GO
nanochannels.*> The dsDNA are amphiphilic rigid polymeric
molecules. The presence of DNA in GO layers leads to the

induction of either negative or positive ionic current
modulation.*®~°
864 | Nanoscale Horiz., 2024, 9, 863-872
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Experimental
Fabrication methods

Membranes were prepared by vacuum filtration with polyether-
sulfone (PES) filter (Sterlitech, PES00347100, 0.03 Micron,
47 mm) of the solution mixture consisting 5 mg of 1 mg ml™*
graphene oxide water dispersion (Graphenea, 0.4 wt% concen-
tration), 10 mg of 1 mg ml~" poly(diallyldimethylammonium
chloride) (PDDA) (Sigma Aldrich, average M, < 100000,
522376) or double-stranded deoxyribonucleic acid (dsDNA)
(Sigma Aldrich, deoxyribonucleic acid sodium salt from herring
testes, Type XIV, D6898). After drying, 5 ml of 0.2 M lithium
chloride solution (Sigma Aldrich, 310468) was added to the
membranes and vacuum filtrated. The membranes were then
left in the dry cabinet of 30% relative humidity (RH) for
24 hours to dry and stored in 57% RH using saturated sodium
bromide (Sigma Aldrich, 310506) at room temperature.
Composite stack membrane was combined by membrane fishing,
which involved allowing GO-PDDA membrane to float on the
surface of 0.2 M LiCl solution and using GO-dsDNA to scoop up
GO-PDDA. ICP results and electrical measurements demon-
strated that this did not result in an addition of LiCl ions to
increase conductivity of the composite stack as compared to
single membranes. Composite stack membranes were allowed
to dry for 24 hours in 30% RH. The composite stack membrane
was cut using scissors to 1.7 cm by 0.5 cm. Carbon tape
(conductive carbon discs, Agar Scientific, AGG3111) were used
as electrodes of 0.5 cm by 0.5 cm. Before conducting synaptic
measurements, 0.5 V along was applied across source-drain
electrodes for at least an hour until current plateaus to allow
the release of trapped ions. The same was conducted afterward
across the source-gate electrodes for 15 min until current pla-
teaus. Leave the device at 57% RH for 24 hours before electrical
measurements.

Electrical characterization

Electrical characterization was done using a Keithley 2401,
supplemented by Tektronix Arbitrary Function generator
AFG1022 and interpreted with customized LabView software.
Two-terminal electrochemical impedance spectroscopy (EIS)
measurements were taken using BioLogic SP-300 Potentiostat
and low current probe with AC voltage £10 mV.

Materials characterization

Scanning electron microscope (SEM) images were taken using
Carl Zeiss AG, SUPRA 40. Thicknesses of membranes were
measured using KLA Tencor Alpha-Step IQ Surface Profiler.
Surface Zeta potential of membranes and dispersion were
measured using Anton Paar SurPASS 3 and Malvern Panalytical
Zetasizer Ultra, respectively. Solid samples for ICP measure-
ment were each digested with HNOs/HCI (3:1) on hotplate for
2 hours and topped up to 10 ml with distilled water. PerkinElmer
Avio 500 inductively coupled plasma-optical emission spectro-
meter (ICP-OES) was used to analyze concentration of Li" and
Na' in extracted liquids from solid samples, additionally analysis
of Li", Na" and CI~ were conducted using leftover solution of

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nh00570d

Open Access Article. Published on 27 March 2024. Downloaded on 11/18/2025 1:13:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

0.2 M LiCl after membrane fishing. XRD was carried out using
Bruker D8 ADVANCE Diffractometer with Cu Ko radiation (4 =
0.1514 nm) using LYNXEYE_XE_T detector in 1D mode.

Results and discussion

The neuromorphic device is prepared by stacking of GO-PDDA
and GO-dsDNA composites (Fig. 1a and b). First, the GO-PDDA
and GO-dsDNA composites were prepared by vacuum filtra-
tion. During vacuum filtration, the polyelectrolyte-GO confined
medium has been assembled. Both PDDA and dsDNA associate
with GO in water as fewer oxygenated groups are exposed®
due to hydrophobic attraction between sp® groups on GO
and diallyldimethyl groups in PDDA>? and exposed nucleobases
from breathing fluctuations of dsDNA.>*®** Atomic force
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microscopy (AFM) images demonstrated uniform distribution
of the polyelectrolytes on GO flakes (Fig. 1a and Fig. S2, ESIT).
Due to the electrostatic binding between GO and
polyelectrolytes,”>”° a stable multilayered composite is formed.
The microroughness of the material surfaces is indicative of the
homogeneity of the composites. High contrast in the phase
image obtained at higher resolution (Fig. S2, ESIT) showed the
difference in surface morphology of polyelectrolytes and GO
sheets induced by their different stiffness and surface func-
tionalities. Second, both composites (GO-PDDA and GO-
dsDNA) were sandwiched and doped with 0.001 M — 0.2 M
LiCl salt to introduce mobile charges. Such a strategy allows the
preparation of self-assembled heterostructures with a network
of ionic channels.*?

SEM image (Fig. 1a and Fig. S1, ESIf) demonstrates that
both composites GO-dsDNA and GO-PDDA have lamellar
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Fig. 1 Structure and function of sandwiched membrane. (a) Atomic force microscopy (AFM) image of GO—-dsDNA composite, demonstrating uniformity
of polymer distribution. Onset: Scanning electron microscopy (SEM) image of the sandwiched composites of the GO-dsDNA (top) and GO-PDDA
(bottom) indicating lamellar morphology and seamless connection between the two composites. (b) Schematic of artificial synapse with carbon
tape electrodes (in black), where +1V (or —1 V) pulses were applied via the presynaptic (gate) electrode. Source—drain current was measured using the
post-synaptic (source) electrode with a constant voltage of +0.5 V (grounded). (c) Sketch of an ionic channel in GO-PDDA composite (top) and an ionic
channel in GO-dsDNA composite (bottom) with Li* (red spheres) and Cl™ (blue spheres). Arrows indicate the preferred direction of ionic flow in the
presence of applied potential difference due to the macromolecules’ alignment. Interlayer distances of the layers are measured using X-ray diffraction
(XRD) (Fig. S5, ESIt). (d) Paired-pulse facilitation (PPF) of the synapse. The plot of source—drain current exhibited the excitatory post-synaptic
current (EPSC) as current increased after each pulse and slowly decayed over time. Five +1 V pulses were applied with pulse duration of 2 s and rest
duration of 1 s.
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cross-section morphology. Two composites are seamlessly
assembled into a sandwich. Interlayer distances of the layers
measured using X-ray diffraction (XRD) (Fig. S5, ESIf) are
1.66 nm in GO-PDDA and 1.53 nm in GO-dsDNA. Due to a
multiple cross-linking between GO and polyelectrolytes, the layers
are stabilized to prevent the well-known swelling issues (ie.,
expansion of interlayer spacing or even resuspension) that is
typical for the materials with ionic channels in the aqueous
solutions. Thus, the devices are capable of producing a stable
output signal for at least a few months in atmospheric conditions
and more than 6 months at 59% relative humidity (Fig. S9, ESIT).

Synaptic characteristics of artificial synapse

The key decision-maker in the nervous system is the synapse - the
connection between neurons. A synapse transmits information
when a fired pre-synaptic neuron controls the flow of ions in and
out of the post-synaptic neuron, modifying the potential differ-
ence across the cell membrane of the post-synaptic neuron.®” This
results in an excitatory post-synaptic current (EPSC) or inhibitory
post-synaptic current (IPSC), depending on the neurotransmitter
used for signaling. EPSC (or IPSC) brings the current higher (or
lower) with each spike given, either from the same pre-synaptic
neuron or another pre-synaptic neuron. The more spikes given
and in shorter intervals, the higher (or lower) the current, this is
called spike-timing-dependent plasticity (STDP).>® STDP modifies
the synaptic weight, which is defined as the strength or amplitude
of a connection between two neurons; in other words, it modifies
the likelihood of the post-synaptic neuron firing. Such experience-
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dependent behavior of synapses allows for short-term memory
computations in the human brain.

The three-terminal device architecture (Fig. 1b) comprises of
presynaptic (gate) electrode on the GO-PDDA composite where
pulses were applied and modification of channel conductance
along the GO-dsDNA composite measured using the post-
synaptic (source and drain) electrodes contributes to its synap-
tic weight. Fig. 1d illustrates EPSC with increasing current after
each positive pulse was applied, indicating paired-pulse facil-
itation (PPF) similar to a neuron. We show that this artificial
synapse exhibits the synaptic functions and can be used as the
building blocks of neuromorphic computing.

The advantage of our system is the achievement of regulated
ionic currents that flow through the ionic channels in the
device.

The changes in the conductivity of the composite stack are
closely bounded with ion dynamic motion inside polyelectro-
Iyte confined medium and GO nanochannels. The probable
mechanism for the layers’ organization is attributed to the
confinement effects of GO nanosheets on the alignment of
macromolecules.>® The schematic in Fig. 1c illustrates the
preferred direction of ionic flow in the presence of applied
potential difference along rigid dsDNA chains and cross-
flexible PDDA. The measure of chain rigidity can be estimated
using the persistence length, which is 50 nm for DNA, and the
length of the Kuhn segment, approximately 1 nm, for PDDA.®°
Furthermore, both dsDNA and PDDA are strong polyelectro-
Iytes. Their functional groups are fully charged that provide
pathways for ionic flow.®' Therefore, the flexible PDDA chains

12
a Cc o — A
5 10+ A
2_._: I 8t “ —=— 11
£ 2 gl 1 ——12
@ e A
3| e
2+
40 " 10 "
< 8l “
€ a0 © 6| : e
£ ! f,’— N=5 N=100 "4l o
S | || ——N=10 N=200 |
] N=20 —— N=300 2t
2 . N=50 - N=500 ) ) ‘ ) ) ‘ 0 il ) ) ) )
0 10 20 30 40 50 0 100 200 300 400 500 0 100 200 300 400 500
Time (s) Number of pulses Number of pulses

Fig. 2 Synaptic behavior. (a)—(c) Results of excitatory post-synaptic decay curves from 1 to 500 pulses of +1 V with pulse duration of 0.2 s and rest
duration of 0.1 s. (a) Results of EPSC (in solid lines) which are fitted with quite high accuracy with decay equation: | = lg + Ajexp(—t/ty) + Aexp(—t/72),
where A ; are plotted in (b) and 11, are plotted in (c). Fitted curves completely coincide with experimental curves. A; , showed a continuously increasing
amplitude of the decay curve, while 7;, demonstrated a continuously increasing time constant of decay as the number of pulses increased. (d)-(f),
Results of inhibitory post-synaptic decay curves from 1 to 500 pulses of negative voltage of —1 V with the same input parameters and fitting, as plotted in
(e) and (f).

866 | Nanoscale Horiz., 2024, 9, 863-872 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nh00570d

Open Access Article. Published on 27 March 2024. Downloaded on 11/18/2025 1:13:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

tends to pack into loose coils in GO nanochannels. Such coils
restrict Li" ion tunneling along the polyelectrolyte chain. The
preferable ionic current flow for the GO-PDDA composite
(Fig. 1c) is across the composite. In contrast, the rigid dsDNA
macromolecules form a separate confined phase for ionic flux
along GO surfaces. Thus, the novelty of our devices is in the
presence of two types of ionic nanochannels with cross-
directional ionic flow.

To quantitatively evaluate the ionic flow in the nanochan-
nels, we conducted dynamic monitoring of ion conductivity
under different number of pulses. The overall high output
current is provided by appropriate LiCl concentration (0.2 M),
which was found from the IV curve with testing 0.001-0.2 M
concentration range (Fig. S3, ESIt). Fig. 2 shows that the
artificial synapse exhibit STDP in accordance with the number
of applied pulses. As more positive pulses were applied, source—
drain current took longer to decay to its original current, as
seen in Fig. 2a. The curvatures of these decay curves were best
fitted with the exponential decay equation, which is typical for
computing human neuronal potential,®® I = I, + Ajexp(—t/t,) +
Ayexp(—t/t,), where I is source-drain current and ¢ is time taken
in s. Fitted constants: I, represented the original current as
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0.5 V is applied along source and drain electrodes, 4, , repre-
sented the curvature of the exponential function and 7,
represented its decay constant. As expected, the initial current
remained unchanged, while curvature and decay constant
continuously increased as number of pulses increased. The
post-synaptic decay curves data (Fig. 2) for the EPSC and IPSC
current of the composite stack shows the different current
values that caused different ion redistribution in the GO-PDDA
and GO-dsDNA. The different ion redistribution leads to the
drop in T = RC. Two exponents correspond to two types of ions
participating in the charging effects. Despite the charge of the
membranes (Fig. S7, ESIY), the ratio of Li" and Cl~ ions
remained close to 1:1 according to ICP measurements and
were also 10 to 100 times more saturated than charges present
on GO or polymers (Tables S1-S3, ESIt), which means that both
ions participate in charge transfer. The difference in LiCl
swelling ability for the GO-PDDA and GO-dsDNA is caused
by the different initial charges of the GO-polyelectrolyte com-
posite (Fig. S7, ESIT). The decay curves (a, d) and time constants
show that one type of the ions gives smaller values, so synaptic
behavior and longer decay times are mostly determined by the
slow kinetics of only one type of ions. It can be noticed that the
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Fig. 3 Working principle of synaptic behavior. (a) Schematic of electrical circuit used for (b) and (c) along the GO-polyelectrolyte composites. (d)
Schematic of electrical circuit used for (e) and (f) for across the GO-polyelectrolyte composites. (b) and (e) Number of ions participating in charge
transfer against number of 1 V pulses applied on the source electrode with pulse duration of 0.2 s and rest duration of 0.1 s. EPSC Decay curves were
fitted with the exponential decay equation: | = Iy + Ajexp(—t/tq) + Aexp(—t/1,), where 1, was the higher time decay constant and major contribution on
synaptic behaviour. Capacitance was calculated from 1, = RC, where resistance R was taken from fitted Nyquist plots (c) and (f), the larger resistance
chosen as major contribution on synaptic behaviour. Charge transferred, Q = CV then determines the number of Li* and Cl™ ions participating in charge
transfer. (c) and (f) Nyquist plot of AC impedance measurements. The inset in (c) shows high impedance region. Single membranes GO-DNA (along) and
GO-PDDA were fitted to first-order RC model, while the combined membrane and GO-DNA (across) were fitted to second-order RC model, due to
separate layers of GO—-DNA and GO-PDDA or GO and DNA in the GO-DNA membrane.
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relationships between curvature or decay constant and number
of pulses were not linear. Exponential decay after applying
pulses corresponds to the discharge of the formed double layer
on the electrodes with t ~ RC. The double layer can be
represented as a capacitor with parallel resistance (Fig. S10,
ESIT). Two different capacitors and resistances can imitate the
charge/discharge of anions and cations, which would give two
various time decay constants. Both 4; and decay times t;
eventually saturate after applying more than 200 pulses, telling
us about the double layer’s full charge and defining the
synaptic device’s working range. However, the iontronic device
had a wide range of decay times as a result of slow kinetics of
ions, improving device sensitivity.

Mechanisms of synaptic behavior

To elucidate the mechanism of synaptic behavior in our
devices, two-terminal measurements were taken in various
configurations and combinations of the composites along
(Fig. 3a) and across (d) the composite. The combinations with
two layers of GO-dsDNA or GO-PDDA can be found in SI (Fig.
S12-516, ESIT). Electrochemical impedance spectroscopy (EIS)
measures AC impedance determined frequency-independent
resistance of each configuration. Nyquist plots for along
(Fig. 3c) and across (f) the composites were fitted to either
first- or second-order RC model (Fig. S14, ESIT), depending on
the presence of two separate layers in the composite. GO-
dsDNA showed low resistance along the composite while high
resistance across, and the reverse is true for the GO-PDDA
composite. This observation can be intuitively understood from
the differing structure of these membranes (Fig. 1c). Rigid
chains of dsDNA support ionic transport along the membrane.
Flexible PDDA, on the other hand, with exposed hydrophobic
main chain interacts well with hydrophobic pristine graphene
on GO and intersperse between GO layers. Oxygenated groups
on GO form clasters®® creating ionic channels along the GO
surface as the preferred direction of ionic movement in GO-
PDDA. The GO-PDDA and GO-dsDNA composite stack com-
bines with these advantages and showed to have decreased
resistance in both the along and across directions, that is not
observed in the combination of two GO-dsDNA membranes or
two GO-PDDA composites (Fig. S13 and S14, ESIY).

By measuring EPSC decay curves in accordance with the
circuits shown in Fig. 3a and d, 7, was similarly extracted as the
higher time decay constant and major contribution on synaptic
behavior (Fig. S11 and S12, ESIt). From Nyquist plots the higher
resistance value, R, was also extracted as the major contribution
on synaptic behavior. Capacitances, C, for each configuration
were calculated, using relation 7, = RC (Fig. S15, ESIt). Since C
is highly frequency-dependent owing to the amount of time
needed for charge/discharge, it cannot be directly extracted
from AC impedance measurements as 1, values are quite high,
but only from EPSC. Therefore, using Q = CV, where V is
1 V applied pulses, the charge, Q, and therefore number of
Li" and CI~ participating in charge transfer could be calculated
(Fig. 3b and e and Fig. S16, ESIT). All configurations indicated a
greater number of participating ions as the number of pulses
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increased. This was particularly observed for pulses applied
across the composite stack. As pulses to the synapse were
applied across the composite stack while source-drain current
is measured along the GO-dsDNA4, it is likely that GO-PDDA
acted as an ion source to insert ions into GO-dsDNA and
increased its conductance for it to display synaptic behavior.
Number of ions transferred was also higher across the GO-
PDDA membrane and along the GO-dsDNA membrane, sup-
porting this view.

Although all configurations of the membranes displayed
EPSC/IPSC behavior (Fig. S11 and S12, ESIY), only the compo-
site stack in three-terminal electrode configuration demon-
strated long decay times with smooth relation according to
number of pulses (Fig. 2 and Fig. S8, ESIT). In such device the
GO-dsDNA serves as the source-drain part and provides ionic
conductivity along the GO-dsDNA composite, while GO-PDDA
composite serves as a gate electrode. The applied constant
voltage results in Li ions flux to the drain. The Li" moves along
the channels and generates two output currents—the drain
current and an additional gate current, effectively doubling the
number of reservoir states. The gate current is caused by
applying the pulse voltage to the GO-PDDA composite, which
leads to the Li" flux across the GO-PDDA composite and the
opening of the nanochannels that are initially blocked by
dsDNA. The different rates of ionic transport in the GO-PDDA
and the GO-dsDNA delay the drain current’s response com-
pared to the gate current. This delayed response enables short-
term memory possibilities within the device, endorsing the
reservoir to retain and utilize information from past inputs.

Demonstration of artificial synapse in computation

To demonstrate the use of the suggested synapse in computa-
tion, a binary logic was conducted on two synapses (Fig. 4 and
Fig. S17, ESI¥). One of the synapses was trained with 300 pulses,
while the other one was left untrained. Afterwards, while the
synapse still remembers its state, test pulses were applied.
As expected, only trained synapses would continuously display
a higher current for a short-term duration, even when certain
test pulses were applied to the trained and/or untrained
synapses. The synapse then achieved a form of short-term
memory. Once this synapse ‘forgot’ its training as current
returned to normal, the other synapse was trained instead.

Implementing linear model for our case y,, = Y, Wy nXm, Which
n

relates the output y,, to the input x,, through the weights w,, ,,,.
By utilizing synaptic devices with conductance G, ,,, we can

represent this model as 1,, = )" G, ,, V), where I, denotes the
n

total signal (current) for a given synapse. In our case, consider-
ing two synapses, the total current I can be expressed as I = I, +
G,V; + G,V,, where I, represents a baseline current. Setting the
activation function to be at specific value which can be achieved
only when two synapses are trained, logical AND operator can
be realized, demonstrating a binary logic. This perceptron for
the inverse AND operator is demonstrated in Fig. 4c, where
pulses were automatically applied when the current drops

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Binary logic functions with trained and untrained synapses. (a) and (b) EPSC of two synapses measured as one of the synapses was trained with
300 pulses of +1 V with pulse duration of 0.2 s and rest duration of 0.1 s. Either or both synapses were tested with 5 pulses of +1 V with pulse duration of
0.2 s and rest duration of 0.1 s, but trained synapse constantly remain of higher current for approximately 30 s. (a) Synapse 1 (in blue) was trained. (b)
Synapse 2 (in red) was trained. (c) EPSC of two synapses computationally trained by automatically applying 10 pulses of +1 V when current drops below

setpoint current, indicated by dashed lines. Vsp = 0.7 V for both synapses.

below a setpoint value. Fig. 4c shows three cases of different
synapse weights for two samples. In cases 1 and 2, synapse 1
(G = 57 and 37 Q' for case 1 and 2, respectively) has weight
higher than the second synapse (G, = 14 Q™ '), which is mostly
untrained and is close to its base current. In case 3, both
synapses have same setpoint current of I = 36 nA, thus, having
similar weights (G, = G, = 51 Q). Eventually, a grid of such
synapses could be manufactured for more complex training
and memory functions by increasing the number of nodes or
layers similar to an artificial neural network. For example,
such memristive device could be implemented for developing
alternative computational platforms,®”*® for emulation skin

This journal is © The Royal Society of Chemistry 2024

receptors,®”’® and for the restoration of the communication

between brain circuitry.”*

Thus, the proposed here composite membranes with nano-
channels would be best suited as an artificial synapse with high
device sensitivity for neuromorphic computation, brain-
computer interfaces, medical diagnostics and monitoring.
Our devices demonstrate low resistance accompanied by high
charge capacity, fast retention time, and high endurance. The
performance of our devices is comparable with those that
are based on redox memristive behavior and active layer
materials.®*™°® Nevertheless, the redox-based memristors have
application restrictions under high electrolyte concentration.
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Such a disadvantage makes impossible to integrate redox-based
memristors in physiological media. Furthermore, avoiding inter-
facial redox processes can enhance the biocompatibility of
devices, especially those intended for biomedical applications.
Our approach that is solely based on regulated ionic transport is
an important strategy for improving the biocompatibility of
biomedical devices, enhancing their performance, and ensuring
their safe and effective use in clinical applications.

Conclusions

This work demonstrates a synaptic device based on the graphene
oxide—polyelectrolyte composite stack that exhibits synaptic-like
plasticity through the formation of ionic double layers. The
structures combination of GO-PDDA and GO-dsDNA compo-
sites was essential for improving its synaptic behavior, contri-
buting to prolonged times for decay. This was achieved by
providing the polyelectrolyte confined medium in assembled
GO nanochannels. The possibility to implement short-term and
long-term plasticity makes it possible to realize adaptive learning
and memory functions. The system also shows promise in binary
logic operations, laying the groundwork for pattern recognition
and neural computing applications. New ion-based neuro-
morphic computing systems may be developed with more study
and optimization of the proposed synaptic device.
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