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Nanofluidics provide a transformative platform for creating neuron emulates,
yet replicating their complex spiking dynamics remains challenging. Herein,
we report a nanofluidic oscillating neuron (FON) which could emulate spiking-

form encoding functions of neurons. This device showed neuromorphic
oscillating ion conductance with a polyimidazolium-confined nanofluidic
system in asymmetric solution environment. Similar with neuronal action
potentials, the spiking originates from the anion/cation selectivity changes of
polyimidazolium channels due to the dynamic interplay between the deso-
rption/adsorption of Fe(CN)if and the corresponding change of electro-
osmotic flow. The FON could emulate neuronal electrical and chemical
encoding with diverse and controllable spiking patterns. More importantly,
the refractory-period-like threshold changes of neuron could also be suc-
cessful accomplished. This study demonstrated the potential of nanofluidic
iontronics by rationally controlling the ion dynamics for neuromorphic com-
puting and biomimetic device with diverse functions.

Nanofluidics mimicking the architecture and functions of neural sys-
tems have demonstrated transformative potential in multidisciplinary
fields' including energy harvesting”™*, intelligent sensing®®, biotic-
abiotic interfacing’ and fluidic computing®°. For example, biomimetic
nanofluidic ion channels like ionic diodes, ionic transistors™ and ionic
switches” have shown great potential in ionic sieving', ultrafast
permeation® and signal amplification'®, closely mirroring the structure
and functions of their biological counterparts. Recently, nanofluidic
memristors emulating synapses have demonstrated multifarious neu-
romorphic functions including neuroplasticity”, signal transduction'®,
fluidic logic'’ and brain-inspired computing®. These nanofluidic devi-
ces highlighted the inherent computing power of nanofluidics,
wherein neuron-like intelligent processing of both electrical signals
and chemical signals was achievable through confined ion
dynamics?*. In this case, neuromorphic nanofluidics emulating the
active potential behaviors are critically required. This would not only
introduce an efficient spike-form processing paradigm to nanofluidic
computing systems but also establish biotic-abiotic communication
with ionic spikes.

However, nanofluidic neuron analog has long been in theoretical
prediction, primarily due to the inherently complex nonlinear kinetics
of neural spikes®. Attempts on solid-state neurons** 2 and electro-
chemical neurons”~*’ have shown that action potential emulating was
accessible by replicating neuronal spiking principles with integrated
devices. Additionally, nanofluidic models proposed by Bocquet et al.*®
and Roij et al.*! predicted that spiking ion current could be accom-
plished using nanofluidic memristor circuitry by mimicking ion
transport kinetics of K" and Na* channels. Bisquert et al.>? established a
minimal neuron model utilizing a single nanofluidic device. These
studies underscore the feasibility of emulating the neural spikes with
nanofluidics. Furthermore, experimental attempts on ion current
oscillation indicated that nonlinear ion transport is accessible in
nanofluidics by tuning ion transport with nanoprecipitation®, coher-
ent resonance*, chemical oscillation® and surface effects®. Never-
theless, challenges in emulating sophisticated neural coding
paradigms have been hindering the step toward practical nanofluidic
neurons, as the creation and control of nanofluidic systems with
multiple steady states remain a fundamental bottleneck.

'Beijing National Laboratory for Molecular Sciences, Key Laboratory of Analytical Chemistry for Living Biosystems, Institute of Chemistry, Chinese Academy of
Sciences (CAS), Beijing, China. 2University of Chinese Academy of Sciences, Beijing, China. *College of Chemistry, Beijing Normal University, Beijing, China.

e-mail: yuping@iccas.ac.cn; lgmao@bnu.edu.cn

Nature Communications | (2026)17:238


http://orcid.org/0000-0003-1268-4959
http://orcid.org/0000-0003-1268-4959
http://orcid.org/0000-0003-1268-4959
http://orcid.org/0000-0003-1268-4959
http://orcid.org/0000-0003-1268-4959
http://orcid.org/0000-0002-6096-1933
http://orcid.org/0000-0002-6096-1933
http://orcid.org/0000-0002-6096-1933
http://orcid.org/0000-0002-6096-1933
http://orcid.org/0000-0002-6096-1933
http://orcid.org/0000-0001-8286-9321
http://orcid.org/0000-0001-8286-9321
http://orcid.org/0000-0001-8286-9321
http://orcid.org/0000-0001-8286-9321
http://orcid.org/0000-0001-8286-9321
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66937-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66937-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66937-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66937-9&domain=pdf
mailto:yuping@iccas.ac.cn
mailto:lqmao@bnu.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66937-9

Herein, we present a nanofluidic oscillating neuron (FON) cap-
able of emulating the oscillatory neural spiking behaviors and neural
encoding mechanisms by mimicking the mechanism of biological
neurons. In biological neurons, the recognition of extracellular
transmitters regulates the alternating activation of influx Na* chan-
nels and efflux K' channels, generating spike-form ion current
(Fig. 1A)”. Inspired by this mechanism, our FONSs are fabricated using
polyimidazolium brushes (PimB)-modified micropipettes in asym-
metric solution—backfilled with a mixture of KCl and Ks;Fe(CN)g
solution and immersed in a pure KCI bath, mimicking ion channels
operating under asymmetrically distributed transmitter conditions.
By modulating surface chemistry changes via Pim-Fe(CN)}~ recog-
nition and following electroosmotic flow (EOF) changes, anions and
cations alternatively governed FON operation, consequently leading
to the neural-like oscillating current under constant biases (Fig. 1B),
mimicking the alternative activation of K'/Na* channels in biological
neurons. Benefited from this biomimetic design principle, FON
exhibits high controllability and diverse ion dynamics. Variations in
the applied electric signal and chemical environment enable precise
regulation of the oscillating signal patterns of FON, thereby allowing
the emulation of neural encoding functions both for electrical and
chemical signals. This programmability toward electrical and che-
mical information changes further contributed to the successful
simulation of dynamic threshold modulation analogous to neuronal
refractory states by tuning the asymmetric solution gradient. These
results not only offered the possibility of establishing a spiking
neural network with nanofluidics but also paved the way for intelli-
gent chemical regulation of nanofluidic biointerfaces in spike-form
signals.

Results

Oscillating ion current in FON

The FON device was fabricated using a micropipette functionalized
with PimB via surface-initiated atomic transfer radical polymerization
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Fig. 1| Oscillating ion current spikes of FON. Schematic illustration of the spiking
mechanism of A biological neuron and B FON. C Plots of conductance versus time
of a PimB-modified micropipette in asymmetric solution (inner: 0.1M KCl+1 mM

(SI-ATRP) (Supplementary Fig. 1A)**"*°. Current-voltage (-V) measure-
ments in 10 mM KClI revealed typical ion current rectification (ICR)*
and memristive behavior’®, confirming the successful modification of
PimB (Supplementary Fig. 1C). Scanning electron microscopy (SEM)
images of the micropipette before and after modification showed a tip
diameter of 3pum and a uniform PimB layer on the inner surface
(Supplementary Fig. 2A, B). To establish the asymmetric solution
environment, the PimB-modified micropipette was backfilled with
0.1M KCI containing 1mM KzFe(CN)s, and immersed in a 0.1M KClI
bath. Electrical contact was made using home-made Ag/AgCl wires
(Supplementary Fig. 1B). Upon application of a-3 V bias, an oscillating
ion current with a period of 4.02 s was observed in the conductance-
time (G-t) profile (red curve, Fig. 1C), which was consistent with the
peak at 0.31 Hz in the power spectrum (red curve, Fig. 1D). In contrast,
only conductance decay in the G-t curve was observed in symmetric
0.1 M KClI solution, and no detectable peak was observed in the power
spectrum (blue curve, Fig. 1C, D)*. According to nanopore noise ana-
lysis theories, such sub-Hz power spectral signals are attributed to
dynamic surface chemical processes**, suggesting that the observed
oscillations originate from surface interactions within the confine-
ment. These results indicate that surface chemical changes, driven by
the interaction between the backfilled K;Fe(CN)q and the PimB, med-
iate the emergence of the oscillating current in the FON.

To validate the role of Fe(CN);~ in FON, /-V curves of the PimB-
modified micropipettes were conducted in a symmetric solution of
100 mM KClI containing KszFe(CN)g with different concentrations. As
shown in Fig. 2A, typical ICR behavior was observed for the PimB-
modified micropipettes with low Fe(CN);~ concentration (e.g., w/o
Fe(CN);~ or 0.1mM Fe(CN)z‘), indicating the anion selectivity and the
low ion conductance state at the negative potential (red and orange
curves, Fig. 2A). With the increase of the Fe(CN)g’ concentration (e.g., 1
or5mM Fe(CN)g’), the ICR inversion was observed, accompanied by a
transition of the ion current to a high conductance state under nega-
tive potential (blue and purple curves, Fig. 2A). In this case, the high
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Fig. 2 | Conductance state changing kinetics in FON. A /-V curves of a PimB-
modified micropipette in symmetric 0.1 M KCI containing K;Fe(CN), with different
concentration, scan rate 50 mV-s™. B Optical microscopy image of air-droplet
interface movement in a capillary connected with a PimB-modified micropipette in
0.1MKCI (left) and 0.1 M KCI+1 mM K;Fe(CN), (right) under -3 V bias. C Typical -V
curve of a PimB-modified micropipette in asymmetric solution (inner, 0.1 M KCI
+1mM KsFe(CN)g; outer, 0.1 M KCI), scan rate 50 mV-s™. Inset, schematic illustra-
tion of the K* governed RC process (right) and the CI” governed NDR process (left).
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Fe(CN)g’, inverted EOF pumped external KCI solution into FON; (iv) Desorption of
Fe(CN)3~ in KCl solution contributed to the recovered conductance and EOF

in FON.

conductance state and low conductance state under negative potential
could be regulated by the concentration of Fe(CN); ™. Previous reports
have shown strong ionic hydrogen-bond interactions between PimB
and Fe(CN)?,’ (Supplementary Fig. 3, inset), which facilitates the over-
adsorption of Fe(CN);~ on the PimB****, and consequently results in
the ICR inversion®. This surface charge inversion induced by specific
PimB-Fe(CN)g’ recognition was further corroborated by zeta potential
measurements of PimB-modified SiO, nanoparticles (PimB-SiNPs) in
100 mM KCI containing KzFe(CN)e with different concentrations.
Increasing the Fe(CN)g’ concentration shifted the surface charge from
positive to negative (Supplementary Fig. 3), confirming charge inver-
sion mediated by Pim-Fe(CN)g’ recognition. These results essentially
demonstrated that the specific PimB-Fe(CN)z‘ recognition leads to a
transition between high and low conductance states, mediated by the
Fe(CN)g’ concentration. Thus, in an asymmetric solution, changes in
the localized Fe(CN);~ distribution could lead to switching between
these two distinct conductance states. Analogous to biological neu-
rons, FON generate ion current spikes through these recognition
processes, highlighting their potential to mimic neuronal signaling
kinetics.

Given that electrophoresis (EP) and EOF are two elemental factors
governing confined ion transport***, the influence of EOF on FON was
further investigated. The orientation and velocity of EOF were quan-
tified experimentally using EOF pump mechanism, which measured
the movement of a dye droplet driven by EOF (Supplementary Note 1,
Supplementary Fig. 4)*. As shown in Fig. 2C, upon application of a-3V
bias to the PimB-modified micropipette in 0.1M KClI, a velocity of
19.0+3.5um-s™ was observed by measuring the droplet movement
distance, in which EOF drove the internal solution outward (left,
Fig. 2B). Conversely, in 0.1 M KCI+1 mM K3Fe(CN)¢ under the same bias,
the inverted EOF pumped the external solution inward at a velocity of
3.2+0.8um-s™ (right, Fig. 2B). These results indicate that surface
chemistry changes induce changes in EOF orientation and velocity

within FON. Notably, EOF exerts a strong influence on ion transport in
asymmetric  solution via localized changes in solution
composition’***°, In the FON, surface-dependent EOF switching
facilitates localized variations in solution content, thereby creating a
feedback loop that modulates surface chemistry and enables con-
ductance switching.

To further elucidate the EOF switching dynamics, finite element
modeling (FEM) was conducted to simulate EOF variations. By intro-
ducing parameter a describing the surface charge distribution changes
induced by recognition level differences in the surface PimB layer, the
EOF distribution under a-3V bias was numerically solved using the
Poisson-Nernst-Planck and modified Stokes-Brinkman equations
(Supplementary Note 2 and Supplementary Fig. 5A). As the recognition
level a increased, the surface charge gradually inverted from positive
to negative following a logistic distribution of charge density in PimB
layer (Supplementary Fig. 6B), resulting in the inversion of EOF
direction (Supplementary Fig.6D) When the PimB layer was pre-
dominantly positively charged (e.g., @ =—0.05, Supplementary Fig. 6B,
C), EOF pumped the internal solution outward. With an increase in the
recognition level, the majority charge in the PimB layer inverted to
negative, causing EOF to drive the external solution into the micro-
pipette gradually (e.g., a= 0.3, Supplementary Fig. 6A-C). This inver-
sion of EOF indicates a coupling between surface chemistry and EOF:
EOF regulates the localized Fe(CN),~ distribution in the asymmetric
solution, which alters the surface charge; these surface chemical
changes, in turn, control the orientation and velocity of EOF. This
coupled interaction drives the ion conductance changes in the asym-
metric solution, leading to the spiking phenomena of the FON.

To investigate the conductance changes associated with spiking
dynamics, I-V curves of the FON in an asymmetric solution were further
measured. First, changes of ion conductance states were revealed with
I-V curves with narrowed potential window (-1 to 1V) before and after
the occurrence of spiking current. After applying a =3 V bias for 1 min
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(which generated continuous spiking), the inverted ICR was observed
(Supplementary Fig. 7), indicating a transition from a low to a high
conductance state under negative bias due to surface charge inversion.

To directly observe the switching kinetics during the spiking
phenomena, /-V curves were recorded under triangular waves with a
wider potential window. As shown in Fig. 2C, FON in asymmetric
solution (inner, 0.1M KCI+1 mM KsFe(CN),; outer, 0.1 M KCI) showed
negative differential resistance (NDR) at £>-2V, followed by a bifur-
cation of the ion current—the spiking phenomenon. As the negative
potential increased, an initial rise in ion current was observed, indi-
cating a K" controlled high conductance state. A further increase in the
negative potential led to NDR and bifurcation, suggesting that the FON
switches to a CI” controlled low conductance state under a strong
negative potential. Notably, this NDR effect is induced by influx EOF,
thus could be observed at higher negative potential only**?, According
to electrochemical oscillation theory, the alternating interplay
between RC charging and NDR results in oscillating current. In the
FON, K transport is a RC charging process that increases ion con-
ductance (left in Fig. 2C), while CI~ transport driven by EOF contributes
to the NDR behavior, which drives the ion conductance reduction
(right in Fig. 2C). The synergism between these two effects is thus
responsible for the spiking phenomena.

Experimental and theoretical results indicate that the oscillating
current spikes in FON originate from conductance state changes
induced by the coupled interplay of EOF and surface chemistry. As
depicted in Fig. 2D (state i), under a negative bias, Cl~ initially serves as
the predominant charge carrier within the positively charged PimB,
resulting in a low conductance state. Concurrently, EOF pumps the
inner Fe(CN)z‘ toward the orifice, enabling the Fe(CN)g‘ adsorption.
The surface charge inversion resulting from the Fe(CN)i’ adsorption
shifts the dominant charge carrier to K, leading to an increase in ion
conductance (Fig. 2D, state ii). This charge inversion not only causes
the high conductance state but also reverses the EOF direction, driving
external KCI solution into the micropipette (Fig. 2D, state iii). This
influx promotes Fe(CN)g’ desorption from PimB (Fig. 2D, state iv); the
recovery of the original surface chemistry and EOF direction resets the
system to the low conductance state. Consequently, the FON sponta-
neously switches between the CI” dominated low conductance state
and the K* dominated high conductance state, producing oscillating
ion current spikes. Mirroring biological neurons, where action poten-
tials emerge from alternating K* and Na* channel activity, the oscil-
lating current in the FON stems from the alternating dominance of
cation and anion conductance. This mechanism endows the FON with
not only biomimetic fidelity but also unparalleled simplicity, enabling
single-device emulation of neuronal spiking without auxiliary circuitry.

To give a quantitative understanding on the conductance
change dynamics of FON, analysis on the ion conductance and
force balance were carried out to establish the ion transport
model within FON. lon transport theories showed that ion con-
ductance of FON is decided by the conductance of PimB layer,
which is a monotonic function of charge density in the PimB layer
under a constant bias. Force analysis on the Fe(CN);” in FON
showed that balance between inverted EOF and other driving
forces contributed to two steady states under negative biases in
asymmetric solution (Supplementary Note 3). Thus, by describing
the ion current with variable x and ion distribution states with
variable y, the potential of the system could be described by a
bistable well U(x,y) (Supplementary Fig. 8A).

U(x,y)= %Ax4 - %sz +Cxy ¢))

where A, B, and C are descriptive coefficients for the bistable well,
which is regulated by applied voltage as well as surface chemistry
(Supplementary Note 3). Inspired by the ion current oscillation

theories, we derived coupled state equations by assuming a simplified
response of y*,

d

d—’[‘ =Ax> — Bx+Cy )
dy_ Vy kT H(x) — k" H(L — x)] + DE(¢) 3
dat "

Where k™ and k~ are the kinetic parameters related to recognition/
dissociation processes, respectively, H(x) is the Heaviside functions
enforcing the adsorption/desorption kinetic, and D is parameter for
the stochastic disturbance &(t) associated with the stochastic recog-
nition processes. In this case, the spike-form oscillating current could
be modeled by the numerical integration of Eq. 2 and Eq. 3
(Supplementary Fig. 8B), confirming the model’s predictive power of
the oscillating current. This simulation indicated that the bistable
adsorption states induced by the interplay of surface chemistry and
EOF led to the possibility of emulating spiking current with FON. Under
an appropriate bias, EOF triggers surface chemistry transitions
between the metastable states, contributed to oscillating ion current
spikes. Therefore, by regulating the Fe(CN).  transport kinetics,
precise control on the spiking kinetics could be accessible, enabling
possibility of emulating the current-spike-based encoding functions of
neurons with FON.

Neuromorphic spiking response of FON

Neurons transduce external stimuli into spike-form signals, encoding
information through variations in event counts, frequency and
timing®™*. Such dynamically reconfigurable spiking constitutes the
biophysical basis of neural computation®. To validate this neuronal
encoding function of FON, the voltage-gated spiking threshold was
first characterized by applying a triangular wave to the FON device in
asymmetric solution (inner: 0.1M KCI+1 mM K;Fe(CN)¢; outer: 0.1M
KCI). I-V curve indicated that spiking ion current occurs under negative
bias. Critically, an all-or-none spiking behavior was observed, where
spikes occur only when the bias exceeds a threshold value (V,;=-2V),
mimicking the excitability of biological neurons (Fig. 3A). This
threshold phenomenon is consistent with the NDR observed in Fig. 2C,
where intensive EOF under a strong bias voltage results in NDR and
subsequent bifurcation. In contrast, G-t curve under a subthreshold
bias (e.g., V=-1V<V,,, Supplementary Fig. 9A) showed a current value
rather than spikes, as insufficient bias cannot drive the switching
kinetics of EOF and surface charge distribution. Meanwhile, G-t curves
under positive biases exhibited a monotonic increase in conductivity
due to the reversed directions of EOF (Supplementary Fig. 9B). This
voltage-dependent threshold response quantitatively mirrors that of
biological neurons, positioning FON as building blocks for neuro-
morphic circuits and enabling spike-based computing with
nanofluidics.

To further validate the encoding function of FON, stimulus
intensity-encoded spiking responses were demonstrated by sys-
tematically modulating the applied bias. As shown in Fig. 3B, G-t
curves under different bias voltages revealed a stimulus-dependent
spiking rate (electrolyte, inner: 0.1M KCIl+1 mM K3Fe(CN)¢; outer:
0.1M KClI), with the spiking frequency increasing from 2.1+ 0.3 to
18.7 £ 1.2 Hz as the bias was raised from -2 to -5V. This voltage-
programmable frequency coding was corroborated by blue-shifted
power spectra (from 2.4 to 19.1 Hz; Fig. 3C) and narrowing spike full-
width-at-half-maxima (from 0.48 to 0.12s; Fig. 3D). The increased
applied bias enhances EOF velocity, thereby accelerating the tran-
sition kinetics between the high and low conductance states and
leading to a higher spiking frequency. Concurrently, the increasing
bias voltage also resulted in a damping of the conductance envelope
under constant bias, as shown in Fig. 3B, which might be related to
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the accumulation of Fe(CN);~ in the PimB layer, which reduced the
ion conductance over time. Under a stronger bias, faster switching
kinetics amplify this effect due to reduced dissociation time,
resulting in not only faster spiking but also a more pronounced
damping effect.

To theoretically elucidate the observed voltage-dependent ion
current spikes, current responses under varying biases were simulated
using the bistable model (Egs. 2, 3). As the bias voltage directly mod-
ulates the energy barrier between steady states by controlling EOF in
the FON, an increasing bias reduces this barrier, thereby inducing
accelerated spiking behavior (Supplementary Fig. 10A, B). Conversely,
insufficient or positive bias voltages trigger a transition of the bistable
system to a steady state, where spiking ceases, and a monotonic cur-
rent is observed instead (Supplementary Fig. 10C). These voltage-
dependent spiking dynamics align with the Class I neuronal excitability
of biological systems, wherein action potential generation requires

stimulation surpassing a threshold current, and elevated stimulus
intensity enhances spiking frequency®®. This suggests that FON could
emulate the core encoding mechanisms of neural dynamics, posi-
tioning these devices as promising candidates for nanofluidic com-
puting circuits.

Beyond voltage-dependent encoding dynamics, the spike fre-
quency adaptation (SFA) of biological neurons—a damping of fre-
quency under sustained stimuli that maintains sensitivity to rapid
stimuli®’, was emulated with FON to demonstrate their response
kinetics. As shown in Fig. 3E, when a -3 V voltage step was applied, an
initial burst of high-frequency spikes was observed, followed by a
gradual frequency attenuation over time. This tendency was quan-
tified by plotting the instantaneous frequency (described by the
reciprocal period At™) over spiking number (Fig. 3E, inset). Similar to
the damping conductance discussed earlier, the SFA characteristic
of the device can be attributed to the incomplete dissociation of
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Fig. 4 | Chemical regulated spiking of FON. G-t curves of a FON with different
asymmetric solution, A inner: 1M KCI+100 puM K3Fe(CN)g; outer: 1M KCI; B inner:
10 mM KCI+1 mM ATP; outer: 10 mM KClI; C inner: 20 mM NaClOy; outer: 10 mM
KCI; The applied bias was -3 V. D Typical G-t curves of a FON in asymmetric solution
with different ionic strength (inner: 1mM KzFe(CN)q + KCI with different con-
centration; outer: KCl with different concentration), bias voltage -3 V. E Power

C(Fe(CN);*)

spectra derived from (D). F Plot of spiking frequency versus KCI concentration.
G Typical G-t curves of a FON in asymmetric solution with different KsFe(CN),
concentration (inner: 0.1 M KCI + K5Fe(CN)¢ with different concentration; outer:
0.1M KClI), bias voltage -3 V. H Power spectra derived from (G). I Plot of spiking
frequency versus K;Fe(CN)¢ concentration.

Fe(CN);~. The accumulation of Fe(CN);” modulates the EOF velo-
city, thereby altering the switching kinetics over time. This low-
power encoding pattern presents opportunities for generating time-
dependent spiking signals with nanofluidics, which is highly
important for designing advanced neuromorphic computing
systems.

Chemical regulated spiking of FON

Beyond generating diverse current spike morphologies under elec-
trical stimuli, FON simulated a core feature of biological neurons: the
ability to transduce chemical signals into varying spiking currents.
Toward emulating this chemical encoding capability, FON was first
engineered by tuning the Pim-anion recognition intensity to show how
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binding strength governs spiking behavior. As shown in Fig. 4A-C,
changing the backfilled anion species under a fixed -3 V bias induced
dramatic alterations in spiking dynamics. For Fe(CN)z’, which has a
high affinity for PimB as discussed, current spikes persisted even at low
Fe(CN)z‘ concentrations and high ionic strength (e.g., inner: 1M KCI
+100 pM KsFe(CN)g; outer: 1 M KCl), despite significant ionic shielding
attenuating the recognition efficiency. In contrast, weaker ligands like
ATP and CIO, (recognition intensity: Fe(CN);~ > ATP > ClO;) require
low ionic strength (e.g., 10 mM KCI) and elevated concentrations (e.g.,
1mM ATP or 20 mM CIOy) to elicit spiking (Fig. 4B, C). Furthermore,
the spiking frequency correlated with binding affinity, i.e.
f(Fe(CN)2™) > f(ATP) >> f(CIO} ), which can be attributed to changes in
the interfacial recognition-dissociation kinetics. This affinity-
dependent modulation reveals opportunities to tune FON spiking
dynamics through molecular design, enabling quantitative chemical
manipulation over spiking signals.

To quantitatively assess the influence of Pim-anion interactions,
we modulated the ionic strength within the system. Elevating the
background KCI concentration from 0.01 to 1 M under -3V bias (i.e.,
inner: 1 mM K;Fe(CN), + KCI with different concentration; outer: KCI
with different concentration) resulted in accelerated spiking fre-
quencies in the G-t curves (Fig. 4D), corresponding to blue shifts in
the power spectra peaks (Fig. 4E, F). This observation indicates that
by tuning the recognition/dissociation kinetics via ionic strength,
precise spiking control can be realized in FON. Analogous to biolo-
gical neurons, where ionic strength modulates action potential
dynamics®, the ionic strength dependence of FON enables the
encoding of ionic environment information into spiking signal
patterns.

Furthermore, the effect of ligand (i.e., Fe(CN)g’) concentration on
the spiking behaviors of FON was investigated to emulate the regula-
tion dynamics of neurotransmitters. G-t curves in asymmetric solution
with different Fe(CN);~ concentration (i.e., inner: 0.1M KCl +
KsFe(CN), of different concentration, outer: 0.1 M KCI) under a -3V
bias were recorded. At low Fe(CN)g’ concentrations, FON exhibited a
Fe(CN);~ concentration-dependent threshold: spiking activity
required a minimum of 30puM Fe(CN)‘z‘, which produced low-
frequency spiking at 21.8 mHz as shown in Fig. 4G (longer timescale
were adopted for the derivation of power spectra to show the peak
information and adopt the spiking frequency). The spiking frequency
increased with rising Fe(CN)z’ concentration, as proved by the blue
shifts in the power spectra (Fig. 4H), reaching a maximum frequency at
0.1mM Fe(CN); . Notably, further increases of Fe(CN)g‘ concentra-
tion suppressed the spiking frequency (Fig. 4G, H), yielding a nonlinear
concentration-response relationship (Fig. 41). This biphasic behavior
aligns with the nonlinear response kinetics of biological neurons,
where a protective decrease of the response is observed under
extreme stimuli. The stochastic resonance effect, stochastic
disturbance-assisted enhancement of spiking signal, as widely
observed in biological neuron®®*’, could theoretically explain this
observation. By tuning the Fe(CN);~ dependent noise level in
Egs. 2 and 3, a resonant frequency maximum could be derived theo-
retically (Supplementary Fig. 11A-C). Remarkably, this nonlinear che-
mical response mimics neuronal adaptation to suprathreshold
stimulation, highlighting the capacity of FON to implement neuron-
mimic nonlinear encoding rules.

These chemical-mediated characteristics of FON demonstrate
that by tuning PimB-anion interactions within nanoconfinement,
chemical signals can be transduced into ion current spikes of vary-
ing patterns, thereby emulating the encoding mechanisms of neu-
rons. These findings establish the feasibility of an iontronic
computing paradigm in FON through programmable chemical
regulation that mimics the transduction kinetics of biological
neurons.

Chemical regulated threshold of FON

To demonstrate the potential of neuron-mimic nanofluidic computing
via chemically regulated spiking signals in FON, we emulated threshold
modulation during the neuronal refractory period by regulating the
internal concentration gradient. Following presynaptic transmitter
stimuli, neurons enter a refractory state, becoming temporarily unre-
sponsive to subsequent inputs to prevent overstimulation (Fig. 5A)¥,
which is a fundamental chemically mediated spiking kinetics in
neurons.

To replicate this chemical-mediated threshold switching in FON,
we introduced Fe(CN)g’ at varying concentrations into the external
bath, thereby modulating the chemical gradient to mimic postsynaptic
depolarization. In the absence of external Fe(CN)g‘, the FON exhibited
a low threshold voltage of -2V (inner: 0.1M KCl+1 mM K;Fe(CN)e;
outer: 0.1 M KClI), as shown in Fig. 3A. This configuration establishes a
strong Fe(CN)g‘ concentration gradient, resulting in the low spiking
threshold. Conversely, reducing this gradient by introducing Fe(CN)z~
to the external bath increased the bias required to initiate spiking,
mimicking the elevated threshold characteristic of refractory states
(inner: 0.1 M KCI+1 mM K5Fe(CN)g; outer: 0.1 M KCI +10 pM K5Fe(CN)s,
Fig. 5B). Increases in the external Fe(CN);~ concentration induced
threshold shifts (inner: 0.1 M KCI+1 mM KzFe(CN),; outer: 0.1 M KCI +
50 uM KsFe(CN)g, Figure 5C), with 100 uM Fe(CN)g’ establishing an
absolute refractory state where spiking was abolished even under
a -10 V stimulus (inner: 0.1 M KCI+1 mM KzFe(CN),; outer: 0.1 M KCI +
100 uM K3Fe(CN)g, Fig. 5D). These chemically induced threshold
modulations underscore the capacity of FON to achieve reconfigurable
spiking logic through programmable chemical environments.

Critically, the spiking behavior of FON arises from the inter-
dependent K* governed NDR and CI” governed RC charging process as
discussed. In this case, both the electrical field and the concentration
gradient regulated the occurrence of bifurcation by controlling the
intensity of these 2 processes. With raise of external Fe(CN)g’ con-
centration, changes in charge density distribution resulted in regula-
tion of EOF velocity in FON, resulting in stronger voltage requirement
for the occurrence of spiking behavior, which contributed to the
threshold shifts of the device (Supplementary Note 4). By emulating
neuronal threshold plasticity through chemical regulation, FON
transduces chemical information into adaptive spiking, establishing a
biomimetic framework for environmentally responsive iontronic
computation.

Discussion

In summary, we have experimentally demonstrated a spiking neuron
analog using a polyelectrolyte-confined nanofluidic system under an
asymmetric electrolyte environment. Leveraging the neuron-
mimetic mechanism, the FON successfully emulates spiking beha-
viors in response to both electrical and chemical stimuli, producing
oscillating ion currents with diverse patterns. The alternative ion
conductance changes are regulated by the interdependent anion
recognition/dissociation dynamics and EOF reversibility, effectively
replicating key neural encoding features such as threshold respon-
ses, stimulus-dependent frequency modulation, and SFA. Further-
more, chemical regulation of the FON was achieved by modulating
PimB-anion interactions, enabling precise control via ion species,
concentration, and ionic strength to encode chemical information
directly from the electrolyte. This programmability allowed us to
simulate neuronal refractory-period threshold modulation by con-
trolling Fe(CN),  concentration gradient. Compared with conven-
tional artificial spiking neurons that rely on complex memristor or
transistor circuits, the FON emulates complex neuronal responses to
multimodal signals within a single device, offering integrated
encoding functionality alongside unparalleled structural simplicity
(Supplementary Fig. 12).
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Fig. 5 | Chemical regulated threshold shifts of FON. A Schematic illustration on
the low spiking threshold at resting state (upper) and high spiking threshold (lower)
at refraction state of biological neurons (left) and FON (right). G-t curves of a FON in
asymmetric solution with different concentration gradient and different biases

(upper, =3 V; middle, -5 V; bottom, —10 V): B Inner: 0.1 M KCI+1 mM K;Fe(CN),;
Outer: 0.1 M KCI+10 pM K3Fe(CN)g; C Inner: 0.1 M KCI+1 mM K;Fe(CN)g; Outer:
0.1M KCI+50 pM K3Fe(CN)g; D Inner: 0.1 M KCI+1 mM K;Fe(CN),; Outer: 0.1 M KCI
+100 pM K;Fe(CN)s.

The intrinsic advantages of fluidic systems—including chemical
diversity, multi-ion flux synergies, and multimodal regulation—enable
FON to achieve highly nonlinear spiking dynamics with a minimalistic
architecture. This structural simplicity underpins their potential for
neuron-mimetic computing and direct communication with biological
systems. For instance, integrating FON devices into large-scale arrays
could enable the realization of nanofluidic spiking neural networks
that compute using ionic spikes. Similarly, interfacing FON devices
with tissues or cells could establish intelligent biointerfaces capable of
encoding external electrical and chemical signals into spiking ion
currents for neuronal stimulation. While applications in these pro-
mising fields face challenges, such as limited spiking frequency and
scalable integration strategies, future advances in sub-nanofluidic
confinement and functionalized fluidic arrays may address these hur-
dles. Thus, FON represents a transformative platform for the devel-
opment of adaptive, bio-inspired neuromorphic systems.

Methods

Synthesis of monomer and initiator

Synthesis of polyelectrolyte monomer 1-vinyl-3-butylimidazolium
chloride [Vbim][CI] and surface initiator 2-bromo-2-methyl-N-(3-(trie-
thoxysilyl) propanamide) (BTPAm) were carried out following pre-
vious reported protocols**°, [Vbim][CI] monomer was synthesized by
vigorously stirring the mixture of 1-vinylimidazole and 1-chlorobutane
(1:3 molar ratio) under argon atmosphere in an oil bath of 70 °C for
75 h. The mixture was washed by ethyl acetate repeatedly to remove
the unreacted 1-chlorobutane, and the top phase was decanted till the
viscous liquid at the bottom was reversed to white solid. [Vbim][CI]
product could be obtained by finally filtering and drying the white

solid at the bottom. The surface initiator BTPAm was synthesized by
adding a 0°C solution of 0.1mL 2-Bromoisobutyryl bromide and
10 mL toluene to a cold mixture of 180 pL APTES, 120 uL TEA and
10 mL toluene dropwise at 0 °C under argon atmosphere. After con-
stantly stir under 0°C for 2h and room temperature for 24 h, the
mixture was filtered to remove the undissolved salts and further eva-
porated to get the yellow thick liquid BTPAm product.

Fabrication of FON

FON devices were fabricated using SI-ATRP method following previous
reported protocols®®*°, Bare micropipettes were first fabricated by
pulling pre-cleaned glass capillaries using a laser puller with para-
meters as follows:

(Line 1) Heat 405, Fil 5, Vel 25, Delay 28, Pull 10;

(Line 2) Heat 425, Fil 4, Vel 15, Delay 128, Pull 10.

The pore diameter and cone angle of the micropipettes were
checked under an optical microscope to ensure the uniformity of the
device. Hence, the micropipettes were backfilled with 5% BTPAm
solution (in acetonitrile, v/v) and placed in an acetonitrile atmosphere
overnight. By rinsed the micropipette with acetonitrile, ethanol and
water 3 times respectively to remove the unreacted BTPAm, the
initiator-modified micropipettes were prepared for further poly-
merization. ATRP reactions were carried out by backfilling and
immersing the micropipette with a mixed solution of 50 mg-mL™
[Vbim][CI] and 10mgmL™ N,N,N’,N”,N”-pentamethyldiethylene-
triamine (PMDETA). ATRP were conducted by adding 35 mg CuBr to
the external solution and heat under 65 °C oil bath for 24 h in an argon
atmosphere. All solutions for ATRP were bubbled with argon for
20 mins to remove solved oxygen. After colling down to room
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temperature, the modified micropipettes were thoroughly rinsed with
deionized water till no CI” existed.

Synthesis and characterization of PimB-SiNPs

PimB-SiNPs were synthesized by following previous reported
protocol®, initially silica nanoparticles were first synthesized by add-
ing 40 mL ammonium hydroxide (28-30%) into a flask containing
350 ml ethanol. 4 mL TEOS was added and the solution kept in a 20 °C
water bath for 20 h under stir. By centrifuging the resulted milky sus-
pension and carefully rinse the precipitation with ethanol and water,
bare SiNPs were synthesized for further use. Prior to the SI-ATRP
process, SiNPs were first activated by refluxing in 1M HCl under 120 °C
oil bath for 12 h, the activated SiNPs were carefully rinsed with water till
the solution gets neutral. SI-ATRP was carried out by adapting the
protocol for FON. i.e., first modify the nanoparticles with BTPAm and
then carry out ATRP in a mixed solution of BTPAm-modified nano-
particle, CuBr, PMDETA and [Vbim][CI] in a 65 °C oil bath under argon
atmosphere. The modified PimB-SiNPs were further rinsed with water
till no CI” left. The zeta potential of the PimB-SiNPs in different solu-
tions was measured with a ZEN 3600 Zetasizer (Malvern Instru-
ments Ltd., UK).

Characterization of FON

SEM images of the micropipettes were adopted with an S-4800
scanning electron microscope (Hitachi Inc., Japan). All electrical
characterization experiments were performed on a Keithley 2636B
Sourcemeter unit (Tektronix Co., U.S.A.) PimB-modified micropip-
ettes were backfilled and immersed in electrolyte solutions with two
Ag/AgCl wires placed in the micropipette and the external bath
solution, respectively, to connect the circuit (Supplementary
Fig. 1A). The potentials shown in the main text and supporting
information were Vinterval VS. Vexternal- FOr the chemical regulation
of FON, the devices were refreshed by backfilling and immersing
the FON device in 1M KCI solution for 30 min to remove the
recognized Fe(CN)i’ by the strong shielding effect of concentrated
electrolyte. G-t curves in this communication were calculated based
on the ion current and the applied bias voltages. Power spectra
were derived from the G-t results with fast Fourier transform in
OriginLab 2024 (OriginLab Corp.), and extended timescales were
adopted for low-frequency spiking currents. The frequency infor-
mation was adopted from the power spectra peak and the original
G-t curves.

FEM of EOF distribution in FON

FEM were carried out with COMSOL Multiphysics 6.3 (COMSOL Inc.)
with a high-performance server (Lenovo Inc., China). Poisson equa-
tion, Nernst-Planck equation and modified Stokes-Brinkman Equa-
tion were numerically solved based on a steady-state 2D axial
symmetric model (r,z). To describe the ion transport and EOF in FON
under a constant E=-3V bias voltage, the geometric model was
described as follow: a conical micropipette with ro =5 pm radius and
6 =23° half cone angle placed in a reservoir, the internal surface of the
micropipette was modified with a uniform charge layer with thick-
ness d = 0.3 um (Supplementary Fig. 5). The detailed model was dis-
cussed in Supplementary Note 2.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the main text or the supplementary materials. Source data are pro-
vided with this paper.
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