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Electronic Neurons for a New Learning Paradigm

Zhen Wang, Jiajia Wang, Xiang Shi, Zhengfeng Zhu, Peining Chen,
and Huisheng Peng*

Learning is the cornerstone of the growth and development of human beings.
However, traditional learning methods are insufficient to meet the explosive
growth of knowledge and information. Repeated training accounts for a large
proportion of learning time, which significantly limits the improvement of
learning efficiency. Inspired by cloud storage technology, electronic neurons
(E-neuron) with functions similar to neurons in the brain are proposed.
Implanted E-neurons can form new patterns of neural activity in circuits,
including both E-neurons and biological neurons, which can transfer
knowledge from electronic cloud devices to human beings without training.
Herein, the feasibility of this concept is preliminarily demonstrated. Fiber
neural electrodes (FNEs) made of poly(3,4-ethylene dioxythiophene) (PEDOT)
modified carbon nanotubes (CNTs) are used to form both dendrites and axons
of E-neuron. After the implantation of an E-neuron in a mouse’s brain, an
electrical neural connection is created between the mitral cell and dorsolateral
periaqueductal gray (dlPAG). A piece of knowledge similar to “The red light
stops; the green light is all right.” is then passed on to the mouse.

1. Introduction

From the emergence of animals on the earth to the evolution
of humans for thousands of years, the typical learning model is
that organisms receive external information through the senses
and perform repeated training before they can gradually mem-
orize and accumulate knowledge.[1–4] The nature of knowledge
is mainly summarized as the generation of new synaptic con-
nections and the formation of new patterns of neural activity in
neural circuits, which is time-consuming and requires degrees
of training.[5–8] Even for human beings, the knowledge learned
is very limited in decades of life. Therefore, traditional learning
efficiency needs to be more efficient for human beings when fac-
ing the explosive growth of knowledge and information, which
severely limits the development of science and technology.

In recent years, different kinds of artificial neurons were
established.[9,10] They show highly similar functions to biological
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neurons. Memristors and organic transis-
tors used in these artificial neurons acted
mainly as their signal processing units.
However, few memristors or transistors
were used in artificial neurons, so their pro-
cessing capacity was restricted, especially
facing complicated signals in the brain. In-
spired by cloud storage technology, which
can share massive amounts of information
between electronic devices in seconds,[11,12]

we propose an E-neuron capable of im-
planting knowledge from electronic cloud
devices. Similar to neurons in the brain,
E-neuron has functional modules consist-
ing of receiving, processing, and sending
(Figure 1). The dendrites and axons of im-
planted E-neurons were both made of con-
ducting electrodes and directly participated
in brain operation. As the processing core
of the E-neuron, the electronic cell body is a
processing and judging program stored in
electronic cloud devices. It will selectively
and precisely link two groups of specific

functional cells with electronic dendrites and axons based on par-
ticular knowledge. New knowledge exists in the form of a unique
pattern of neural activity in neural circuits composed of both E-
neurons and biological neurons. Such a process is expected to
promote a new learning paradigm in which E-neurons become
the bridge between cloud knowledge and the brain. It is foresee-
able that large amounts of knowledge will be able to be trans-
ferred from the cloud to human beings to realize the sharing of
knowledge when this type of E-neuron system is sufficiently con-
nected with the brain.

Here, we illustrated an elementary knowledge implantation
example to demonstrate the feasibility of this concept. “The
red light stops; the green light is all right.” is a widely known
knowledge for traffic safety in the human world. Nevertheless, a
preschool child must be repeatedly taught to acquire this knowl-
edge, let alone a mouse.[13,14] But now, through the implanted E-
neurons, a similar knowledge like “Sharp smell stops; the mild
smell is all right.” was passed on to mice without training.

In this study, an E-neuron connection was created between the
mitral cell and dorsolateral periaqueductal gray of mice. Fiber
neural electrodes made of PEDOT-modified CNTs were used as
both the dendrites and axons of E-neuron to obtain sufficient im-
planting depth and working stability and quality. Low specific
impedance, together with high charge storage capacity, was ac-
quired by fiber neural electrodes simultaneously.

As the processing core of the E-neuron, the electronic cell body
is a computer program that is responsible for calculating the
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Figure 1. I) Mechanism comparison between artificial knowledge formation and traditional knowledge formation. II) Comparison between E-neurons
and brain neurons.

firing rate and triggering subsequent firing when it reaches the
pre-set threshold. Here, the electronic cell body could wirelessly
connect to the E-dendrites and E-axons.

2. Results and Discussion

Stable interneural connections and efficient electrochemical sig-
nal transmission are the basis for the operation of neurons.[15–17]

Hence, an excellent electrode-brain interface, high recording
quality, and stability of electronic dendrites and axons are the
essential parts of E-neurons. As a flexible material with high
electronic properties,[18–21] twisted CNT fibers have been selected
as the conduction backbone of electronic dendrites and axons.
PEDOT: PSS was used as a modification layer to enhance its
electronic interface properties further to reduce its interface
impedance and increase charge storage capacity.[22] Polyvinyli-
dene fluoride-hexafluoropropylene (PVDF-HFP), a good insulat-
ing material with high biocompatibility, was chosen to fabricate
the insulation layer of the fiber neural electrode. Fiber neural
electrodes were ∼20 μm in diameter with coaxial structure, where
PVDF-HFP, PEDOT: PSS and twisted CNT fiber was used as the
insulation layer, modification layer, and conductive core, respec-
tively (Figure 2a). Detailed observations revealed that the conduc-
tion backbone of fiber neural electrodes consisted of twisted clus-
ters of aligned CNTs (Figure 2a), which secured the excellent con-
ductivity of fiber neural electrodes.

A low interface impedance will provide a high signal-to-
noise ratio for an electrode with a given size, greatly benefit-
ing its recording quality.[23] Moreover, the specific impedance
determines the minimum allowable size of the electrode.[24]

Here, PEDOT-modified fiber neural electrodes had specific
impedances as low as 7097 kΩ·μm2 (at 1 kHz, Figure 2b), which
were lower than most reported neural electrodes, such as bare
CNT electrodes (33 873 kΩ·μm2 at 1 kHz) and tungsten electrodes
(455 546 kΩ·μm2 at 1 kHz, Figure 2b). Thus, the electrode size
could be small enough (20 μm in diameter), which not only en-
sured the specificity of the electronic dendrites’ recording signal
and improved the charge-injecting resolution of electronic axons.

The electrodes showed good electrochemical stability, and no
obvious variation was observed after 1000 cycles of cyclic voltam-
metry test (Figure 2c). At the same time, the electrochemical per-
formance showed an excellent consistency among ten fiber neu-
ral electrodes prepared in the same batch (Figure 2d and S1). Fur-
thermore, high charge storage capacity can also improve the qual-
ity of neural recordings.[25] Fiber neural electrodes showed a high
charge storage capacity of 1808 mC·cm−2 (Figure S2a), which is
much higher than other neural electrodes, such as PtIr wires (6
mC·cm−2), CNT fibers (316 mC·cm−2) and stainless-steel wires
(231 mC·cm−2, Figure S2b–d).

A single fiber neural electrode was then implanted into the
mouse olfactory bulb’s plexiform and mitral cell layer as elec-
tronic dendrites to verify its recording performance in vivo
and olfaction-sensing ability (Figure 3a). Firstly, signals were
recorded in an anesthetized mouse during the switch of odor
stimulation (isoamyl acetate). A significant difference in the ac-
tion potential firing rate was observed (Figure 3b). The collected
firing rate when smelling the odorant (∼86 spikes·50s−1) was sig-
nificantly higher than the firing rate of the odorless substance
(∼11.5 spikes·50s−1). The p-value between the two circumstances
was less than 7×10−5 through the student’s t-test (n = 4, Fig-
ure 3c). Additionally, the high recording quality brought about
by the low impedance and large charge storage capacity enabled
electronic dendrites to record consistent action potentials of a sin-
gle type (Figure 3d and S3a). The pure signal recording laid the
foundation for the program analysis of firing rates.

To further verify the capability of fiber neural electrodes in col-
lecting neural signals when it was used as electronic dendrites,
neural signals of different concentrations of odorant (isoamyl ac-
etate) were then immediately recorded in the anesthetized mice,
and a clear trend in firing rate was also observed (Figure 3e).
When the odor concentration decreased from 10−1 to 10−5 mol/L,
a noticeable decrease (86 to 23.8 spikes·50s−1) was observed in the
average firing rate of the neuron recorded (Figure 3f).

Restricted by technical conditions, electrical stimulation elec-
trodes were tentatively used for the electronic axons to excite
subsequent nerves in this study (Figure 3g). More precise and
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Figure 2. a) Schematic diagram of the coaxial structure of the electrode. Twisted CNT fiber, PEDOT: PSS layer and insulation layer from the inside out.
I. Optical microscope photograph of fiber neural electrode without an insulation layer, scale bar: 40 μm. II. Scanning electron microscope image of the
surface of twisted CNT fiber, scale bar: 500 nm. b) Specific impedance spectroscopy of tungsten wire, bare CNT fiber, and PEDOT-modified CNT fiber.
c) Representative CV curves of specific cycle number in 1000 CV cycles (scan rate: 0.1 V/s). d) Specific impedance spectroscopy of ten fiber neural
electrodes prepared in the same batch.

non-destructive neuron stimulation methods are expected to play
a better role of the electronic axon in future work, such as
optogenetics.[26,27]

As a nerve electrode with high electrical conductivity, a fiber
neural electrode can also be used as an electrical stimulation elec-
trode. Three juxtaposed fiber neural electrodes were used as elec-
tronic axons and implanted into the dorsolateral periaqueduc-
tal gray (dlPAG) to verify their ability to guide mouse behavior
when used as electronic axons (Figure 3g,h). Among the three
electrodes, two were used as stimulation and counter electrodes,
and the third electrode was a backup. After implantation, mice
can move freely without electrical input. Under the condition that
the pulse width (1 ms), train period (2.5s), and train width (1.5s)
remained unchanged, a monophasic electrical stimulation train
with different pulse periods was put into the electronic axon, and
it could be observed that the behavioral freezing time of mice in-
creased significantly as the pulse period shortened. The mouse
can remain still for 39.7s on average when the pulse period was
10 ms (n = 8, Figure 3i). The mouse tried to escape when the
pulse period of the stimulus train was smaller than 5 ms. There-
fore, a pulse period of 15 ms was used in the following experi-
ments, which was moderate enough to only lead to the freezing
behavior of the mouse.

As an example of elementary knowledge, a neural signal anal-
ysis program and a simple judgment code were used as the cell
body of the E-neuron (Figure 4a). The neural signals were first
denoised and filtered through the electronic cell bodies. A sim-
ple judgment program was used to calculate the firing rate of re-
ceived neural signals in real-time. Once the calculated rate was
higher than a pre-set threshold, which means the mice smelled

a sharp odor, the program would automatically release a prede-
termined electrical stimulation train to the electronic axon and
guide the freezing behavior of mice.

An electronic trigger was used to control the functioning of
the E-neuron. When the trigger was inactivated, the electronic
cell body would not send an electrical stimulation train to the
electronic axon under any circumstance. In this case, the mouse
was implanted with blank pieces of knowledge. When the trigger
was activated, each input neural signal sent by the electronic den-
drites would be put into the electronic cell body and trigger the
sending of predetermined electrical stimulation train according
to different situations. In this case, rudimentary knowledge was
implanted into the mouse brain (Figure 4a).

Since the awake-state firing rate received by the electronic den-
drites while mice sniffing an odorous object (∼49.3 spikes·s−1)
was significantly higher than the state while sniffing environ-
mental odor (8.3 spikes·s−1, n = 4, p-value: 8.4×10−4, Figure 4b,c,
S3b, and S4), the threshold of the electronic cell body was set
to be 20 spikes·s−1. This means, once the calculated firing rate
was higher than 20 spikes·s−1, the electronic cell body would im-
mediately release the electrical stimulation train to the electronic
axon. The electrical stimulation train sent by the electronic axon
to dorsolateral periaqueductal gray was set to have a pulse period
of 15 ms with a train period of 1.5 s (Figure 4a and S5).

Finally, a complete E-neuron was assembled and implanted
in the mouse brain, connecting the cell in the mitral layer to the
dorsolateral periaqueductal gray (Figure 4d). In this E-neuron,
the electronic dendrites prepared by fiber neural electrodes
exhibited high recording quality of the mitral cell layer. The
electronic cell body showed the preliminary perception ability
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Figure 3. a) Schematic diagram of a single fiber neural electrode implanted into the mitral cell layer of the mouse olfactory bulb as electronic dendrites.
b) Recording of mitral cells in anesthetized mice during the switch of odor stimulation. Signal in blue: the denoised neural signal received by the E-
dendrite; signal in orange: the action potential sorted from the raw signal; statistics in red: the frequency statistics of the action potential per unit time.
c) Statistics on firing rate during the switch of odor stimulation (n = 4, p-value: 7×10−5). d) Waveforms from the recorded mitral cell. e) Recording of
mitral cells in anesthetized mice during different concentrations of odor stimulation. f) Statistics on firing rate during different concentrations of odor
stimulation (n = 4, p-values: 0.03, 0.005, 0.02, and 0.02). g) Schematic diagram of three juxtaposed fiber neural electrodes used as electronic axons and
implanted into the dorsolateral periaqueductal gray (dlPAG). h) Photographs of mice after implantation and optical microscope image of juxtaposed
fiber neural electrodes, scale bar: 100 μm. i) Statistics on freezing time increasing as pulse period shortened from 40 to 5 ms. *P < 0.05, **P < 0.01,
***P < 0.001.

of the mouse olfactory sense in distinguishing mild or sharp
smells and triggering the electronic axon at the sharp smell.
Fiber-neural-electrode-prepared electronic axons could corre-
spondingly and effectively stimulate subsequent neurons and
guide the freezing behavior of mice.

It can be observed that the mice’s perception of environmen-
tal odors (odorless objects) and odorous objects existed only in
the difference of smell when the E-neuron was not activated (Fig-
ure 4e). Mice tended to avoid the odorant, which was the same
as before the E-neuron implantation. When the trigger was ac-
tivated, the mice responded significantly differently to the two
different odors (Figure 4f). After smelling the odorant, the mice
showed apparent freezing behavior; while under the environ-

mental odor, the mice could still move freely. Through the stu-
dent’s t-test, the p-value between the two circumstances was less
than 2×10−11 (n = 8). As a result, a knowledge similar to “The red
light stops; the green light is all right.” was conveyed to the mice:
“The sharp smell stops; the mild smell is all right.” Additionally,
this knowledge existed only when E-neurons were engaged.

3. Conclusion and Perspective

In conclusion, inspired by cloud storage technology, we propose
using E-neurons as a part of the brain to transfer cloud knowledge
to human beings. In this regard, we preliminarily designed an E-
neuron to test our idea, using a PEDOT-modified CNT fiber neu-
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Figure 4. a) Schematic diagram of signal judgment and processing process inside the cloud electronic cell body. b) Recording of mitral cells in a free-
moving mouse during the switch of odor stimulation. Signal in blue: the denoised neural signal received by the E-dendrite; statistics in red: the frequency
statistics of the action potential per unit time. c) Statistics on firing rate during the switch of odor stimulation (n = 4, p-value: 8.4×10−4). d) Schematic
diagram of E-neuron implantation. e) Statistics on freezing time of the control test when E-neuron was inactive (n = 8). f) Statistics on freezing time
when E-neuron was active (n = 8, p-value: 2×10−11). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Schematic of transferring and sharing knowledge by E-neurons.

ral electrode with low specific impedances and high charge stor-
age capacitance as electronic neural dendrites and axons. Elec-
tronic cell bodies could effectively distinguish the mouse’s ol-
factory sense of mild or sharp smells and trigger the following
electronic axon when it was a sharp smell. After implanting E-
neurons into mice, a rudimentary piece of knowledge was im-
planted. Furthermore, we showed that this knowledge existed
only when E-neurons were engaged.

Of course, this technology is still at a very early stage.
The implantation of complex/advanced knowledge not only re-
quires the co-implantation of multiple or even a large num-
ber of E-neurons but also relies on extensive and stable
neural signal acquisition,[28–30] efficient and intelligent neural
signal analysis,[31–33] and precise and non-destructive neuron
excitation/stimulation.[34] In the initial stage, this technology will
focus on the repair of fundamental brain reflection; for example,
it will help patients with cerebral infarction and Alzheimer’s dis-
ease regain their body balance and self-care ability. We believe,
with the further development of sensing devices, this technology
may become a general and effective strategy to transfer a large
amount of knowledge from the cloud to humans and realize the
sharing of knowledge among different people (Figure 5), thereby,
significantly improving the learning efficiency and intelligence
level of human beings.

4. Experimental Section
Preparation of CNT Fibers: The CNT fibers were synthesized via float-

ing catalyst chemical vapor deposition with thiophene (1–2 wt.%) and fer-
rocene (1–2 wt.%) as the catalyst. Flowing ethanol (> 97 wt.%), Ar (200

sccm), and H2 (2000 sccm) were used as carbon source, carrier gas, and
reduction gas, respectively. The CNT aerogel was produced continuously
at the hot zone of a tube furnace with a reaction temperature of 1200 °C,
then collected into cylindrical hollow socks. The CNT sock was pulled out
of the furnace by a titanium rod and then densified through water and
ethanol in turn. The CNT sock shrank immediately into the CNT ribbon
upon arriving at the water’s surface. It was finally washed with acetone
for further densification, followed by drying, twisting, and collecting onto
a spool to produce CNT fibers. By controlling the twisting and collection
speed, CNT fibers were produced with designed specific diameters (typical
diameter of 15 μm).

Preparation of Fiber Neural Electrodes: PEDOT: PSS aqueous solution
(PH1000, Heraeus) was placed on a hot table with a stirring speed of 100
rpm until it was concentrated to a solid content of 2.5%. 5 wt.% dimethyl
sulfoxide (DMSO, Sinopharm Chemical Reagent Co., Ltd) was added to
the concentrated solution, and then stirred for 2 h, and filtered. A bubble
removal process was carried out in a vacuum oven. CNT fibers would go
through an oxygen treatment before the dip coating process of the PEDOT:
PSS layer to make the surface hydrophilic.

Fluor rubber (PVDF-HFP G801) was dissolved in 4-methyl 2-pentanone
(Sinopharm Chemical Reagent Co., Ltd) with a mass fraction of 20%. Fiber
neural electrodes were finally obtained by a dip-coating process at a con-
stant speed. Good ventilation was ensured during the process, so the
quick solvent evaporation could avoid the Plateau-Rayleigh instability.

Morphological and Elemental Characterization: The optical image was
captured by Olympus EX51. Scanning electron microscopy (SEM) images
were obtained by Zeiss Gemini SEM500 FESEM. A freeze dryer was used
to prepare samples for SEM imaging.

Electrochemical Characterization: Electrochemical characterization
was characterized by an Electrical workstation (CHI660E, CH Instruments
Ins.). The test electrode (i.e., fiber neural electrode) was used as the
working electrode, with the reference electrode of Ag/AgCl, and the
counter electrode of platinum wire. PBS (0.01 m, pH = 7.4) was used as
the electrolyte. Impedance and cyclic voltammograms were measured
by the impedance function and CV function respectively. The electrode
diameter was measured by Olympus EX51 and the electrode length was
measured by a vernier caliper.

In Vivo Electrophysiology: A 2 × 10 pin connector was used for the
adapter of fiber neural electrodes and connected by silver glue. Sealed the
joint with silicone rubber for EMI mitigation. Gelatin was added to water
with a mass fraction of 30% and stirred at 159 °C to form a viscous so-
lution. For assistive implantation, gelatin fibers with a diameter of 10 μm
were fixed on the connector, paralleling to the electrodes. PEG 4000 was
melted at 120 °C and used to bond them. Before implantation, disinfection
with ultraviolet radiation was performed on a clean bench.

Fiber neural electrodes were tested in mice (ICR, 6 weeks old, Shang-
hai SLAC Laboratory Animal Co., Ltd.) housed in an ordinary animal
room (12 h light/dark cycle, 22 °C, food, and water ad libitum). Surgeries
were performed on deeply anesthetized mice positioned in a stereotactic
frame (RWD). Mice were pretreated with atropine sulfate (0.1 mg per kg,
intraperitoneally), and anesthetized with chloral hydrate (400 mg per kg).
Then the scalp was removed by scissors. An electric drill was used to
remove the skull of implantation sites. The adaptor with electrodes was
loaded into an FHC hydraulic micro-positioner (FHC INC).

The skull was drilled with a hole about 2 mm in diameter by using a
skull drill with the following stereotaxic coordinates: anteroposterior (AP),
4.6 mm; mediolateral (M/L), 0.8 mm for mitral cell layer and anteropos-
terior (AP), -4.7 mm; mediolateral (M/L), 0.5 mm for dlPAG layer. A ster-
ile syringe needle was used to remove the dura mater. A flat head screw
was screwed to another side as ground and reference. Electrodes were im-
planted at a depth of 200 μm and 1.9 mm below the cortex.

For mice in chronic test, bare brain tissue was covered with a layer of
agarose gel (1 wt.%) after implantation, then with a layer of paraffin, and
finally fixed to the skull with a dental resin adhesive (Super Bond C&B,
SUN MEDICAL). After the dental resin adhesive had been completely
solidified, iodophor was applied around the wound. All surgical instru-
ments were sterilized. Cefuroxime sodium (2 mg kg−1) was administered
subcutaneously over the shoulders to reduce the inflammatory response,
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followed by the subcutaneous administration of 0.5% lidocaine directly
under the scalp incision site.

In the acute test, the electrophysiological recording was performed im-
mediately. Isoamyl acetate (Sigma-Aldrich) was used as an odorant and
the clean air was used as the odorless substance. The odorant was diluted
in mineral oil in different concentrations and stored in light-shielded vials.
Before use, the odorant (50 μL) was placed on filter paper and put in front
of the mouse’s nose. The raw data were collected through BlackRock Mi-
crosystems. Offline analysis was performed using Spike 2 (CED).

In the chronic test, the electrophysiological recording was performed
on mice after recovery for one week. Mice were placed in their familiar
environments without moving restrictions. The raw data were collected
through BlackRock Microsystems. The firing rate was analyzed in real-time
by the program. The stimulation train was preset and given by MODEL
3800. Offline analysis was performed using Spike 2 (CED).

Approval Statement: All the animal experimental procedures were ap-
proved by the Ethics Committee of Fudan University (Approval number:
SYXK2020-0032) and the International ethical guidelines and the National
Institutes of Health Guide concerning the Care and Use of Laboratory An-
imals were strictly followed.

Statistical Analysis: The raw data were collected through BlackRock Mi-
crosystems. Raw data were pre-processed through a high-pass filter with a
passing frequency range of 800—5000 Hz. Offline analysis was performed
using Spike 2 (CED). Action potentials were sorted through its spike sort-
ing function with a threshold of ±25 μV. All images were confirmed by
at least three independent experiments with similar results. All data were
shown in mean corrected values ± S.D. of at least four independent ex-
periments unless otherwise stated. Graphing of the data was conducted
using Microsoft Office Excel, Origin 2022, and Adobe Illustrator CC 2018.
Except for the data in Figure 3f, all statistical analyses were performed us-
ing a two-tailed student’s t-test with a sample size of at least 4 (n = 4). In
Figure 3f, statistical analyses were performed using a one-tailed student’s
t-test with a sample size of 4 (n = 4). p < 0.05 was considered significant
(*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., not significant). All results
are presented as the mean ±standard deviation (S.D.).
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