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ABSTRACT 

Artificial synapses have emerged as a pivotal technological advancement in mimicking brain functions. Organic memristors 
are desirable for hardware implementation of artificial synapses, owing to their remarkable mechanical flexibility, high 
biocompatibility at cell-device interfaces, and adjustable material structure. Developing appropriate organic polymers with carbon 
dots modification will enable the memristor to possess analog-type resistive switching behavior, crucial for realizing brain-like 
associative learning and adapting dynamic variations of neuron connection strength. In this work, an artificial synapse based 
on the analogue organic memristor integrating neuromorphic computing and neural interface functions is proposed, utilizing 
synthetic conjugated porous polymers to construct composites with boron-doped carbon dots. The structure-property relationship 
of alkynyl and alkyl chains in polymers is elucidated, alongside the synergistic effect of local photoinduced redox and hole 
templating in composites that endows the device with analog-type resistive switching behavior. Moreover, the memristor presents 
impressive synaptic plasticity and associative memory learning potential for neuromorphic computing, and further serves as a core 
unit in flexible artificial neural interface chips, demonstrating dynamic information transmission with neural systems. This study 
will promote the further development of organic artificial synapses for neuromorphic computing and brain-machine interfaces. 

 

 

 

 

 

 

1 Introduction 

Artificial synapse, as a pivotal technological pathway for mim-
icking the human brain, has emerged as a core issue driv-
ing the advancement of intelligent computing and interaction
systems to higher levels [ 1–4 ]. The objective of the artificial
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synapse is to emulate human brain functions for realizing
intelligent computing characterized with large-scale parallelism, 
high energy efficiency, and exceptional cognitive ability [ 5, 6 ].
Another even more encouraging prospect is neural interfaces 
capable of direct communication with biological systems, given 
the similarities of neural architecture and functionality between 
its use, distribution and reproduction in any medium, provided the original work is properly 
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the artificial synapse and neural synapse. The neural interface
would provide information output channels for brain-like neural
computing, complete information exchange and establish an
efficient human-computer interaction between the biological
neural system and external devices [ 7 ]. 

Memristors have the promising potential to implement such an
artificial synapse that integrates neuromorphic computing and
neural interfaces [ 8, 9 ]. The functional layer material in the mid-
dle of memristors provides dynamic interactions with external
environment through the reception and response to external stim-
uli, achieving memory information and training [ 10–14 ]. Organics
are encouraging for neuromorphic electronics due to remarkable
mechanical flexibility/stretchability, biocompatibility with cell-
device interfaces, and tunable molecular structure [ 15, 16 ]. In
general, organic memristor exhibits digital-type resistive switch-
ing (DRS) behavior, enabling abrupt transitions between high and
low resistive states (HRS/LRS), representing information writing
and erasing via formation and rupture of conductive filaments
(CFs) [ 17 ]. In addition to DRS, analog-type resistive switching
(ARS) behavior holds considerable potential for memristor-based
artificial synapses. ARS possesses the characteristic of gradually
tunable conductance [ 18–20 ], mimicking the constantly changing
behavior of neurons connection strength in biological systems,
and thus offers performance benefits in simulating brain com-
puting and adapting to dynamic variations of neural interface
connections. By designing and optimizing the structure of organic
materials, the conduction mode of memristors can be modulated
to achieve ARS behavior. 

In this context, conjugated porous polymers (CPPs), character-
ized by inherent porosity and extended π-conjugated electronic
system [ 21–23 ], emerging as a promising material for memristors.
The porous channel structure has been verified to possess a hole
template effect for the ordered growth of CFs, contributing to
improving device uniformity [ 24 ]. The long-range π-conjugated
structure of CPPs enables electrons to transfer over a wide
range [ 25 ], which is conducive to reduce power consump-
tion. Through precisely manipulating the chemical bonds and
functional groups, the migration of electrons and ions can be
modulated in the memristor, directly influencing memristor
performance. Furthermore, the strategy of carbon dots (CDs)
doping CPPs will support developing ARS-type memristors. Our
recent work has proved that boron-doped CDs (BCDs) can
significantly enhance device stability, primarily attributed to the
capability of effectively capturing free electrons and subsequently
inducing ordered CFs formation [ 26 ]. CDs can effectively adhere
to CPPs characterized by a large specific surface area, and the
local chemical environment of CPPs can be modulated by CDs.
This potentially achieves ARS behavior for memristor through
inducing the formation of weak CFs [ 20 ]. Therefore, employing
the composite of CPPs and CDs is anticipated to expedite the
progress of an artificial synapse based on organic memristor. 

Herein, an artificial synapse based on the organic memristor is
proposed (Figure 1 ), integrating brain-like neuromorphic com-
puting and neural interface functions. Three structurally similar
triazine-based CPPs are synthesized and utilized to construct
the composite with BCDs (BCDs@CPPs), which is then used to
fabricate a memristor exhibiting ARS behavior. The role of alkynyl
and alkyl chain on memristance is systematically investigated
2 of 15
through an analysis of CPPs structure and device performance.
Considering the movement of photogenerated electrons, it can be
judged that weak CFs induced by local redox reaction determine
device performance. The composite-based memristor exhibits 
promising neuromorphic computing capabilities by demonstrat- 
ing synaptic plasticity and associative memory learning potential, 
effectively simulating biological neural network information 
processing. On this basis, this capability is further extended to
neural interfaces, showing potential in biological signal trans-
mission. The memristor is incorporated into a flexible artificial
neural interface chip (ANIC), which responds to secretions from
neuronal PC12 cells triggered by the release of dopamine (DA)
through a heat-responsive polyvinyl alcohol (PVA) hydrogel. This
achieves effective neurotransmitter signaling in a loop between 
neural interface and biological neural system. 

2 Results and Discussions 

2.1 The Synthesis and Structure-Property 
Relationship of CPPs 

The structure of three triazine-based CPPs is designed in
Figure 2A . Triphenyltriazine, as a key repeating node unit, is
connected to form structurally similar CPP1, CPP2, and CPP3
through fluorene, alkynyl, and alkynyl fluorene, respectively. 
The triazine unit, serving as an electron-withdrawing moiety 
[ 27 ], is capable of forming a donor–acceptor (D-A) polymer with
fluorene group, thereby enhancing electron transfer along the 
polymer backbone. Upon excitation by ultraviolet, the triazine 
unit typically facilitates the separation of electron–hole pairs and
initiates redox reactions in situ [ 28, 29 ], generating photogen-
erated electrons that may modulate the memristance property. 
The alkynyl group, acting as the π-bridge in D-A polymers, can
enhance the intramolecular charge transfer and adjust channel 
aperture size. The alkyl chains of D-A polymers can prevent
aggregation, thereby endowing the polymers with solution- 
processability. These CPPs were synthesized using Sonogashria, 
Eglinton, and Suzuki coupling methods, and the synthesis routes
are shown in Figures S1 and S2 . The nuclear magnetic resonance
spectra provide evidence for synthetic intermediate compounds 
C1–C6 (Figures S3–S8 ), and the Fourier transform infrared (FTIR)
spectra analysis also proves the successful synthesis of CPPs
(Figure S9 ). The stretch vibration absorption peaks of C ≡ C in
C3 and C4 are located at 2156 and 2106 cm− 1 , respectively.
C4 exhibits the C ─H signal of alkynyl at 3298 cm− 1 , which
indicates that C3 successfully transforms into C4 after removing
the trimethylsilyl protecting group. Compared to the C ≡ C peak
of C5 (2158 cm− 1 ), the signal of that in CPP1 (2190 cm− 1 ) shows
a red-shift, which is attributed to CPP1 itself having a greater
conjugated degree. The C ─B (961 cm− 1 ) and C ─O (1144 cm− 1 )
stretching vibration peaks, originally present in C2, are absent
in the CPP2 spectrum, which corresponds to the bond cleavage
at the reaction site during synthesis process of CPP2. In further
analysis, it is evident that the C ≡ C signal presents in C4 (2106
cm− 1 ) and CPP3 (2193 cm− 1 ), whereas alkynyl hydrogen (3298
cm− 1 ) is exclusively observed in C4, suggesting C4 reacts with
T1 to yield CPP3. In the FTIR spectra of CPPs (Figure 2B ),
the bands (I) and (II) illustrate that the C ─H bond of alkyl
chain appears in CPP2 and CPP3, while the C ≡ C groups exist
in CPP1 and CPP3. The peaks in bands (III)–(V) correspond to
Exploration, 2026

om
m

ons L
icense



FIGURE 1 Schematic diagram of the organic composite (BCDs@CPPs) and the memristor for artificial synapse. (A) The preparation process of 
CPPs, BCDs@CPPs composite, and memristor. (B) Memristance property and working mechanism. (C) Schematic diagram of the brain-like device used 
for artificial synapse. 
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the triazine group, out-of-plane and in-plane bending vibration
peaks of C ─H in turn. According to XRD patterns (Figure 2C ), all
CPPs have relatively wide diffraction peaks in the range of 20◦–
25◦, indicating that they all possess amorphous structures. The
BET measurement (Figure S10 ) indicates that the surface areas of
CPP2 (171 cm2 g− 1 ) and CPP3 (198 cm2 g− 1 ) are larger than that
of CPP1 (47 cm2 g− 1 ), which may be due to the presence of alkyl
chains that prevent the accumulation of CPP2 and CPP3, thus
exposing larger surface area. The average pore diameters of CPP1,
Exploration, 2026
CPP2, and CPP3 increase sequentially, which is consistent with
the trend of theoretically increasing pore sizes for three CPPs.
Moreover, the thermogravimetric analysis (TGA) reveals an obvi- 
ous weight loss in CPPs within 400–600◦C (Figure 2D ), which
is attributed to the thermal decomposition of triazine moiety
and alkyl chain [ 30, 31 ]. Notably, CPPs exhibit very little weight
loss before 300◦C, indicating CPPs have good thermal stability
in normal environments, which is advantageous for memristor
stability. 
3 of 15
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FIGURE 2 The structure-property relationship between CPPs and memristor performance. (A) Schematic diagram of theoretical structure units 
of CPPs. (B) FTIR spectra, (C) XRD pattern, and (D) TGA of CPPs. I–V curves of the memristors based on (E) CPP1, (F) CPP2, and (G) CPP3. The CAFM 

current images (3 ×3 µm) of (H) CPP1, (I) CPP2, and (J) CPP3 film after a SET stimulus (4 V). (K) Comparative analysis of CFs and CPPs structure to 
reveal structure-property relationship between CPPs and memristor performance. 
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The powdery CPPs exhibit limited solubility in solvents, hamper-
ing the efficient preparation of functional layer films. Therefore, it
is imperative to achieve the uniform dispersion of poorly soluble
CPPs in solvents for obtaining solution processability. CPPs
chloroform solution is prepared by sonication (Figure S11 ), and
the morphology of CPPs before and after ultrasonic treatment is
shown in Figure S12 . From the transmission electron microscope
(TEM) images before ultrasonication, CPP1 exhibits a stacked
morphology, while CPP2 and CPP3 are spheroidal. The morpho-
logical difference between CPPs is primarily attributed to the
alkyl chains that tend to occupy the cavity of polymers, resulting
in spheroidal CPP2 and CPP3 [ 30 ]. After ultrasonication, all
CPPs manifest layered structure. The observed local lattice fringes
indicate a more ordered structure. Ultrasonication can disperse
the stacked CPP1 and effectively unfurl the alkyl chains of CPP2
and CPP3 from the cavity of polymers, which transforms CPPs
into a layered morphology, resulting in increased surface area and
composite sites. 

The CPPs-based memristor presents an Al/CPPs/ITO/glass struc-
ture, in which the CPPs layer possesses a relatively smooth
morphology in a 5 ×5 µm area (Figure S13 ). The memristor based
on CPP1 is activated at + 1.45 V (Sweep1) and then sustains
at LRS throughout subsequent scans with both positive and
negative electric fields (Sweep2–Sweep5), as shown in Figure 2E .
Even exerting a + 4 V bias voltage after a 15 min power
interruption, the CPP1-based memristor still remains at LRS
(Sweep6), which aligns with the write-once-read-many times
(WORM) characteristic. The CPP2-based memristor exhibits ARS
behavior with gradually adjustable resistance state after the
first forming cycle that corresponds to CFs generation, and can
then be reliably cycled in positive and negative electric fields
(Figure 2F ). The CPP3-based memristor performs SET operation
at + 1.70 V (Sweep1), exhibiting similar memristive characteristics
to the CPP1-based memristor before power interruption (Sweep2–
Sweep5), as shown in Figure 2G . However, after a 15 min power
interruption, the device returns to HRS voluntarily, manifesting
the volatility of data. Once reapplying a + 4 V bias voltage,
the device performs a writing operation again (Sweep6). These
features demonstrate that the CPP3-based memristor presents a
static random-access memory (SRAM) behavior [ 32 ]. 

The resistive switching behaviors of three CPPs-based memristors
are closely associated with their respective CFs. The CFs of
the CPP1-based memristor exhibit high strength and difficult
disruption, as evidenced by the device keeping at LRS during
both positive and negative electric field scans, as well as upon re-
stimulation after power interruption. The device performance of
CPP3-based memristor is similar to that of CPP1-based memristor
before power interruption, but a SET operation is required in
the subsequent operation, indicating that the CFs within film
also have relatively high strength. However, the disconnection
after power interruption indicates that the strength of the CFs in
CPP3 film is inferior to that in CPP1 film. The current of CPP2-
based memristor is uninterrupted variation, which illustrates that
the CFs within CPP2 film are sensitive to continuous changes of
electric fields, thereby indicating these CFs exhibit weak strength.
These CFs of distinct CPPs films can also be observed from their
conductive atomic force microscopy (CAFM) current images
(Figures 2H–J ). CPP1 film exhibits strong current paths, whereas
the current paths of CPP2 film appear to be extremely weak,
Exploration, 2026
and current intensity of CPP3 falls between CPP1 and CPP2.
The specific structure of CPPs is related to the CFs property
(Figure 2K ). Alkyl chain is absent in CPP1, whereas this group
presents in both CPP2 and CPP3. Thus, it is inferred that alkyl
chain may physically intervene in the growth of CFs, resulting
in the inferior strength of CFs in CPP2 and CPP3 compared to
that of CPP1. Similarly, alkyne groups contribute to the formation
of more stable CFs in CPP1 and CPP3. The CFs are less likely to
dissolve or rupture even under the reverse electric field, enabling
CPP1 and CPP3 to maintain LRS. This molecular-level design
provides a foundational strategy for tailoring organic memristors
with specific memristor performance. 

2.2 The Composite-Based Memristor and 

Working Mechanism 

The current range of CPP2-based memristor is significantly 
lower than that of CPP1- and CPP3-based memristors, thus
meeting the low-power requirements of artificial synapses. The 
selected BCDs can enhance memristance property effectively and 
have been synthesized in our previous work [ 26 ]. The ability
of this polymer/inorganic hybrid system to effectively regulate 
electron movement has been explored in other fields [ 33–38 ].
The schematic diagram of BCDs@CPP2 composite is depicted 
in Figure 3A . BCDs can associate well with layered CPP2 in
chloroform to form the composite (Figure 3B ), and their lattice
fringes are clearly visible in high-resolution TEM (HRTEM)
image (Figure 3C ). By analyzing the contour intensity of the
lattice fringes in the inverse fast Fourier transform (IFFT) image
(Figure 3D ), it can be determined the average crystal plane
spacing is approximately 0.212 nm (Figure 3E ), which is close to
that of BCDs (0.213 nm) [ 26 ], indicating BCDs are successfully
attached to CPP2. The surface topography of composite film
(5 ×5 µm) was measured using atomic force microscopy (AFM)
(Figure 3H ), revealing a root-mean-square (RMS) value of only
0.078 nm, which is significantly lower than that (5.52 nm) of
CPP2 film (Figure S13E ). This indicates that the insertion of BCDs
into CPP2 reduces the disordered stacking morphology of CPP2
and decreases surface roughness of the CPP2 film, resulting in a
smoother film that is conducive to promoting electron transport.
Moreover, the functional layer is mainly stacked by BCDs@CPP2
composite that presents layered morphology. The marked blue 
line in the AFM image spans four layers of composite films, and
the corresponding contour line chart shows that the thickness
of each layered film is between 1–2 nm. This kind of ultra-thin
layered composite is expected to shrink the device size, and may
obtain other advantages of high carrier mobility, stable switching
behavior, and controllable neuromorphic characteristics [ 39, 40 ].

The I –V curve of BCDs@CPP2-based memristor (Figure S14A )
exhibits DRS with a small memory window. After illuminating
the device from bottom for 20 min by ultraviolet irradiation,
the device presents the gradual and continuous ARS behavior
with an expanded memory window (Figure 4A ), indicating a
transition from DRS to ARS. Besides, the photosensitive device
demonstrates that conductance gradually decreases under a 
negative electric field (i.e. inhibitory behavior) and increases 
under a positive electric field (i.e. potentiation behavior), as
shown in Figure 4C,D . The above performances indicate that
5 of 15
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FIGURE 3 Morphology of the composite and its memristor device. (A) Schematic diagram of CPP2 and its composite with BCDs. (B) TEM and 
(C) HRTEM images of the composite, and the area in the white framework is transferred into (D) the IFFT pattern, showing a typical HRTEM image 
of the individual BCD with a crystal plane spacing of 0.212 nm. (E) Profile of IFFT along the yellow line in Figure D). (F) Schematic diagram of the 
composite-based memristor. (G) Cold field emission scanning electron microscopy image of the device cross-section, arranged from bottom to top with a 
glass substrate, bottom ITO electrode (100 nm), BCDs@CPP2 functional layer (125 nm), and top Al electrode (70 nm). (H) The AFM image of composite 
film, and the line profile of four-layered films along the blue line. 
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the composite-based memristor meets the criteria for being a
candidate device for constructing artificial synapses [ 41 ]. 

The ARS behavior is closely related to photogenerated carriers,
which can be elucidated through transient photovoltage (TPV)
of CPP2 and its BCDs@CPP2 composite. Initially, the TPV value
of CPP2 is negative before 0.047 ms (Figure 4E ), indicating the
generation and accumulation of photogenerated electrons on
its surface under ultraviolet excitation [ 42 ]. Subsequently, these
electrons are consumed by oxygen due to oxidation, leading to
an accumulation of photogenerated holes on CPP2 surface and
causing positive TPV. While the TPV of composite maintains pos-
itive throughout and gradually decayed to 0 over time (Figure 4F ).
Specifically, the BCDs can capture the photogenerated electrons
produced by CPP2 under ultraviolet excitation due to their strong
electron trapping ability. Consequently, the photogenerated holes
keep a positive TPV for composite. The gradual decrease of TPV
6 of 15
value to 0 is attributed to the recombination of photogenerated
electrons and holes or other relaxation [ 42 ]. In short, a local
photoinduced redox occurs between CPP2 and BCDs. 

A model of photoinduced weak CFs is proposed to explicate the
ARS behavior of composite-based memristor (Figure 4G ), taking
into account the material structure, device performance, and 
TPV analysis. In the absence of ultraviolet stimulation, similar to
the BCDs-based memristor [ 26 ], the composite-based memristor
exhibits multilevel resistive switching behavior (Figure S14A ). 
While upon ultraviolet excitation, a local photoinduced redox 
occurs between CPP2 and BCDs, leading to the separation
of holes and electrons. Such photogenerated carriers can be
efficiently separated and transported within CPP2, attributing 
to the alternating distribution of positive and negative potential
regions, supported by molecular simulation based on density 
functional theory (Figure S15 ). Based on the TPV result and
Exploration, 2026
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FIGURE 4 Performance and mechanism of the composite-based memristor. Cyclic I –V curves of device (A) with and (B) without ultraviolet 
treatment. I –V curves under consecutive (C) negative and (D) positive voltage sweeps after ultraviolet treatment. The TPV curve of (E) CPP2 and (F) 
composite at 355 nm. (G) Schematic diagram of photogenerated electron-induced weak CFs mechanism under ultraviolet irradiation. 
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the trapping electron ability of BCDs, it is evident that the
holes accumulate on CPP2 surface, while the photogenerated
electrons are strongly attracted towards and localized at the
BCDs sites. These localized electrons create a reducing envi-
ronment around the BCDs, facilitating the reduction of mobile
Al3 + (originating from the top electrode under bias) to metallic
Al atoms. This reduction process nucleates the formation of
metallic CFs primarily at or between adjacent BCDs sites. In
addition, the simulated calculation reveals that CFs are typically
formed between adjacent BCDs and present interconnectedness
(Figure S16 ). Under reverse bias, CFs undergo electrochemical
oxidation, dissolving partially as Al3 + ions, and the current
declines. Such weak and interconnected CFs in porous composite
gradually form or disconnect in response to voltage variations,
enabling the device to exhibit repeatable and cyclic ARS behav-
ior. This composite design with the synergistic effect of local
photoinduced redox and hole templating provides a promis-
ing approach for constructing ARS-type memristors, which
Exploration, 2026
enables gradual conductance modulation essential for artificial 
synapses. 

2.3 Analogue Memristor for Neuromorphic 
Computing and Neural Interface 

In neural synapses, as an important component in neural
conduction, excitatory post-synaptic current (EPSC) can facil- 
itate the transmission of synaptic excitation signals to induce
neuronal excitation, consequently causing action potentials. 
Given the similarity in structure and operational mechanism 

between memristor and neural synapse (Figure 5A ) [ 43 ], it is
imperative to investigate EPSC. Current response of the ARS-
type memristor can be triggered under a single pulse (4 V, 50
µs), and gradually decays after removing stimulus (Figure 5B ),
suggesting an obvious EPSC characteristic. In contrast, the device
without ultraviolet irradiation fails to display a significant EPSC
7 of 15
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FIGURE 5 Synaptic learning functions emulated by the composite-based memristor. (A) Schematic diagram of the relationship between the neural 
synapse and memristor. (B) EPSC of BCDs@CPP2-based memristors treated by ultraviolet light for 20 min. (C) PPF index and the fitted curve of the 
device triggered by paired spikes with different interval times. The transition from STP to LTP by regulating (D) the stimulus pulse amplitude and (E) 
frequency. (F) Relative changes of the synaptic weight with interval time, showing a typical STDP function. (G) Simulation of multiple learning and 
forgetting behaviors of the human brain. (H) Simulation of Pavlov’s dog experiment: bell ringing stimulus (0.1 V pulses), food stimulus (4.0 V pulses), 
the combined training sequence with the bell and food (a 4.0 V pulse followed by a 0.1 V pulse), and bell ringing stimulus (0.1 V pulses). Vread is 1.0 V. 
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response. The paired-pulse facilitation (PPF) function represents
the temporal correlation between adjacent spikes [ 44 ], and is
associated with Ca2 + biological dynamics [ 45 ]. PPF is simulated
by two successive pulses (4 V, 50 µs), and shows that the second
spike is higher than that of the first spike. PPF index can be
calculated and fitted by the following equations: 

PPF ratio = 𝐴2 ∕𝐴1 (1)

PPF index = 1 + 𝐶1 exp ( − Δ𝑡∕𝜏1 ) + 𝐶2 exp ( − Δ𝑡∕𝜏2 ) (2)

where 𝐴1 and 𝐴2 are the first and second EPSC peaks, C1 and C2 
denote the initial magnitudes of facilitation, Δ𝑡 is interval time,
𝜏1 and 𝜏2 represent relaxation times. The decreased interval time
between spikes is directly correlated with the enhanced PPF index
(Figure 5C ), signifying an increased susceptibility of the device
to facilitation [ 46, 47 ]. Both EPSC and PPF behaviors belong
to short-term plasticity (STP), which is essential for artificial
synapses to perform the neuromorphic computing [ 44, 48 ]. 

Long-term plasticity (LTP) is also crucial to the learning and
memory storage of nervous system. Repeated rehearsal events
can significantly alter the synaptic weight ( ΔG ), enabling a
transition from STP to LTP. The electrical pulses with varying
amplitudes (2.0, 2.5, 3.0, 3.5, and 4.0 V) were applied to the
memristor (Figure 5D ), revealing that higher voltages promote
an increase in memory retention, and gradually manifesting
LTP, which indicates a stimulus-amplitude-dependent plasticity
(SADP) [ 48 ]. Similarly, when pulse frequency increases from 3.33
to 10.0 kHz, memory retention also enhances (Figure 5E ), corre-
sponding to the stimulus-frequency-dependent plasticity (SFDP)
[ 48 ]. The conductance ratio ( Gmax / Gmin ) shows the apparent
variation of EPSC with the adjustment in pulse amplitude and fre-
quency (Figure S18B,C ). The device is mimicked spiking-timing-
dependent plasticity (STDP) which is one of the representative
behaviors of unsupervised learning in neural networks. STDP can
refine and improve the traditional Hebbian synaptic plasticity
by adjusting the interval time between the pre- and postsynaptic
stimuli, generating long-term potentiation and long-term depres-
sion [ 44, 49 ]. The pulse sequences with different interval times
were applied to the device (Figure S18D,E ), and STDP data is
shown in Figure 5F . The corresponding fitting curve is derived
from the formula (Figure S18F ). Specifically, when presynaptic
stimulus precedes postsynaptic stimulus, the device exhibits a
potentiation behavior, otherwise, it demonstrates an inhibitory
behavior. When the interval time decreases, it is more likely to
cause conductance changes, similar to the behavior of biological
synapses [ 45 ]. The realization of STDP indicates BCDs@CPP2-
based memristor has a potential to simulate biological learning
processes for neuromorphic computing. 

The ARS-type memristor demonstrates associative memory
learning potential by mimicking the learning and forgetting
behavior and Pavlov’s dog conditioned reflex experiment. In
the learning and memory process, biological synapses in the
brain commences with the formation of STP upon receiving
stimulus information. The repeated training creates a transition
from STP to LTP. Conversely, the information will gradually be
forgotten if synaptic training ceases [ 50 ]. The learning process
of synapse devices can be achieved by a series of stimulus
Exploration, 2026
that gradually increase synaptic weights. Correspondingly, the 
forgetting process is simulated by the gradual decrease of synaptic
weights after taking away the stimuli. Herein, the ARS-type
memristor is used to simulate a multiple learning and forgetting
process (Figure 5G ). By continuously applying 20 pulses (4 V,
50 µs) with an interval of 50 µs to the device, the memory
intensity (current intensity) gradually increases until reaching 
its maximum memory intensity, denoted as Imax . Removing the
pulses, the final memory intensity retains about 15% of Imax .
Then, the device is subjected to a relearning operation again,
and the electrical pulse used is consistent with that used in the
initial learning. The memory intensity ultimately reaches 120% 

of Imax , which significantly improves the upper limit of memory
intensity. The trace amount of CFs remaining in the device after
the previous training can reactivate the device during a relearning
process, showing more obvious memory intensity. The final 
memory intensity retains about 42% of Imax , stronger than that
of the first forgetting process. In brief, the BCDs@CPP2-based
memristor can successfully simulate the memory function of the
human brain. Furthermore, the device establishes a connection 
between the stimulus and response by simulating Pavlov’s dog
conditioned reflex experiment (Figure 5H ), which is crucial for
associative memory learning. In Pavlov’s dog experiment, bell 
ring does not elicit salivation, whereas food does. Through the
repeated pairing of bell ring and food, the dog associates bell
ring with food, developing a conditioned reflex where solely bell
ring induces salivation. In this context, bell ringing acts as a
conditioned stimulus (CS), food acts as an unconditioned stimu-
lus (US), and salivation is an unconditioned reflex. By applying
the training pulse sequence to the device, the corresponding
current can be read. An output current of 1 µA is set as the
effective threshold for “saliv ation” reflex. First, when CS signal
is applied to device, the output current is approximately 0.5 µA,
below the “saliv ation” threshold, which corresponds to a dog no
salivating when hearing a bell ring. Second, when applying US,
a postsynaptic current response exceeds 60 µA, indicating the
dog’s salivation reflex to food. Subsequently, when the device
is trained with a composite signal of US and CS, the output
current remains above the threshold, illustrating that the dog still
salivates under the combined stimuli of bell ring and food. Finally,
when only the CS is applied to the synaptic device, an output
current above the threshold is also obtained, corresponding to
the dog’s salivation reflex when receiving the bell ring alone.
The simulation of Pavlov’s dog conditioned reflex experiment 
with this device demonstrates its potential in associative memory
learning by establishing a connection between stimulus and 
response, which facilitates neuromorphic computing systems 
to mimic brain-like learning, resulting in enhanced learning 
efficiency and adaptability. 

The composite-based memristor, as an artificial synapse, suc- 
cessfully mimics the synaptic connections in associative memory 
learning cases, exhibiting facilitation characteristics in its current
during the stimulation and response cycle. When receiving simi-
lar stimulation signals, this memristor can recognize and process
these signals more accurately and rapidly, which is important
for neural interfaces. Consequently, an artificial synapse utilizing 
such a memristor is further developed for neural interface to
realize information transmission (Figure 6A ). A flexible ANIC
was fabricated on a polyethylene terephthalate (PET) substrate
by integrating a memristor array, a heat-triggered DA release
9 of 15
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FIGURE 6 Realization of communication between ANIC and neural cells. (A) Schematic diagram of ANIC preparation and transmission 
implementation between ANIC and PC12 cells. (B) The temperature of PVA hydrogel positioned on the heater, measured while a bias voltage ranging 
from 0 to 5 V was applied to the composite-based memristor. (C) The released DA concentration in PC12 cells culture dish and the memristor current 
measured by applying a training pulse sequence (4 V, 1 ms). (D) Cell viability of the ANIC materials including PET (purple), ZIF-8 (orange), PVA hydrogel 
(blue), and ZIF-8@PVA hydrogel (red), determined by Cell Counting Kit 8 (CCK8). Data are presented as mean values (SD), and error bar was obtained 
from three independent experiments. (E) Mean fluorescence intensity and (F) fluorescence Ca2 + imaging of neural PC12 cells when exposed to released 
DA for different time. Scale bar: 50 µm. 
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system (DA@ZIF-8@PVA hydrogel), and a polydimethylsilox-
ane (PDMS) microfluidic film (Figure S19 ). The memristor in
ANIC, connected in series with a heater, is responsible for
processing the external electric signals and controlling the DA
release system that serves as a model for axon vesicles releasing
neurotransmitters. In the DA release system, ZIF-8 is a kind of
effective DA carrier with excellent biocompatibility, its structure
and morphology have been confirmed correctly by FTIR, XRD,
and TEM (Figures S20 and S21 ). The temperature-response PVA
hydrogel was prepared through a cyclic freeze–thaw process, and
exhibits temperature sensitivity within a range of human body
temperature. This temperature range ensures the integrity of the
PVA hydrogel at room temperature while preventing a thermal
burn to physiological tissues. When the bias voltage ranging
from 0 to 5 V is applied to the memristor, an increase in heater
temperature from 36.0 to 43.3◦C is observed (Figure 6B ), resulting
in deformation and melting of the hydrogel (Figure S22 ). The
stimulation of 4 V is sufficient to ensure that the heater reaches
a temperature capable of melting the hydrogel. Thus, a training
pulse sequence (4 V, 1 ms) was applied to the memristor. As the
heater temperature gradually increases, the accumulated Joule
heat leads to the breaking of hydrogen bonds and crystallite
melting of the PVA hydrogel [ 51 ], facilitating the diffusion of
DA@ZIF-8 out of the PVA hydrogel. This process mimics the
excitation of action potential and release of neurotransmitters
from presynaptic neurons. The results reveal that an increase
in memristor current is initiated after 50 s, accompanied by a
gradual elevation in heater temperature (Figure 6C ). The rise
in temperature facilitates an increased release of DA from PVA
hydrogel. The concentration of DA can be quantifiable using
a standard absorption curve (Figure S23B ). After training the
memristor for 100 s, it is noted that the concentration gradually
ascends, with a notable increase in DA release occurring every
50 s. The LTP behavior of the memristor plays a crucial role in
this process. Repeated training establishes stronger connections,
thereby improving the sensitivity of ANIC to external stimuli. As a
result, the DA release behavior exhibits a characteristic like long-
term potentiation, which has not been widely reported (Table S1 ).

ANIC continues to be utilized to trigger neuronal cells for
realizing the transmission of neurotransmitters between neural
interface and biological system. Through the specific coupling of
G proteins with DA receptors, DA can activate signaling path-
ways, effectively augmenting intracellular calcium release and
modulating both neuronal excitability and synapse transmission
[ 4, 52, 53 ]. Therefore, the triggering effect of ANIC on neuronal
cells can be demonstrated through the Ca2 + fluorescence imaging
technique. PC12 cells were selected to receive transmission sig-
nals from ANIC. The cytotoxicity of various materials, including
ZIF-8, PVA hydrogel, ZIF-8@PVA hydrogel, and PET, was system-
atically evaluated using the live/dead cell staining technique and
CCK8 assay. The result demonstrates an insignificant number of
dead cells in the presence of these materials. When PC12 cells are
exposed to these materials for incubation with 6, 12, and 24 h,
their viability remains above 95%, thereby affirming acceptable
biocompatibility of materials (Figure 6D ). During the initial
stage of stimulation training on the memristor, the released DA
concentration is negligible, resulting in negligible fluorescence
intensity. As the pulse continues to train the memristor, the
mean fluorescence intensity gradually increases to 54.0 from
3.1 within 400 s (Figure 6E ), and the fluorescence intensity of
Exploration, 2026
PC12 cells brightens considerably (Figure 6F ), illustrating the
successful transmission of neurotransmitters from ANIC to PC12 
cells. These results demonstrate that the memristor, serving as the
core unit of ANIC, enables dynamic neurotransmitter-mediated 
communication with living neural cells while exhibiting a long-
term potentiation characteristic, which directly mimics dynamic 
variations in neuronal connection strength. 

3 Conclusion 

An artificial synapse integrating neuromorphic computing and 
neural interface functions is proposed, utilizing an ARS-type 
organic memristor based on BCDs@CPP2 composite. Firstly, 
CPP1, CPP2, and CPP3 are designed and synthesized, and the
corresponding memristors exhibit WORM, ARS, and SRAM 

behaviors, respectively. The effect of polymer structure on mem-
ristance reveals that alkynyl promotes the formation of stronger
CFs, while alkyl chain interferes with CFs strength. Subsequently,
the organic composite is prepared by physical blending, and its
film presents stacked ultrathin layered structures. The composite- 
based memristor exhibits gradually tunable conductance under 
ultraviolet irradiation due to weak CFs induced by the synergistic
effect of hole template and photoinduced redox. The feasibility
of designing a composite with this synergistic effect for organic
artificial synapses is thereby established. Moreover, this device 
displays EPSC, PPF, STP, LTP, STP to LTP transition, and STDP
behaviors under electrical pulse training. The composite-based 
memristor successfully simulates the memory process, showing 
a 120% increase in memory intensity during relearning and
ultimately retaining 42%. It also mimics Pavlov’s dog experi-
ment by establishing a connection between stimulus and reflex,
highlighting its potential for associative memory learning in 
neuromorphic computing. These simulations exhibit the mem- 
ristor’s neuromorphic computing capability. Furthermore, this 
capability is extended to the neural interface, demonstrating
potential for biological signal transmission in an ANIC that
integrates a composite-based memristor array, DA release system,
and PDMS microfluidic film. In the DA release system, heat-
trigger PVA hydrogel can release DA that is directed towards
neural PC12 cells through a PDMS microfluidic film. This process
mimics presynaptic neuron excitation transmission and exhibits 
enhanced DA release behavior under repeated training that 
corresponds to the long term potentiation characteristic. The 
successful transmission from ANIC to PC12 cells confirms its
potential for brain-machine interfaces. In conclusion, this work 
advances organic artificial synapses through three integrated 
innovations: (i) Molecular design principles of functional groups
to control resistive switching modes; (ii) A synergistic effect
leveraging photoinduced redox and hole templating for gradual 
conductance modulation; (iii) A unified device integrating func- 
tions of neuromorphic computing and neural interfaces, enabling 
dynamic bio-communication. 

4 Methods 

4.1 Synthesis of C1 

2,7-dibromofluorene (1 g, 3.1 mmol) and tetrabutylammonium 

chloride (111 mg, 0.4 mmol) were added in a 100 mL flask.
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Then under the protection of N2 , dimethyl sulfoxide (5 mL)
and 50% aqueous NaOH (5 mL) were sequentially added. After
30 min, 1-bromohexane (1.3 g, 8 mmol) was added. After reacting
at room temperature for 12 h, the reaction mixture was added
dichloromethane, and the organic phase was washed with a
saturated solution of NaCl and then dried from anhydrous
magnesium sulfate. The crude product was collected by a vacuum
rotary evaporator and purified by silica gel column chromatogra-
phy to obtain the desired product as a white powder (1.18 g, 86%).
1 H NMR (400 MHz, Chloroform-d) δ (ppm): 7.52 (d, J = 8.0 Hz,
2H), 7.45 (dd, J = 7.8, 1.6 Hz, 4H), 1.94–1.88 (m, 4H), 1.14–1.02 (m,
12H), 0.78 (td, J = 7.2, 1.4 Hz, 6H), 0.57 (dd, J = 10.3, 5.9 Hz, 4H). 

4.2 Synthesis of C2 

Under the protection of N2 , n -butyllithium (2.5 m , 2.4 mL,
6 mmol) was added dropwise to the distilled tetrahydrofuran
(25 mL) containing C1 (985 mg, 2 mmol) at − 78◦C. The resulting
solution was stirred for 1 h and was then added isopropoxy-
boronic acid pinacol ester (1.96 mL, 9.6 mmol). The reaction
was gradually raised to room temperature and stirred overnight.
Then dichloromethane was added, and the organic phase was
washed with a saturated solution of NaCl. The crude product was
collected by a vacuum rotary evaporator and purified by silica
gel column chromatography to obtain the desired product as a
white powder (540 mg, 46%). 1 H NMR (400 MHz, Chloroform-d)
δ (ppm): 7.83 (d, J = 7.6 Hz, 2H), 7.77 (s, 2H), 7.74 (d, J = 7.6 Hz,
2H), 2.06–1.98 (m, 4H), 1.41 (s, 24H), 1.13–0.99 (m, 12H), 0.76 (t, J
= 7.1 Hz, 6H), 0.61–0.52 (m, 4H). 

4.3 Synthesis of C3 

Under the protection of N2 , a mixture of C1 (985 mg, 2 mmol)
in freshly distilled diisopropylamine (20 mL) solution was added
CuI (19 mg, 0.1 mmol) and Pd(PPh3 )2 Cl2 (70 mg, 0.1 mmol). After
the solution was stirred for 1 h, trimethylsilylacetylene (1 mL) was
then injected, and the suspension was stirred for 30 min at room
temperature. Then the mixture was heated to 75◦C overnight. The
solution was then allowed to cool to room temperature and the
solvent was evaporated in vacuo. The crude product was purified
by column chromatography on silica gel with petroleum ether as
eluent to provide the desired product as a white solid (569 mg,
54%). 1 H NMR (400 MHz, Chloroform-d) δ (ppm): 7.59 (d, J =
7.8 Hz, 2H), 7.45 (dd, J = 7.8, 1.4 Hz, 2H), 7.41 (s, 2H), 1.96–1.90
(m, 4H), 1.12–0.98 (m, 12H), 0.77 (t, J = 7.2 Hz, 6H), 0.51 (t, J =
7.3 Hz, 4H), 0.29 (s, 18H). IR: (C ≡ C) 2156 cm− 1 . 

4.4 Synthesis of C4 

Add a mixture of methanol and dichloromethane containing C2
(264 mg, 0.5 mmol) and K2 CO3 (276 mg, 2 mmol) to a 100 mL flask,
and stir the solution for 24 h under the protection of N2 . Then
dichloromethane was added, and the organic phase was washed
with a saturated solution of NaCl and dried from anhydrous
MgSO4 . The crude product was collected by a vacuum rotary
evaporator and purified by silica gel column chromatography to
obtain the desired product as a yellow oily product (134 mg, 70%).
1 H NMR (400 MHz, Chloroform-d) δ (ppm): 7.63 (d, J = 7.8 Hz,
12 of 15
2H), 7.48 (dd, J = 7.8, 1.5 Hz, 2H), 7.46 (s, 2H), 3.16 (s, 2H), 1.96–1.91
(m, 4H), 1.13–1.00 (m, 12H), 0.76 (t, J = 7.2 Hz, 6H), 0.56 (ddt, J =
12.0, 7.5, 4.3 Hz, 4H). IR: (C ≡ C) 2106 cm− 1 , (C ≡ C–H) 3298 cm− 1 . 

4.5 Synthesis of C5 

Under the protection of N2 , CuI (57 mg, 0.3 mmol), Pd(PPh3 )4 
(173 mg, 0.15 mmol), and 2,4,6-tris(4-bromophenyl)-1,3,5-triazine 
(T1, 546 mg, 1 mmol) were added to the freshly distilled triethy-
lamine (30 mL) and tetrahydrofuran (20 mL) solution. After the
solution was stirred for 30 min, trimethylsilylacetylene (1 mL) was
injected. The mixture was heated to reflux and kept for 24 h. Then
the solution was allowed to cool to room temperature, and the
solvent was evaporated in vacuo. The crude product was purified
by column chromatography on silica gel with petroleum ether
and ethyl acetate as eluent (20/1, v/v), yielding the white solid
(297 mg, 49.7%). 1 H NMR (400 MHz, Chloroform-d) δ (ppm): 8.62
(d, J = 8.2 Hz, 6H), 7.58 (d, J = 8.2 Hz, 6H), 0.23 (s, 27H). 

4.6 Synthesis of C6 

A 100 mL flask was added C5 (598 mg, 1 mmol) and K2 CO3 
(690 mg, 5 mmol) in methanol (30 mL), and the solution was
stirred overnight under the protection of N2 . After evaporation
of methanol, the residue was dissolved in dichloromethane and
extracted with deionized water three times. The crude product
was collected by a vacuum rotary evaporator and then recrystal-
lized from boiling dichloromethane, yielding a yellowish solid 
(211 mg, 55.3%). 1 H NMR (400 MHz, Chloroform-d) δ (ppm):
8.67–8.63 (m, 6H), 7.65–7.61 (m, 6H), 3.22 (s, 3H). 

4.7 Synthesis of CPP1 

The reactant C6 (95 mg, 0.25 mmol) and CuCl (25 mg, 0.25 mmol)
were added to a two-necked flask (50 mL), and pyridine (20 mL)
was injected under an N2 atmosphere. Stir at room temperature
for 36 h. The solvent was removed by filtration, and the residue
was further washed with deionized water and acetone in turn.
At last, the desired dark brown CPP1 was obtained (58 mg) after
drying. 

4.8 Synthesis of CPP2 

A two-necked flask (50 mL) with a stir bar was added C2 (88 mg,
0.15 mmol), T1 (55 mg, 0.1 mmol), Pd(PPh3 )4 (8 mg, 0.007 mmol),
and K2 CO3 (69 mg, 0.5 mmol). Then deionized water (5 mL)
and redistilled tetrahydrofuran (20 mL) were injected into the
flask under N2 atmosphere. The mixture was heated to reflux
overnight. After cooling to room temperature, the solvent was
removed by filtration, and the residue was further washed with
deionized water, ethanol, and tetrahydrofuran, respectively. At 
last, the faint yellow CPP2 was obtained (97 mg) after drying. 

4.9 Synthesis of CPP3 

Under the protection of N2 , a mixture of C4 (38 mg, 0.1 mmol) and
T1 (36 mg, 0.066 mmol) in freshly distilled triethylamine (9 mL)
Exploration, 2026
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and redistilled tetrahydrofuran (15 mL) was added Pd(PPh3 )4 
(6 mg, 0.005 mmol) and CuI (1.9 mg, 0.01 mmol). Then the
mixture was heated to reflux overnight. After cooling to room
temperature, the solvent was removed by filtration, and residue
was further washed with deionized water and tetrahydrofuran in
turn. At last, the yellow CPP3 was obtained (46 mg) after drying. 

4.10 Preparation of CPPs Solution 

The CPP1 powder (50 mg) was added to chlorobenzene (30 mL)
and smashed by sonication treatment with a 12 mm probe (500 W)
for 6 h to obtain a suspension, during which the suspension was
cooled in an ice bath. Following sonication, CPP1 dispersion was
stirred in a 50◦C water bath environment for 24 h. The CPP1
dispersion in chlorobenzene was filtered using filters of 0.22 µm.
After drying the solution (200 µL) in a 60◦C air blast drying oven
for 5 h to remove chlorobenzene, chloroform (1 mL) was added
immediately, resulting in a clear and homogeneous dispersion of
CPP1 in chloroform. The preparation methods of CPP2 and CPP3
solutions are similar to CPP1 (Figure S11 ). 

4.11 Preparation of BCDs@CPP2 Composite 

The composite was prepared by mixing BCDs with CPP2. The
synthesis of BCDs can be found in our previous work [ 26 ]. BCDs
(5 mg) were added to a CPP2 chloroform solution (1 mL). This
mixture was then sonicated for 1 h to ensure adequate attachment
of BCDs onto CPP2. Subsequently, the resulting mixture was
filtered through a 0.45 µm filter to obtain BCDs@CPP2 composite
solution that was used for fabricating the memristors. 

4.12 Preparation of Heat-Triggered DA Release 
System (DA@ZIF-8@PVA Hydrogel) 

(1) For the synthesis of ZIF-8, 1190 mg of Zn(NO3 )2 ⋅6H2 O and
1314 mg of 2-methylimidazole were each dissolved in 45 mL
methanol. The mixed solution was vigorously stirred for 1 h
at room temperature. Then, the mixture was poured into
a poly(tetrafluoroethylene) (Teflon)-lined stainless autoclave,
which was transferred to an oven at 120◦C immediately and
kept for 4 h. After the autoclave was cooled down, the reaction
solution was centrifuged. The as-obtained ZIF-8 was centrifuged,
which was washed with N , N -dimethylformamide three times
and methanol twice. Finally, the purified precipitate was further
dried in the oven, and the white ZIF-8 was obtained. (2) For
the synthesis of PVA hydrogel, initially, 3.77 g of low-MW PVA
(13,000–23,000) and 0.23 g of high-MW PVA (146,000–186,000)
were dissolved in 90◦C deionized water with vigorous stirring to
ensure complete dissolution, forming a PVA aqueous solution.
Methyl blue was added to make the PVA hydrogel flow easier to
observe. This solution was then subjected to a series of freeze–
thaw cycles: one cycle of –20◦2C for 24 h and room temperature
for 4 h, followed by four cycles of − 20◦C for 4 h and room
temperature for 4 h, ultimately leading to the formation of a PVA
hydrogel. (3) To prepare DA release system (DA@ZIF-8@PVA
hydrogel), ZIF-8 (1 mg) was dispersed in deionized water (10 mL)
under ultrasonication for 20 min. The dispersed ZIF-8 solution
was deoxygenated by bubbling N2 for 30 min, followed by the
Exploration, 2026
addition of DA powder (100 mg). The mixed solution was stirred
overnight in a vacuum glove box to avoid DA polymerization.
Then, the solution was centrifuged and washed with deionized
water. The obtained ZIF-8 loaded with DA (DA@ZIF-8) was used
as another hydrogel precursor to prepare DA release system via
the above freeze–thaw cycles. 

4.13 Fabrication of Memristors 

Before commencing the fabrication of memristors, it is imper-
ative to clean the indium tin oxide (ITO) glass substrates. The
substrates were cleaned on consecutive sonication with acetone, 
deionized water, and isopropanol for 30 min, respectively, fol-
lowed by drying to eliminate moisture content. Furthermore,
the cleaned substrate underwent an ultraviolet-ozone treatment 
(30 min) to enhance interfacial affinity. Additionally, CPPs (60 µL)
or its composite solution were taken to fabricate the film using the
same revolution speed (1500 rpm) and time (40 s) as the BCDs-
based memristor. Then, the functional layer film was annealed for
30 min at 80◦C. Finally, a layer of Al top electrode was evaporated
on the functional layer using the thermal evaporation method
combined with different mask templates. All the electrical mea-
surements were used by the semiconductor parameter analyzer 
Keithley 4200 and FS-Pro. 

4.14 Fabrication of ANIC 

An array of memristors was fabricated on a flexible PET substrate,
which was connected in series with a heater. The memristors
controlled the releasing behavior of PVA hydrogel through
the heater. A PDMS microfluidic film loaded with the DA
release system was attached closely onto the heater. The PDMS
microfluidic film was prepared by crosslinking and solidifying 
precursors in a pre-designed mold. The melted PVA with DA
flowed through the PDMS channels to a terminal circular region
and ultimately towards the postsynaptic neuron. The integration 
of the composite-based memristor array, PDMS microfluidic film, 
and DA release system forms ANIC (Figure S19 ). 

4.15 Cell Culture 

PC12 cells were routinely cultured in High glucose Dulbecco’s
modified Eagle’s medium with 10 % fetal bovine serum, and 1%
penicillin/streptomycin at 37◦C under 5% CO2 in a humidified 
incubator. 

4.16 Fluorescence Ca2 + Imaging 

Ca2 + signal can be used to judge whether PC 12 cells are
activated by released DA from the ANIC. PC12 cells were treated
by Fluo-4 AM probe for 30 min. Then, the probe solution
was removed and dishes were washed with PBS. The solution
containing DA released by the ANIC was incubated with PC12
cells. Subsequently, cells were observed at different time by Ca2 + 
imaging using confocal laser scanning microscope (OLMPUS 
BX60 confocal laser scanning microscope). 
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