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Fig. 1 System structure of a typical brain-computer interface:
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(Reprinted with permission from Ref.[9]; Copyright (2023)
the author(s) under the terms of the Creative Commons CC
BY license).
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Fig. 2 Summary of miniaturized penetrating multi-electrode
arrays. Scanning electron microscopy side view of (a) a
Michigan probe, (b) a Utah array'! (Reprinted with
permission from Ref.[18]; Copyright (2008) the author(s)

under the terms of the Creative Commons CC BY license).
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Fig. 3 Application of polypyrrole in neural electrodes. (a) Chemical structures of pyrrole and polypyrrole. (b) Schematic
diagram of compliant electrode arrays adhering to the brain, with an enlarged view of the electrode-tissue and electrode-
substrate interfaces. (c) Conceptual illustration for achieving high stretchability and strong substrate adhesion. (d) Photograph
of a four-channel MEA applied on a rat brain. (¢) ECoG signals recorded from a normal and an epilepsy rat, with corresponding
cloud maps shown on the right (Reproduced with permission from Ref.[26]; Copyright (2017) John Wiley and Sons).
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Fig. 4 Application of PEDOT:PSS in neural electrodes. (a) Chemical structures of PEDOT and PSS. (b) Demonstration of the
all-polymeric electrode based on PEDOT: PSS in the rat brain. (c) Image of the intracortical electrode. (d) Analysis of
functioning and intensity through the LFP of days 7, 14, and 21 of the four channels (Reprinted with permission from
Ref.[30]; Copyright (2022) the author(s) under the terms of the Creative Commons CC BY license). (e) Robust neural
interface of mesh-like micro ECoG devices affixed to the surface of a mouse brain to capture neural dynamics (scale bar: 8.85 s,
100 pV). (f) Photograph of a 64-channel Au/PIN-5NO,/PEDOT micro ECoG device on the surface of a mouse brain.
(g) Spectrograms of ECoG captured with Au/PIN-5NO,/PEDOT microelectrodes from an anesthetized mouse, illustrating
lower frequency (left) and higher frequency (right) signals (Reproduced with permission from Ref.[33]; Copyright (2021)
John Wiley and Sons).
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Fig. 6 Device structure and working mechanisms of OECTs. (a) Schematic diagram of a typical OECT structure. (b) lonic and

electronic circuit models for OECTs. (c) Movement of ions in the channel during doping and dedoping in depletion-mode and

accumulation-mode OECTs (left), along with the corresponding transfer curves and transconductance variations (right).
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Fig. 7 OECTs for recording neural electrical signals. Optical micrograph of the probe placed over the (a) curvilinear surface
and (b) somatosensory cortex. (c) Recording of pathological epileptiform activities from a transistor (pink), a PEDOT: PSS
surface electrode (blue) and Ir-penetrating electrodes (black) (Reproduced with permission from Ref.[46]; Copyright (2013)
the author(s) under the terms of the Creative Commons CC-BY-NC-ND license). (d) Transfer (/ps-Vs) characteristics at Vg =
—0.6 V in linear scale (right axis) and log scale (left axis). (e) Voltage amplifier circuit diagram for operating the OECT in the
subthreshold regime for EEG measurement. (f) EEG voltage output signal in the subthreshold region (top), and the
corresponding time-frequency plot (bottom) (Reproduced with permission from Ref.[47]; Copyright (2018) the author(s)
under the terms of the Creative Commons CC BY license). (g) Schematic cross section and wiring diagram of the IGT (top).
(h) Optical micrograph of a single transistor. Inset: cross-sectional SEM image at a 30° tilt, showing the ion membrane (red),
channel (blue), and Au contacts for gate (G) and source (S). (i) Optical micrograph of u-EEG IGT conforming to human scalp.
(j) EEG signal from IGT, showing alpha (blue), beta (yellow), and low gamma (green) oscillations (top). Time-frequency
spectrogram recording shows posterior dominant rhythm reactivity to eye closure. Scale bar, 500 ms, 100 uV) (Reproduced
with permission from Ref.[48]; Copyright (2019) the author(s) under the terms of the Creative Commons CC-BY-NC license).
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Fig. 8 Images of the flexible shank showing (a) 16 push-pull amplifiers and (b) differential amplifiers. (c) /n vivo neural
activity recorded by the push-pull amplifiers (red) and a passive electrode (black), with the amplifier signals inverted. (d) Left:
The amplifier located with a 40-pm pitch, with the spike waveforms of single neuronal activity acquired from corresponding
amplifier sites and averaged from 100 spikes over 10 min. Right: Average waveforms recorded from the bottom electrode and
adjacent amplifier at the same time points (Reproduced with permission from Ref.[55]; Copyright (2024) the author(s) under
the terms of the Creative Commons CC-BY-NC license).
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Fig. 9 Application of hydrogel materials in BCIs. (a) Evolution of neural interface technology, highlighting the development
towards device flexibility and softer materials. Reproduced with permission from Ref.[85]. Copyright (2024) the author(s)
under the terms of the Creative Commons CC BY license. (b) Hydrogel precursor cast on a flexible microcircuit substrate and
integrated via in situ self-setting. (¢) dAPEDOT-CA-PDA-PAM hydrogel-integrated BCI in conformal contact with porcine
brain tissue, with non-destructive removal post-recording. (d) Representative ECoG signals recorded from the dPEDOT-CA-
PDA-PAM hydrogel-integrated BCI. (e) Power spectra and corresponding SNR values of ECoG signals from SSVEP
experiments using the hydrogel-integrated BCI. (Reproduced with permission from Ref.[86]; Copyright (2022) Elsevier).
(f) Schematic of a conventional conducting hydrogel (PEDOT:PSS) on a metallic electrode. (g) Robust conductive polymer
hydrogel coating on a neural probe. (h) Evolution of impedance at 1 kHz for PEDOT:Poly(SS-4VP)-coated tungsten electrodes
(W/PEDOT:Poly(SS-4VP)) with or without electrical stimulation over 4 weeks. (i) Representative LFP spectrograms from
W/PEDOT:Poly(SS-4VP) electrodes with or without stimulation at week 4, in the 1-500 Hz range (Reproduced with
permission from Ref.[87]; Copyright (2022) John Wiley and Sons). (j) Working mechanism of the semiconducting hydrogel.
(k) The semiconducting hydrogel supports various circuits, including transistors, inverters, NAND, and NOR gates.
(1) Photograph of in vivo ECoG recording and a schematic of electrical wiring, displaying time-domain signals captured by the
P(PyV)-H flexible amplifier and their time-frequency analysis, with arrows indicating sound stimulus timing (Reproduced
with permission from Ref.[88]; Copyright (2024) The American Association for the Advancement of Science).
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Table 1 Efective Young’s modulus and contact impedance of commonly used materials in BCIs.

Materials Efective Youngs modulus Impedance ® (1 kHz) Ref.
Inorganic Si 130-185 GPa ~1 MQ [61]
Metals Au ~70 GPa ~400 Q [62, 63]
Pt ~168 GPa ~400 Q [64]
Conjugated polymers ~ PEDOT:PSS (with additives) ~1 GPa ~300 Q [65]
Polypyrrole ~1 GPa ~100 Q [66, 67]
Plastics Polyimide (PI) >2 GPa [68]
Parylene >2 GPa [69]
Elastomers ? PU 1-1000 MPa [70, 71]
SEBS 1-20 MPa [72-74]
PDMS 0.1-3 MPa [75,76]
Hydrogels Pure ~100 kPa ~10 MQ [77, 78]
Conducting polymer fillers ~32 kPa ~15kQ [79, 80]

aThe effective Young’s modulus of elastomers varies significantly depending on the degree of crosslinking and processing

conditions. ® The impedance values vary depending on electrode sizes.
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Review

Application and Prospects of Conjugated Polymers in
Brain-Computer Interfaces
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Abstract Conjugated polymers, with their flexibility, biocompatibility, and excellent electrical properties, demonstrate

significant potential in flexible brain-computer interfaces (BCls), offering prospects for more efficient, stable, and

* Corresponding authors: Zhi Zhang, E-mail: zhizhang@pku.edu.cn

Ting Lei, E-mail: tinglei@pku.edu.cn



RERARSE: I 2 AR DR N S 19

long-term neural signal acquisition and transmission. This review summarizes recent advances in applying
conjugated polymers in BClIs, first introducing the use of conductive conjugated polymer electrodes for electrical
signal acquisition, highlighting the the unique advantages of organic electrochemical transistor (OECT) devices
based on semiconducting conjugated polymers in signal amplification and improving signal-to-noise ratio. In
addition, the review explores the potential and current development of hydrogel materials derived from
conjugated polymers, summarizing the trends and major challenges in this field. The review indicates that
conjugated polymers hold significant potential for advancing BCI multifunctionality and ensuring long-term
stable monitoring. We think future research should focus on the development of high-performance conjugated
polymer-based hydrogels, device architecture optimization, and system-level integration to further advance

flexible BCI technologies.
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