M % h & 20255 $£70% 18 2981 ~ 2997 ¢ (R ) Ze it

SCIENCE CHINA PRESS
CrossMark
& click for updates

— 4R YRR B b S

Jie 2

B &, e iE

RERAR R TR F G SRS, ARl G PR TR B, BiAt 210096
* KA, E-mail: gu@seu.edu.cn

2024-09-30 Wk, 2025-01-26 & [F], 2025-02-10 4337, 2025-02-11 MKk FE
%K H AR 452033002, 22475045), VLHAE HRBFE R4 (BK20232023) Fl 1 [ 1+ 5 R4 2545 (2024T170146, GZC20240250,
2024M750446) %% 1l

HE RERBEOTHEREZLEZRAFHBTERALWK, RBEUNAKRARNH LM G, | 2R T
ZRE. WERRRAERAHTFLETIR, ARAAMBEROWENEEHRET AARENEZRFE. AW, & T
MABEMRIR =M, RN ERREURANEAH, Tikew B EMENREME R EHNTED, UL
AERXBAEEBRBAE. —ASERGAMPER R ELRTHEREENE, WRETEAFANESETE
BTHREN, AEZHIR T BB ARNMERE T LR R MR B T AR R, ASCFERITT =4
FEEGMUAERABELRS, BETHHARE, ETZRAAERRBE TN ZNA, FAHRELNTF
. MERFEBMMALE D FHURR R R R BRSO ARE LSRRt R, P RET

RS ER S MW A E AL FHI T SR R, B A 1 AR K U R R

Keplia] MEABE, FERRELGY, MANEM, ZETH

AR B i AR e = 4ER R A T A R4 EUE
i, WA EI T AR A S ThRe. Siegn—
YIRS Sy Rr R PN RYE LR S W L Uk | )7
&, REWSA RN 20 | o 4 g e b i 240
I 2R AR, X —JRe Y =48 5 0 KA 7
TIRE B EDIRZS A e Sl T F B SR Hor, iz
o B BN Z — RS AR IR B A T e,
SR Bt 2 ocii i SRR S 1L 2 Y il i
PEDCHR A AR, R U G R T R, IR
BONWTIES R A B AHSE BB (N F AE . J605H 55)
FERE T HRARSO, AL, B 3% B e 2R T YRR
FEPRIRE B B RWE Ty Bilhn, ARl K it s A
EAROTTE, WIS E AR TR S A
BEAERE, WIS BES TR A B AR Y A P

7L SR TR IR T Y AR, NIRRT
TEA B =5 v 0 0 FH i — 2040 e 22 28 w5 R4k
PEALTR4RR. N, Caie NI T —FpRE TS
BRI RRIA, RIS B R4 B 2R
PR R e B A FRAT 55, S BRI e e R T &
AL T SRR YE. Smirnova®E A AR
fi£”(Organoid Intelligence, ONMES:, JB/R T INZSHS B 7E
P2 LA TR BB SRR 3 ). XAl
IR 2E 2% ARSI R GRS B AT RHESE,
PR G 2R A T B B

JUE AR B BRI 2GR R T Tz N H
W1, AR A BT T I8 Z2 PR A R FR . BRAF
MG R T MR R Z R, Eew i
SRR BE RS A B IR B, R G S

2025, 70: 2981-2997, doi: 10.1360/TB-2024-1027

SURREA: JA 2, WU, =2k 5 i 2R B AR AE i S BRI A T R I FH 5 . B2A5E 4R, 2025, 70: 2981-2997

Zhou X, Gu Z. Applications and prospects of 3D conductive polymer micro-nano electrodes in brain organoid research (in Chinese). Chin Sci Bull,

© 2025 (PIERFE) Atk

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2024-1027&domain=pdf&date_stamp=2025-6-3
emailto:gu@seu.edu.cn
https://doi.org/10.1360/TB-2024-1027
www.scichina.com
csb.scichina.com
https://doi.org/10.1360/TB-2024-1027

M4 Z b B 2025568 F70% £18H

SRAE RN A . R TR AE AN i 2 i
AR P S S I S O, LRI 2 W 2
PR RIIT K 3T SRS B AU W3 65 (R B LR,
HAT, 0[] EEF U] A R0 W I w2235 sh - SE i 4h
TR DL 2 OeTE Sh R KNI RE R LR, (H SR
BRI A5, (AL i A B SRR KE LATR
AL EHEHR A A5 S U] S b AR
T MR, (H P LR ARG 2R B P, W
{LRE WS R 2L TCITE B, TCH RO 2 0 28 W 2%
WG, N = 4EEREE, BT LR SRR, L
SRR IR B A2 G sh i A TR, BEAh, AR HL
TOCHIFTE IS 2 B R 4 4 205 0 R0 4 2 [ % 14 ] 9
BREE. KRINYIREMA T8 22 B (5 5138, it
AN LRI S5 S, A B TR SR A B
P2 T0 22 0] B A ELAE FH B L pIL . SR, INSan R
() = HE S5 R 25 SR F IR A TR 2Bk, 1548 FE A K
DRSS B BE AN B, ELYELL S 22 X 3
TR, Fr—E R LR T Xt T R e &
[ B R S 5

b 2 I b (51T L N e N Wb
B, R EET SR AR AR AR, R T H
TEMNZE 8 B R 55 rh AT 40 2055 K 0 5 4 NS H 3 1
E R (E). L, ARk 2T =42 RE
VIR AR ISR, 0B HLAE Il e B A BE N
ZA5 SR A MR T A, RIS R %,
RIEMIRLE . WZPRTT SR 11 4R .

1 SR AR
UL S RS YRR 2R (3,4 £ 0 TR E

Biology

W3- LR R L (poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate, PEDOT:PSS). R (polyani-
line, PANT) M Z 0% (polypyrrole, PPy). H:H, PEDOT:
PSS H & S (107 '~10* S/em)! FIL T 10 25 1
RET) V2 . 84S G B TR s e R 55 B, il
HE— R TP R RN SRR Sy RE T B
R AP, FE A Yy EREE Hh R B 5 1) 1
ARE Sy, RENSTE R = AE B S AR US. eAh,
PEDOT:PSSE AL WA E, KA
SR G R N S HE R, e pp 2 E P58 h
B30z

PANLHEAS 5PEDOT:PSSHI S i %, (P HiB
B FEA LN T 5 SR A s 5 PO PANT
BATJHM B F450, Betgii i A Al 5 s n 71 5
PR, BRI, PANIR A tERER M IESS, R PITEAR &
PEDOT:PSS, A3 & 5 28 5 HAb AR A DAL
PRIERE. HEAT, PANIR A PR Z MR 2 T PEDOT PSS,

PPy HA 45 (1) S H PR AR A e A e R e i,
HL R H 7E107'~107 S/emiti FEI ). PPy Jy 2 fig
AEXTEAT, BEASIRAZ S FE R, JFAE SR i R
AR AR ENE, T2 IE T A B R,

2i F AR, PEDOT:PSS. PANIFIPPy4% HAS 5, 18
AN g A0k e B AR A D 85 SR PR . BRI, S
RE WM B T 25 G % TR LR R T K i 2
PERE . J12FRrtE A A SR S

2 SR ARE R

SRR S Y AN AR AR R RN A
WESE R A B RE, BN = 4R IK DA B RTINS

Electronics

Bl 1 (M2 2)3D 5 HUR S W At AR A IR o B - L 8 I 2

Figure 1 (Color online) 3D conductive polymer micro-nano electrodes serve as a bridge connecting brain organoids to electronic devices
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Table 1 Comparison of electrode performance of different conductive materials
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Figure 2 (Color online) Applications of micro-nano structures fabricated by TPP. (a) TPP fabrication of biomimetic blood vessels®*. (b) Biomimetic
blood vessels promote brain organoid growth®®.. (c) Biomimetic blood vessels mimic natural vascular structures”!. (d) Biomimetic blood vessels
enhance nutrient absorption within brain organoids®®. (e) Biomimetic blood vessels enhance calcium signaling in brain organoids™®®. (f) TPP
fabrication of photonic crystal micro-nano sensing units™”\. (g) Imaging of photonic crystal micro-nano sensing units in various 3D structures™. (h)
Photonic crystal micro-nano sensing units used for temperature sensing in microfluidic chips®®”
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Figure 3 (Color online) 3D conductive polymer micro-nano electrode manufactured by TPP. (a) Schematic diagram of TPP manufacturing 3D
conductive polymer micro-nano electrode!®!. (b) Schematic diagram and scanning electron microscopy images of conductive polymer microelectrodes
manufactured by the direct printing method®”. (c) Images of conductive polymer micro-nano electrodes manufactured by the indirect printing
method!®®). (d) Scanning electron microscopy images of conductive polymer micro-nano electrodes manufactured by post-processing
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micro-nano electrodes in brain organoid research

Xin Zhou & Zhongze Gu’

State Key Laboratory of Digital Medical Engineering, School of Biological Science and Medical Engineering, Southeast University, Nanjing 210096,
China
* Corresponding author, E-mail: gu@seu.edu.cn

Brain organoids, derived from stem cells under three-dimensional (3D) culture conditions, have become transformative
tools in neuroscience research. These organoids replicate key aspects of human brain development and neural activity,
making them invaluable models for studying neurodevelopmental disorders, neurodegenerative diseases, and drug
screening. By mimicking the complex 3D structure of the human brain, organoids enable researchers to study intricate
neural interactions and disease mechanisms that are difficult to capture in traditional two-dimensional (2D) cell cultures.
However, the 3D architecture of organoids poses significant challenges for conventional electrode systems, which are
primarily designed for flat, 2D environments. These traditional electrodes struggle to penetrate deep into the internal layers
of organoids, limiting their ability to comprehensively monitor neural signals or deliver precise electrical stimulation. This
challenge highlights the need for advanced 3D micro/nano electrodes designed specifically for use in brain organoids.

In response to these challenges, researchers have developed 3D conductive polymer-based micro/nano electrodes that
offer distinct advantages for brain organoid research. These electrodes are highly biocompatible and flexible, allowing
them to interact seamlessly with neural tissue without causing immune responses or rejection. Their flexibility enables
them to adapt to the dynamic growth and structural changes of organoids, ensuring continuous, reliable contact and signal
detection over time. Additionally, conductive polymers can conduct both electronic and ionic signals, which better simulate
the natural electrochemical environment of neurons. This dual conductivity improves the accuracy of neural signal
detection by reducing interference and enhancing the precision of measurements compared to traditional metal electrodes.

The most significant application of these 3D conductive polymer electrodes in brain organoids is their ability to
accurately detect neural signals and provide controlled external stimulation. These electrodes are capable of penetrating
deep into the organoid’s structure, enabling real-time monitoring of neural activity across multiple layers. This ability is
particularly valuable for studying complex neural behaviors, such as abnormal firing patterns in disease models like
epilepsy and Parkinson’s disease. The precise, continuous detection of neural signals allows researchers to observe the
dynamic activity of neural circuits and synaptic transmission in detail. Beyond signal detection, these electrodes offer the
ability to deliver localized electrical stimulation to specific regions of brain organoids. This capability is essential for
exploring neural plasticity, circuit modulation, and how external electrical inputs can influence neural networks.
Researchers can target particular areas of an organoid to induce specific responses or adjust neural activity to replicate
conditions seen in neurological disorders. This dual functionality—simultaneously monitoring and stimulating neural
circuits—opens new possibilities for investigating brain function and testing therapeutic strategies in controlled
environments.

Looking forward, 3D conductive polymer electrodes hold promise beyond basic research applications. In drug screening,
they provide a powerful tool for assessing how new compounds affect neural activity and identifying potential neurotoxic
effects in real time. Moreover, these electrodes are showing great potential in the field of brain-computer interface (BCI),
where their precision in recording and stimulating neural signals could enable more advanced prosthetics and therapeutic
brain implants. As material science and fabrication technologies continue to advance, 3D conductive polymer electrodes
are poised to play a transformative role in neuroscience research, offering new insights into brain function and opening new
possibilities for the development of treatments for neurological disorders.

This review outlines how the development of 3D conductive polymer micro/nano electrodes has significantly enhanced
the capabilities of brain organoid research. Their ability to seamlessly integrate with the organoid structure for precise
neural signal detection and stimulation marks a substantial advancement in studying complex brain functions and diseases,
as well as drug discovery and potential future applications in BCI.

brain organoids, conductive polymer, micro-nano electrodes, 3D printing
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