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Poly(3, 4-ethylenedioxy-thiophene): Poly(styrenesulfonate)
Conductive Hydrogel-based Neural-electronics Interfaces
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Abstract: Stable and efficient neural-electronic interfaces are crucial for achieving high-fidelity neural
signal acquisition and functional modulation. However, the intrinsic mechanical and electrical mismatches
between conventional neural electrodes and biological tissues can lead to electrode dislocation, scar
formation, and inferior signal quality. Conductive polymer hydrogels, owing to their tissue-matched
modulus, tunable electrical properties, and excellent biocompatibility, have emerged as one of the
ideal materials to establish neural-electronic interfaces. This review summarizes recent advances in
conductive polymer hydrogels, particularly poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate)
(PEDOT:PSS), for neural-electronic interfaces, systematically elucidating the design and performance
modulation strategies of high-performance PEDOT:PSS hydrogels, as well as fabrication approaches for
the corresponding bioelectronic devices. Special emphasis is placed on their applications in neural signal
recording and electrical stimulation modulation, followed by an in-depth discussion of the key challenges
and future directions in this field of research.
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Figure 1 PEDOT:PSS-based conductive hydrogel for neural biointerfacing
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Figure 2 Functional design of PEDOT:PSS hydrogels. (a) Comparison of Young’s modulus of nerve tissue, PEDOT:PSS

hydrogels, and metallic electrodes; (b) Chronic inflammation and fibrotic encapsulation observed with traditional metal electrodes
after long-term implantation; (c) Flexible interpenetrating networks formed by blending PEDOT:PSS with polymer chains;
(d) Volumetric ion-electron coupling in hydrogels enables bulk capacitance, contrasting with surface-limited charge storage in metals;
(e) Metal electrodes require higher driving voltages, increasing risks of thermal damage and electrochemical degradation (Reprinted
with permission from Ref. [30], Copyright (2025) Wiley-VCH); (f) Micelle-like PEDOT:PSS structures in aqueous solutions, with
architectural control optimizing conductive pathways; (g) Prolonged electrical stimulation and micromotion may cause microcracks
and delamination in the hydrogel network (Reprinted with permission from Ref. [31], Copyright (2023) Wiley-VCH); (h) In vivo
delamination triggers interfacial instability and inflammatory responses; (i) Tailored interfacial engineering strengthens the metal-

hydrogel interface thus, mitigating delamination risks (Reprinted with permission from Ref. [32], Copyright (2023) Wiley-VCH)
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Figure 3 Fabrication strategies for PEDOT:PSS conductive hydrogel bioelectronics. (a) Screen printing deposits PEDOT:PSS
ink through pre-patterned mesh screens onto substrates; (b) Photolithography generates high-resolution hydrogel patterns via UV
exposure through photomasks; (c) Laser-assisted patterning induces phase separation in PEDOT:PSS: forming distinct PEDOT-
rich and PSS-rich domains (Reprinted with permission from Ref. [52]. Copyright (2022) AAAS); (d) Laser irradiation creates
mechanically interlocked PEDOT-rich domains with enhanced substrate adhesion; (e) Multimaterial direct ink writing (DIW)
enables 3D-printed hydrogels with high water content, mechanical compliance, and biocompatibility; (f) Phase diagram correlates
PEDOT:PSS concentration and applied pressure to optimize filament formation (Reprinted with permission from Ref. [53].
Copyright (2024) Wiley-VCH); (g) Flexible 3D-printed neural probe on PDMS substrate, integrating PEDOT:PSS electrodes and
interconnects (Reprinted with permission from Ref. [9]. Copyright (2020) Springer Nature)

BR f¥y ) (P 3e)1'®*%, 3D 4T EPPEDOT:PSS Sl i, SCHRFMIE o T 33 R 10 2 M RL 5 5 2= 45 1 4 A
PRBE IS 1) 45 MRS 13 3 Lk M 4 AR OK i s e (B30, Yuk 5 R i Sk, i Th bl B A 28
e ATENE /) SRS S AR ™). A& mBiY)  JE45H 1 PEDOT:-PSS M PREr, HAT BN &k H 5 Al
BWAT NG BT RE SRR R, 454G 7 ik BT SRR ThRE, JF BN T B
ITENE O, AR AR TSRS SRR AR aoofE 5 KE % (B 3g). %



134 RS RGA- L)) R OR MR TRiR L) T KB 4 i 87

FEME AL = T AR I T REEE B, 3 A AL
Py e L RO 2 B R A T 3 i i T P

Zx L RTR, B B RS R R AL,
PEDOT:PSS 3 HL7K Bt I AE #2857 1T A A A
IERHEE B o HER AT G AR A 7 R il R i . X i
TEFBAMURZERI T HEHERURE T 451
WEPE, A2 ThRESE A B AN AL LT DL R I
HAFREE R K R E TAESRAE T HOR MRS . A
T s 3 D P R AN T D R S B M R BE R
PRI (A 28 B T 28 AF SR o 70 1R S

3 PEDOT:PSSESHKEIREMZ
FEMNE

PEDOT:PSS 3 3 Hi /K & IR 7E 7L 1 /1% 5
PERE LA S AR i e 1 45 T AN B e AR Ak, EL7E
T 5 B 5 B % R vE . R, ETEE
H, 72 B N M IEREARIGAE Y e 21 2 Fh
R A AR R IR R . AT G I 36
A JE i 28 DL R Rl IX 3 B 1 4 22 B 37 5
A Y ki ¥ PEDOT:PSS %t S Hf 7K 4 Ji 5t 1 76 AN 7]
FRZE R s i D) Re SR H .

3.1 FXEB

0 LSRR R A T A A R 9T S R
T b B ROV AR 2 — P19 i s v v ik
DXl RS R 42 1) ) ERL UL » 12 7 VR RE S R AT M T
TSN, YRS BSE R  5 R I R 2 Th e e A
T AR PRI R AR HE T B S B0, g s el
L B — R A LR B R i Dh e i T B
68 5 00 P U R N B R TR B A R R . )
T SR 1 S AN R BT T 0 3K 22
SR PR BE LR AR R BRI A5, O B AR K i 1) R
HLEI RIS a7 HUS S gt 7 AR T,

0 P N 2O R A — SR T SR A R
BRI 1, WIS 2 B AR S, WA A
AN TR B 2 R IX 3. AT G NI Bk,
T XS 1 R A L 2% T AR BT S I 5 A= P A
AV, BERE A AR AR L 5 N 42 B 1Y J1 S AN L
B, ST 9800 98 RE S N FH S THIAS 5 32 6k, R )5E
TR N S A mh gl U0, srf, H
i 22 B P FO A B AR E SR Ty Th A T k3
J&, ABTE S AR 2 A R A A e DL 4E R AR B 1
SRR, flhn, TR A AR R R G
i 2 P B A Ay D RE I AZ O X 3, LA T FiME &

b, BA BT MR 2N, 5% 2Rk
MM R FITE AR . 7EIX — XS AT 245 50 5%
BRI 5, D6 I R AT b A T
A 2 2 230 & e T B R 2 1 11, DA DR 75 JE1 2
P8 B I B] B 25 RLAR (182 58 (5 5 A& A A= P Al
AR B — Pk, Jiang R T — R T
P08 73 1 X 2% (1) PEDOT:PSS 5 H 7K % Jiie FL AR
R 2 (Pl 4a), £ERMEHE e A AT A 1 ) (RN, A7
RE TR IR0 (10 T L RE 5 X SRS . 1%
A T e 0 B T AR 2% 1 i 4 43 ol T (€] 4b), JRTE
H Bz ) sh YR rh BT SEE | 2338 | (R A
LA S id 3%, 78 a5 v UL e I LA B 41 L
RINEEZ AKX I (Kl 4c). SR FER N &
N R AR SRR G SRR e, R
BER TGRSR bk,

TR L SRR K H R AR N AR i T B A%
JE I R 8 PRI U T S A 8 I £ ) (1) R
10 P8 45 4 R PO £ 4% 2K T, PEDOT:PSS
S KBRS DR L B R S L K R AR
AR, )2 H Tie it o a s, DA
T BHT IR T 5 RAE T R AR 2 42 2 D07,
SR, 5 FL K BER A B 25 AR BLEA ST vh 5 HE I T 24
st vE BRI T KRR T R X — )
18, Zhang Z5 1t T —Fli %L T PEDOT:Poly(SS-4VP)
5 W48 5 1 I 5 BRI U 2 (B 4d), 4543t
Wi S L), IG5 T IR BRI L
i, TR A& AR S T 4540 56 B 5 L B
SR, I SRR BT 57 R ZIRIE B
(1% A 8 BT R FH T 0K BRI 52 )22 14 =) 8 3 L A
(LFP) J i FE A ic 3¢ (B de), B IE T HAE FpAX #if
2 RGP b AR e M S S (B 4P,

TR b, B AR R — PR R T
2 (WO 755 ) #G SRE 51 N TR R 4% &
gurh, #E3) DBS M HL— HL IO S ) 2 A 4
V2T & vk 020870 i b R ) 5 Th g —
AR R, A8 FAR ST AN B4 R A Sl
SEPERE, B H &R 2R E S BRI
1L HIfE J) . Zhang Z540 5 154> T PEDOT:PSS 5]
N 45 R4 7K fie 7R T3 BRI B FR il sk, I
H e R B A OGS, £ A O T
LT ORG ff UR 2 4 2 R T Bz B AT R ( 4g).
FAb, LR 2 A A, 3X Ff PEDOT:PSS 2 7K 4
Ji AR T T RER R A B AR AR S 3R B e TR



88 [T M S R 4 2026 4

(© Genioglossus Orbicularis oris ~ Sternocleidomastoid

N N e A~ -1(~ 4~

e e - -

b e %Tﬁ« e s
> \ >
E| E| g i
- A IR A < —
w~

MiN s— MaX Min s— MaX Min s— Max

. : 20 ms 20 ms 20 ms
4-week implantation (chronic) W/PEDOT:Poly(SS-4VP) (Week 4)
(d) (e) E-stim wi/o E-stim (f) 500 w/o E-stim

25

W i :

&

WI/PEDOT:Poly(SS-4VP)

P — Il-—ll
\ : 25
90
Time (s)

(h) Light off Light on 20 Hz Light off Light on 20 Hz

Frequency / Hz
Jamod / 6o

(2)

Siliver wire

Hydrogel ;

Light on

\.il.; —

Li rff
ight o

— D >

P 2.8 mm, ML -3.0 mm, DV -1.9 mm Limb movement Stroke Recovery

&l 4 PEDOT:PSS'T: H 7K Bt 48 B 2540 P T B 2 T o (a) ) 8 25 Ak 1D S IR e (L) B v i B X3 19 016 2 2l e
8, R BE BE 100 pm ()5 (b) R R A e AR 522 0 D B -3 565 D70 =5 25 8 1) PRI s (e i = FR TIOR3 37 R 3 ()« #A 0
(PO BB (AN 2 LI 345 51430 (2022 AAAS R TT); (d) Pt4 J 42 % [ PEDOT:Poly(SS-4VP)ik )2 ISEMIEI {4 ;
(e){# FIW/PEDOT:Poly(SS-4VP) i ££.47 /7 it R P(E-stim) 2% £+ N #EAT 1 WLFPAE 510 3% 1075 5 48 B 0T/ " Rl ok
TR LB R 4 L% PR ()38 4 7 £ W/PEDOT:Poly(SS-4VP) HL BR 7547/ 1C HL I 4% 1 id % (AR HELFP AT B )
(2023 Wiley-VCH RV AT ); (Q)IFAT it A% PRI MLFP(E 51 sk 2% B (M7 & s (h) 20 Hz)GIsH& 0T 75 5 4 PR KRR
A ARIE B, HE R LD eI, R PEDOTHE Ak w5 2% 0 L 5 SR AE RE /7, SEBLSEIN #1162 (2024 Wiley-VCH ARAL
YrD)

Figure 4 PEDOT:PSS conductive hydrogel neuroelectronics within the brains. (a) Device photograph (top) and optical

M1:

micrograph of the 100-pm-wide electrode active site (bottom); (b) Stretchable electrode array conforming to the fourth ventricle's
curved anatomy; (c) Evoked muscle responses in tongue, whisker, and neck regions following brainstem electrical stimulation
(Reprinted with permission from Ref. [43]. Copyright (2022) AAAS); (d) SEM characterization of PEDOT:Poly(SS-4VP) coating
on Pt wire; (e) Schematic of local field potential (LFP) recordings using W/PEDOT:Poly(SS-4VP) electrodes under electrical
stimulation (E-stim), with SEM comparisons of stimulated/unstimulated interfaces; (f) LFP spectral analysis at Week 4 under
E-stim/non-stim conditions (Reprinted with permission from Ref. [31]. Copyright (2023) Wiley-VCH); (g) Integrated optogenetic
modulation and LFP recording device schematic; (h) 20 Hz optostimulation-induced limb movement and functional recovery in
stroke models, with PEDOT enabling real-time neural signal acquisition (Reprinted with permission from Ref. [62]. Copyright (2024)
Wiley-VCH)
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Figure 5 PEDOT:PSS conductive hydrogel neuroelectronic devices within peripheral nerves. (a) Hydrogel neural conduit
(top) and sciatic nerve injury site at Week 0 pre-repair (bottom); (b) Electrophysiological recordings from injured nerves: non-
conductive A(—)E(-) hydrogel versus AE hydrogels enabling reliable signal transmission. (¢) Walking track analysis of treatment
groups (Reprinted with permission from Ref. [77]. Copyright (2025) American Chemical Society); (d) Multifunctional hydrogel
interface (MH-interface) on polyimide substrate; (e¢) Sciatic nerve stimulation schematic; (f) Evoked compound action potentials
(CAPs) in tibialis anterior with 0.15—1.25 V stimulation (Reprinted with permission from Ref. [78]. Copyright (2023) American
Chemical Society); (g) 9-channel hydrogel bioelectronic device (left) and self-curling 3D-printed structure (right); (h) Curvature
dependence on Wy/L, and h,/h, for self-curling behavior. (i) Forelimb grip strength evaluation (Reprinted with permission from
Ref. [30]. Copyright (2025) Wiley-VCH)
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Figure 6 PEDOT:PSS conductive hydrogel neuroelectronic devices within spinal cords. (a) Circumferential spinal cord
interface device (i360) demonstrating looped flexibility; (b) Intraoperative placement of the device along the spinal cord's
longitudinal axis, with anatomical landmarks (L1 superior facet) visible; (c) Multiquadrant electrophysiological recordings (left/
right dorsal/ventral regions) capturing spinal cord activity (Reprinted with permission from Ref. [88]. Copyright (2024) AAAS);
(d) Device photograph highlighting hydrogel-electrode integration; (e) E-dura implant schematic in rat spinal subdural space
(Reprinted with permission from Ref. [41]. Copyright (2014) AAAS); (f) Paw withdrawal reflex thresholds of the GABA-release

(blue) and control (orange) groups under varying transported charge conditions. (Reprinted with permission from Ref. [39].

Copyright (2015) AAAS)
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