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Table 1 Representative comparison of key performance characteristics among conventional electrical stimulation, optogenetics, and photoelectronic
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Figure 1 (Color online) Schematic illustration of optoelectronic
neuromodulation overview.

Bt ARk L 2 e R T 17D W R e AL 1) Ok B
Pk

2 O IRE R R E AL

JEHREAMEHE G S E R BOLE S R RE S
A 6T TEM B BB 3 (FE A LY
R E RN R AR, ST,
PN -7, BEGENEHEY) . REgurs B Ei R
H 35 22 S5 AR R 25 B3R B0 R AR HL AT 40 B 5 0 1A iE
. o BEME TS mA A X ks, FFEM -
FA AR o 5 1 P SRR B WS B, M 2 ST R ) 2R T
HIACEERS), NES0 AL TR et
Wz 7.

TEHR PR, IX — 3R T H A 3 BE I P R
TH Tk 26 A At 2 s b oz g o) U7 R e
%5 (photocapacitive)id F2: 7 [ HL #5538 Fi 1 X HL 2 11
HAL AT, 5 FUTRES - R AR v S HE IR S AL
FEHLR,  3E T 7E 4 B B B I R S Ak, 51 RBE
R i B AR Ee A B R i R A R S
XL JE TR N 32, HEAAR AN B A 1 4 o .
H R 6 5 (photofaradaic) it #2: FLTHI AL )6 A %%,

T (@A &S SRR RN, WK 7T
R I 7= A SRR VAT 2R HL, [ I i S A S 7
YA B AR PR 2 A T e — 2P A
QARG IE R, (T S P S A A AR
ik, PR LSS O FEAER, SRR
MR AR, X SR REAT RALT, 75 E s fF i
LA 22 AT RO AN [F] B B BRI BA X 73, PABT s
T IR AE R A 2 R

2.1 OSEHRARIRENLS

s FEL 78 20 A 8 R AR O A R T IS B AR -
HLA R A, B ERER S S T EHAXCEER
e, PR A O TR B RN A e AT 7
T 2ERAE I, SRSl o 7 97 3 IR Y T/ 9 B (1 2R
HLUI R RO AR, A B R AR AR T SR R
(FE122)°%, NS R LR 1 2, e b v SRR Bh L 1 e
JEHAEFA, YO8 T HATEN BT LR, X2
FEL 2% A S T FHL e 3 [R] ke e rELAE A B ) o S B . AL
FH 2 R 0 RO I R AP, DRt FRL ARV NI AR
NE, EAPFI I8 AR T B v] 4% Bl R
PR, DRI ELA 5 = ) e A k. e i 2T, o o 7 )
WO RIS R FD RBES I A RS, JLE
1B 55 B 1) R B e T P 25 0% 5 DA % R A -4
PRI /), 224 5 e Ao A0 L ot R A P, ' b 25 ) g T
BE— 20 fl R MR T B T B IE Y ) 5 s E AL R
i

o L2 B A AR M R R A FE A AL T
RPN BAETPY L Rk S RC TR Sk
FEDISE LR AR VAV TORIE R, A R AR
BB AEGK R, W T I Debye Bt MO8 . 5 2L
FHL 37 7 FE AR SO PR DR T, TR I 4 - F A T R )
K UG BRAR BT R & SCR HAA geE e, N T He e
GTHI PRI B 1 R, ISR SR F A R R, A WA
FH Z2 VR 2 Fa %5 45 (supercapacitor) Bk}, i i HpRR
(1) v FL 2 AN AT B S A TSR 3 Rl FL 25 FL T N
BB g Ab, A F 7T DU B A R AR
THEAR, MRS AR LA — BT K
SO g 2 A PP,

2.2 JeiEBIE RS
TGk LL B RN % LIRS IDOE LA 2 U8

1875



KN T DG R AR A S LA R

(a) (b)

p &

=
(0]

+L*
YofoYoYoYoXoXoXo)

2000 P0Pgp,0 00
D @

[oXoXoXoXoNo)

@ i .

Current
Current

Time

(c)

Ox

Red

I.C
R R
d
Rct ° e /f Rct °
H
S
(§]
Time Time

B2 (WSRO D) A 2 R A T LA L S5 srpL it DL R SR L - 8] 2k () D6 FRAF AR (b) EIEAL 1 RN () D
BRPLGCFRL RN RS . Rye, I8 SR P, ROV BRHERH, Cy TN JE A, R 7 T LG 4 4% L RH,

Ly AR, IR L, T CiE R 5 i

Figure 2 (Color online) Interfacial mechanisms of photoelectronic modulation and representative current-time response of (a) photocapacitive effect,
(b) photofaradaic effect, and (c) coexistence of photocapacitive effect and photofaradaic effect. Ry, denotes the effective internal resistance of the
device, R, the series resistance of the electrolyte, Cy the interfacial double-layer capacitance, R the charge-transfer resistance, /,, the total

photocurrent, 7, the capacitive current, and /; the Faradaic current.
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Figure 3 (Color online) Applications of photoelectronic modulation in neural regulation [32,45,47]. (a) Magnetically-manipulated optoelectronic
hybrid microrobot (MOHR): (i) mechanism of magnetically targeted MOHR delivery and photoelectronic cell activation; (ii) MOHR enables
directional manipulation of single particles in a biofluidic environment (scale bar=100 pm); (iii, iv) MOHR promotes recovery of electrophysiological
function in hippocampal neurons after AB4,-induced injury. Reprinted with permission from Ref. [45]. Copyright 2023, Wiley-VCH GmbH. (b) Hybrid
upconversion nanoparticles and photovoltaic (HUP) materials: (i) mechanism of HUP-mediated near-infrared (NIR) photoelectronic neuromodulation;
(ii) TEM image of the HUP mixture. (iii) HUP-enabled NIR deep brain stimulation alleviates depressive-like phenotypes in mice. Reprinted with
permission from Ref. [47]. Copyright 2025, the Author(s). (c¢) TiO,-coated self-assembled zinc porphyrin (ZST) nano-optoelectrode:
(i) photocapacitive modulation mechanism of ZST; (ii) TEM image of ZST; (iii) ZST-mediated photoelectronic modulation ameliorates Parkinson’s
disease-related phenotypes in mice. Reprinted with permission from Ref. [32]. Copyright 2024, the Author(s).

FRE R E 5] B Y A i SR A PASEB 30 J) 38 B F O B AR EZE TR, Hrp
PLC 7[R 2246 7697 (cardiac resynchronization therapy,
CRT) AARTE ) 2 A7 f S 1 ] e 2o A o 2. P IR0 I

Fr el O HE AR ML DI RE. ST, LA ik P L R 5t

3.2 OALHRAPTRE

ORI IRTT ZE M OHRE . b AL I

1879



KN T DG R AR A S LA R

WA N I 5 S E R, KA T RES| RS2k
AHIEFFARRE G A3 n DA B 2 SE e T F 1 2
FARGIH; LEONEA G S IG5 b, O A
B2 R, B RS RE IR BRI R R AT
bR, BRSO TR, Wi fe
B AR A N T [ B ST B B s B 270 20 R B 2R 9 ) o)
WK, TR O IR AR AR K J f 2 1
FEMCHET SN, T v e Al () o' H R P A
T —MAR TS F LRSS ST
HeAE T AN R B H bkl FE A S E 4R 0K
Bl ZAL AR R RS R A, IS Ol
[ Ve T 0 I 2 P R i R R Lids PRl
T T O U e AT R 1 B e R Y F R
&, RIS R TS R R 0 R
WEG R S5 A, T LR IO PR BT Hh = A mT T A 2
I AL B, X% 9% O LA Ak AT e 2R IR B AR
S, BA W IR S S SR . EfER R,
2% B T AR B LA BR O SE I 360 bpmjEe i [7] i it
6355473 nmXOEYESLILE A4 O = R i, BRI
J62ECRT IR @ ). e 3Eal b, 2T 70 SeB 1 7E4k
o JIE ()RR SR RN 22 7 AR, R AU AL B0
Uk VA2 S AS T, DI R O U T TR BRI T SRt T
HHTHE., 5—77H, NERIEE) ORI
WA P i B, FC At TR 2 ) 9 R F AR S e FH T o I T
LB TT. 5180, Raoel 3 1 i A A A
It HLR AR (RBOES R A= S5 M it B LA AL
Fe FARYUK IS & AT R SR SRR RS
FAIRR, BAA 5 RE /N T-500 nm, 5L [ 2 52840800
ST, R AT R T S s I B O LU
FB AR, ZAstEAE IR ] P2 A2 29120 mVIF G LR
HrH,  FHAE20% B0 AR AT B 4 R RO E I HL i
JF, W5 FE B0 250 I i D %o 3R 8 28 A A0 T 25 2 B 1)
3R, RBOESYTES30 nmfik i 6 il 38 5% 44 T 7 3K 5h
hiPSCRIE O LA B ) 026 ) 8 e H brig b A 20
g 78 B AR HE R B B v B8 PR I B 00 A
S 8 i B AT Pk o B T SE B0 R 6] 2~2.5 Hz H AR %
(R RE IR, AT FE AN S8 A% 50t (R RT3 R S
TR AT E AT IR AR (Bl 4a). OzeleiZg !
PRI AgBIS, & T a5 T HL /K Bk Jle St [ A 2 1) a0 41
AMOIE G AE Y AT, I PEDOT: PSS /K Bt I 4 5 7
AR, (ERKIRLLAN BT i f i B 1R Tt 1%

1880

AR O UZH 2R A1 R A L S 30 48 20 A0 ] 18 42 1 )
(FHZ935 EF-%2120 bpm), RN [T 21040 B R T I
L AR A TG 28 0o I 1S A R 2 R 38 73 (1 4b).

 HE G0 O LA ZR B4 FH AN e A2 45 B FE BRI
AR B R . AR SR AR A R 5] K FIROS
SRR Z PR M ThRe 1047 I B L B R 3R, @
T E A A T R T T AR B R R T B T R
W& T Do i R R R, RIS
JiR 52 I8 e A DR P A (1) A2 ARV 243 L T HE DA SE 4
WG, R ATE T AAE I 264 T SRR,
(R E AL RO T 3R A T 3845, MalferrariZs ™R H 45 B
2 TR PIHT 8 J5 B 490 K ORI 4 2 248 i B Tl B 5 v 1
ROS/KF,  FFAEHL-1-CoJULAH A bW 52 31 3 5 4 i 9 45
5T AV SR IO (1 0B, REHROSTEE 4iflE 5
B2 ROBE T W AR DN Dy e 1 A5 5 Bl 5 i o B R 4
Zhang Pt — @ 1 AE 9K FLEERS th B A & J5L T 5
AL, SZAEY) )G B 5 5% 3R K, 8 B O IR SR I
R T SR N R ORE S AT JH  JER T  TC R TR T
UMK R M AN, O, 1 JEAL 2R BRAE N 32 T By, AL
AR 25 25 5 FLAG S A) Je 3tk 5 T s, b T A4
BU RGN RETTRIVRAN A, RN LA
BRI G, A F A AR O 0 AT T >k 22 4 S
T TRt T Be ) 7 .

3.3 PERE

PR IR AT PR, LR I 25 78 7 (retinitis
pigmentosa) F14F % #H G 3 BE A8 PE (age-related macu-
lar degeneration), J&ifi M AEREH I AKL ) EAG E
BLF A, MR T B AL, o B A
e e rb et 7. AR AT PR T BUR O 4 AN AT
WA, HR AL AR 2 e T B A S 5 R A AL
NAEAP PR s s N SRAR R A RO RO o
A EE R M DhRe. FeRMR R BES /G s AR
R 23 o AR AR AR N RIS b, TEARER NG H
TNRE R IR, T R R B, e TR
BT 3 a 2E 18] 2 ERe 70, PRI AT BLYE 9 N AR
W BN T e 7

AR X FE AR A< P B0 AR B8E 1R 2 AR
PAEAL S B T AT 1. Mathieson25 SR ) w4
FHEEOGRI I B ABAARE S, BAAME Z AT S ST
JR R R ikt 21 AR RS AN 70 um WU AR R



REFR: b 2026 0 56 % 6 M

@”,,

Electrolyte

tion A, nien
Movemer

o rement v nt
% |y £

e g 2
Sy £ @
i " i g3 3
¥ e £
“ - Wi =

/_‘ |

Hole In]e:l:lon

Biointerface Electrode

180
4 5 E 160 ,
& 3. 150 bpm i
£ 140
4
4 120 bpm ./
<120 i
3
o
100
1 N
1 ™ 0 500 1000 1500 2000 2500
ik i Time (s)

Ui UL mmm&ﬂihiﬁli[mmwmmMuﬂﬂLu

LU LMMLLU IM }}}} i Ilael”lllllllllﬂlll || ILL

LA

(LU

S S

E4(H%m|@ﬁ%ﬁ#?u%%$ﬁﬁf¢mﬁﬁ“”(@mmm(ommmm & H49; (i) RBOES LA 0 B E(ECG) He
R B E VA K BRI (i) ' P VA8 S IR A K B o U O SR P i B, () AR 8 BB T A AR R () O
A=) T A 285 5 K P T T R e AR BAE R B (D) D% AR ST A O LA SN AR b SR I S A R ]

i/

Figure 4 (Color online) Photoelectronic modulation for cardiac electrophysiological regulation [51,52]. (a) Rubbery bio-optoelectronic stimulator
(RBOES): (i) schematic of the RBOES structure; (ii) A perfused rat heart equipped with the RBOES and electrocardiogram (ECG) electrodes. (iii)
Photoelectronic modulation enables a progressive increase in the heart rate in the perfused rat heart. Reprinted with permission from Ref. [51].
Copyright 2024, the Author(s). (b) Hydrogel-integrated quantum dot photoelectronic biointerface: (i) schematic illustration of the biointerface
architecture and the charge-ion interactions within the hydrogel matrix; (ii) the photoelectronic biointerface achieves tunable modulation of beating
frequency in cardiac explants. Reprinted with permission from Ref. [52]. Copyright 2025, Wiley-VCH GmbH.
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Figure 5 (Color online) Photoelectronic modulation for vision restoration. (a) High-resolution subretinal prosthesis based on a photovoltaic pixel
array: (i) schematic illustration of a degenerated retina implanted with a subretinal photovoltaic prosthesis; (ii) subretinal photovoltaic array prosthesis
composed of monopolar pixels; (iii) prosthetic visual acuity achieved with 40 and 20 pm implants, approaching natural visual sensitivity. Reprinted
with permission from Ref. [56]. Copyright 2022, the Author(s). (b) Artificial retina based on the integration of photosensitive transistors with three-
dimensional liquid metal (3D LM) microelectrodes: (i) schematic illustration of the 3D LM artificial retina architecture; (ii) scanning electron
microscopy (SEM) image of the 3D LM transistor-microelectrode array (scale bar=100 um); (iii) Implantation of the retinal prosthesis restores the

ability of retinal ganglion cells in retinal degeneration mice to discriminate between different illumination conditions. Reprinted with permission from
Ref. [60]. Copyright 2024, the Author(s).
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Photoelectronic neuromodulation: interfacial mechanisms and appli-
cations
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Abstract: Neuromodulation has been applied to the intervention and treatment of a broad range of neurological
disorders and functional impairments. However, conventional electrical-stimulation-based systems typically rely on
implanted electrodes and wired power supply, and are therefore constrained by high surgical invasiveness, limited
stimulation selectivity, and poor long-term interfacial stability. Photoelectronic neuromodulation utilizes light as an
external input and exploits photoactive transduction materials to generate in situ electrical potentials and/or interfacial
redox reactions, thereby enabling non-genetic modulation of neurophysiology and neuropathology. This strategy offers
new opportunities to reduce invasiveness, enhance spatial selectivity, and facilitate multimodal integration. Centered on
charge-coupling modes at the electrode—clectrolyte interface, this review systematically summarizes the key
mechanisms and photoelectric conversion behaviors of photocapacitive, photofaradaic, and hybrid mechanisms. We
further discuss critical performance attributes, including photoelectric efficiency, delivery constraints, spatiotemporal
precision, and long-term stability, in representative applications spanning neural regulation, cardiac electrophysiological
regulation, and vision restoration.

Keywords: photoelectronic neuromodulation, photocapacitive effect, photofaradaic effect, deep brain stimulation,
cardiac electrophysiological regulation, visual restoration
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