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Yoel 7 R R A T SRR S T
AR R Ll oy 00 5 B AR, Rt 1
SERIRIVE AN P iR WA, W] AR
VEVEAE AR ST, ATy BRI L PR
W FTHRRBEREIRBOARAE A K 2 Rl OR SREAMT KB ) K
LI,

UEAh, BEE VIR T YRR DR O
FERAEBAR IR e, A T SRR
L1 25 A ki — 7 AU U320 B s i 417,
Bk, APFREEN ARG TS 5T RE N E
Loy T AR BE B R R ML, S AR ALE )
HLAL 22 S TN AR T T R O TT LR, g 2 ) i
LADNAZN - E 51 K s e AE M 4 i o
P = SRR A W) Ly ST VU SN, BRI AR AR
RPN, IFRBHSERMEYS. PKEARSE
AR L R 5 Ja (¥ A e 75 ).

1 Yy SRk

HTEBEIEEEYRERENZ O —.
HL - AR B 244, B — R PR AE S rh O R T B
()T iR g, AR R O N (L =g AT
JR ) B A T IR (VPR EE R A AR, (AL R R AR
BB (electron transport chain, ETC)!"®!. {45 A i
TR S FEMMNE, FREETC AWM. —K LA
ROREE, B T A a5 DL AR iy L 52 A4, W]
PEERE NN, anZ R AR IF IR EE R A H AR EE. 5
— RN B AN EABIEY, TEENRA,
HL 0 A i B AR B AR 8 I R, X — i R AR S Ak
17 {% # (extracellular electron transfer, EET)?%. 7Ei%
PIZRETCHr, L350k B n 10 A A0 300 S v 14 1Y) 43
T AR R 5244, X A A I SRS 4 T BE AL A 4
futa sz, AL EMEE A, HiKGENADH. FADH,.
TR B WS EE N TR T B e S
MBS MM Z AR BARR, @eE AN ST
R, drmitENE G SRS TIEERES,
TERLRRIE . WKEhAEY) & RELRE EAE P2 fELkhn
PARRFIRAE A, T B AR R R O 32 AR K A 2
R RS SRBETBUR E BHAE, IR 5T 100 R R i B
Rt JEILFUTAN AP, N A e B T T ATP.
M GAOLEEH Y, Bl — &5 5ATPH

NADPH A FUAH R I HAL F ROV, B &8 COL MK 4k
FAEAERE R AN REA . TR iE MR,
FEL - ] A B A AR E AR S A b, T SREE B AR K
AR AT IR R, T SO IR IR R S iy ik &
i A7 1¥) FE T RS I PR

1.1 ZoRfARTR BT 5L RE 4k

28 LR I 5% (mitochondrial respiratory chain,
MROM/E e AR X, LT A A% 40 i R A
Zaietie. MRCHELBERR L S5 (HEK, it 25
AR JF [ M AENADH/FADH, [ L P2 45 AR, R
JFF IR ATPA ). $41 46 H - RVE, MRCR] 43
N2k 1E: NADHPFIR 5% 5 FADH, ' B (E11).
NADHMI 3 I B 1516 07 [m) 2 A48 1 (NADH: 72
et S A IR R ) > IR 4 ¥ Q(coenzyme Q,
CoQ)-H M AP TR ) -APER—EE
PRIV (4 €2 38 AL ) —O,. FADH, PR 1) FL 75
HBHAEEAEERT -CoQ-E AN -4t &c
—SEEERN -0, 5K 1, 15 M33&AERREEN
HIE, FUOTHT LS. SRR P S
BT RCALT AR, 28 bt s R el 2H 2 il E FE IR EE b, 15 B
BN AS BT SR L A . P () Fe-S2E Y
A& Fe 5 S B R FE R AR, 1T E2[Fe,S,]
B [FeySq20) BhAh,  Fh A R B IR 7 A ) b
PR 203 R AR5 4, 16 2 TR e
JE A 5 1 e S P80 LI b 572 5 98 400 M 1 £ QIR 25
IR0,

12 EB RS TR

EAEYDCE RG T, AR5 H K BE e DK 3]
KOG, P AR IR s I Re R,
T AXZINADPHAIATPEE SR EL T A R, iR
W COEA N E RS AN LR 71 5 R b, 4
n, FERF SRR SRR 5 UG E R B AGY: LR
4t 11 (photosystem I, PSI). 4ffit 2 b6 flcyto-
chrome b6 f, cyt b6 f)» H:FE%: | (photosystem 1,
PS [ k4L 5 H-NADP' it J5 Bi# (ferredoxin-NADP™
reductase, FNR), Pz =AM RN L7 84 5 AR (plas-
toquinone, PQ). JFifA& 5 & (phytocyanin, Pc)FlEk4IE
A (ferredoxin, Fd). WE1FxR, HAELEGEE:
PS 1T RSO e 2K AE R oA R
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Figure 1 Schematic diagram of electron transfer processes in living systems (adapted from ref. [45] with copyright permission from American

Chemical Society)

T SR BT BT, R IR I T AR PQIL S
PQH,. PQH,7ESXUZE ¥ Bt F eyt b6 fHEWIFHA
th, HHETZcyt b6 fEIBHBREREH P, S,
PS T 7 FI W) D' BE 3K 50 HL 5~ AP e A% 21| - &5 1k 5
B RTETERd. SR, ANFdS SRt — AN, S
B ) — A BT EFNRAR L FKENADP L J
NADPHPY. b4k, AR IR SRR ATPI) 3 22
RGBT, %I B SN ADH it &
(NADH dehydrogenase-like, NDH)& &A1 5 116 &
W7 5(proton gradient regulation 5, PGRS)EE [1i&
P23 2% i R RS [ B R SRR B - AR BRI
J7E(ferredoxin-plastoquinone reductase, FQR)3G 4%
BT EBVEN LSS, TR E Syt bofAIPS 1 1)
(EEE
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13 HAb A iR &

B L OO A R T RS R R Ah, ETIE
FAETIEEETIERE . A1 A AR,

1.3.1 A EET & 5%

A PIEET & 48 A P vl R S N FL 1A% 8 31 A0 5
2R AR, RISEETH R R B EE S BRE
TR, KFEETIE AR 73 4 B4 o 1A% 26 1 [B) 452 /L 1 1%
i#$. (1) HiEH L (direct electron transfer, DET).
DETX A 73 M3, — R T A it R B 5 oAk
AN B R k. DA P MR B R A T IR T MR -1
(Shewanella oneidensis MR-1, S. oneidensis MR-1)A
1, MR AL A ) LT e NADH/FADH, — fiie
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i — PN B DY 1fn 21 35 25 CymA — J&] 5T 41 B (1 25 CctA/
FccA, WA HBEEMirCABE &4R1%1% 3 f 4[5 k52
PP 53— el 1 3R 1T T rB K 2R 5 R 2 T
B, B WIEIRIE R MO 6 (Geobacter sulfurredu-
cens, G. sulfurreducens) 1 KIFHAIKL, EHAINA
FEAN HIPIIA-NZR (AL IV B B0, SR 1T, Je 8454
BT, FEML AR TR AL AR, RS R A I
P20 A €4 R OmeSP A OmeZPS L B gl ke 2k, A
MSEPAKIEEDET. (11) [H4EH & i#(indirect elec-
tron transfer, IET). IETA:ME: 75 E48 B B A SRR g
P H T 2R AR S, A O my il )
S, AALAS H A AR AR MR P A 3R L s
M5, 38 TR I L 2 AR o e A R, e A AR R T
A, AT SE BT 3R 1 B2 PR T ZF R AR 1 H
HHA BOE R, AR H 7 WK FE AR IS OV TET Y B 2P

ggé [44] )

132 BEAEE FEHIE

554 i i e FoAth B AR B AR AN ], AR A
H AL BRI R, 120 FEAK 5 [ U8 P S0 1 FE
TURNGE R, B AE TR E A, XS
= U, H4H8 (molybdenum-iron, MoFe)is H fl%k
(Fe) & H BT Fh4H 43 /) 1%, MoFets H L& P~ [FesS/]
(PH5)FIH AN [Fe;MoSoCli%(M#i%, FeMo-co). Fefi [
BTN L T BREE A OL s FT— AN [Fe, Sy, 75 [H UM
FIEACIE IR T, FelE I fIMoFess M 7L i F M 1 5
E-fEES SR R, I AP IR = B R K
fEl434) LT [ Fe R [ 1 [Fe,Sol R, 4MoFesk [
[I[FesSo1#RIZ A% 16 R AL IZ 0 [FesMoSoCli%E, NJa
S (R RS SR R T IR ik F T,

2 AWy e S R S A RN

G L SRR S S RN N R
FH IR A ) LA A 0L S I AT AL
TAEM P AE B AN G AT B TS, E /RS
o731 [ R AE AR T AP HL 7 S . AT R
REWMITR T, DIEDTCIEA S TR, A
DURAMCHR, 10 HBAT AR L. R,
I A FR N 3 SR PR B A ) 15 R AT B B S D
TR, (EBIAEY ST, WDNAPYL A

Jo B OTRN E R A A R AR LR IO, T
MY TR E R ). RIS REEY T
G B A AL REREAT LEXS. DRIk, R IHRZIX =K 57
T 7359 S 2 HAL S SR B AT I .

2.1 DNAHL R A 544 K

DNA Hi T f£ %1 (charge transport, CT)Hf 7T CLHUS 58
WPEHERE. 19934 Barton [l BAPHE Science i VAR 1E
DNAXUZ e HH K FECT LUK, A e & =+ 1
FRel sz BB 2 5K . A B R 2 SR R R 561
WFIEN VT 25 T 2 2 R 25 S 56 SR I FE DN AFE i 1)
SR, REHFAREE, DNA CTAMNE R T AR
DNABRIE X HERE 7 18] (B &, BT BN A
A UCTE2A), T EHL IR AT R 4 A
) RSB AT EOE IR 5] RSB, DNA
CTHI R E KB B bk A (E2B). R, 40 i
DNA CTC# K IZ 5FDNALE & & Al AIDNA
BB R, 4 /MFAEDNA A8 I L ik A
PIRIEET, IRATESCRT IE T, B I DNARS
RRLDLEH A A 1) PR A 3 88 18 FH T F A 2 A TR S T P 2
(E20)7,

BE T DNA FLAY 27 A 4% B8 ) 3L A i A%
AR R I H bR e br S, BT IR, REUE
AV A, L0 ¢ SRR I AL BT 70 B T il iy e 7L,
DN A& H b PR L [ 45 1) 43 1 38R 501 6 mT AR A A gk
ST R R PR RS, — R T
BRI AS: B B IR B AMZ B R b ol i B S A IR
JEARICIDNAR FEERBOE I, 75 #ARSE A 5 51 A
GARA, BT A EAE SR . AR g
T XUEEDNA-CTHAES, K BAT i 7R & 1 AL IE R
TEPEIR A 2 T FIDNASUE RS FLA, A6 T4 i 6
FERNME B S AL B DNA-CTX B LS . I 5%
SAEA T - R T IACNBUR, MBI
SEE W A ) RS ),

BT DNA T P 57 AT R4 8 1) A% SR 5 T 0 A
(PRI b J ] AL A% R SR AR (DNA/RNA) .
J SR DL R Fe At/ N T S5 A AR, Wk AR
PEDNATE /K B N 5 HEDNAXUBE, {8 #) liDNA = [f1] %
2457 (DNA three-way junction, DNA-TWIJ). #EAR4E
B SEMRRA L, W08 R AhHER, [FDNA-TWIK]
B WU 48 RSk 2 TR T R FE e i, AT Fo v FL AT 52 Rl A%

1911



B A RS I T AR SR T S A S AR SN

T BRI T G KA IEIERE

Table 1 Comparison of various bioelectronic interfaces and sensing performance

E*ﬁﬁf@ ETHi R R Kb BE
-~ HBEDNA; DNAUZE: JEL (A Wi T DNAG A E: IRE T
DNA 15 bp~4 nm G-V f: DNA-TWIZ:H WGk [54,59,60]
- WIEER I JEM BB alRNEIR S 1 1 e g .
g RLEE S oA s gty R IR RO 50 6166)
it WIS AK R PR T
EAB nm-pm KA, 55 RSB S UKD TN T2k SRS [67-69]

B C P
Oxidation
o , Seessnsss/d)snessssgs
- ! T EBSSE
=4 nm
D E EEBBS3HEB IEZB SR
e LY
oA P
'gU 2220 Lo Pl
T I h7 M
e '\’!/ e
% 3 =
<1.4nm
= Fa
F N
. . B3 DNME
5 3 4
nm- pm

SHERES MK BHERTRIK

Bl 2 JETDNA. HE SRR R B A AR 0 7 S @SN, A~C: DNA AT AL 4 PR 5 55 H -1 57T A 2 SRms (2 o B SOk
[70,72,75]. 3CHR[70,75]C 3% American Chemical Society AT, SCER[7210FFBEREY); D: & H M N E BT HBRZE (1B MK
H 3CHR[97], Ci3kAmerican Chemical SocietyAVFRT); B: 8 5t -55 FAR S 1 (A (¥) FL 15642 SRS F: FIE MR IO EE T AR &
B G WEZRAHHAHEEE NS ARG REAN FIDET. @i 5B E BN FHMDET U K 753 H AN S0
IET

Figure 2 Strategies for constructing electronic interfaces of DNA, proteins, and electroactive bacteria. A—C: DNA charge transport properties and
electronic interface construction strategies (Adapted from refs. [70,72,75] with copyright permissions from American Chemical Society for refs.
[70,75]; ref. [72], Open Access); D: schematic diagram of intra-protein electron transfer (Adapted from ref. [97] with copyright permission from
American Chemical Society); E: electron transfer strategies at the protein-electrode interface; F: schematic diagram of extracellular electron transfer in
electroactive bacteria; G: from left to right: DET mediated by cytochrome proteins in electroactive bacteria, DET mediated by conductive pili, and IET
mediated by redox mediators in electroactive bacteria

Y BT R AT FDNA-TWI 2 & 3 B
T4t 2 FhEER 4% K HS . A Thomase A\ 21K e 5.
WIAEYIFREY(CTAP  T/NAP2)E AR i ADNA-TWJ
gE R, B I EERR S 5 R SR TR PR DN AR L 4%
i, SR SN R AR, Huang 5 AP 0Kg it i
Bt 5] ADNA-TWI, FH 1K 0 i B N\ I3 2%

1912

fity; GeZ: NPYFIH & & G S BEAE K A7 AE I R G-
BEMR, (RHER TR, SLEIKTRI S EE. Matk
NP3 i A DNA-TWI b (A RS B, e
A 2% o Hg™ (i 7 18 % 2 nnol/L7KF-.  ChenZ A1)
H—PDNA-TWIAZG, WK EIDNATRREHE S
FIRuFLAL 22 R R 1) LR, B AR il R S5 AR AL
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BEW B RAES,
(NAP2) A

T % 390 il e A 76 )

22 HHEFHE A AR SR

o I B AR A H T AR B2 AR 2 TR 1 A
[ R pr& I HFBRE # 42, Jfmad R ) 1 L [ 72
2] P L B R A G T RO AT TR
MR 0T, AEAE & AL S 3 BUR AR A AGIE T
PEFIAT R, IIMLZTER . BRAR AR 0 254 s DL Ao
o IR JE BRSSO (EI2D). AR
THRSEE 2 B A AR, TR AR SR A R
SENTER A — AR, AR T TR R A A
I A G, IRl L ER . BRAEE B R IR R .
SRR A TUEE 28 A 2R BN R S A ) 4
B 7, JF B 2 A S5 e, i S SRR
RATHIEER, BIEETCE R T . AR
TR R AR Dy e R B P S PR R FE R 2B L
AT TRERFEIR AL T, JREA TR T E
R (1 A6 0 FL 2 (R AT, B (1 ol 218,

HAF AR Z R, ngmftEsm bl R ER e
AT TSI B R L R AR A i Y
Ye, TR O RN 2 DR AR T B AR O 4
FHOL B R AE A T g G A B T R, T
ey 2 A A L RO S R A DU D e ) R R
TARRGIH . BeAh, Syt —20 1 g d BT BT AL
i, BTN Gk — 0 R e BN R B L AR R
T B TE BB SR 5 B2 T HOR B AL S BOR AR 4
B, L R OE U I 2% B2 W AU (scanning
tunnelling microscopy break junction, STM-BJ)F1HL{t,
%18 2 B (electrochemistry  scanning  tunnel-
ling microscopy, EC-STM)Z5H A2 1436],

SR, AR5 R S T ) 1) P A TR AR 1,
OB PR LAk 22 RGP RE I 32 B . — 10 dx 2
KA A PSP O 5 iR R PR RS, B 45
A AR PR S5 TS 2 5 i 21 W AR 3 IR 5. ik, B
RITRIEE 20 PR e (1412E). — Rl 241 5 1 ik
DET. X} FHASIDET 8 H RIS, T TAER
(Al -4 S Wil = E= G ik =R ERUNEN R VAV Lt T =R A
IR, DETAMX AN S ARARR 57 1 S B4R, I8 fRifk
SNAR R IR T RRE . AR TR R T
() 57 FLFR I HL R e T R AL A A A SR R e

RIEHIT7VE, bR R T 3T 2 40IE IR 8 B AN I
AR A WAL AR 5 — R SRS U 5N
AL SR A PR ER A 1 2% S AR 4R, DAt K AR
TR, B2 RNG. sulfurreducens S HL R PR L1 i
K, TravagliniZs N DLR IR HE G HA kB8 10 y- R 3 2 2R
HOE SR, WML R4, 428 A FE 203 um
IR R - RPIKRER. BzgikERETHES
HLM 2 1], RS H B A KPR B B RE ) I m e S 4R S
W REARAL ) R B s, R TR R B A B
ATI RS, S TAEX AR TR R A e B[R e ),
AR, REMABITHEBIKR . &1 5.
RAUKE . ZALBCAL R A VIR E G 9K RS U A
BRI T B A R S 5 1 R a8 2 B I 45 M it b,
(R AR R IR AE i BRI R . RS
IR IR B R R SR R R i,
K B K ORI B- A - SRR IZ ALY T MXene Fy J2
AR v A RS SR, 1% R i AR A IR AR
I PR I 375 A% & A e S e S 0 TRl e 26 04 £ 97.25%
~103.98%, ALK E e HLEA RUASE A0 IS FH (1 785 319, i
4b, PSR R T s Ak b, whdE bR S PR
R teas G AR E L E 5, I DAPROdEAS I ™ = Stk
WP 27 A IE T IR % B 2(severe  acute respiratory syn-
drome coronavirus 2, SARS-CoV-2), ZIMiR ARG Al 1L
30 s R gE SR, R LE R ML R A & 2 o T 1
i P AR ZT 1065104, BhAh, B T Ry PURH e fE 4
4K KR I R AL AT BRI (AUNR-rGO) & A & 1 H il %
T, Tl 28 1) S 28 A% T 38 ARG D PRAIG %52.5 pg/mLl ),

2.3 HLIEMEREETHE R 515K

FL V% 2 TR A 18 R 0 30 I A IR R B e i DA S HF
HARK SR HEDRACL JETEETHRE, gtk
BAE AL LT R VRS 2 LA 3R I L AR G B el
i B B UGS JFE T B T 2 AR A, T At R
&I Lh . T X — 5, n] DA g D44t i g 1R
MTCHER A R FE . BEAk, B IR IR HE T TR A
T RS, S A AR 2 T 1k R A A
R, AREEL TS SR BRI R A R AT T
(Escherichia coli, E. coli)X{tid BT A= 0108 %
— RIS HIRBIETE. colifE NMREALIREE, (BTS2 2
B ZREIREAREE S0E. [N, THEE. colifEiR T
MR IR AR B RN, I8 v i — 2 8E B AR =& s
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12, TR L RE IR BN A T 1) 1O,

BV PR P EET i #2 5 H Al 57 T # (2 F A
G ATRE T A AR IS A i U TR
A N VS ST 1 S A M L B . SR AL
IR B B AR N o AR RS AN R, A TS PR
72 DL 58 o A s . 15 B AL A Ak 5
et B ERAEK. ARBERES, DR
PE TR A 9 R0 T0 1 8 e B ) o S Al Ak 5 [ e A P
PR, WL PRACROAR, R 3 H AR e B 0 o e A
AR EDY. I Ajo-Franklinif R4 PRk sk [ A &L
LR T R G R R AR B S, oneidensis MR-111]
CymA-Mtrig 12 737 B T AR E & EmBE 31 F, F
NIFA—E. coliltk, 6% ) MV AH IR £k /857 XUE TE A4 57 HY
ARG, Y AR SRR AEAE I, XS R
i, WS TG0, A BRAR T3 AR F I B
KB mis J R g, Ieah, IR AL F
TSRO R, FHYPCKEREME S, i TE
E. colifE B AR /52 miny 7= AL AT LRI, JF
T3 min P 58 B T KRR P 400 TP A2 P B 3 A 0 081
ARURFBHAEBIS. oneidensis MR-17E ffuoh F A& 156 oL 72
HR] BRI TR B AUNPs, IS SREETRCE, H b
HAUNPs@S. oneidensis@CFERALI&AR, SCHLFLER I
R SR | B L SRR R A B,
L IR SO LR, BRI ORI A IIYE
BeAbh, @A S, oneidensis MR-1F14:J@H AL
HEZECu-TCPPREE,  F) FH 38 1 P[] 2801 ¥ 385 1 it vl
WA, PRI E I DNA@S. oneidensis@Cu-TCPP
P B3 O T4 1 7o R SRR 2 AR O, i
PRI TG 5 B HE WS A v LB Z TG 1.38x10°~
1.38% 107 H0HE 705 BBl A R A A, A A D44 PR P 43 BT Bk
%, A BAIE DL = R AR Oy TAE B, A
S. oneidensis MR-1# & 2 H 3R 1M1, 1@ UEES. oneidensis
MR- AR 2L BT 72 A5 R EE T FL 3t SR #8741 i 4 AR
FURRURE. 1A% B4 11 T 24 PR P9 000 281) L R A 1 o
(B IR, SCOLSRAN AR B LRI, i
WA SRR I SRR, 9 BB R P A AL 5
AL AR AT I B A2

3 Ziwh5RE
TR R R A S B L R .

1914

WER . JeEVER . BUZEYIEET. AR A fR K
TR TR E AR A RSN, X RARETCHIR N i
B A CERAL XS A= i 1 2 rp B e RS R AR KA, ol
iAFE4a s Y/ RS R {17 A e 708 - 3 i s/ SRS R A T )
R A% U TR B SR PR A 4H 7> INDNA R
BT A 1 1 5 A AR AR o, A W] i Rk AT
FLfF A AT A5 5 P K hBe Bos. (R B 21 Ry
SRR 5 SRR, TR A 22 H A,
NI PRZ W 34558 I DA R 37 35t e R 45 1 SR BT AL
ARSIy b5 S P RL A A (3 Ay ST 5 AR
TR, SIS A B AR A, (ARG
JT . IR TUR P A 0 5 ) S PO P e B B R
EEX7/LEN R S I o 3 R T N 7 S 1
AR LR, 2 — 2 T S EL e A A
KA, Ajo-Franklinif @i gl Sk g (¥ 3 T
RETH I AR AR FTAEROR A JRAL L SR I 5 X 7
ST K AR R TR R B B AR IR h <5 L e KT
Gey, X T 4 20 M A 0 A SRR T R AT R AR
e FRABCRF R, P T RS SO SR SR
ST AW T S T A TR AE BT A
(e e 4l A R T DL RS (0 RUEE, T I (IR F
FIRFI I, T A B EA e LU R AN i A T A%
FATGRARE AR BTRL . A7 28045 55 X H bR R T
BEAT A, ANTTE — 20 50 r Bl P E 4 SR 5 5
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Electron transfer in biological systems is ubiquitous across vital processes such as metabolism, bioenergetics, and signal transduction.
It is involved in key pathways, including the mitochondrial respiratory chain, the photosynthetic electron transport chain, and
microbial extracellular electron transfer chains. The ET process serves as the driving force of organic life forms to complete
bioelectrochemical reactions. By dissecting the charge transfer pathways found in nature and then integrating them with advanced
interface assembly techniques, it has become feasible to deconstruct and reconstruct these precisely arranged bioelectronic transfer
chains. This area holds promise for constructing bioelectronic interfaces that mediate interaction between “biological” and
“electronic” components, thereby opening new avenues for development in fields such as biosensing, bioelectronics, and bioenergy.
Therefore, this review introduces important redox-active molecules, electron transport pathways, and reaction mechanisms that
underlie ET in biological systems. It then focuses on electroactive biocomponents, such as DNA, proteins, and microbial cells, and
explores their advantages and challenges in ET mechanisms, bioelectronic interface construction strategies, and biosensing and signal
transduction performance. This review aims to provide an overview of the latest research advances and insights for the development
and application of bioelectronic interfaces.
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