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CUI Xinyu" *>, WU Ranran', WANG Yuanming', ZHU Zhiguang" * *

(" Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308, China; *University of Chinese
Academy of Sciences, Beijing 100049, China; ’National Synthesis of Biotechnology Innovation Center, Tianjin 300308, China)

Abstract: Enzymatic bioelectrocatalysis, as a green and efficient catalytic technology, combines the advantages of
enzymatic catalysis and electrocatalysis to enable the interconversion between chemical energy and electrical energy. It
has received extensive attention in the fields of bioelectricity generation, electric energy storage, CO, fixation,
biosensing and monitoring, and so on. This review analyzes the recent developments and challenges of enzymatic
bioelectrocatalysis. From the perspective of synthetic biology, the structure and function of oxidoreductases which
catalyze many biological electron transfer reactions with high speed, selectivity and specificity, and the basic elements

of enzymatic bioelectrocatalytic systems are introduced in detail. Strategies of enzyme engineering are discussed,
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including directed evolution, rational design, and the introduction of non-natural structural components. In addition, the
construction of multienzyme complex modules and the enhancement of electron transfer at the biology-abiotic
interface, both of which can improve the system performance, are presented. The issues of electron transfer and energy
conversion efficiency are further highlighted, and the oriented immobilization of enzymes, electron transfer
mechanism, and electrode material modification are discussed. Furthermore, some recent applications of enzymatic
bioelectrocatalysis in the frontier fields of synthetic biology are summarized, including enzymatic fuel cells,
biosensors, and enzymatic electrosynthesis. Taken together, this review proposes the future directions of engineering
bioelectroactive parts, broadening reaction redox potentials, and scaling up reaction systems, in order to further boost

the performance of enzymatic bioelectrocatalysis as well as increase its applicability.

Substrate
Value-added a5 |
Products 3 Bioelectro- H i ¥
o CH .NH E € catalysis
e. CH  NH, 2
hd Oxidant e

Keywords: enzymatic bioelectrocatalysis; oxidoreductase; enzyme engineering; electron transfer; enzymatic

electrode

Wi 2 £ ) FEL i Ak (enzymatic bioelectrocatalysis) HLBEAE N B IR A RE B SR AL, B>

se 18 LV R B A AR AR, fE AR Bk AR
A RN P FERF A AE R, FHARKE R )
AL, PP BRI AT R BT R IR R
AR (B D . R A3 T AR, 5
B % B 7 4% % (direct electron transfer, DET)
[8]$% 8 F4% 3% (mediated electron transfer, MET) .
MR Yt E A& T A AR EEE . Sk
FEVE L IR SRS A, DL K HL A A AT R AT R AR

V2 SR TR A SRR A R AR AR E v A A
b, W LW AL AE & A A ERRL AT
FOBFEE 5 AT R 7RI ST . SRS
fEALAR L, B A= 0 ri 4B A0 A T Fe AR A D vl 7 4
1 B2 1 55 AL IR T O A S B AR RS A Y, T
i AU A NS I A I O R 3 T A A
FL A T AL S L E AN TS [, R R R R
48 R TEAE S



1008 BRENE $£35

Substrate

Product

|

B Befe bt REUREE

Fig. 1 Schematic of an enzymatic bioelectrocatalytic system
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Tab.1 Design strategies for oxidoreductases as well as typical examples
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BerHRE G 1 5 1) ]
GIANHEL  GOx  NADH  CHidIF &AL K SAM AL R A RIS Bl K9 0.01~ 100 mmol/L [29]
C it b5 T U I K B AR i A5 2 (R A PR e FERE L, B n T 2 £
HRP heme Cuii s il 7 His-tag SEHLDET, B A4 3 26 45 151 60% [40]
GDH FAD N 3t 5%, C B A8 N4 45 SEHLDET, fH 4k FLE ik 249 pA [41]
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ki
GOx FAD T PR AT AP B AR 5 7 P B R B Os R 1) A AR TLAE FH , B dathg n 2.4 4% [29]
2B NiFe Al Fe-S B A E B IE I MWONT b 23 A0 R 8 1 FLYE A L 33 o 1) o [43]
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Apo-flf  GOx FAD 1/Ef);qQQ YEyrh gk o0, FIBC AR 5 FAD 3% 42 P> A B , 0 HLAL =04 V i B -0.6 V [46]
oI G A LA A ST PR T4 3
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Note: GGPDH—glucose 6-phosphate dehydrogenase; GDH—glucose dehydrogenase; TTQ—tryptophan tryptophylquinone; BOD—bilirubin
oxidase; CDH—cellobiose dehydrogenase; ®-TA— w-Transaminase; FDH—formate dehydrogenase; SAM—self-assembled monolayer; MWCNT—

multiwalled carbon nanotube; SWCNT—single walled carbon nanotube.
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Fig.2 Methods and strategies of engineering oxidoreductases
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(a) Enhancement of the substrate channel by multienzyme cascade
to increase the current and power density of the biofuel cell™
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Fig. 3 Strategies of multienzyme complex assembly
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Fig.4 The multienzyme-catalyzed pathways for product synthesis
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14 nm H A F ZAE T B 1 H A 4K Celectron
mediator) BJA[EAT BRI, RAVERER
FA&ik (DET), XJ T 7% 2 v A 44 1 ) oy ] 422
W #8 (MET) ™. fESZERRBI A A, Akl
TRV AT B bR A A O ) 2R B AR L AL,
WIH R B R EORE . BB AR 45 1),

NTRREB A R R PERE, T4
FF I (1 355 1 R AE R T B =k B, R S
WA R IE,  FE AT 7 BRIl ] e A 2 il Y. B
] 2 A 3 oy W CRLRR S RSE R . AL
ACHRAE o T AE PR R THT (9 R B A T bR AR 43 T
VR iy B G & S ms, s KA BAE A . Ja
Ay, BEFAHEAERRMIEMERSE ™, 8 HER
(TSR A R A I 3 O =N LR SN e
Bt vk EECOR DR B T R %) 5 A R M 9T el R R T
ST REFRISEA D), BT T EAE B D R
RGP VERSS , 5 BUHERR I [A) A X R 8 . DRI
AT DL 3k o] - F Al R T A2 U g i £ v g - P A
fRISEFN g %0, i FDH BT W B 8 T % Ak, Ha 4
FM e RIS 75 B A S S ) 4 ) T )
SEAER, I 3t BRI 1 F Rk Bl A 2 A 2R
BRI e fE R Y R AR S
Yk 7 Nafion FI7C 5 0E, HAMUEE Os TR
EW . HORIE R DL RIS . R BLE N T
A WA mT LA B R R R T R R 3 AR AL A TR
OZ M EERTER ™ 2 SREEEY K&
AR, AT e A g 45 1) o I PRAR LR 1, T
F B NG EE O DARRC H bR AR .

AL T T L H A SR T IR S ) [ e, T 46
S AL T TR H AT 1) ) L AR B PR RS, A I T B
4 5 A AT 54T DET M SE 3 DET [ 5Ca) ]

il 1) 400 2 S DL E 1) [ 58 I RO —, W
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(a) The strategies of directed immobilization

PPF/GDH/SWCNT-
SC/PPF/Au

Current/pA

=%%%§

T

04 nn ﬂd 08
Potential V'

Au Electrode

(c) FAD-GDHAI R BE BN K S 2 (8] (175 /i i L Bl P31
(c) Mediatorless direct electron transfer between FAD-GDH
and single-walled carbon nanotubes!**)

bt [ M

” o subunit of GDH
J  subunit of GDH

L] FAD: cofactor of GDH

e Cold Binding Peptide (GBF)
= Mass: 1.78 kDa
= Length: 0.1 nm

(b) 4454 el SR8 5 52 10 [ 5 5B DE T
(b) The oriented immobilization facilitated by a site-specific gold
binding peptide resulting in directed electron transfert!!

Glucose

Gluconic

acid

Apo-GOx

(d) fEPQQ-FAD#. 2 I H #apo-T] & 1 & {6 A (apo-GOx) i th #1401
(d) Assembly of the reconstituted GOx-electrode and the
bioelectrocatalytic oxidation of glucose with the enzyme-electrode!*!

B5 S AR E 17 [

Fig.5 Directed immobilization of oxidoreductases

Rt s iR s — A8k, DAIR A i 78 F
g e A AT (R D B, i C s i
1 His-tag 1] HRP il £ 1) i 22 IR P & At Sow
i 15 K DET RF4E, I Hooh HO, i) R B8 $

100 £i5 PA_E 7, Lee &5 " %11 1 7E N iy 8 C g7y
% 45 & K (gold binding peptide, GBP) [
FADGDH, SEHL [ B AE & rpl B € ) [l 2, A
M= f R (S 1. By 7R rE m
dih, Mrremags s REaRERELL,
T 2 i ot 6 & 5 o7 o DA S I i ) 8 [ [ 0 otk
Ab, 8IS RRAL 5N B E IR AT Y R A
B, SN E [ E 1) 5 — SREE . i, R
%*&i@@iﬂgﬁﬁﬁgjﬂﬁﬁﬁ@ﬁﬂﬂﬂ%@EEﬁﬁi@@
R AL E TN 2R B 8 A R R i

F T MH AT 2 Ak Bl 1) o 1 ] ﬁ%fﬂtﬂﬁ‘ﬁ%ﬁ"]
DET 5 8 m ffase . LA 7 i) 4 11 £F 4

T HE B (cellobiose dehydrogenase, CDH). &
g, Z A EE, OKE T DET Mg fE A=Y
fEA W YERE, $Ra TS BRI R L
Rz oSt

i 1 O0 Bl AT s, F BB A R ) 3k 5 DA
Je A& A 3G Y E e At 2 S BB E 1m) [ E 7
108 AT Muguruma %5 Y RE R B, AE 4
e b A5 1 Y BBE B 98 K (single walled carbon
nanotube, SWCNT), W] LAEEIT FAD i& P4 A0 (111
f& 5 91 FADGDH ¥ 2 DET [ 5(c) 1. 45t i
SR AT IR . IR . W . L%

4-(N, N- PR ) 7% B 50RN R OR I S5 i AT H 548
T Do Wang Z5 M ¥ NiFe 28§ (P/SHD [#] 5&

76 4- H 2R BB 1 1 & L 2 BE Bk g8 oK
(multiwalled carbon nanotube, MWCNT) F, iF
HH PfSHI SE 1T 5 /K 3 THI B 2048 1 2% () 84 9 HLAE
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W B EEE IR X 48 L AREEAT B, W LART Ik
R 2 LR 5 R4 ri R AH B4R T 51 I T
By i R AR AL, JF B AR B AR 0k 1 0 AL RE .
CDH "\ CueO """ FI V. B £h A AL B T (T 50
SiREW], BRI HHR BT EA] L
WA E A S Bz A EEAEE . tb4h, Ak
RN T £ 74 B 7K ® KM (apo-
flavoenzymes) , {71k /> 7 FAD ) GOx, = 4 #
BAERZRME 7R BRER, &% E 7 &
DET fig il [ 5(d)] ™ ",

3.2 FREEYVHBFEERL

AN I i TR (1) A0 A ) R 4 S T H T AR
HWYERETTVE (R . B IS It Ar U 5 A 2R
JR AR, 3@ I MR AE C 3. N 3 5K Loop [X 35k AS 4k
FrEE A i D) Re M M ) E b 7R A SRR AR B, TT A
R JE R A AR IR AR, TS M 5 T &R T R
PR ™. Wang 55 W7 g T AU I R B2 AN
(1) PfSHI, 4 %5 1 Wi A1 H AR 2 (] () F A% 3 IR S
R L 4 TR BT A BB v (0 TR B R .
I, g ) A A A A A I I 4T 3 3 T
R WY FADGDH, 1] LA R A A fE DET A2 H
ATLADETLE 6(a) 1™, 55 —Fh4a i PEAL S 5 H
W2 1R BE B A O v L. B — AR
H ) B 6 MR8 IR B SR T R B, 1 R A SR T il
S FRAN, AT AR S e, 1
5 DET HIAE AL 6(b) 1™ i, FIFH 2 hE 1L
J& 1) CDHAS i i A 58 fi A, AN 5 1) 55 K A
Ak H 97T BE B A B 40%~65% . 1% SR I 5 T
7E GOx fTHRP H PA# = DET M, gk4h, mIFIH
5N UAA (177 15 R A8 N g b 22 25 F Ak 08 JR
O, DA AR B 1 5T 45 10 30 1) B 5 R 2 TR (9
AL B, R e R R RN
ERIR LR TF 1 H 2R E L B A -0 20 R AL
B E R AE PR R T, W] DA 1 7% 72 523 DET,
R A R AE AR AR L 6 () ] e

TR 2 S A I8 T e 1 S S 7 BEAN R 5 5 (1Y)
gL I NAD(HD X NADP(HD) I 5, Sl
(10 2850 FF A2 A 2 T A A 47 PR A ) S BRI M 1

HA SO Bk ey
P R ER IR AT T RARG . SREIR R
To R = L R TG 7 HA A 2 ORI AE, (H
X JR A R R B R R IR, R B
TR AL IR TIOR3 BRI = R AR
A i, fEAEY L E R R g, B
TH KR (methyl viologen, MV) '3 T [ &
B AN T B (R AL S B, IR R E MV 2/ 1
40% o o G- G AT AT A AR T LRI AR S
BT RE B, N R IAE G A [, A ARt i 1%
AN A . Song 4 B K FDH 5 NADH L4
AZW, [ 52 AR AR 9K RIS U Y AR b, T R
I 5E CO, HEHL R 2L % 0 22.8%,  LL A% H FDH Ml
it NADH s th 2y 2.5 s 6 (D 1. filr, HE
AN I T A 0 S AR 5 R A AT A A
JREE AW, T AR AS I SR 7 TH AR 2 B T Ok,
ATk H AR T AR R R A T AL
TORYRM S SR A Y LK LR B Os Al
2,2,6,6-V0 IR IRBE AW EHHI KRG .
Mao 5§ " i T —FoEi B Os™/0s™ = & W) A b ik
JRKEERS, MRS EEEIREY T8, R Gox
(") FAD/FADH, i& PEAL 55 5 AR AHIE, AT DAEfC R
-0.36 V I HLAL T AT . SR, X P VEAE
T AT A B, I BN R R AT A A M ]
RE 2= R A IR B = R B 26

BEAR A= M) AL R G rp,  FARAN AU F TR YR
B8, BRI MR, PR -
[ - - AR A SR AR R SR o FUAR A ) L 46
) S E e AR M v B TR R B 5
FOAS PR i ol ELAE AR 25 55 Do) it
HAR A e iz I A, BLRE B AR WA K
R R e g oK A 4 T2, {EE T T F R R T B K R
P, 2 PR ) RO T Y [ e R, R
T A . Rk, 8 SRS B S gk
S MORE BT FE A RS R AR AT SR THAE A T
Bltn, FIHBRAKE . 990KRL T 25 9k 68 &
Wi, NEEH I EIRG T 3D SHAELE 2 2,
AN TR A O R P B AP S, LA i i A
SR S R P AR, w8 R AR YL R B

{%L [129]\ J,ﬂ__:,ugéﬁ [130-131] %DE%%%:LH;? [132] %%fio
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(a) FADGDH# i A3 5 L T H BB M Heme 55 10, {3 THAI
(a) Oxidoreductase promote electron transfer by truncating the heme binding
domain that is not involved in the electron transfer pathway!**!

(c) TrpOx AN TF3951ir 14 i Bodipy3 73 # L HEHE BICN T Fe 1 ) s 7 e
(c) Schematic depiction of the wiring of TrpOx from the TF395 site
through a Bodipy373 linker to the CNT surface!''¢!

(b) ZHEHEAL LT 4 — KB Mt SRR /s 1 5 P o R e R 2 (] B e
(b) Deglycosylation leads to the downsizing of cellobiose dehydrogenase,
decreases the distance between the active site and the electrode!!

HCOOH

NAD"

FDH .
PEG swing arm

P el T ¥y
CF cathode

(d) 2 FNADHAHEH T 4 H9R & CO, it R A St r 5 e
(d) Schematic illustration of the hybrid CO, electroreduction
system based on cofactor regeneration!*"!

Be Frif LWyl 1% 18 5 L S s

Fig. 6 Strategies of enhancing the electron transfer at the enzyme-electrode interface

4 MRS

4.1 BEEEREEBit

Wt 55 6T 7 33k AN AT SR RE R A T 1S K 0 /oK
DL AT 27 SAN T RN HL T e A IO PR A R, 2t
2 4 1 e AR AR AP R B N BF T A T
EFC i T8 FH w7 7 A= A W 0 750 M0 ey E B 3 2 10
e, RfTBamEMMEEE, /82X
VE TR (32). EFC Al LARFIBESS Moy e B
AHLER I T MR 2 AL & AR IR,
REPORAT Bk B TR A &, SE RN

W FRG. B, AN EFC 5 2= 4 5 0% 78
HARME A IE1T, nlRFet g a7 &,
S 30 A A A R A R ST S is AT
Rogers i @41 " Je T EFC % it 7 — M A L
L FRRE, RAREYR. DN A
(RAR S, AT [E IS A 0 . FLER . pH AT .
%45 & F| H] Nafion [6 7€ i) LOx fE N B, &
AV ) B BARAE N, FAERREEETS
IR REIREE B L . BEAk, FEPI R XS R 4 52 1
FARI o,V ZKORI IR ) R e B R L R R
A R —0E, ATl e 8 A g
R B 5E T A
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Tab. 2 Application systems of enzymatic bioelectrocatalysis

[SIEERES E FENE Sk
it A= P IR e
MET#  JETSURE/MV/ B 6 UMV A B I H, 55 R f AR 2 325 B 43 il 48.0 pA/em® A1 1.50 uW/em®, OCP 40.23 V. [134]

DET#!

N, BRI

55T ZB/MV/Nafion A FHI% . ADO/TBO/Nafion  #5 K HLI 2 FE AT R % B 24 25 nA/em® 4.7 pW/em®, OCP i i £/ 0.6 V [134]
S BH A 1 H/ D AR FL i

F T AEE/MV/C J B % \BOD/Nafion/C A e KThFE R 3.6x10° uW/em®, OCP [FI{E N 1.13 V. [134]
19 HL/O, SR it

T2 H/MV/GCE % . BOD/C A B % 1) B K HLIR 3 N T R BB T N 6.3%10° pA/em? fll 4.4 x10° uW/em?,OCP #¢  [134]
H,/O, AR Hith miEFE .14V

HT FDH/Cc-PAA/C JHy FEAR ) H R £65/0, 4k ORI ¥ 62 pA/em®, OCP N 1.28 V [135]
ZERY
FDH/BPV-LPEI/C ABHI#% . Lc/MWCNT/Nafion/ e K LRI T2 % 24 17 pA/em® F1 18 pW/em®, OCP 4 1.28 V [136]

C HBIM% ¥ HCOO /O, g Kl v it

FDH/MV/% 2, —F%/GCE A BH#% . BOD/ABTS/ R 25 IR B 2% 10* pA/em?®, THER A 1.2x10° uW/em?®,OCP 5 0.78 V. [136]
GCE NI HCOO /O, i A} FaLithy

H T ZEE/CNT/AQDS/C B PRI I 2 05 e K Ih R 108 pW/em®, HLIE % A 2.56x10° pA/em?, 3230 55 3025 M [136]
TR} FL Tt B 95%

H:T Lo/CNT/Ta = PERE A=) AL O, kL FLIAT 2 840 pA/om®, 7E 168 h A3 77 U3 18 B OR4eF: 75% 1 LA [137]
Fﬁgﬁomﬂﬁz%/swmmu HBIMLe/SWNT/Au  HLIfE#EFE 790 pA/em®, TR BE 240 uW/em?, OCP 4 0.52 V, fE{% pH R ] [137]
S B 2 P T 2 R /O, RARL Fi i BHMLAE

J:F Py,Ox/CAT/GC AP Py, Ox/HRP/CNT-  IHE % 530 pW/em®, OCP Ay 1.15 V, 7£ 10 h (148 F 5 4 W1 W) £ B9 50%  [137]
CMF-CC B % 1) HL/ 61 B B R v oty fapeiEe

J& T GDH/PANI/AuNP/Au A /EFI £ AR IR L% BE 1x10° pA/em®, 76 10 h )48 I 75 iy A 180 B AR RF 79% 1 HL it [137]
PP e 2550 0 AW 1 R 0 B AR e L

GOx/NQ/MWNT JyBHH HRP/MWNT Jy B 1% % 700 pW/em?, OCP 4 0.6 V [137]
R8T 260 B /HL O, MR RR) FiL il

%:F GOx/TPA/PEI/CNT NBAMZ PYC NBAMLIY  HIWREEE 78.6 pAlem?®, TR % F 1.62x10° pW/em?, 78 672 h [{48 I 7 éi 191 [137]
420 B O, IR HL 7] BE AR5 75.8% (11 HL UL

T GOx/PANI/GC 2y FH %  Le/PANI/GC Jy B LR 1.12x10° pW/em?, OCP 4 0.78 V , 15 336 h (146 FHl % i 1A AE 41 [137]
52 1 8T 60 /O, R R HhL F 82.9% My Th =R

3 F FAD-GDH/Th-AuNP/CNT/GC A FH % « L 5 925 pA/em’, TR % E 269 uW/em®, OCP 4 0.71 V [137]

BOD/GR/CNT/GC Jy {345 14 i %] # /0, AR} it

JEF GOx/Naph-SH/AgNP/PEI/CNT NBHH. Pt/ ELIRZEJE 1.46x10° pA/em?, 7 840 h XI5 T 75 i 391 16] AE A 45 83% [ HELIR [137)]
C 9 I3 52 14 71 20 /O, IR R HLLE

F= T GOx/3D A1 = Hii 2 BH A% (7 %5 Bl/O, MR BL  ThEE 2 164 uW/em®, OCP J90.44 V, 7E 168 h I FH 75 an AT GE R FF - [137]
it 60% 1 Th %

%:T GOx/PVP-RPPy/NiF B #% . Lc/PVP- I 350 WW/em®, OCP My 1.16 V, £ 336 h {1 i FH A an AR AE LR FE [137]
RPPy/NiF Jy 1 1% 197 %5 /0, ARk e itk 82% ) Ty =

Zn J A% \BOD/MWNT/rGO/PG AR 1 O, R 25 B 650 pA/em?, THER B 775 uW/em?®, OCP A 1.68 V [137]
R} Lt

BOD/MWCNT Ay A 1) O, #4 k) e itb THE % 4x10° WW/em®, 15 24 h (A8 27 6 JU318) B OREF 73% o 2h % [137]

GDH/GO/GC MFAM% Le/AuNP/Au AR BREEEE 1.1x10° pA/em?, B3 B 400 pW/em?, OCP 5 0.86 V., 7E576 h [137]
ETEO MR B b [ A P 3 i 30 8] B DR 35 93% R T 3

%:F NiFe ZM/MWCNT/NQ/GCE NN H, R KINZEEZ N 890 pW/em®,OCP Ay 1.1 V [4]

O, 1k il
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gR2
S FH 4535k F BN F B SCHR
HALE T 3+ LOX/TTF-MDB/Pt/Co B 1T [ VTR 8 D% % 350 pW/em®, FAT K A7 i Fa e P g [138]
ZEF LT AR B T R A I LR
Bk F£F LOX/CNT/1,4-NQ/GA/CHI J9 B . Box/ TEREE21.5 pW/em®, BT % FE 5.8 pA/em® Wi I Hh ) 2L R [138]
CNT/PPIX/Nafion B il % ¥ B 7~ 255 S FL I
J5T LOX/CNT/NQ/PYCwNafion f UV P FLER AT LA FE IR R 48 R A 54 400 mI/em’ B it [138]
HF LOX/NQAR A & B AR A a4 b2 4l e KIhEEE N 270 pW/em? F10.50 V [ OCP [138]
PRI AP PR T
fify B 4 e Sk A
LRI P A R B DR % R H A S OB IE R SeEUE O R B, B AT 130.4 pA-L/mmol fm 2 fUE [139]
GOx A1) 1L 4%
PR/ C i) % () 397 B 4058 BE A7 A I 15 VPR 0 B 4 4 10 O () A1 26, 460 S B 9 100~800 pmol/L, i i M 9 4% 11 [139]
R 7K Ki&3d
¥ LOx SR % s 4h 5 & 2 [F] Nafion [Hl B 72 A ilVE R 0.22~0.75 mmol/L, R /% 7y 0.1 pA-L/mmol [140]
FE AR R I L IR
T Au/rGO/PINP/CHY/GOx il £ 1) %1 % ¥ A= B 2 BB KT 23 AT AT E PR 1 [ B 0 A6 0 Bl 0~200 pmol/L, R [141]
WAL s HU% 29.1 pA-L/(mmol-cm?)
4T PVA/GOx/PB/C/PET il & [ fili g 9 o6 A Vel 0~50 pmol/L, R 2.89 pA-L/mmol [141]
I )
#:T GOx/PB/Au fl LOX/PB/Au/GA/Nafion {12 i %] HiAG I3 Bl 1~600 wmol/L, REE 26.3 pA-L/(mmol-em®), FLEE #h 4G [141]
TG B A0 T, (7] 0 52 7 2 0 RN FL R 75 1~40 mmol/L, R #U¥ 1.49 pA-L/(mmol-cm?)
FFEIN I R AR % 1 GOx/PB/ K IIEFE 0~2.7 pmol/L, R JE 22.05 pA-L/(mmol-cm?®), Ji T Hi 14 5k [141]
Au/PET A 2 Hli A B 4%
3EF Nafion/GOx/PB/porous Au fill £ (1) — VI A8 Bl 0~ 10 pmol/L, 1 pL ¥ BRI RIS I, 530 22 90 3% e 2508780 [106]
I A 0 14
HF GOx-CNT/PB/AWPET WML A 5 A 2 B IS 1y 0~200 pmol/L, R % 2.35 pA-L/mmol, FLERFE NG [106]
LOx-CNT/PB/Au/CHI ZLER L 828 i % (2 Thie B 0~30 mmol/L, RS 0.22 pA-L/mmol
TR A A
5T GOx-CNT/PB/Au ffill # I SZ A MBS 12 %5 A8 IUSE Bl 0~25 pmol/L, RBUE 2.1 pA-L/mmol [141]
FETAL 2 SR IR ) % GOx/PB/A7 S J& H L pE KT 0~ 10 pmol/L, REUE 1.0 pA-L/mmol, 7 B L& R 29MRRInRE  [141]
liFes
JHIRREI  GOx/7/K kIR /Pt il % 1) N AR B NovioSense #i 4 A MIEH 0~20 mmol/L, B E 5 5 Kik4.5h [106]
T A
BT GOx/CAT/ i 52 I il # 1 44 Be B IR B2 4 A IUSE R 0.1~0.9 mmol/L, R % 22.72% L/mmol [139]
R AL R
4T AOx/CHIPB/PET ; GOx/PB [ I IE A7)0 K llYE Rl 0.011~0.08 pmol/L,9 h Il 18] it 7t e et 1 [139]
SR RS VA 4 A AT B AKCE
MERAS I 3T GOx/PB/Au/PET/CHI il £ I 22 e W Fi) A EE] 0.1~ 1.4 mmol/L, R 0.69 nA-L/mmol [139]
7 i
I8 SR B2 G /PB/GA/ SR AR 2K el % 4 F 4 K lVE Rl 0~ 600 pmol/L, REU% 2 2.45 pA-L/mmol [139]
A TR AW PR IR
FCfFReill  OPH/Nafion/fik LA il #5 (1) -8 & A8 PUHAT AL IYE R 0~200 pmol/L , ¥4 Hi FHAE y 480 Q [139]
AT LB 22 7

T OPH/PB/PET/Hjt Ha i il 4 FO i 48 sURE AR AR I YU 1 0~ 100 mL/m’®, RS FiA 4.55 pA-m’/mL ;AR G E [139]
FEATI 7 SRR A R R ME AR 22 R B, 2~ 10 mmol/L, RS %138 1.8 pA-L/mmol

GOx/LOx/COD/CHI/Auw/PtNP/PPD ] # I¥] — YK i ] #5484 FE 0~1000 pmol/L, R % 22.8 pA-L/(mmol-cm®); FLIER A [139]
PR U B T3, W I A A1 RN 7R 5 R S Bh PR B ) S B 0~20 mmol/L, R L E 4.1 pA-L/(mmol-em®); AH B & I 95 il 0~
HH AN RAR T AR AE 350 umol/L, R E 9.4 pA-L/(mmol-cm?)
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HFR2
SRS B EC SCHR
BT A R GOx ML R B EMIR AL FRES Wi FE 51 2 16 1 /K P A2 4k , 44138 Bl 0~ 100 pmol/L [139]

S R
30 i PEG-— B 2 B GO (556950 KW F 952000 umol/L , 7L 0.8 wA-Li(mmol-em?), i LAZE 8 J gy [142]

DK 44 % 11 5 W A ) A TR % R E AL

FF GOx/PB/CHI 1] £ F K £ F x5 i . K IYE Bl 0~ 160 umol/L , R 300 uA/em? [143]
Bl IK T4 I

%&£ PPD/AOx-CHI/Nafion/Pt il % B e A% A IUIYE Bl 0~80 mmol/L, R 0.045 nA-L/mmol [143]
el

iR T FDHb/MPA/CMC/NPG 1 4 HRBEE WML AT 0.05~0.3 mmol/L, RELJY 145 pAjem?®, 6 Kl 40% itk [143]
TS TR R SR R SRR

3T CDH/PEI-AuNP/RDE # % LIS K52 K IUYER 1~ 100 pmol/L, REE 196.5 pAlem?, ML 59 10 pA/em®,  [143]
i) )82 BF ] /N5

# T CDH/AuNPs/BPDT/AuE #| % B9 7L ¥ 1% K UNVEE 5~400 pmol/L, REUE 27.5 pA/em?,20 KJGI 1745 85% ikt [143]
s

3T CDH/AuNPs/GCE il % [ LW 14 5 5% H 0 FEE B 10~300 mmol/L , BT 5.4 pAlem?, | G 181 1 2150% ff3 [143]

ik
% T CDH/Co-hemin/CHI/GCE il 4% 1) 7L ¥ & KzISEE 10~100 mmol/L, R B 102.3 pA/em’ [143]
e
fify H A B
CO,lfE & T FNR/Z B4l B A FRACEE/MV/GCE M ZE ¥ 555" i IR 4422 B3 #2160 nmol/(em’ ), VERL 55205 04 91% [144]
HWHTHAERS
%:F FDH/Cc-PAA/C 54K FF R 1) 2E 1 B A R R R 77 R 431 nmol/h , V47 55 AR A 99% [4]
2+ MoFe-Fe [il #{i#/Cc/GDE/GCE 4§ CO, & i HLIfi % i 350 pA/em®, MoFe-Fe [fil %R I 5 55 2 % 23 5l 9% H1132% [4]
R
4= -F FDH/MV/Nafion ff] = % &5 ¥/ LTk 7E20 mV 5 i) v) 3 B bl 7= 28 FEER 36, 7= ik 97% [4]
A R
$5-F FDH/Rh/Nafion/C NBAM I XUE [ RiAs K HLIR 2 80 pA/em’, 54 55 R vl 1A 51 46% [135]

NADH #4: 240 CO, 18 J5 N H R

S L REMV B A% [ RSMY A 5 12 66 1
ZH4N, 5 NH,

[#] % Ji#/AlaDH/DI/HN- 0 TA/MV K4 22 [ % it 7

N, [8 7 A 286 nmol NH, , V11 55 %0 % 4 26.4% [134]

SKHLMV B4, 10 h 5, A= 2035 # 0.6 1 mmol/L [ 5 s i BE ¥R 47 [136]

ARG PR AE H TS S A A 72 T % HERN2T%
%:F Le/LPEVMWCNT/C #ill % (R AK A ATP [f) NH, (17 524 180 nmol, 5 K HE AL FLIAT S B 1.88%10° pA/em’ [136]

DET #4044 N, it )55 NH,

SUHE/MV Ny BH B, [ % /MV/DULeuDH 2y 9 12
il # B o B R A AR FiL ot T T N 4k T
IR

WEY ST 4/MV/Nafion/ A §% , ADO/TBO/Nafion
BRI SRR, AR L I T 5 A A A Y

4T BPV-LPEI/DH/C-LPEI/PHA/GC T4

NADH £ %t , i #£4: & i PHB

LI T 92% [¥) NH, 551k 38 R 87.1% (9L 4155 %%, OCP 4 0.25 V [136]

B K LR B N 25 nA/em? E 0.6 V R 74 Skt I 55 3R N 24% [134]

NADH F A (7537 265 808 8 52% , I K HLIE S 8 27.9 pA/em? [4]

BT EUBE/MV N FHAR , Alk/TBO BRI A A2
TATEED A b

3T GDH/DV/VK,/CF Jy BH %, 7 136 %70 A 1
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s 22 2 t§/Fe O ,-COOH-NP/Nafion/Ni/C B i 2
PR - P PR AR G K e A S (A 2 i

FLIE N 318 pA/em?, OCP 4 0.65 V, 500 55 308 23%, A B FE ™ [4]

N 690 nmol/cm?

L-DOPA £ 2 9 118.3 mg/(h- L)1 90% {1951 55 3 %

[4]

A 25 R AT CPMA IR 3 AL 5 1K 31 78.9% Fl 86.8% , i SR 0 ) [145]

TEF) 91% 1 102.4%
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Note:MV—methyl viologen; TBO—toluidine blue O; VK,—vitamin K,; ADO—aldehyde deformylating oxygenase; BOD—bilirubin oxidase;
GC—glassy carbon; FDH—formate dehydrogenase; Cc-PAA—cobaltocene (grafted to polyallylamine); Lc—laccase; MWNT—multi-walled carbon
nanotube; ABTS—2,2"-azinobis-(3-ethylbenzthiazoline-6-sulphonate); AQDS—9,10-anthraquinone-2,7-disulphonic acid; TPA—terephthalaldehyde;
TTF—tetrathiafulvalene; MDB-—Meldola’s blue; PPD—poly(o-phenylenediamine); CNT—carbon nanotube; GOx—glucose oxidase;
SWCNT—single-walled carbon nanotube; Py,Ox—pyranose oxidase; CAT—catalase; HRP—horseradish peroxidase; CMF—carbon microfibers;
PEI—polyethyleneimine; PANI—polyaniline; FADGDH—flavin adenine dinucleotide-dependent GDH; Th—thionine; Naph-SH—naphthalene-
thiol; PVP-RPPy—polyvinylpyrrolidone-rectangular polypyrrole; GDH—glucose dehydrogenase; OPH-—organophosphorus hydrolase; GO—
graphene oxide; rGO—reduced raphene oxide; PG—pencil graphite; NP—nanoparticles; NQ-—naphthoquinone; CC—carbon cloth; GA—
glutaraldehyde; CHI—chitosan; CDH—cellobiose dehydrogenase; FNR—ferredoxin NADP reductase; FDHb—D-Fructose dehydrogenase; o-TA—
o -Transaminase; DF—diaphorase; AlaDH—1L-alanine dehydrogenase; LeuDH—eucine dehydrogenase; PET—polyethylene terephthalate; PHB—
polyhydroxybutyrate; C,-LPEI—octyl-linear polyethylenimine; PHA—polyhydroxyalkanoates; Alk—alkane monooxygenase; L-DOPA—I-3, 4-
Dihydroxyphenylalanine; MPA—3-mercaptopropionic acid; CMC—N-cyclohexyl-N'- (2-morpholinoethyl) carbodiimide metho-p-toluenesulfonate;
RDE—rotating disk electrode; BPDT—biphenyl-4, 4'-dithiol; GDE—gas diffusion electrode; GCE—glassy carbon electrode; AuNP—gold nano

particle; PENP—platinum nano particle; PEG—polyethylene glycol; PB—Prussian blue.
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AR ML IE )5 B #RRE 2 14E 4T DET, SHLA 1
5 LAHNEE 2 ARAE WAL IR AL, IUAARAE — Pl 5
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TR 28 3 AR A R AR I A f o,
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