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Development of enzyme immobilization systems for CO,
bioconversion: advances and challenges
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Abstract: Enzyme-catalyzed CO, reduction to value-added commodities is important for
alleviating the global environmental issues and energy crises due to high selectivity and mild
conditions. Owing to high energy density, formic acid or methanol produced from CO, using
formate dehydrogenase (FDH) or multi-enzyme cascades are promising target chemicals for
CO; utilization. However, the low activity, poor stability and low reusability of key enzymes
involved in such process hampered its large-scale application. Enzyme immobilization provides
an effective solution to these problems and significant progress have been made in
immobilization carriers. Moreover, integration of enzyme immobilization with other catalysis
techniques have been explored extensively. This review summarized the recent advances in the
immobilization of enzymes using membranes, inorganic materials, metal-organic frameworks,
covalent organic frameworks and other carriers, and illustrated the characteristics and
advantages of different immobilization materials and immobilization methods. The synergistic
effects and applications of immobilized enzymes and electrocatalytic or photocatalytic coupling
reaction systems for CO; reduction were further summarized. Finally, the current challenges of
enzyme immobilization technology and coupling reaction systems were pointed out and their
development prospects were presented.

Keywords: formate dehydrogenase; immobilization; biocatalysis; cascade reactions; coupled
reactions

SOt MR M E R EER . B,
SRR TR = 1.1 °C, s m it
NZTG Z#A BRI f& 508 o kP, B
SRR AR T R BB A I, AR AL
L, BEREAE 20652070 444 SEERR TR AT
85 1 FEURRE 1) 17 5 3 3 ) 5 e b R B AR ik
FURTRE W08 & A Mg & T R R
WABRBESR , AE I R [ 28 % R R U 5 Y Jy T L
A e g g M R E 22 o vk HE v
WPE A HbR, IEZEBRIR S . &0 HE

http://journals.im.ac.cn/cjben

RIFIBHEAGH 3 AJ7 g iF e L AL, HOoR
AR R A0 3R 3h B

CO, M ROE b R4 ik I -2 UF MR
ROEHCHE . CO, WA= /AR 1 F e
g5, B BRI B 12 T AR B A A
R ME(C=0 H#EAE 803 kI/mol)"), % CO, %1k
HE T ) 25 X B il 3K . R 5 $ £ (carbon
capture, utilization and storage, CCUS);™ I 5 4%
fR) 2 J B i HLAS B S R A, B
BHERNERAR .tk Bfa e SR, alfEN



ROF /00, EMIHL X RISETHR DAL B S

BRI 5k, WBERE IR RIS
Bt o AR SN A R GE R A RS
12,5 wt%), SASEML, R f#
B0 gt [ B m A R R
BB A AR R I SR, B D
ARk AN, LA COE M BR AR A L
P U, A1 30 A ol i 0B Y S B — 2P

Mg Ak CO, G B H EEAE Ry — Fh PR 45 A di 7Y
W REIRA AR, RIOHAARIRF . makaeE
TR, HATSIHL CO, B ATE fh A28 B 14
I T . CO, I it ifil] PP 3= 96 I F IR I =
fif (formate dehydrogenase, FDH). H it & /i
(formaldehyde dehydrogenase, FADH ) i &
fif(alcohol dehydrogenase, ADH) = Ffif§, [ it 7E
=R BRI B AA R T, CO, IR AL
¥ 52 B B A AL ORI S o A T — R
P AL B By R A 300 F AR 5 gk AT, B AT DLid it
R AAF oA, 52 BRSO P i BSO LA B
G FEAS , AR U F S A2 BT, Yoneyama
P AU U AR IR TT LSS R CO, i
G B R EE R 3 AR R i B . Bl S Obert
I Obert! “HZiH 1 LI NADH A4,
il FDH/FADH/ADH 205k )2 MifiEft, CO, — %%
o R EERIAFSE, BCIESE T 3X — W (B 1)
IR, fiff DR 22 il 0 00K B I A4 5% 1) A AL A3 AT i)
A, AR AR 2 L

HH TR S 0 BBk S v RS e 2% . 2
it 22 ) 1% Jo 25 2RI LA B T B vy ok 7 A7 7 e [
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Figure 1
and ADH.
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b e S I 1 7 A B IR NI TR (polyacrylic
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Figure 2 Membrane materials as carriers for enzyme immobilization®'*. A: Hollow fiber membrane for
FDH immobilization. B: Janus membrane for FDH immobilization. C: Enriched amino-modified PE film and
SiO, microsphere for FDH immobilization. D: Cellulose membrane for FDH, FADH and ADH

immobilization.
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Figure 3 Inorganic materials as carriers for enzyme immobilization™”>'". A: PDA/PEI modified SiO,
microspheres with abundant amino groups on the surface for covalent immobilization of CAP¥. B:
Mesoporous silicon microspheres prepared by surface etching and DA/PEI modification for covalent

immobilization of FDH and CA. C: PEI-modified graphene oxide for covalent immobilization of FDH. D:
ZIF-8 as a sacrificial template for the preparation of polydopamine microencapsulate for immobilization of FDH.
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23 2 IR R 2206 M. 249K, ZIF-8 MU
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SN ZIF-8 24 CO, 18 VAR R Y
B, NG T SOWAR &R CO MR E . FEAA
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GDH iX 3 Fififi % )24 A 426 0 2 [ e 7E ]
1= B B CO, 1) MOF #1%F MIL-101 (& 4B).
FEAE RN IR HT X MOF # R #EfT CO, 1 &
W BfF b B, S5 0 53 B HR CO, A MIL-101(Cr) N6
BRI CA JE IR
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Figure 4 MOF materials as carriers for enzyme immobilization'***", A: Co-and mixed immobilization of
FDH and GDH using ZIF-8 as a carrier. B: Immobilization of CA, FDH and GDH by layer-by-layer
self-assembly using MIL-101 as a carrier. C: FDH, FADH and ADH were immobilized separately using
ZIF-8 and distributed layer by layer through the microporous membrane by dead-end filtration. D:
Immobilization of FDH using ZIF-L treated with tannic acid for surface protection etching.
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L MOF B Ay il [ 7 AT, it 170 35
Al REA 5 MOF & A i 8232 252 ), L rT g
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PN T 45 K B R VR4S | Liang 2501Vt 55 1R 1 1y
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WA LRSI L, 4015 T —Fh 42 R 2L
ML ZIF-L, A8 FFLAELSHIARIIE T FDH (76%)
F1 NADH (83%) = 24 i (K] 4D). TA F I
FME PP ANk 2] MOF 11 £t 5 I [RI R4 , 7 21 ik
R TA BEAEE o 2218 B 0T T ok Tl 2
MOF N EB B KL S5 1), X REAL 7 {7 MOF
MYHM T, BE SR 25 A B I o 480 TA %) MOF
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RERAS E B m A BRI T R B s |, IF
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H AL TE PR LR e 20 6.6 5. R,
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fiff [41 22 1) MOF M RHE AL T3 .
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FUMPE | B RS AR e R A A s D R
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COF R 5 1 2P Be o FL e e fit Ak 4u s 15
BT BIBEIE, BEGAHE AL SN R R B HE R
HE TR A W2 T S 2R R BE A8 R
Ry B CARI S $R AL T RIS AR S

PRIE, A5 38 2 A 47 30 AR R[] B 2
MRy [y RN E RO, B T AN [ [
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2 EE-m IR CO, R LR R

B FERRERELRN
TEAE E B AL % 5 FDH fE AL 4 J5 CO, 24K
FIF, H R AT AR F ™ A 0 i 1 4
WA FDH 2 5 Mg IR S0 o 4 s 1 7Y
FDH (%) Mo/W & PEA S T EE I BB N R, i
it i, TEAGY— 1 EZ > Fe-S LM HL
TIESM R SO Z B L8, RAHTFE
BEAOTE T R DB R 45 CO b A= il T HI R . 7E
et FH H AR Ay Bl Ak S B e s 7yt AR e, AT
M4 o e #8 n 7 00 i H A A 5%
B S B 75 Mk PO 0 R F T (direct
electron transfer, DET)d F2 Al B, 3 1o H, - 4)
J5 [i1) 27 1% 336 445 Tt 1) 1) 422 W F 55 867 (mediated
electron transfer, MET)id # . IE 4 J& {4 i FDH
WA RIEET L, R NADH 45k
SCE MET i #2146 J@ AOm %Y FDH BE AT LA#E
it DET 05 s A3 B 1, n] DLsd o S ki
Jit H i BT 45 A o SE B L 5 AR DL AR
1Y 1o KAl I = W vl 5 ] B B BU R )
Dy 2N B HRAE L S B AL S 0 ) (3 2)

U T AR B SR A PR A il T AR AR
EME R m A R, B a] LUR A it
B LU i LR AL IR R R A ) S
F R IR 2R A B AR 21K . Yuan 451008 o ff ] —

2.1

I 4 (cobaltocene, Ce)Xf PAA HEATBMiHAG T
R UEE Y AN e R Y SR DA R 0S¢ S
YI(Ce-PAA), FMH FH X Fi 35 Wi 4 R ARl Y
Mo-FDH [ 5 7 3% 55 itk AR 2 18T, [R] B 52 B e,
TR, MTEAAERERESY AT
IS UE I A Mo-FDH REfSEH ALK, M
PEULEG AR R G Y R =g m %, thF
Ce i JE L AL B4, 3% 2 1R 2R AT AR A%
) HL AL SEAT A SN, IR 9 45 SR R B A
—0.66 V vs. SHE i Jst LA B #4717 90 min /Y
L AL N, IEPEERCRIEE] 99%+5%.

FEIRSR Y CO, FIfE BIMERE, Szezesny
RSy B, JEE AN TR PR
£ Bidl (viologen, Vio) X 2R (4-7 £, 4 ik iR 1 -
NI IRARK TR -G ER T ER) [P(SS-GMA-
BA) AT &M, TR A YA B RS B H AR I
XA 67 H A7 ) 2R A W [P(SS-GMA-BA)-vio] i
AL B L7 5 W-FDH 9 8 AL J5 H o7 A [
Wk T K W-FDH WA RGER(E SA). 7F
—0.59 V vs. SHE ik JE A7 T [ 45 h J5, i
5 AR ATH R 80% TG, HL AR P R R 1)k
BEA] A% 41.3-56.5 pmol/L., Kuk 2S5 25 fi Fi
5 e ) SR 2R B (polyaniline, PANI)ZH K /K & 2 N
W-FDH f&4i s+, i HIAZH] % — oK W-FDH
LM SR AE PANI 7K BE I HUIR ) — 4R 2% 1, 14
- IR CO, R R (] 5B). PANI K EEE HLAKL

*x2 AEEEIZLRE CO,H|& RER/REE AR EEELER

Table 2 Performance comparison of different enzyme-electrocatalytic systems for reducing CO; to formic

acid/methanol

Enzyme Load capacity Electronic Reaction Redox potential Yield Faraday References
(mg) mediator time (h) (V vs. SHE) (umol/L)  efficiency (%)

Mo-FDH 0.060 0 Cc-PAA 1.5 —0.66 431.00 99.0 [66]

W-FDH 0.0950 P(SS-GMA-BA)-vio 48.0 -0.59 4.13-5.65 - [67]

W-FDH 0.001 5 PANi 1.0 —-0.40 1.42 92.7 [68]

FDH/FADH/ADH 2.000 0 - 20.0 —1.00 1 240.00 12.0 [69]

W-FDH 0.008 5 Benzyl viologen 1.5 —-0.60 3.70 100.0 [70]
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Figure 5 Enzyme-electrocatalytic reaction system for CO, reduction with different immobilized carriers
and integration methods!®” 7% A: Polymer/Enzyme-based gas diffusion layer for enzyme-electrocatalytic
reduction of CO,. B: CIFDH-PANI electrode for the enzyme-electrocatalytic reduction of CO; to formic acid
using direct electron transfer from a conductive PANI hydrogel to CIFDH. C: FDH, FADH and ADH were

covalently immobilized on a functionalized graphene carrier to produce methanol via direct electron transfer.
D: FDH was covalently immobilized on a modified gold electrode with a 4-ATP SAM and a mixed AP+MH layer.
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L RORIBE] 92.7%, I 1 h R &3k
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ML I fE 11747 Seelajaroen 51— 2%
% 3 R R AT R E DR CO, i 5
il B B AL AR R (K] 5C). 1 5t 5 B e i
M) £ 58 M5 1 AT R B AR 18 1 (G-COOH), FDH.,

FADH F1 ADH i 3o i Jiie £ 5 ¥ 3L e G-COOH
HMahd, 1E-1.2 V vs Ag/AgCl R FHHLAL T
Z WK [ 2 R R IR B AR 12%, HEE
)77 288 0.6 pmol/h, S X AP AR R i i 1
HIRL B IR PUE RO RAL, B T4 )R
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HUAJEAR R, FLEAT I B i S g 2 f
SRR, TR 3E S T NADH i R (14 /55 & i
A, Alvarez-Malmagro 25V F 22 B8 M i) 4
Hi A% S [ 72 W-FDH LB 9% HAE i -Hi A4k CO,
(B 5D), R W-FDH 1] DLk [ & 75 24 1
B 4 ik R, Hil F{UA )2 FDH 1)
Fe-S i 2 15 o 22 T 205 & A i b AR ELAVE
SRS % 22 [A] 19 DET RCRMAR, Joi:se
CO, IR JFEUO S ¥R FT r AR b A 43 rL TG
FER AR R PG FA R EEAE, BT
Fi | i) MET fiEfb s 292 DET 19 3 f%.
7T {5 ) 2 TR B K 118 2L S s v AR R ]
FDH i}, D2 PR e il 6 2 i R 30 i bl 4 f A oy
(CE AL AR
22 HBUFAFEHEBBEN CO,EEE/R
R

TEREMEAL IR CO, il £ F R/ FP I 1Y) 3

H, S NADH A B AR — B2 R AR 1
FHBIMERL, H k27 SN AR 22 AT LA il A b 4 &=
FRE PR L BT AL DL SC 3 NADH [k J5t Ak
(3 3) Mol H A T S I A 28 A6) S50 K18 T 12 A il 11 [
FEAL, RIS L S AR R A i AR s 200
U, MR A B I A S R
SRR EE T A, R A E T
HL AR AR Pt S RGNy A R DL ) T =X
Barin STV F RS oAk 2 2% B G B AR 1F
FrmgHHEIL COL i I 1 R (18] 6A 7). B
28 1ok TR Y L 27 RO O I 9K 21 4 (electrospun
polystyrene nanofibers, EPSNF)X} FDH #7171t
Pl [R]i HE PR R4 Ha Al S 38 NADH A HL
AR . Gl RERE AN B 1 Y EPSNF
TG R AR 2 T BB e ks, XA TR
o T ) [ ARSI X M, [RES DX A EPSNF
Z LG5 A0 RN R LU R TR A AR R AR T IR A%

&3 & NADH BEMEEE/ LRNAFRZIR CO, H & RER/AEA LI
Table 3 Comparison of formic acid/methanol production from CO, reduction by enzyme-electrocatalytic/
photocatalytic reaction system containing NADH regeneration

Enzyme Carriers Loading Load Reaction  Yield Optimal NADH TON References
efficiency capacity  time (h)  (mmol/L) NADH regeneration
(%) (mg) (mmol/L) efficiency (%)
FDH EPSNF 57.0 8.55 5.0 0.310 0.51 96.1 - [77]
FDH PEI@SBA-15 - 10.00 3.0 1.120  2.00 - - [78]
FDH Nanoporous 93.0 0.32 5.0 1.290  0.50 - - [79]
carbon
FDH/ADH Carbon felt 21/36 0.85/1.45 18.0 - 5.00 95.0 - [80]
FDH NU-1006 - 4.80 1.0 79.000 1.00 90.0 1.3x10* [81]
FDH/FADH/ADH ZIF-8 25.0 3.00 3.0 0.740 1.00 80.8 - [82]
FDH PAA-HFM 100.0 1.16 4.5 1.630 2.00 - 125 [83]
FDH/FADH 100.0 0.50/0.15 48.0 0.420 1.00 - 125 [84]
FDH PCN - 6.00 12.0 2.800 0.66 65.6 - [85]
FDH MIL-125-NH, - 6.00 24.0 9.500 0.66 66.4 - [86]
FDH NU-1006 - 4.50 24.0 144.000 0.28 28.0 865 [87]
FDH NKCOF-113 76.0 2.28 2.5 0.009 - 9.2 - [57]
FDH/FADH ZIF-8 86.0 13.00 8.0 0.008 0.75 75.0 - [88]
FDH/CA ZIF-8 80.0 8.00 5.0 0.240 0.80 75.2 - [89]
FDH MAF-7 12.3 0.92 9.0 16.750 1.00 28.0 - [90]
FDH NSs 323 - 48.0 0.260 0.50 36.0 1360 [91]
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i A 1 o Barin 28 P25 7= 4 Y R B i 52 I ) F
15 VA B AL ORI R a8, $ i T —Fhki
L) T 2R M IR R LR (B 6A 47). B
TE 0 ) i S BB e BSR4 i W R, R
[EEER A L S s ' &~ SEW IR S U
AR R - e = T 42%. [
PR T RS BRAE TP IRWON CO, IR
J3E ARG Rl et Y R A USSR 22 B XA L 2507
i PEL 200 B9 A FLAE 4 R (SBA-15)1E Jhy i [
JE B AR, FDH i# 2o & i 0 B i o =X 18 7E
PEI@SBA-15 I+, FFFIFHF4 i Hh 40 (neutral
red, NR)HILEIR F AR 115 KoLKk &
HLF 5585, SCP NADH AT (1 6B). FlIBiA
FRAE/RNE 3 h JF A4 1.118 mmol/L B H R,
SRR IR R 3.7 5.

BT T AR AR R Sy T 1] 28 A 1 il
FTHL A R & T B R A 3T .
Hernandez-Ibafiez % H $26% FDH A1 Rh HL T
A S L[] [ 5 e 2 LA B R (] 6C), BF5E
T A B A9 NADH FAE PERERLE: CO, i 5 R
IR PERE . Pietricola 250V Ff £, i JLA& 1 1)
BB FL A B4 3L 1 FDH, B H T EA
F A= 1 BEAR , H-ER1 T NADH Hi Ak A M fE
Z AL 4 8 A AL TiO, TE HL PREE T AT LA SE AR
T T HL IR B, i LA AT FH A T P A 1 [ 2%
1A . Miller 51 FH TiO, 1 A BUAF £ T —Fh [
FE B E RS T AL IR )R CO, R NAR R .
e HTECRE R N ek 1y 2 Aotk
FI(=-2,2-BRILAEET S5 RuP B S - ik g
M DPP)Xt TiO, #4174, W-FDH 53" 4:
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5 A L AH BRI B e SR T . SO o 72
W, GRS Tio, 4% % W-FDH #Y
BEVERL S b, L COL BRI R . X Fhid
1R A T SRR A T A AR
;PR R T > Y e B AR fH B T W-FDH X J2
LSRR, RN AR RIE T AR T
24 h NHRAYF=# ALK 4.8 umol/L. Farha 2"
M MOF PR [ E b5 L Ab A7 45 5 p
TR AR RSB 6D), LR
5 FDH K/MHEPEEL ) NU-1006 1 K [ 52 B4k
X T, K3 FDH ) NU-1006 JiFE
fE Rh HLFA B0 1) B 22 A A A H i
I, W5 CO, IRl B SZ I i NADH 9 F2E .
TE-1.1 V vs. Ag/AgCl LA ROV 1 h, HR
FIHRESAE] T 79 mmol/L (3 &5 il FH R vk E
25 mmol/L), IXAH Y T#17 T 79 X NADH M1
PR, BPSZEL T 1.3x10% Wk i 4k 5% 4 4k
(turnover number, TON),

H [ ) COL e Ab DG B il B T FEL A
2 il ARG SN SE B NADH 5245 () —Fh
K . Zhang % FDH, FADH, ADH =Fif
ETE ZIF-8 thIf s TR, i1 Rh A
T Bk — B i v PDA/PEL ULAN A 5% Hi fL
e, AT —Fh Z R AL F R G R R
AR RAE-0.7 V (AN T S 3 h, H
P B2 AT L3S F) 0.742 mmol/L, R4 Fiees
it (A 2 1 F BV B2 XA 0.061 mmol/L,

Fit FEL A A S5 7 AR 3R AR AR IBE A i i T il F
E 5 CO, AR, FEREAR T 4 NADH 77
B ) N i A 9P R N SN R N ]
S5 R HE W A A SRR AL TR I 38 SR
PERNBAR T B KB IR R S e S i
iR R & TR SANES S, 2K
AW ERFE A URAE . iy SE 8L DET A9 s &cfiE Ak,
I H [ ) SR B R G B T B T
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] 5 3R, DUREE A 25 i WL SE B H R A AL AR )5 CO, A 7 H iR

Figure 6 Enzyme-electrocatalytic reaction system combing with the regeneration of NADH reduction for
CO, reduction!”®7%8121 " A: Batch operation and semi-continuous operation for the construction of
enzyme-electrocatalytic system using modified EPSNF immobilized FDH. B: Construction of
enzyme-electrocatalytic reaction system using mesoporous silicon material to immobilize FDH and
regeneration of NADH via NR. C: Formic acid production by enzyme-electrocatalytic reduction of CO, using
mesoporous carbon electrode immobilized with FDH and Rh complex. D: Formic acid production by
enzyme-electrocatalytic reduction of CO, using NU-1006 immobilized FDH and Rh modified FTO electrode.
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MIL-125-NH, Flgi/K B FDH St R4 # A 2 N AR RiBJE CO,. D: PIFLAERSHYS FDH MHICELRY
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Figure 7 Immobilized carriers for construction of enzyme-photocatalytic reaction system combining with
the regeneration of NADH reduction to convert CO, to formic acid®*®*8¢-879991 ~A. Covalent
immobilization of FDH on PAA-modified HFM as a carrier to construct a mobile enzyme-photocatalytic
reaction system for CO, reduction. B: HFM as a carrier to immobilize FDH and FADH in the
enzyme-photocatalytic reaction system for CO, reduction®!. C: CO, reduction by enzyme-photocatalytic
reaction system using Rh-doped MIL-125-NH; and hydrophobic membrane immobilized FDH. D: Production
of formic acid by enzyme-photocatalytic reduction of CO, using NU-1006 as an enzyme immobilization
carrier. E: Construction of a zoned enzyme-photocatalytic reaction system using thiophene-modified C;Ny4
immobilized with Rh complex and MAF-7 immobilized FDH. F: Construction of zoned
enzyme-photocatalytic reaction system using DNA nanosheets presenting different DNA sequences on both
sides to immobilize Rh complex and FDH.
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R CHEIL IR R CO, MELE NIk R, i
CO, I8 J5E i F R ) G S 1 S 3R T+ T 7.43 £
[1.04 mmol/(L-h)], 4.5 h Ji5 it F iR A =ty ik 59
T 1.634 mmol/L. 5 /KB GLFL HFM 8951 A 5L
sAL TR A R, PR T RN A% SOR
[Fi] B 52 07 A 2R 1 37 SN 418 B 1k BTG 1 v 0 7= g %of
SIS PV A o i BRI HE—25 R HFM X
FDH il FADH PP EGEAT T e Sl 2, [RREfl
FH UV/TIO, SfiEfb A R 17T NADH 545 (] 7B).
T 2 FDH 1 FADH B9 7 %% H 6] (1:0.3) 5230
JNE R AL, SRR R TE 48 h Y
FEE AR, & iAF] 0.42 mmol/L, [A]H}
NADH fj TON {E7E 4.5 h J5 [ i5%] 125, HEL
A Z B k3% T NADH AP R m) i, S DA
J& Kk 22 B ORR [E1 7E 1R 3R SOk SR R 1Y
SRR T W Z AT REYE . Zhang A5 i
Rh LA g i B e A B i i R & A A
Bk (polymeric carbon nitride, PCN) ¥4 % T —Fh
Al LA RS I NADH f4: 19 N TR L R4,
It —2 51 % FDH B85 A B PR e, S8l
T ERCHEALIR R CO, MR RLAE L, FRERIAR R 7E
FEHAAF TRV 12 h AT 2.8 mmol/L A H
fiz . Lin 50 Rh B -7 Fi#8441 MOF #4
B} MIL-125-NH, # # T F F NADH P i S A
AR R 7C), 8RB Al R R - -5
THT AT 7K A h FDH [ 72 204, IR B IR R TE
24 h WHREY = &K% T 9.5 mmol/L.
FERHEIL 5oe P AR R N R, KA
Wb S T 2 P T AR Y A B A T Y
HL A0 [ B [ A —FP bR b, B —Fhd e
NADH FARCEAHURES . £52E NU-1006 J&—Fl
IKEEEPE R AP MOF #RE, 85 2 a1 & i LAEE N
ol 4 DRI IEBEWAERN, R Bl
=P SRR, BERSAE LED W RS T
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RS, i U VN G B R A
(solvent-assisted ligand incorporation, SALI)"*"
Rh HL T/ Jfit A2 NU-1006 |, 314 FDH 2%
F£ MOF M RH 25 B 22 P LA SE B [ 7 £k (] 7D)
[ 8 K R AE G BE SR 24 h i F R Y 77 26 A ik 3|
0.144 mol/L, FFSZHLT 865/h i TON {H. Hit
[AlfF, Chen S50 R i F COF 1 N &4k H4
#E ek S5 NADH HA M AN TG /ER R
Gt o BN T — Tl p il B SR ST ) A
AR COF A RH(NKCOF-113), @1 Bl {7
e Rh LA i & %) NKCOF-113 (1822
b, s E A EAE K FDH B2 7E COF
M2 Z N, R T — B 48 i S5 BOG A A -1
fE ) CO, I JEIK R . RhCp*-NKCOF-113 5
NAD Z [« HERUWER5R M /E R 1A F
T COF 5 NAD Z M W61 S F#%5% . h,
COF Wymsh i . 2L MAE M fLE#E A F
TS YL T A 72 WOLM BT
NKCOF-113 ## & ™4 HHH . COF iy
Rh HLFA BT 0] & i il o B+, IF 5
NAD' (W34 s s 57 AHUCEC, {2 3F 57 F1 NAD 45
&4k NADH , RhCp*-NKCOF-113 7 420 nm
FIEHRTT NADH M2 7= ik E] T 9.17%,
s T HARIE R COF #kH NADH YefiA:
{EL, 7B i1 5 AR R AE W] DR RRGS R 2.5 h A
T 9 umol/L Y H R .

H IR 23 1Y [ 7 MR A B e db iz
N HOERN T RE, B EER E R R SIS
B OEEN AR F NADH FEAR SR S
Z AR T E RGN R K 25T
N G IF IR Ak 4+ #6817 NADH 4=,
H15,10,15,20-(4-F2 3L 2R I )M IER[5,10,15,20-(4-
carboxyphenyl)porphyrin, TCPP]/fE Ay — i | ik
Y, VENERGR T8 12 I F i fb
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I , Zhou 2583 557 MOF #4614 B it AL 34 5 CO,
S AR R 5 S EAHE A PR A R R AR TRk [ A
TR LA R S RO A5 Y 2R R 1 S
R I BERR (polyvinylpyrrolidone, PVP)#E )t
%) TCPP [&5E7E ZIF-8 Wy FI T —Ap
SEOTIRZER, )RR TCPP el fb i R A N
JEHR A L FR T RR A BGRB8 TR, TR
FEJR M 2:1 1) FDH. FADH #2%&7E ZIF-8 [
25 WP S G FR A NADH 1 [ 58 i AL 1A
FRo RN 8 h 5 RN A ZR i B 7 5k B
) 7.74 umol/L, AbZ SR 77.37%. [FIET
80 h 1 10 AR BN L0 I, AR 7R i1 1
AR BE 52.93% . Yu ZEBM R REAE A ZIF-8 3%
PRBETE T ORI RS E f A IR 2R, I AE SO A
FHHIATUEG g-C3Ny Fl CA DIEg Rt ik
B CO KA RUF . AT B HG7 F FDH
CA IRAJG AR & ZIF-8 WiEw P, fif<—
BRI B A T ORI AR IR A AR R, 2 b
g pt B e Z1IF-8 WfLAEH, [WERFH ZIF-8
M35 5] A K T B 3R @-CaNy B9 R TRT o 38 1 X Fh
{7 5L 7 v A A A ZR B S P S A AR IR
TEJNE 5 h G4 T 0.24 mmol/L W R, HAE
PG 10 K5, BIETETORE T 80%.
RELERHE L 5810 )5 NADH Sl A4 1
R R PBUAR T — 2 ik, B4hh
2 NSRBI B DR 22 ) 24 4 ik e 4R i R G 1
RORAMEA, RV 558 8 0 28 22 RN 0 AR T
R, o T TR, LIH
i A e R e A s AR AR R A M H S
AL A TR 76 () AT, Song ZEPOWA L T — AN 10 1Y)
T #853 XAC G - B AL S N R 48 (1& TE), fiff
Fi MOF #1815 L) FDH A 3= Ak 14 2 Ot
LR R B ok, DASRAS B i R il AL
R, B, BT RSN FE, ]
WA Rh LA 57 0 34 2 500 08 w48 i 1)
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CsNy(TPE-C3Ny) |, B T — P AN TR IR RS
WEMY SEIATXT C5Ny MBI i 25 42 1/ T L F-28 /X
X2 B FDE R OSCR , Rh LT B 5 688
CsN, Wy ILEi A g TR i, Y & A
A 1T 55 %8 B 2354 KR 3 538 T NADH 19
Fi2ERE /), NADH #4355 9.3 pmol/(L min),
HWK, # FDH ¥f%¢7E MOF MAF-7 P, iXFlikt
R R E PR IR A FLBR S5 A - T FDH
Yo 52 5 E AT ANE P A R B A s . [R R
MAF-7 ) =M 2 BT SR KPR pH 22 o
MIRETT, S FDH 24t 7 — e HoREE, K
KSR TOCAER IR E . Fik, XFb
e o XA R B R GAE L 5 CO, il FH R i
FEH R T A MERE , 2848 9 h AT IO HR
B, PPAET 4 16.75 mmol/L BUHER, HiiERA
Z 15 3.24 15 . DNA 44K 45F4) B (DNA nanosheets,
NSs)F 3 51 4 5 14 43 F IR 3R S T BE A LY
25 (A L UR AL T 3 2 5 ] fE £, Fard 40
FIF KSR Sl ) DNA-BR-DNA  — i B R P24
T B NSsUO21 ) 3T 7E 44 K R 5 TR e 5 4k [ 5
T Rh HLF4 A FDH, A48 7 —FPGEs i [E
HEATHY COL AR S RN, G B i AR 3 1 4
B T s, IRRRAR T Y E RE A
Xf Rh HLFA BTG R, RO A R 78
48 h WM/~ &ik%| T 0.26 mmol/L, [FH}
NADH ) TON {Hi5 %] T 1 360 (& 7F).
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4 ZHERE

L) FDH .FADH #1 ADH W ¥ B4k CO,
I i o B R /B R I N A A SR I Bk R EE R Kk
Jg s AR R A BRI . 5346, 1E CO,
EeA B R/ BER R FR T, ORUE R AR E PRI
EEA AN R ECEEN, SN 45 X
R[] 0P ) D e o AV il A T A B DG B . E T
it AN [RIRA S5 A9 [T AR R %o a2 1 7 ] b A 52
B Sz 1 e e A T R B AR e A A A
AL FENR TEMB R SRR S, NH T I
) EEM RS BEime, DENTER
fit o 5 10k S5 7 P IR R o S5 (5 FE SR RV S
[ 2 A 2k FDH #2151 CO, IfE Bl , (H
fif - 55 22 ) 3 3o b 2 52 B56 A 1 A Ak XoF il 3
PR T RO EE R, ELA ] RO il A T ) 3 e Ay
[ B, AN AN TR il ik 8 15 RS2 . S10,
TR SE TCALAA R R A 1 Ak 2 1 o R K 1Y)
b 3% TR 5T 18 Ay Tl [ b R A, R S
BE L B HE A AL S5 22 L SO o8 il A b i T =K
AR T A28k, 3l AN [R) RS 4
RME LR A IS AL Y, AT DLk 5 28
A7 A Ak 2 i R TR PR R, [RIES SOORIE T
W FE EE . MOF Il COF 2538 A1 R 3h
ftF AR e B e SR T 2 AT R, B TR
A & B Bl & it i i FDH .FADH I ADH
AR AR Jo DR 6 5 5 22 DCJE 179 [ s 204415 )
TP, TRV H T 6 (5 A ) [ Ao AR P Y
TEPERLRBER T ek

SRS RO R AT T B [ E A, 2
LRI | RS Y 575
2 o R R PR T [ 2k, AR
S ] 5 250 1 ) B e HE A K AR IR . A
SCE A A AR . BRI R AR
K G CO, i J5i Az 7 R/ B i A1 S OR
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S UGB A BR AN Z2 Ak RO RS A 2R 44t
TSHERMEE . B BRI SN R R
AT 44 v T P A AL AU R 1) 2 NADH 191 B 5
A PROR B Wik . eI S R AL R
R G b2 . et R Y Pe it T
HZM2ERE X,

] sf S AlE E T CO, By ke Ak, Al
I3 AN [ RE R S A4 2R 1 e A AL R, X i
o ST P A A T AR R L, A
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REBAEOUT , RIRBEOIIE T 5 R 2 15
PIF,  FRa L S R AL R A,
b i R R AR T B ], A 3 3 X iR A T 8 AR el
W, MRS SR EE . EAER
FEPE R AR R DA RO ] A A
HERAYSEA ST, TR AL ROR! 10T,
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TRZRIAR L CO, il 75 FHEE L R rp, el 8 A IS
Y15 S0 R R ot s R B A L LA R n ] 52 25
Z AR N KA B I KRS, WA
RO 58 2 e Pk I

SR R JUAEAEBHE LR IR CO, 1 4
B TH KD, BT 2 i e 5 2
VAR 2 I S8 AT A, DA A 0 Tk 2ok
FNSZERA N R . BTRL, FEBEHE AL KV A K R
PTG 5 (1) A 8 5T TR G T
BT, R AU A IS 0 2 R SR 1 L Ak
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T o S I 22 i S by i e AL B AR s (3) TR
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S5 B[ 5 AR AR S IR T B R R AR 0R 5 (4)
FEBGAE AL RN AR R 5 i Al . i fb 55 O i
F A AT b, AR Ak i DS AR B



ROF F/CO, EMHRAXBBEIERRUAHARTERSHEL 3163

HEA A BLA A, A FAERRIE SRR R Bl IR AL
R

REFERENCES

(1]

[10]

KA1 sk R AR & JE [EB/OL]. [2023-01-15]. http:/
opinion.people.com.cn/n1/2021/0927/c1003-32237591.html.
Promote green and low-carbon development
vigorously[EB/OL]. [2023-01-15]. http://opinion.people.
com.cn/n1/2021/0927/c¢1003-32237591.html (in Chinese).
WMO update: 50:50 chance of global temperature
temporarily reaching 1.5 °C threshold in next five
years[EB/OL]. [2023-01-15]. https://public.wmo.int/en/
media/press-release/wmo-update-5050-chance-of-global-
temperature-temporarily-reaching-15%C2%B0c-threshold.
E 22 MY [EB/OL]. [2023-01-15]. https://www.un.org/
zh/documents/treaty/FCCC-CP-2015-L.9-Rev.1.

Paris Agreement[EB/OL]. [2023-01-15]. https://www.
un.org/zh/documents/treaty/FCCC-CP-2015-L.9-Rev.1
(in Chinese).

W, TP ERERHSFREB/OL]. [2023-01-15]. http:/www.
gov.cn/xinwen/2020-09/30/content 5548478 .htm.
Carbon reduction, China sets hard targets[EB/OL].
[2023-01-15].  http://www.gov.cn/xinwen/2020-09/30/
content 5548478.htm (in Chinese).

“HpuTe, LAIBHETHT 3 4R i RE IR L hn i e gt
[EB/OL]. [2023-01-15]. http://finance.people.com.cn/
n1/2022/0426/c1004-32409017.html.

In the 14th Five-year plan, the energy transformation
with science and technology innovation as the main
line acceleratesEB/OL]. [2023-01-15]. http://finance.
people.com.cn/n1/2022/0426/c1004-32409017.html (in
Chinese).

ARESTA M. Carbon Dioxide as
Feedstock[M]. Weinheim: Wiley-VCH, 2010.
ARESTA M, DIBENEDETTO A, QUARANTA E.

Reaction Mechanisms in Carbon Dioxide Conversion[M].

Chemical

Berlin, Heidelberg: Springer, 2016.
YAN JY, ZHANG ZE. Carbon capture, utilization and
storage (CCUS)[J]. 2019, 235:
1289-1299.

JIANG K, ASHWORTH P, ZHANG SY, LIANG X,
SUN Y, ANGUS D. China’s carbon capture, utilization
and storage (CCUS) policy:
Renewable and Sustainable Energy Reviews, 2020, 119:
109601.

OLAH GA. Beyond oil and gas:

Applied Energy,

a critical review[J].

the methanol

: 010-64807509

(1]

[12]

[14]

[15]

[16]

[18]

[19]

economy[J]. Angewandte Chemie International Edition,
2005, 44(18): 2636-2639.

LIU HS, SONG CJ, ZHANG L, ZHANG JJ, WANG HJ,
WILKINSON DP. A review of anode catalysis in the
direct methanol fuel cell[J]. Journal of Power Sources,
2006, 155(2): 95-110.

BASKAYA FS, ZHAO XY, FLICKINGER MC, WANG
P. Thermodynamic feasibility of enzymatic reduction
Applied
162(2):

of carbon dioxide to methanol[J].

Biochemistry 2010,
391-398.

KUWABATA S, TSUDA R, NISHIDA K,
YONEYAMA H. Electrochemical conversion of carbon

dioxide

and Biotechnology,

to methanol with use of enzymes as

biocatalysts[J]. 1993, 22(9):
1631-1634.
KUWABATA S, TSUDA R, YONEYAMA H.

Electrochemical conversion of carbon dioxide to

Chemistry Letters,

methanol with the assistance of formate dehydrogenase
and methanol dehydrogenase as biocatalysts[J]. Journal
of the American Chemical Society, 1994, 116(12):
5437-5443.

OBERT R, DAVE BC. Enzymatic conversion of carbon
dioxide to methanol: enhanced methanol production in
silica Sol-gel matrices[J]. Journal of the American
Chemical Society, 1999, 121(51): 12192-12193.
SINGH RK, SINGH R, SIVAKUMAR D,
KONDAVEETI S, KIM T, LI JL, SUNG BH, CHO BK,
KIM DR, KIM SC, KALIA VC, ZHANG YH PJ,
ZHAO HM, KANG YC, LEE JK. Insights into cell-free
conversion of CO, to chemicals by a multienzyme
cascade reaction[J]. ACS Catalysis, 2018, 8(12):
11085-11093.

ALPDAGTAS S, TURUNEN O, VALJAKKA 7,
BINAY B. The challenges of using NAD"-dependent
CO,
in Biotechnology,

formate for conversion[J].

2022, 42(6):

dehydrogenases
Critical Reviews
953-972.
RUSCHING U, MULLER U, WILLNOW P, HOPNER
T. CO; reduction to formate by NADH catalysed by
formate Pseudomonas
oxalaticus[J]. European Journal of Biochemistry, 1976,
70(2): 325-330.

SCHUTTE H, FLOSSDORF J, SAHM H, KULA MR.

Purification

dehydrogenase from

and properties of formaldehyde

dehydrogenase and formate from
Candida boidinii[J]. European Journal of Biochemistry,

1976, 62(1): 151-160.

dehydrogenase

B<: cjb@im.ac.cn



3164 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

[20]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

NABAVI ZADEH PS, DO VALLE GOMES MZ,
AKERMAN B, PALMQVIST A. Forster resonance
energy transfer study of the improved biocatalytic
CO, to
coimmobilization  of

conversion  of formaldehyde by

enzymes in  siliceous
mesostructured cellular foams[J]. Acs Catalysis, 2018,
8(8): 7251-7260.

WANG YZ, ZHAO ZP, LI MF, CHEN YZ, LIU WF.
fiber
micro-reactor for biocatalytic production of formate
from CO,[J]. Journal of Membrane Science, 2016, 514:
44-52.

GAO S, MOHAMMAD M, YANG HC, XU J, LIANG
K, HOU JW, CHEN V. Janus reactors with highly
efficient enzymatic CO, nanocascade at air-liquid
interface[J]. ACS Applied Materials & Interfaces, 2017,
9(49): 42806-42815.

GUO MY, ZHAI TT, WANG CH, MENG ZH, LIU WF.

Immobilization

Development of a  hollow membrane

of formate
modified
enhancement of catalytic performance[J].
Communications, 2021, 149: 106259.
ZHANG ZB, MUSCHIOL J, HUANG YH,
SIGURDARDOTTIR  SB, von SOLMS N,
DAUGAARD AE, WEI J, LUO JQ, XU BH, ZHANG
SJ, PINELO M. Efficient ionic liquid-based platform
for multi-enzymatic conversion of carbon dioxide to
methanol[J]. 2018, 20(18):
4339-4348.
TALBERT JN, GODDARD JM. Enzymes on material
surfaces[J]. Colloids and Surfaces B: Biointerfaces,
2012, 93: 8-19.
WANG YZ, CHEN YZ, WANG CH, SUN J, ZHAO ZP,
LIU WE. Polyethylenimine-modified membranes for
CO, capture and in situ hydrogenation[J]. ACS Applied
Materials & Interfaces, 2018, 10(34): 29003-29009.
LUO JQ, MEYER AS, MATEIU RV, PINELO M.
with
immobilization for multi-enzymatic conversion of CO,
to methanol[J]. New Biotechnology, 2015, 32(3):
319-327.
ZHAI TT, WANG CH, GU FJ, MENG ZH, LIU WF,
WANG YZ.
silica for enzyme immobilization and strengthening of
enzymatic CO, conversion[J]. ACS Sustainable
Chemistry & Engineering, 2020, 8(40): 15250-15257.
MAO ML, ZHAI TT, MENG LD, MENG ZH, LIU WF.
Controllable preparation of mesoporous silica and its

dehydrogenase on
the
Catalysis

polyethyleneimine carriers  for

Green  Chemistry,

Cascade catalysis in membranes enzyme

Dopamine/polyethylenimine-modified

http://journals.im.ac.cn/cjben

[32]

[34]

application in enzyme-catalyzed CO, reduction[J].
Chemical Engineering Journal, 2022, 437: 135479.

LIN P, ZHANG YH, YAO GX, HUO HY, REN H,
WANG YX, WANG SZ, FANG BS. Immobilization of
formate dehydrogenase on polyethylenimine-grafted
graphene oxide with kinetics and stability study[J].
Engineering in Life Sciences, 2020, 20(3/4): 104-111.
WANG J, LV YQ. An enzyme-loaded reactor using
metal-organic framework-templated polydopamine
microcapsule[J]. Chinese Journal of Chemical
Engineering, 2021, 29: 317-325.

PIETRICOLA G, TOMMASI T, DOSA M, CAMELIN
E, BERRUTO E, OTTONE C, FINO D, CAUDA V,
PIUMETTI M. Synthesis and characterization of
ordered mesoporous silicas for the immobilization of
formate dehydrogenase (FDH)[J]. International Journal
of Biological Macromolecules, 2021, 177: 261-270.
ZEZZ1 do VALLE GOMES M, MASDEU G, EIRING P,
KUHLEMANN A, SAUER M, AKERMAN B,
PALMQVIST AEC. Improved biocatalytic cascade
of CO, to
co-immobilized in tailored siliceous mesostructured

conversion methanol by enzymes
cellular foams[J]. Catalysis Science & Technology,
2021, 11(21): 6952-6959.

LABROU NE, RIGDEN DJ.
characterization of Candida boidinii  formate
dehydrogenase[J]. Biochemical Journal, 2001, 354(2):
455-463.

TANAKA N, KUSAKABE Y, ITO K, YOSHIMOTO T,
NAKAMURA KT. Crystal structure of formaldehyde
from Pseudomonas putida: the
structural origin of the tightly bound cofactor in

Active-site

dehydrogenase

nicotinoprotein  dehydrogenases[J].  Journal  of
Molecular Biology, 2002, 324(3): 519-533.

RAJ SB, RAMASWAMY S, PLAPP BV. Yeast alcohol
dehydrogenase structure and catalysis[J]. Biochemistry,
2014, 53(36): 5791-5803.

BACCOUR M, LAMOTTE A, SAKAI K,
DUBREUCQ E, MEHDI A, KANO K, GALARNEAU
A, DRONE J, BRUN N. Production of formate from
CO,
flow-through enzyme reactors[J]. Green Chemistry,
2020, 22(12): 3727-3733.

YU LH, BRUN N, SAKAUSHI K, ECKERT ],
TITIRICI MM. Hydrothermal nanocasting: synthesis
of hierarchically porous carbon monoliths and their

gas under ambient conditions: towards

application in lithium-sulfur batteries[J]. Carbon, 2013,
61: 245-253.



ROF /00, EMIHL X RISETHR DAL B S

[39]

[41]

[42]

[45]

[46]

[48]

LIN P, ZHANG YH, REN H, WANG YX, WANG SZ,
FANG BS. Assembly of graphene oxide-formate
dehydrogenase composites by nickel-coordination with
enhanced stability and reusability[J]. Engineering in
Life Sciences, 2018, 18(5): 326-333.

LEE H, DELLATORE SM, MILLER W,
MESSERSMITH P. Mussel-inspired surface chemistry
for multifunctional coatings[J]. Science, 2007, 318:
426-430.

WANG XL, LI Z, SHI JF, WU H, JIANG ZY, ZHANG
WY, SONG XK, Al QH. Bioinspired approach to

multienzyme cascade system construction for efficient

carbon dioxide reduction[J]. ACS Catalysis, 2014, 4(3):

962-972.

LU A, SALABAS E, SCHUTH F. Magnetic
nanoparticles: synthesis, protection, functionalization,
and application[J]. Angewandte Chemie-International
Edition, 2007, 46(8): 1222-1244.

MARTINEZ SAH, MELCHOR-MARTINEZ EM,
HERNANDEZ J, PARRA-SALDIVAR R, IQBAL
HMN.
nanobiocatalysis systems and their applications in
biofuels production[J]. Fuel, 2022, 312.

ADDO PK, ARECHEDERRA RL, WAHEED A,
SHOEMAKER JD, SLY WS, MINTEER SD. Methanol
production via bioelectrocatalytic reduction of carbon

Magnetic nanomaterials assisted

dioxide: role of carbonic anhydrase in improving
electrode  performance[J].  Electrochemical and
Solid-State Letters, 2011, 14(4): E9-E13.

ALI AL-DHRUB AH, SAHIN S, OZMEN I, TUNCAE,
BULBUL M. Immobilization and characterization of
human carbonic anhydrase I on amine functionalized
magnetic nanoparticles[J]. Process Biochemistry, 2017,
57:95-104.

CHAI M, RAZMJOU A, CHEN V. Metal-organic-
framework protected multi-enzyme thin-film for the
cascade reduction of CO, in a gas-liquid membrane
contactor[J]. Journal of Membrane Science, 2021, 623:
118986.

CHAI M, RAZAVI BAZAZ S, DAIYAN R,
RAZMJOU A, EBRAHIMI WARKIANI M, AMAL R,
CHEN V. Biocatalytic
enzyme-MOF thin film for CO, conversion to formic
acid[J].
130856.
REN SZ, WANG ZY, BILAL M, FENG YX, JIANG
YH, JIA SR, CUI JD. Co-immobilization multienzyme

nanoreactor with co-factor regeneration for conversion

micromixer coated with

Chemical Engineering Journal, 2021, 426:

: 010-64807509

[51]

[55]

of CO,[J]. International Journal
Macromolecules, 2020, 155: 110-118.
LI Y, WEN LY, TAN TW, LV YQ. Sequential
co-immobilization of

of Biological

enzymes in metal-organic
frameworks for efficient biocatalytic conversion of
adsorbed CO, to
Bioengineering and Biotechnology, 2019, 7: 394.

ZHU DL, AO SS, DENG HH, WANG M, QIN CQ,
ZHANG J, JIA YR, YE P, NI HG Ordered

coimmobilization of a multienzyme cascade system

formate[J].  Frontiers in

with a metal organic framework in a membrane:
reduction of CO, to methanol[J]. ACS Applied
Materials & Interfaces, 2019, 11(37): 33581-33588.

LIANG JY, GAO S, LIU J, ZULKIFLI MYB, XU JT,
SCOTT J, CHEN V, SHI JF, RAWAL A, LIANG K.
Hierarchically porous biocatalytic MOF microreactor
as a versatile platform towards enhanced multienzyme

and cofactor-dependent biocatalysis[J]. Angewandte
Chemie International  Edition, 2021, 60(10):
5421-5428.

DU C, LI YM, HE Y, SU LM, WANG HN, YUAN WJ,
BAI FW. Fixing carbon dioxide in situ during ethanol
production by formate dehydrogenase[J].
Chemistry, 2022, 24(18): 6989-6999.

GUAN Q, ZHOU LL, DONG YB. Metalated covalent

organic frameworks:

Green

from synthetic strategies to
diverse applications[J].

2022, 51(15): 6307-6416.
SINGH N, YADAV D, MULAY SV, KIM JY, PARK NJ,

BAEG JO. Band gap engineering in solvochromic 2D

Chemical Society Reviews,

covalent organic framework photocatalysts for visible
light-driven enhanced solar fuel production from
carbon dioxide[J]. ACS Applied Materials & Interfaces,
2021, 13(12): 14122-14131.

KLIKAR M, SOLANKE P, TYDLITAT J, BURES F.
Alphabet-inspired design of (hetero)aromatic push-pull
chromophores[J]. Chemical Record, 2016, 16(4):
1886-1905.

LIU HR, LI CZ, LI H, REN YQ, CHEN J, TANG JT,
YANG QH. Structural engineering of two-dimensional
covalent organic frameworks for visible-light-driven
organic transformations[J]. ACS Applied Materials &
Interfaces, 2020, 12(18): 20354-20365.

ZHAO ZF, ZHENG D, GUO ML, YU JY, ZHANG SN,
ZHANG ZJ, CHEN Y. Engineering olefin-linked
covalent organic frameworks for photoenzymatic
reduction of CO,[J]. Angewandte Chemie International

Edition, 2022, 61(12).

B<: cjb@im.ac.cn



3166 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

(58]

[61]

[64]

[65]

[67]

MAZURENKO I, HITAISHI V P, LOJOU E. Recent
advances in surface chemistry of electrodes to promote
direct enzymatic bioelectrocatalysis[J].  Current
Opinion in Electrochemistry, 2020, 19: 113-121.
CHAUBEY A, MALHOTRA BD. Mediated
biosensors[J]. Biosensors and Bioelectronics, 2002,
17(6/7): 441-456.

BASSEGODA A, MADDEN C, WAKERLEY DW,
REISNER E, HIRST J. Reversible interconversion of
CO, and formate by a molybdenum-containing formate
dehydrogenase[J]. Journal of the American Chemical
Society, 2014, 136(44): 15473-15476.

SAKAI K, KITAZUMI Y, SHIRAI O, KANO K.
Bioelectrocatalytic formate oxidation and carbon
dioxide reduction at high current density and low
with
dehydrogenase and mediators[J].
Communications, 2016, 65: 31-34.
DUBRAWSKI KL, SHAO XH, MILTON RD,
DEUTZMANN 1JS, SPORMANN AM, CRIDDLE CS.
Microbial battery powered enzymatic electrosynthesis

overpotential tungsten-containing  formate

Electrochemistry

for carbon capture and generation of hydrogen and
formate from dilute organics[J]. ACS Energy Letters,
2019, 4(12): 2929-2936.

REDA T, PLUGGE CM, ABRAM NJ, HIRST 1J.
Reversible interconversion of carbon dioxide and
formate by an electroactive enzyme[J]. Proceedings of
the National Academy of Sciences of the United States
of America, 2008, 105(31): 10654-10658.
DEUTZMANN JS, SAHIN M, SPORMANN AM.
Extracellular enzymes facilitate electron uptake in
biocorrosion and bioelectrosynthesis[J]. mBio, 2015,
6(2): e00496-15.

LIENEMANN M, DEUTZMANN JS, MILTON RD,
SAHIN M, SPORMANN AM. Mediator-free
enzymatic the
Methanococcus maripaludis heterodisulfide reductase
supercomplex[J]. Bioresource Technology, 2018, 254:
278-283.

YUAN MW, SAHIN S, CAI R, ABDELLAOUI S,
HICKEY DP, MINTEER SD, MILTON RD. Creating a

electrosynthesis of formate by

low-potential redox polymer for efficient
electroenzymatic CO, reduction[J]. Angewandte
Chemie International  Edition, 2018, 57(22):
6582-6586.

SZCZESNY J, RUFF A, OLIVEIRA AR, PITA M,
PEREIRA IAC, de LACEY AL, SCHUHMANN W.

Electroenzymatic =~ CO,  fixation wusing redox

http://journals.im.ac.cn/cjben

[70]

[71]

[72]

[74]

polymer/enzyme-modified gas diffusion electrodes[J].
ACS Energy Letters, 2020, 5(1): 321-327.

KUK SK, GOPINATH K, SINGH RK, KIM TD, LEE Y,
CHOI WS, LEE JK, PARK CB. NADH-free
electroenzymatic reduction of CO, by conductive
hydrogel-conjugated formate dehydrogenase[J]. ACS
Catalysis, 2019, 9(6): 5584-5589.

SEELAJAROEN H, BAKANDRITSOS A, OTYEPKA
M, ZBORIL R, SARICIFTCI NS. Immobilized
enzymes on graphene as nanobiocatalyst[J]. ACS
Applied Materials & Interfaces, 2020, 12(1): 250-259.
ALVAREZ-MALMAGRO J, OLIVEIRA AR,
GUTIERREZ-SANCHEZ C, VILLAJOS B, PEREIRA

IAC, VELEZ M, PITA M, de LACEY AL.
Bioelectrocatalytic activity of W-formate
dehydrogenase covalently immobilized on

functionalized gold and graphite electrodes[J]. ACS
Applied Materials & 2021, 13(10):
11891-11900.

LEECH D, KAVANAGH P, SCHUHMANN W.
Enzymatic fuel cells: recent
Electrochimica Acta, 2012, 84: 223-234,
RUFF A. Redox polymers in bioelectrochemistry:

Interfaces,

progress[J].

common playgrounds and novel concepts[J]. Current
Opinion in Electrochemistry, 2017, 5(1): 66-73.
MANDLER D, WILLNER I. Photochemical fixation of
carbon dioxide: enzymic photosynthesis of malic,
aspartic, isocitric, and formic acids in artificial
media[J]. Journal of the Chemical Society, Perkin
Transactions 2, 1988(6): 997-1003.
AMAO Y, SHUTO N. Formate

viologen-immobilized electrode for CO, conversion,

dehydrogenase-

for development of an artificial photosynthesis
system[J]. Research on Chemical Intermediates, 2014,
40(9): 3267-3276.

LIMA F, MAIA G. Direct electron transfer from
alcohol dehydrogenase[J]. RSC Advances, 2014, 4(43):
22575-22588.

SAKAI K, SUGIMOTO Y, KITAZUMI Y, SHIRAI O,
TAKAGI K, KANO K. Direct electron transfer-type
bioelectrocatalytic carbon
dioxide/formate and NAD*/NADH redox couples with
tungsten-containing formate dehydrogenase[J].
Electrochimica Acta, 2017, 228: 537-544.

BARIN R, BIRIA D, RASHID-NADIMI S,
ASADOLLAHI MA. Enzymatic CO, reduction to
formate by formate dehydrogenase from Candida

boidinii with

interconversion of

coupling direct electrochemical



ROF /00, EMIHL X RISETHR DAL B S

[80]

[83]

[85]

regeneration of NADH[J]. Journal of CO2 Utilization,
2018, 28: 117-125.

LIU GH, CHEN HX, ZHAO H, CHEN R, YANG MH,
GAO J, YU FS, JIANG YI.
electroenzymatic CO, reduction by

Accelerating
immobilizing
formate dehydrogenase on polyethylenimine-modified
mesoporous silica[J]. ACS Sustainable Chemistry &
Engineering, 2022, 10(1): 633-644.
HERNANDEZ-IBANEZ N, GOMIS-BERENGUER A,
MONTIEL V, ANIA CO, INIESTA J. Fabrication of a
biocathode for formic acid production upon the
immobilization of formate from
Candida boidinii on a nanoporous
Chemosphere, 2022, 291: 133117.
PIETRICOLA G, CHAMORRO L, CASTELLINO M,
MAUREIRA D, TOMMASI T, HERNANDEZ S,
WILSON L, FINO D, OTTONE C. Covalent

immobilization of dehydrogenases on carbon felt for

dehydrogenase
carbon[J].

reusable anodes with effective electrochemical cofactor
regeneration[J]. 2022, 11(11):
€202200102.
CHEN YJ, LI P, NOH H, KUNG CW, BURU CT,
WANG XJ, ZHANG X, FARHA OK. Stabilization of
formate dehydrogenase in a metal-organic framework
CO,[J].
2019,

ChemistryOpen,

reduction  of
Edition,

for  bioelectrocatalytic
Angewandte Chemie International
58(23): 7682-7686.

ZHANG ZB, LI JJ, JI MB, LIU YR, WANG N,
ZHANG XP, ZHANG SJ, JI XY. Encapsulation of
multiple enzymes in a metal-organic framework with
reduction of CO, to

2021,  23(6):

enhanced electro-enzymatic
methanol[J].
2362-2371.
GU FJ, WANG YZ, MENG ZH, LIU WF, QIU LY. A
coupled

Green  Chemistry,

photocatalytic/enzymatic system for
sustainable conversion of CO, to formate[J]. Catalysis
Communications, 2020, 136: 105903.

GUO MY, GU FJ, MENG LD, LIAO QY, MENG ZH,
LIU WE. Synthesis of formaldehyde from CO,
catalyzed by the coupled photo-enzyme system[J].
Separation and Purification Technology, 2022, 286:
120480.

ZHANG YY, LIU J. Bioinspired photocatalytic NADH
regeneration by covalently metalated carbon nitride for
enhanced CO, reduction[J]. Chemistry-A European
Journal, 2022, 28(55): €202201430.

LIN G, ZHANG YY, HUA YT, ZHANG CH, JIA CC,

JU DX, YU CM, LI P, LIU J. Bioinspired metalation of

: 010-64807509

[87]

[88]

[90]

[91]

[92]

the metal-organic framework MIL-125-NH, for
photocatalytic NADH regeneration and
gas-liquid-solid three-phase enzymatic CO,

reduction[J]. Angewandte Chemie International Edition,
2022, 61(31): €202206283.

CHEN YJ, LI P, ZHOU JW, BURU CT, PORDPEVIC L,
LI PH, ZHANG X, CETIN MM, STODDART JF,
STUPP SI, WASIELEWSKI MR, FARHA OK.
Integration of enzymes and photosensitizers in a
hierarchical mesoporous metal-organic framework for
light-driven CO, reduction[J]. Journal of the American
Chemical Society, 2020, 142(4): 1768-1773.

ZHOU JH, YU SS, KANG HL, HE R, NING YX, YU
YY, WANG M, CHEN BQ. Construction of
multi-enzyme cascade biomimetic carbon sequestration
system based on photocatalytic coenzyme NADH
regeneration[J]. Renewable 2020, 156:
107-116.

YU SS, LV PF, XUE P, WANG K, YANG Q, ZHOU JH,
WANG M, WANG L, CHEN BQ, TAN TW.
highly
selective production of formic acid from CO,[J].
Chemical Engineering Journal, 2021, 420: 127649.
TIAN Y, ZHOU YN, ZONG YC, LI JS, YANG N,
ZHANG M, GUO ZQ, SONG H. Construction of
functionally

Energy,

Light-driven enzymatic nanosystem for

compartmental inorganic
photocatalyst-enzyme system via imitating chloroplast
for efficient photoreduction of CO, to formic acid[J].
ACS Applied Materials & Interfaces, 2020, 12(31):
34795-34805.

FARD PT, ALBERT SK, KO J, LEE S, PARK SJ, KIM
J. Spatial organization of photocatalysts and enzymes

on Janus-type DNA nanosheets for efficient CO,

conversion[J]. ACS  Catalysis, 2022, 12(15):
9698-9705.
BARIN R, BIRIA D, RASHID-NADIMI S8,

ASADOLLAHI MA. Investigating the enzymatic CO,
reduction to formate with electrochemical NADH

batch
Chemical

regeneration  in and  semi-continuous

operations[J]. Engineering and
Processing-Process Intensification, 2019, 140: 78-84.

MILLER M, ROBINSON WE, OLIVEIRA AR,
HEIDARY N, KORNIENKO N, WARNAN ],
PEREIRA TAC, REISNER E. Interfacing formate
dehydrogenase with metal oxides for the reversible
electrocatalysis and solar-driven reduction of carbon
dioxide[J]. Angewandte Chemie International Edition,

2019, 58(14): 4601-4605.

B<: cjb@im.ac.cn



3168 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

[94]

[96]

(971

(98]

[100]

[101]

Le GOFF A, HOLZINGER M. Molecular engineering
of the bio/nano-interface for enzymatic electrocatalysis
in fuel cells[J]. Sustainable Energy & Fuels, 2018,
2(12): 2555-2566.

HITAISHI VP, MAZURENKO I, HARB M,
CLEMENT R, TARIS M, CASTANO S, DUCHE D,
LECOMTE S, ILBERT M, de POULPIQUET A,
LOJOU E. Electrostatic-driven activity,
dynamics,

loading,
and stability of a redox enzyme on
functionalized-gold electrodes for bioelectrocatalysis[J].
ACS Catalysis, 2018, 8(12): 12004-12014.

DUTTA S, PATIL R, DEY T. Electron transfer-driven
biofuel
self-powering and energy bioscience[J]. Nano Energy,
2022, 96: 107074.

MILTON RD, MINTEER SD. Direct enzymatic

bioelectrocatalysis: differentiating between myth and

single and multi-enzyme cells for

reality[J]. Journal of the Royal Society Interface, 2017,
14(131): 20170253.

DERIA P, MONDLOCH JE, TYLIANAKIS E,
GHOSH P, BURY W, SNURR RQ, HUPP JT, FARHA
OK. Perfluoroalkane functionalization of NU-1000 via
solvent-assisted ligand incorporation: synthesis and
CO, adsorption studies[J]. Journal of the American
Chemical Society, 2013, 135(45): 16801-16804.
HEMMIG EA, CREATORE C, WUNSCH B, HECKER
L, MAIR P, PARKER MA, EMMOTT S, TINNEFELD
P, KEYSER UF, CHIN AW.
light-harvesting efficiency using DNA origami[J].
Nano Letters, 2016, 16(4): 2369-2374.

RAJENDRAN A, NAKATA E, NAKANO S, MORII T.
Nucleic-acid-templated enzyme
ChemBioChem, 2017, 18(8): 696-716.
LI SP, JIANG Q, LIU SL, ZHANG YL, TIAN YH,
SONG C, WANG J, ZOU YG, ANDERSON GJ, HAN

Programming

cascades[J].

http://journals.im.ac.cn/cjben

[102]

[103]

[104]

[105]

[106]

[107]

JY, CHANG Y, LIU Y, ZHANG C, CHEN L, ZHOU
GB, NIE GJ, YAN H, DING BQ, ZHAO YL. A DNA
nanorobot functions as a cancer therapeutic in response
to a molecular trigger in vivo[J]. Nature Biotechnology,
2018, 36(3): 258-264.

ALBERT SK, LEE S, DURAI P, HU XL, JEONG B,
PARK K, PARK SJ. with
face-selective molecular recognition properties from
2021, 17(12):

Janus nanosheets

DNA-peptide conjugates[J]. Small,
2006110.

SUN YY, LTI WP, WANG Z, SHI JF, JIANG ZY.
General framework for enzyme-photo-coupled
catalytic system toward carbon dioxide conversion[J].
Current Opinion in Biotechnology, 2022, 73: 67-73.
SHARP RE, CHAPMAN SK. Mechanisms
regulating electron transfer in multi-centre redox
Acta
(BBA)-Protein Structure and Molecular Enzymology,
1999, 1432(2): 143-158.

CAMPAS M, PRIETO-SIMON B, MARTY JL. A

review of the use of genetically engineered enzymes in

for

proteins[J].  Biochimica et  Biophysica

electrochemical biosensors[J]. Seminars in Cell &
Developmental Biology, 2009, 20(1): 3-9.

OLIVEIRA AR, MOTA C, MOURATO C,
DOMINGOS RM, SANTOS MFA, GESTO D,
GUIGLIARELLI B, SANTOS-SILVA T, ROMAO MJ,
CARDOSO PEREIRA IA. Toward the mechanistic
understanding of enzymatic CO, reduction[J]. ACS
Catalysis, 2020, 10(6): 3844-3856.
ALISSANDRATOS A, KIM HK, MATTHEWS H,
HENNESSY JE, PHILBROOK A, EASTON CIJ.
Clostridium carboxidivorans strain P7T recombinant
formate dehydrogenase catalyzes reduction of CO,; to
formate[J]. Applied and Environmental Microbiology,
2013, 79(2): 741-744.

(K529 AENTT)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


