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Abstract: Hydrogenases catalyze the reversible conversion of hydrogen gas into protons and electrons which is
promising for industrial application. However, free hydrogenases face challenges such as oxygen sensitivity and low
electron transfer rates. This review summarized the immobilization of hydrogenases by carbon materials, metals,
semiconductors, polymers and metal-organic-frameworks (MOFs). Carbon materials provide the advantages of low
cost and large specific surface areas, while they tend to agglomerate. Hydrogenases are immobilizated on carbon
materials through adsorption, usually involving electrostatic interactions and hydrophobic interactions, and are used in
bioelectrocatalysis, biofuel cells, bioreactors et al. Metals and semiconductors, known for high conductivity and

excellent reactive activity, are expensive and less stable. Through adsorption involving electrostatic interaction and
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hydrophobic interaction, immobilization of hydrogenases on metals and semiconductors are normally applied in
bioelectrocatalysis, biofuel cells, photoelectrocatalysis et al. Polymers have good biocompatibility and mechanical
strength but low conductivity. Immobilization of hydrogenases on polymers can improve the stability and oxygen
tolerance of hydrogenases. Immobilization on polymers is realized through adsorption and entrapment, involving
hydrogen bonds, hydrophobic interactions and =m - m interactions, and is often used in bioelectrocatalysis,
photoelectrocatalysis et al. MOFs are designable and have high specific surface areas, which provide wide choices for
hydrogenases immobilization. However, MOFs tend to collapse in harsh conditions. Immobilization on MOFs through
adsorption and entrapment involves coordinate bonds, hydrophobic interaction, and n-n interaction. Furthermore, the
prospect of immobilization of hydrogenases by novel hybrid materials was proposed which can expand the applications
of immobilized hydrogenases. Immobilization of hydrogenases facilitates the stability of hydrogenases, which can be
applied in efficient production and application of hydrogen, as well as biological asymmetric hydrogenation for chiral
medicine preparation. Immobilization of hydrogenases provide alternative options for transforming energy structures,

realizing green manufacturing and solving environmental problems.

» High reactive activity
+ High cost

* Good biocompatibili
» Low conductivity
Adsorption, Entrapment:

hydrogen bond, hydrophobic
interaction and -7 interaction /

Keywords: immobilization of hydrogenases; bioelectrocatalysis; carbon materials; semiconductors; polymers; metal-

organic frameworks
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Fig. 1 Active site and catalytic mechanism of [NiFe] hydrogenase, [FeFe] hydrogenase and [Fe] hydrogenase

(Y is methenyltetrahydromethanopterin)



004

GRAENE $55

R MBS R 10 S R N

Table 1 Applications of carbon materials for hydrogenases immobilization

R H AR 7E AL B AR LA B UE ES ¥ Z2E 3R

T hA i Escherichia coli ( [NiFe]) [NiFe] APyl [18]
VeE-: Aquifex aeolicus [NiFe] R [19]

A1 o Clostridium acetobutylicum [FeFe] R [20]

A1 o Ralstonia eutropha [NiFe] R [21]

A1 o Desulfovibrio gigas [NiFe] APy AL [22]

i 55 Ralstonia metallidurans [NiFe] LR IRE L [23]

A 55 Allochromatium vinosum [NiFe] A0 [24]

i B Ralstonia eutropha [NiFe] ik EAL T A [25]

i/ 342 Thiocapsa roseopersicina [NiFe] AR L [26]

Tk Thiocapsa roseopersicina [NiFe] AW IR N2 [27]

N Pyrococcus furiosus [NiFe] LEW R KL Lt [28]

Tk B Clostridium acetobutylicum [NiFe] LR IRL Lt [29]

HLBE B 90K Clostridium acetobutylicum [FeFe] AR [30]

HBE B 90K Clostridium acetobutylicum [FeFe] AL [31]

HBEBR 90K Allochromatium vinosum [FeFe] AW EL AL [32]

2 BERANK A Aquifex aeolicus [NiFe] AL A RS [33]

Z BERANK A Ralstonia eutropha [NiFe] AEA IR RL Lt [34]

Agquifex aeolicus
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Thiocapsa bogorovii I A . S Ak iy HLBR A0 471 5
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DB RN 1.78 mW/em K 49 K, KRR R FF AL
st

ST ] 28 7E FEAR b H R 2 3 R e il H AR
AL PR RE, T ZE AR A S Bl 0 1 o gk B i
I 2 LB AR . Manuel 2 Y i FH #1F PyGBe Sk it

FEAR B A LA (PDB: 1e3d) 54 S effkz(a
M EAERI R EE sy &, B8 pHAA . Ehlc A L 3
Xof B 5 a) [ 2 A0 RS2 e pH AE 52 e S A I SR T HE
A AT 5% Ve S A g E A 52 B AR B R ), R VA RE
T e B 0 R S AL B A ) . e R
A s FEMG T HL AT, T 0T S Tl 1) PR 2 i A )
BN o Wang &5 4GSR IE T Pyrococcus furiosus 1]
S I B 7E AE D RE AL 22 BE B 49 K B A 1 3 3%
B LAl b o R BT T R T AR 22 BE ik 44 0K
B S ATE I B A B, W R R ELAE FH S
o AT SOV S SR K 2 BE IR 44 K B 7T B K
M EAE X SACBE R R, R IBEE SR K S,
AL 2= AL P R R B 2 3 hn . DRk, BRFAE
B RN 5 7K A BLAE A W IR0 4 FH 2 e 1 S AL I AR
H AR E R E A

2 e B S A A =

ER KRR AEE RGN R, 2
Tl R 3R . )R B of 3 AR [ A S AL Bl mT
PAREF TP B A . AR it DG AL
ST (R 2.



%5% www.synbioj.com

005

K2 &R B APRHE E AR 5

Table 2 Applications of metals and semiconductors for hydrogenases immobilization

R FLAARE 2 L AR UR e Sz H i;
&) LRk Chlamydomonas reinhardtii [FeFe] AR LA f [43]
SR Desulfovibrio vulgaris [NiFe] AL 2B I [44]

Ltk Desulfovibrio vulgaris [NiFe] FLALEE O B [45]

S AR Ralstonia eutropha [NiFe] AL A AL [46]

&% Desulfovibrio vulgaris [NiFe] Gy LR [47]

S Ralstonia eutropha [NiFe] AR AL [48]

T A& 1 4 Al Agquifex aeolicus [NiFe] AR AL [49]

LR Sk Desulfovibrio desulfuricans [FeFe] FEDIRRL L [50]

TRAK B 4 FEAR Desulfovibrio gigas [NiFe] LR IRL Lt [51]

TR K AEAE T 4 F AR Desulfovibrio fructosovorans [NiFe] A= W RoR) ik [52]

YK 4 HLAR Aquifex aeolicus [NiFe] AR IR LI [53]

K 4 HLR Allochromatium vinosum [NiFe] ARGy AL [54]

YK % Escherichia coli [NiFe] e HL AL [55]

5k TiO, Thiocapsa roseopersicina [NiFe] e [56]
TiO, Desulfomicrobium baculatum [NiFeSe] e [57]

TiO, Desulfomicrobium baculatum [NiFeSe] e [58]

TiO, Clostridium acetobutylicum [FeFe] R HEAE L [59]

PVKJIO-TiO, Desulfovibrio vulgaris [NiFeSe] HHA R RS [60]

1TO Desulfovibrio vulgaris [NiFe] AL [61]

ITO Desulfomicrobium baculatum [NiFeSe] el [62]

ITO Ralstonia eutropha [NiFe] YT [63]

CN, (% AL Hk) Desulfomicrobium baculatum [NiFeSe] Sl [64]

CdS Clostridium acetobutylicum [FeFe] Sl [65]

CdS Clostridium acetobutylicum [FeFe] BT R 3 71 2E A [66]

CdTe Clostridium acetobutylicum [FeFe] L [67]

CdTe Thiocapsa roseopersicina [NiFe] AL [68]

In,S, Desulfovibrio vulgaris [NiFeSe] L [69]

FTO-NiO-In,S, Desulfovibrio vulgaris [NiFeSe] AL [70]
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Fig. 2 The effect of hydrophobicity of the electrode interface on hydrogenases electron transfer

DET). 123G e s 5 s, Wt 5 &kl
[B) (1) HE £ 35 Dy (] 42 T 7 % (Mediated Electron
Transfer, MET). Tillmann Z5 " F| F k5 it B% H 41
3 By 1 JE A M I G R AR W B T E A R TR T
Desulfovibrio gigas W2 EA M . H T 70130 7]
SRR A I £ A 2R T 1Y 9 20 AP OUR SR B, R IR
A ) [ E A0 545 U 4 AR AR T L R R A
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FOBRGTF . HED HE I 0 R S B R R, AT
S [ 58 A0 ROR

< Jd FRLA [ e A S Ak g RT DL BRI A i
fir, #a5E A fb B . Henning 25 U ¥ ok T
Chlamydomonas reinhardtii W) & A B [ 5 75 F 3 2%
W B A0 TR B & B Rm b, e
PSR A RIS N 1.3 U/mg.  BL AL S0 b
S A8 R RR 4 H AR B S HL A2 29 -460 mV vs. NHE,
151 F S A B [ € A2 FH SR TR B AR 0y 1 2
1& Wi 1Y) 4 F AR R T BT &0 L A2 O 270 mV vs.
NHE, P& T HrEd fAr. Tomos %5 7™ K KI5+
Ralstonia eutropha (1) i 45 45 i 480 B2 2k S A0 B B 2L
B AE < AR b, ) 3R T 5 2T AR RO B HIE
Ol 4 il 2 B 1) B3 T 7 . Murat 55 7%
¥ B HoxG, HoxK F HoxZ =A™ F % 41 il ¥ K 5
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e Gk A] DU A A B A, 2 e
WEALBFIL K 3K . Xin S5 U7 (8 E0E 5 A bRl
182k S ACEE (Chlamydomonas reinhardtti) &
ERETIO N KE b, LU HEM 7153 . Davis
&5 USOB SRIE T Cupriavidus necator ()8R S AV B [5]
SELEE S ITO Rk b, 7E A h-339 mV vs.
SHE I 26 £ 1 Jii 738 5 LI %5 F% 9 - 10.1 pA/em’,
28 e T AH [F) 25 T R Rk S Ak Il [ AE 3B PR B
I-1.0 pA/em’,

AR RFFOGHRA IR, W EMEA
HAL 22 AR o0 K P2 AR VR T AR N B
Wt S ], T DL A A B S R A AR, B
f&#TE XN (Hydrogen Evolution Reaction, HER)
(AL #A %2 o Tian %5 " ¥R T CrHydA1 &L
il [i] 7€ 7 Cu,0-ZnO ML b, fEFAIN 0 V vs. RHE
K126 F 100 mW/em® 61 200's, /£ 1 355 mC
(1) FLAf A1 0.68 nmol &< . AI BE2 H T A 7= 1
RV RAE, R RN 1% . Lee 55 MK
U8 T Desulfomicrobium baculatum 17 = Ak B [H & 72
A TiO, #% JZ 1 p-Si G LA E o FEHLALON 0V vs.
RHE. 10 mW/em’ Y 1 h, 747 1£0.2 mC (1
fif A1 2542 nmol AR, VAL RO IL F] 95+6%.
Gabriel 25 " Y4 KR T Desulfovibrio vulgaris F15E A4k
B [ 52 7E FTO-CuGaS, itk b, fEH AL~ 042V
vs. RHE. ] WS 135 min (12604 N B, 774E
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T 1.66 C I HL A AT 3.7 pmol &R, VERL RN
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I, BoEtm S s . ma T e A B AT
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John &5 Y 4RI T A BRI A R ThRR AL I
TV B K B K KR T Clostridium pasteurianum
1) Bk Bk S AN T ] e A e i [ B A b BRIR M
FE o ) Re Ak 1 38 A 0 e K kI mT LR i S AL R S
MLt 2 [a) () 42 B 7% % (MET) « fECR 1)
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M) 2 T AT B R A, RO 19 hJE AT
17 mmol & </mg & LK. Cristina 55 ) ff f =%
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#. Cc-BPELKIEFETHL I PERE, RRIGHAAF T
1) ity AN FL I 25 FE IR 31 1 =30 pA/em’s

SO0 Al TR AR E TR S e R
Jacqueline 55 " F| I 8 1150 X 5 4% o 4k 2 R0 T SRR
FHKIET Ralstonia eutropha V)RR 45 A L2 AL B 1
AURTENLIE . 7E 70 bar (A5~ #4482k AL B IR
e TR, WG, MNAURMBEATIERE, JHR &S
R BIAR T, 15 B E AT AR S i
Mo T8I R BT XS AR A R AR ST AR
1Bl AR 58, TS T 40 1 S B g 1R 3 1
LR B B AR, o 1 SO0 S0 B B 30

HIVE LR, St $ van ] 5 P S Pl ) T 2 SRS
TR E B AR, AR Y, R R E L
B0 R Ak {8 P e T3] 7 A S A I PT DA R
SR B H A E ™ . Saravanan & 0§
HaRAEEAHHREREAMIE RN KL, ¥
LU R A B A b T AR R K IR, ] E
KIHT Aquifex aeolicus R ER A MG . A ALK
BT BT IREAADRAP =, AT A 48 Bk AL Bl e 32
AABIE . Oughli % 7 F AR AL AH R 47 R U T
Desulfovibrio desulfuricans )k A AL TG, B LA
IR Ak S A Bl RT3 e AR R R R RS E IR I I
Al (H,,), fEH S MRS 8ok .
B EEN AR (H,,) SIENEE KGR
L, ER A SRR O E RS S (H,D
DLk BRI S AL B I H 1. & o1 1 e A S AL
CIRYSNASE a7/l AN R Ayl TS

4 EBm-HHHEZR (metal-organic-
frameworks, MOFs) [ & & &
el

SJER-GHHEL (MOFs) 485 7 MAaHLE
KL . MOFs & & FLBR . bb 2 i AR KRN 45 K ] %
THEE SRS, R e i 1 R 478k “. MOFs
A DB #AA-BE 2 AL S BiK. nen A
VE R AR 18 e el . 4R1M, H AT 1E MOFs
[ 58 1 R AR S AL B SCFOIE R D, B 2 (12 [ e
PN TEALRE, BI{E ) MOFs [& 52 S B 1 A7
DL K% {8l MOFs [i] & S AL BG4 . Sonja &5 7
W38 74 Zr 2 MOF  (Ui0-66) [l & B A Bk A
A BE AL SH 4% 5 ) [Fe,(debdt) (CO), ] (debdt

K3 w1 EE AR E T
Table 3  Stability of hydrogenases immobilized by polymers

I sz 4 B A SRR S Tt A7 SIS 5% A2 D5 ) 4 Bl 23 ik
vt i Desulfovibrio vulgaris [NiFe] 4 °C, TR Th 2% Ph it pH=7.0, iti 17 20 K {45 50 % [ s [85]
REW 2 LER Clostridium pasteurianum [Fe] i, R Z MR pH=8.0, ik 17 28 K, TrFE 70 % (35 P [86]
REMZILENE  Lamprobacter modestogalophilus — [NiFe] S, PR P pH=8.0, fifi 17 28 K, TR 50 % 17775 14 [86]
GRS B, Desulphovibrio desulphuricans — [NiFe] 4 °C, Tris-HCI 218 pH=7.5 , i 17 40 RARHF 60 % (1375 1k [87]
RS M DesuEfouibrio sp. [NiFe] 30 °C, Tris-HC1 & ' pH=7.6, ] N7 50 h {f-5F 40 % (135 1 [88]
9725 -1 22 e i JIE Ralstonia eutropha [NiFe] 35 °C, Tris-HC1 & ' pH=8.0, JZ N7 32 h {5 50 % (135 1 [89]
TR W i Chromatium vinosum [NiFe] 65 °C, Tris-HCI 221 pH=8.0, 5 & 80 min {3 50 % [ i€ 1 [90]
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N1, 4- T HRIETE2, 3- TR EEER ), R HE TR
Jii o Wang &5 MY I T d I A O SORE R S
B AT 2 (Fe,Sy) [l 7E [Rulbpy), 1> &M 1)
UiO-MOF [, ##m T4 %. Ashleigh & " fff
FIA HLAEA I TR 5 R 25 — 19k 3 Jiie L A5 300 H 14
B, [EH% AW [Fe,(debdt) (CO), ] ARk A
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MOFs [ 52 10 S A (1 3 s 78 T 5 S B
FH 25 M 4 1 MOFs 870 . | Fil MOFs B4 7] # i .
AR SA,  ARE AN [R] SR8 S 4 i 1) 22 44 14 53 AN
Ak 55 7 306 356 438 i MOFs #4454 MOF's & i
SN AEAE NI AN, {5 0 ZIF-8 7E =5 35 7K ¥ i B AT
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BAEALEE (pfSHD 5 Zn® K A3 HLEC 4K 2- 1 3Lk
WEAE IR KSR B % FIRG, LA W
ZIF-8 F 35 [ 2 4k o F L By i B 7 A A i
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T G 0 A T O Bl o DA SR — VR P P S
100%, fE90°C. pH=85HIZ& M FELEMHH 7K
hRETRFF 45 % G (K3). SR, K4 MOFs

[NiFe| hydrogenase

Zn**

= Stir at room
temperature
overnight

i LA WLV T AR T A A v A B TR R S
# MOFs FER KA B, 5 Ja HEAT S A B AR B
I %E AL -

S EE A 5E A BOR 5 MOFs I LR KA, i
P, SREKSEVERTA %, &8 MOFs 5 7] T4
5 [ e L EACEE RN T 7 5. 3 L MOFs A5 1l &
TR IR HL A 2K % . & Fe™ 1 fiif 460 MOFs ' 45 A
ToHEMEERME AN T . 588 MOFs ALt
X4z J& MOFs m] LLIR (I 5N =5 5 (i R Ar o, B4
b oxF FLRR 2 HEAT P VO XU S B0 Wik R4 A AT
AT 1, A R R SR R

5 REiEER

T oh S AL B AL 1R R A7 A2 MU, Rk
THFGERR . ALEE THME. &E Lt
TR > T AIMOFs [H E L EACEE (K 4). Tt
B R ARRR . tERIARK, HR 5 HEE. i
= 3 o W A A S BN S Bl TR
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