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Fig. 1 Biological hydrogen production methods and
limitations
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Fig.2 Structures of [NiFe]-hydrogenases (a) and [FeFe]—
hydrogenases (b)
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Fig.3 Catalytic cycle of [ NiFe]-hydrogenase (modified from reference [9])
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Fig. 4 Catalytic cycle of [ FeFe ]-hydrogenase (modified from reference [47])
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Fig. 5 Chemical structure and catalytic reaction of [ Fe]-hydrogenase
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Table 2 Comparison of hydrogen production activity of recombinant [ FeFe]-hydrogenase
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Table 3 Comparison of hydrogen production activity of recombinant [ NiFe ]-hydrogenase

&3 E4([NiFe]-SHLBHI~SiEEXTLE

AMEERNE 15 & HEHAE F FEE#EZ/(nmol 'min~-mg ™) ik
JE 4G KA B / 12.2 [61]
gt & A AR N 7L 28.8 [61]
Jigs & IR IR B / 18 700 [62]
JE L4 Frig A K v 2410 [63]
LIk ) E B P / 19.2 [64]
el g SR A K 1230 [65]

GRS Ll KIFFE 35000 [66]

IRt i <52 JA S KIFF 8200 [66]

A BRI E A KB 100 [66]

IRt FEAE R I K B 4000 [66]
FePOR AT R SR AL JS BTG PR
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JitF 1 02 HP R BR hyaB . hybC FE PR i) S WAL,
2B T T UL AR A I ) B R R A
Zhang %5 7 X BRIE 21 40 b8 E 4T 22 246 ) S I TR
e, DL R e SR S AR L DY) hupSL Y B FR
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SR, TP IERERSRR . X R
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Fig. 6 Schematic diagram of light—driven cell-catalytic hydrogen production
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[90] ).
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Table 4 Performance comparison of hydrogenase encapsulated in protein—based nanocapsules

T4 EBERENABF[HESHEREREITLL

Ukl RARSIA HBEAREEEM TrEEEET  HBREANGEE ISR fEfbFase SCHR
Syt (nmol'mg " 'min™")  (nmol-mg'min™")  IEHELREHE K /% TRE 1%
[NiFel- WEEAP224K 5 3218 12.6 H: 106 B 167 - [11]
ZAL T b= JFEs: 111

(60°C, 45 min)
[FeFel-  ofRMfA7E 603.33 109.32 B 133 - - L108]
A iEEs: 0.97
[NiFel-  ofRREFA5E 543.4 473 %% 88 Ee: 54 - [109]
A WE: 13 JiFEs: 33

(65°C, 20 min)
[FeFel- ofRMiASE(HME  3.97 mmol'g-h™"  0.79 mmol-g™"-h™ = - SRIEM GG [110]
4kl  TBAP-0-HOFs) (7] Wo't) ({XTBAP-a) BN, 30 hiESR

SG E = AN AR R
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RPBRT—4T, HARMBHE: S A7EpH 8, 50 mmol/L, WALSKE/E —WHRIRH (MV/DT) Z&1F FIAT; oREHATE (PMAHOFs) #F5E

NAEW-ARAEZ O G IRR , BTV LA ST = A 2 5

3.2 WRIERP22AK B4

Wit T 1A P22 A 782 — e BE A P Y H 4 R
Fr A oKk 254, 420 A48 DL A 72 8 1 (coat
protein, CP) HI Al 28 ¥ & i X 22 8K 11 (scaffold
protein, SP) PRFEIZEEMIAL, EMEA =7 —
PRXF PR By 25 i g F Y IZ AR SEAME 2 60~
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2015 4F, Douglas B\ " 78 1 A 5 401 ok B A5
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Fig.7 Structure diagram of carboxylase encapsulating hydrogenase
E7 REEIHIESWEBEME
(a) [FeFel-%UfbMm (HydA)-5E 40K SN # 5 5 BREUR R T Fd-Hyd ARIR I AT TR ) k4208 2 FINADP B JEE  (FNR) 7R & IE (B E e
ik [108] ); (b) AT a-RMRMATEN [NiFe] -ZALEEEREALRIMAE (B a3k [109] ); (o) AHLESAE, SELEY LRSS
FELA B AW A A AR R FRH-S| TBAP-af A= A (&3 A 3cik [110] ).

603.33 nmol-mg™"-min™", % iF B B $2 T+ 29 5.5 F% .
WEZENE, 7SS 5EE 24 h)5, Shell-HydA 1))
AETR B4 13.33% MO TE M, 1 F 25 il L 00 4 R0
(F4) o XFRTRON VTN TR B SNETE B4
HpEp, HaE s R A ROy SRR A T
R I R AR B o

Jiang &5 U J5 2L 0 58 8 K W AT R K R 1Y
[NiFe]-2fLH (Echyd-1) #% T o REHA T,
i — D R T BRI G . ZAF5E AR
Cs0S2 % 19 C %ii Y EP ¥ hyaA F hyaB W & C i i
G, JFE P R S SR (7b) .

SCES A5 R R, B S A 9Ok N A
(HyaAB-Shell) 7£ 2 55V GE 45 br I 3450 90 i 2 4
Fro EHEAE AR, HARDRSAS T E
REIA 41 777.5 nmol-L™"h',  FUiF B B 42 155 23 43 5

[EFMF TS %E K 8 937.4 nmol-L™"-h™", 2
Fh R B 3k 33 4% o LR MRS 4 T THT, HyaAB-
Shell 1Y% K™ 4 %60 543.4 nmol'mg™'*min!, 4
TS EEAY 124% . BnfE b eI KR, &
RN EREE 24 hE, BEAERTI IR 88% M iE 1,
28 65°CHALH 20 min, FHEEEHGTELERS 54%, EH
TR S

[FIRERY, 9K R AT BE B A T R FE IR A
Wedi 5 w4, CsoS2 [ CuifEly EP, il i 2K 11 Ji -
A AR H AR F 412 T5e N . (HR B A
AL SR AT AL TR SCIR B Y P22 72 HA vk R A Pk
FIPEE, FESCg et bt ] RARBL Ok, ERES
T PRI BE 3k 80% LA b R SR AR —
(80~110 nm), HAZAHLHIE 242, FIRKIKNTA]fE
Bl TR R 4



2026; 53 (5)

W, % AUHESUBREATSRBE k&

+1429-

FETF I, 2024 4F Yang 55 MY Nk — AR
HREE RS, R A A PLHES (hydrogen
bonded organic frameworks, HOFs) SCEL | m554n]
RREEDCHEIL A ABATIRIRE R R R 7e, N
FPEE T [FeFe |- 2 {LM . FAMFNR, JE KL
HAGKRR N AE (Bl 7c), B EEAAHKYS
HOFs 1,3,6,8-0U (4-RFEFIE) FE (1,3,6,8-tetra
(4'-carboxyphenyl) pyrene, TBAP) -o %% & 7F —
A, XTI TOCEERON AEfL R SE, B T AT
DI SE 5 4 SR AN bR AR bR g . AEBSRUR PHOG
T, PR 3.97 mmol-g-h', BEAR BB B
TBAP-o REE L 5 Af . fESLHHETT30 h)E, 7™~
AR BEARIEAE 1 137.8 pmol-g*h", HAE M
25 h IR E PESC I 2, PRI W3
W R S TARRRHELE T A B R 5
NTOGHARA RIS &, BT ASOCAERRER 53
FRE. 2 AEPPRH A SEOCREIAR S i 70k, T
REEABENI A I BTl - . R SEI T
BT RFEE I REIR G Al . IZF R DR SR SR LAY R
AR T SRR A, AR RE R ARl
FRMFRE M LAY - EAEYO RS R
SR HRHE 7,

Zi LRTiR, HED TR RN E I EEAK A 4%
HTEEEE R AR T SR ZH R . HE
ST PH PR A A, 038 3 7 ] BR800 B2 A

WAk

T-WURH 23

TR

G, ARRATHE P22 KT LG A BRI, B
RERR PR S, HARESHRR S HA T R
24, MESEIRSN-AEILIR R, JF R R
226 RS
33 IRkSHEEmmEitsE

SR TR oS B, BRTas
SARBEAN A P B IX A 4 AN R SR M4
FhoREEE . ML TARE RS, ZORE T B
Jfaie, HAA LT aifbiife.
3.3 SRR Y ER X S A

bR TR A RFRIX =4, HARFA AL T
T3 — PR I 1 58 2 v 0 —— B V-V AH 53 B T
(R TCIEAN RS . 7 2024 4 —TF 5 b, Yu % (1)
TERIAFH T # 5 T [ FeFe |- S AL BEFT—Fh ] LA -
TR 50 5 0 S AL - Wk 22 B A B (HydA-
MaSplI8 fusion protein, HM) , 4 i — Fft JC i ¥ 4
WX %, IFAEXZERAA AL CdSe, S, it F 41, it
WL TR A A AR S G AEGR) 5 ) 3 e
(F18), TEARN At i, B a8 Cd FRI7E
R IR U STRESR AR, B 1 T 200 i DG 5
g R E , e S T TR R E 48 BT
TR S O et /| VAR o 1 PO R i e
SHMMPHEIR G, mERRS T 16,445, PlRK
Mz SRR T A A uE, HIX %Sk
S RSB, AR T A A

-y
3

TN - B SRR % A 5

-~

Fig. 8 Hydrogenase cellular compartmentalization encapsulation (modified from reference [115])
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Table 5 Comparison of hydrogen—producing cells encapsulated by natural polysaccharides
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Abstract Hydrogenases, as a class of highly efficient and reversible biological catalysts, can catalyze the
reduction of protons to molecular hydrogen, thus demonstrating great potential in a wide range of fields such as
renewable energy production and green chemistry. Despite their significant potential, the large-scale industrial
application of hydrogenases has long been constrained by several inherent limitations, including high sensitivity
to molecular oxygen, the challenges in the in vitro reconstitution and maturation of their catalytic centers, and the
inefficiency and instability of the natural electron transfer pathways. To overcome these limitations and enhance
the catalytic performance of hydrogenases, researchers have developed various strategies, among which enzyme
molecular engineering, photo-driven modification, and enzyme immobilization techniques are the most common
exploration directions. Particularly, enzyme immobilization technology is widely used to improve the reusability
of hydrogenases, but traditional immobilization methods often come with disadvantages in practical applications,
such as complex multi-step procedures and insufficient biocompatibility of the immobilization materials. In recent

years, bioencapsulation technology has emerged as a promising alternative strategy to enhance the catalytic
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performance of hydrogenases. This method utilizes biologically derived encapsulation materials to construct
physically confined and precisely defined chemical microenvironments around the enzyme molecules, offering
simpler self-assembly processes and superior biocompatibility. With these biomimetic constructs,
bioencapsulation technology not only provides better oxygen tolerance but also helps to create a local
microenvironment conducive to sustained catalytic function. This article systematically reviews the latest research
progress of two main bioencapsulation strategies for hydrogenases: one is the encapsulation technology based on
protein-based nanocages; the other is the engineering strategy for whole-cell hydrogenase expression. In the
nanocage-based systems, this article focuses on the structural and functional characteristics of virus-like capsids
and carboxysome protein shells, which serve as efficient enzyme encapsulation scaffolds, not only providing a
stable physical barrier to prevent oxygen diffusion but also enabling high-density enzyme loading, thereby
promoting substrate channeling effects and electron transfer kinetics. This article also discusses whole-cell
encapsulation systems, which achieve hydrogenase compartmentalization within engineered cellular structures or
by using external natural polysaccharide-based encapsulation matrices to wrap whole-cell catalysts.
Bioencapsulation strategies can bring multiple synergistic benefits: they can effectively protect hydrogenases from
oxygen-mediated inactivation, significantly delay the decline of catalytic activity over time, and enhance the
hydrogen production rate by increasing the local concentration of active enzyme molecules and optimizing the
electron transfer efficiency from redox partners to the catalytic center. Despite the significant progress made,
several technical challenges remain to be addressed. The main obstacles include limited enzyme loading and
encapsulation efficiency, insufficient long-term stability of encapsulation materials under operating conditions,
and the need to improve the matching of the photo-biological interface in systems integrating light-harvesting
components with enzymatic catalysis. Future efforts can focus on the integration of multiple technological
approaches, such as using computer-aided protein design to optimize encapsulation structures, developing
engineered electron transfer pathways to enhance catalytic conversion efficiency, and designing composite
multifunctional materials with both structural stability and functional adaptability. These directions collectively
aim to achieve efficient, stable, and scalable hydrogen production applications of bioencapsulated hydrogenase
systems.

Key words hydrogenase, bioencapsulation, biological hydrogen production technology, nano-protein cage,
bacterial engineering
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