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Abstract: By integrating the superior photoelectric properties of nanomaterials with the efficient biotransformation
capabilities of microorganisms, nanomaterial-microorganism hybrids exhibit tremendous potential in environmental
remediation and resource recovery. Recent advancements in materials and microbial engineering have significantly
expanded the applications of these biohybrids in complex, highly dynamic environmental scenarios. Focusing on
photoelectron generation, interfacial electron transfer, and intracellular electron utilization, this review systematically
elucidates the mechanistic principles underlying these hybrids in environmental fields. Specifically, we detail how
photogenerated electrons are harvested, transferred across the nano - bio interface, and ultimately incorporated into
cellular metabolic networks to drive targeted redox reactions and resource conversion processes. Furthermore, we
summarize their current applications across various environmental domains and categorize recent breakthroughs by

target pollutant types and resource recovery outputs. For inorganic pollutants, biohybrids enable sustainable nitrate
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reduction and heavy metal detoxification via biomineralization or valence state transformation, effectively
immobilizing hazardous contaminants such as hexavalent chromium and lead. For organic pollutants, they facilitate the
degradation of recalcitrant compounds, such as azo dyes and emerging pharmaceutical antibiotics, often utilizing
advanced heterojunction designs to enhance charge separation and minimize energy recombination losses. The review
also highlights their crucial role in the high-value conversion of carbon dioxide (CO,) into fuels and biochemicals,
including methane, acetate, and bioplastics. To overcome existing performance bottlenecks in real-world environments,
we explore advanced optimization strategies, such as the enhancement of energy input through multi-physical field
coupling, the development of environmentally compatible nano-photosensitive materials and the engineering of
environmental microbial chassis. Additionally, a critical assessment is provided regarding current limitations,
particularly techno-economic barriers that hinder large-scale deployment, reactive oxygen species (ROS) toxicity, and
ecological safety concerns about genetic escape in open ecosystems. Finally, this review proposes forward-looking
research directions. We emphasize integrating artificial intelligence, machine learning, and digital twin technologies to

map, model, and intelligently optimize these complex biohybrid systems for practical applications.
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Table 1 The application and performance comparison of nanomaterial-microorganism biohybrids in the detoxification of inorganic

pollutants and the degradation of organic pollutants
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A photovoltaic-type PEDeN reactor

Wastewater .

(a) YeARAL (PV) S [ 77 R P S 5% S LA R e PR e 1l < @

(a) A scalable photovoltaic-type photoelectrotrophic denitrification reactor for selective
192]

conversion nitrate to nitrogen

(©) In-situ remediation of U

(o) R EM A A Rt AT 4 R AL IS L )

(c) In situ uranium remediation with the biohybrid systems'

lean water

(b)

Bacterial growth
B-6 Biodeposition

(b) T § 1) CdS 9K Bk £ e 11O
(b) Microbially-mediated synthesis of CdS

[105]

nanoparticles

(d) A,
-y >

Py A

Patential (¢V) vi. NHE
= L

() ZHE5 UM RRLE S S oneidensis MR-1 ¥ HE 24 &1k
FL AR IR PR 7 )
(d) Direct Z-scheme and type II heterojunction -
Shewanella oneidensis MR-1 biohybrid system biodegrade
acid orange7 (AQ7) !

B3 T 9 5 BRI AR TEGUR MR- A P 2 A

Fig. 3 Representative biohybrid systems for pollutant removal
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T C-CRMmAE AL ™, R, ZRT LR
£ B U g M B e, 5O R SN IE AT A
PUNEUNES B HOR B e @ e, Lin % K
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(a) 2T M. b-EGaln 9K A K- M 2% A PR 10 IR B CH, L 1 72 17

(a) The multi-interface behavior during solar-driven methanogenesis process with M. 5-EGaln nanobiohybrids!"'”

(b)

C0: cn,coom

SR

cds

— reduction
= oxidation

(b) EERIGIL [ S. oneidensis MR-1-CdS A=) 2= & 1A SE B CO, 3|

Z S 4, T2
(b) Continuous CO,-to-acetate conversion by a S. oneidensis
MR-1-CdS biohybrid with sulfur cycle!*"

BiVO,:Mo

(c) 8. ovata|Cr,0,/Ru-SrTiO,: La, Rh]ITO[RuO,-BiVO,: Mo
RIS CO UM IR, ZdHR S KA RS I
(c) Photosynthetic CO,-to-acetate conversion coupled with water

oxidation over S. ovata|Cr,0,/Ru-SrTiO,:La,Rh[ITO|RuO,-
BiVO,:Mo biohybrid!"”!

B4 T CO,HAMIERNEGKABL-TE 2% & 1

Fig. 4 Representative biohybrid systems for chemical production
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K2 YORM BB 4 G R TE CO, B B4k i) Y B FH T MR X TE
Table 2 The application and performance comparison of nanomaterial-microorganism biohybrids in the high-value conversion of
o,
GRS AP ;e TR R A 2@:}“[%% AR FERFR 73%
Nanomaterial Microbes Products Electron transfer B SED Limitation Xk
AQY Ref.
NiCu@CdS M. barkeri CH, HEHTER 1241% PMER BEEGIRSRE S — B, = H et aE 2 [118]
SRR
Cds M. barkeri CH, THLHFHAM,)  034%  ERRER RS S S BERZ EeRG  [115]
Ni(0.75):CdS M. barkeri CH,  EHHETHEMAEME)+ 2.08% FREEKR  SUEERIFR SRz 2Desitn - [33]
HEE TR
NENCNx M. barkeri CH, HEH TR 50.30% CEMtEIR RSO TR S 2 EDE8 0 [46]
Cr,0,/Ru- S.ovata  CH,COOH EHHTHMAH )+ 21.30% = Jefi A & MR KIS TR EA R 5 [119]
StTiO;:La, HEEHTHR PRI ST KA PR
Rh|ITO[RuO,-
BiVO,:Mo
Cds S.ovata ~ CH,COOH B T 16.80% HMEEmE &R b CdS XA A F Mk, AsEok & iE M [120]
R, T B A FE TS
PDI/PFP M. CH,COOH  H¥EH T#:H L60%  EREEER  ZRGLAHBIME I A R [121]
thermoacetica
Cds M. CH,COOH  HiZH T7## 244%  CPERREER AR RN ES RS KRR [21]
thermoacetica TG4 AT 21
TiO,-Mn(IT) M. CH,COOH  H¥EHT#H PR R R RO [122]
Bk#5+CdS  thermoacetica
Cds Tk L-WRE.  HEEHTEE i ST L 3 [123]
E. coli T
g-CN 9K R eutropha PHB TN THAMH,)  5.81% & K247 /5 PHB ™ £ T % [49]
HRBRAKE R palustris PHB BT 11.80%  FAJFARAE  SNPs XN E A 1k [124]
HL(SNPs)-g- R4
CN, ¥l

VE: PHB—RREE T BRI

RN T BHAG %38 0% & 7R M S 36 S Al IR Ak IE
I FL S IR N A R

B B, RS A Skl TREOKN
I E AR R P B 50 e REM A
RO 1 G . IX B A B A B 5]
HL Y B R IR AV s R R LA AR A R
I RE T TR R I AL BE AT S5 L 0 TE 6 I IR
S s A TS &S [ R TN 1 O S A N
o e B FER R R, Ye S NFSEH NI E T
B CAS dnts, REMA T HI R 7B AT N
FFINGE T B S TR . R, FAb <
BB IR R (W Zn B S CAS . Mo B X%
BiVO, "™ ) WAL REA A ek HLA 0 B . B
AT S A, RR T 5 2R s AL AR R
S5l FEL - A AR I A S B AT S (A8 N 4B i

PDI—4t “BE G AT A 4: PFP — (Zj-3L-W oK) |

Zn,,Ga, Ge,,0, 5 1HF LB M R. palustris ¥ 42
G . EESEKRT, OBRReg-CN, 55K
B A ER Y, LR N B 2k 1 8 5 R R T
FUAF B B T, ST R T e v R 2 A R 1
Fygd . XA ENE T34 TREENIEEY -
R M2 oRett 5 &M BRaoRBAI, Tl
N3 THI R B 8 B R 4 D0 35 B R L 2 3 1) 38 5 1) £
o 2Rk EEA AT AE Yy B R G, ZE A
A G Rk A o BRI, L Re A R Y
Reir M P vE e BIYE L, 3 R 4 oK B R D
FE B IR BE S & RLYE,  JRAR 40 B 5 i A ALk iR
RN IRELUCHED " Bilhn, | (V) AR
DL PR TR, B IE S RE I 25 1Y 9 A Ak TiO,- Tl 2
FERAPRHI BT . FFE, 7ETiO, %
W BN V1 R HGERE S, AR RS T AT
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5.3 MEVIREAIAIRES
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6.2 HEEREIE

R RE- T S IR IUE S RGP
WER 5 A 2 VA R A EAL . 20T,
HRELHLRM R B A E £, TR
PR 5 IR0 2 B AR R R R AR ORISR R e RS
R ETG G, DA AR RE R ) 5 B A
WAV PAVE RS, ICFEM B T A SRR LA
ASFRER ™ IR AR AR TR R IR
& T ol R & XS QR T g
WEHEZR I A g v, (B T AEITTRAES RS
THI T 2% A PR A DU Al 1) S50 P

RS TREE A 24 R, H AT SR R
LA . N, I R R TR s A AR
I B 10 DR B DR ) S TR BRI T R b, L AR
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RPN AAFAE R A IE ], TR 1 2R DR i
RIRGU AW 5 SRR BT RUR AR, MARAS
E WK R N 52

MRS RE R A1 BE, BUAT 1 Ao A 75 2 00 4K
TCVE RS Ik B AR R AR/ it (241K pHLy
BT RAAIED FrshETN, $HH
S o JA TR PR B AL VP A A O R e . BRI, R
ek g WAL . PR BT B A 5 DA RN
SUR LT R 5 51 7] S5 IS AT SRy, DR a KA R
AR SR E S ERIR . RN EHESE

6.3 MABSSTHT BREFRAME

BEE M REREE L SRR AN BT A 1)
— BRI, AUORMRL- A Ak 5 R I R I SR

fE G s B B R 5 [l B, TS8R . 2 o0
HAA B BN G, Blan, @i sR b H 4t B
TAEB W48, %A R AT SEELE B K R 0 R SR
O A TR Cln A= B B 1 S 3500 T R
JH B0 T 0 15 i V8 R P T I O B BB BILA, T
SIS E 4 S 5 B R A DL R A JeoK R AR
MR A AEBBE M WA, ZEAREREIME T
RS A IR BRI F7, B TF R T T 0TS e S
TE 28 W5 00 o B AR A IR 2%, DL R IR Bl ALk 77
Y CnAEF . BEEE) MAEYIER S AR
EE AL

SR, W5 9K AR 2E W 2 B Ak DA 52 56 =5 4t
) FF B0 i B S O AN I B S PR BRI, AN T 3 G
T H 0 B8 26 AR - SR A - oK MR- T A= 7 e
MM m e AERME RGP . 3 S IR Y K iR
Bea BROGBRZE LRI IR e 4, E154%
GLRR B TRE “mARTR 7 ML . NFT X —
I, REE SN RGBT BOR T RO SR .
He, NTHEE (AD 5HL8%2) (ML) Rt
RE RGP g ARV A R T
AR VRIS o FE A RISy . R WRRAE R IB AT
PR BRI B K 4L 4, ML S35 AN IE 17 R 3
) ok A e AR 1 7T 2R TR i R A R L
FHEEE, MR AN, NMHERR Gk
TE SR8 vp R 2 AR A T AL, T
R EAEBBE HARNBAER R HES R E
RN B ALE RSN, HEZE 4 (Digital
Twin) FARGERGPUKMEL - ARG REN
BN WG, B A AR A
RS REARBITSHELZEEL, LARR
PERETION . IZBATIRA IS WA ez . 5B &
AR S S 8T, BTk
& TR ORI R AR B0 A, R & R Giie T
ke e M SaE Rk . SR, IR R B R 1
FH e BE AR 6 2 R R M B R AR R 5 3=,
Pt R T BdE bt . TR R B A
KR BRSSP . Ik, KRR TG
(000 B BEAAR R L 2 A v R BN A B 2R 6 DA
% B TS M AL EALHL, Kb el - A
Z AR R REAb et . AU AR B A ) g R
JRAR LS



%74 www.synbioj.com

017

(2]

[10]

(1]

[12]

[13]

[14]

[15]

2 % X W

FARGHALI M, OSMAN A I, MOHAMED I M, et al
Strategies to save energy in the context of the energy crisis: a
review[J]. Environmental Chemistry Letters, 2023, 21(4): 2003.
CAMPA M F, BROWN C M, BYRLEY P, et al
Nanotechnology solutions for the climate crisis[J].
Nanotechnology, 2024, 19(10): 1422.

OBAIDEEN K, OLABI A G, AL SWAILMEEN Y, et al. Solar

energy: applications, trends analysis, bibliometric analysis and

Nature

research contribution to sustainable development goals (SDGs)
[J]. Sustainability, 2023, 15(2): 1418.

KABIR E, KUMAR P, KUMAR S, et al. Solar energy:
potential and future prospects[J]. Renewable and Sustainable
Energy Reviews, 2018, 82(1): 894.

EVA C, OSZVALD M, TAMA4S L. Current and possible
approaches for improving photosynthetic efficiency[J]. Plant
Science, 2019, 280: 433.

ZHU X G, LONG S P, ORT D R. What is the maximum
efficiency with which photosynthesis can convert solar energy
into biomass?[J]. Current Opinion in Biotechnology, 2008, 19
(2): 153.

BLANKENSHIP R E, TIEDE D M, BARBER J, et al.
Comparing photosynthetic and photovoltaic efficiencies and
recognizing the potential for improvement[J]. Science, 2011,
332(6031): 805.

SHEN L, YIN X. Solar spectral management for natural
photosynthesis:  from
applications[J]. Nano Converg., 2022, 9(1): 36.

REYES CRUZ E A, NISHIORI D, WADSWORTH B L, et al.

Molecular-modified photocathodes for applications in artificial

photonics  designs to potential

photosynthesis and solar-to-fuel technologies[J]. Chemical
Reviews, 2022, 122(21): 16051.

ZHANG B, SUN L. Artificial photosynthesis: opportunities
and challenges of molecular catalysts[J]. Chemical Society
Reviews, 2019, 48(7): 2216.

WANG Z, HU Y, ZHANG S, et al. Artificial photosynthesis
systems for solar energy conversion and storage: platforms and
their realities[J]. Chemical Society Reviews, 2022, 51(15):
6704.

KIM D, SAKIMOTO K K, HONG D, et al. Artificial
photosynthesis for sustainable fuel and chemical production[J].
Angewandte Chemie International Edition, 2015, 54(11): 3259.
XIAO K, LIANG J, WANG X, et al. Panoramic insights into
semi-artificial photosynthesis: origin, development, and future
perspective[J].
(2): 529.
OKORO G, HUSAIN S, SAUKANI M, et al. Emerging trends
in nanomaterials for photosynthetic biohybrid systems[J]. ACS
Materials Letters, 2023, 5(1): 95.

CESTELLOS-BLANCO S, ZHANG H, KIM J M, et al.

Energy & Environmental Science, 2022, 15

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

[31]

Photosynthetic semiconductor biohybrids for solar-driven
biocatalysis[J]. Nature Catalysis, 2020, 3(3): 245.

FAN G, WASUWANICH P, FURST A L. Biohybrid systems
for improved bioinspired, energy-relevant
ChemBioChem., 2021, 22(14): 2353.

LTI L, XU Z, HUANG X. Whole-cell-based photosynthetic
biohybrid systems for energy and environmental applications
[J]. ChemPlusChem, 2021, 86(7): 1021.

SHEN J, LIU Y, QIAO L. Photodriven chemical synthesis by

whole-cell-based biohybrid systems: from system construction

catalysis[J].

to mechanism study[J]. ACS Applied Materials & Interfaces,
2023, 15(5): 6235.

KRASNOVSKY A A, NIKANDROV V V. The
photobiocatalytic system: Inorganic semiconductors coupled to
bacterial cells[J]. FEBS Letters, 1987, 219(1): 93-96.

LU A, LT Y, JIN S, et al. Growth of non-phototrophic
microorganisms using solar energy through mineral
photocatalysis[J]. Nature Communications, 2012, 3(1): 768.
SAKIMOTO K K, WONG A B, YANG P. Self-
photosensitization of nonphotosynthetic bacteria for solar-to-
chemical production[J]. Science, 2016, 351(6268): 74-77.

GUO J, SUASTEGUI M, SAKIMOTO K K, et al. Light-driven
fine chemical production in yeast biohybrids[J]. Science, 2018,
362(6416): 813-816.

YE J, GU W, HU J,
Semiartificial Photosynthesis: Multidisciplinary Engineering of
Biohybrid Systems[J]. Chemical Reviews, 2025, 125(24):
12198-12252.

WANG L, YU J. Chapter 1 - Principles of photocatalysis[M].J.
Yu, L. Zhang, L. Wang and B. Zhu. Elsevier, 2023: 1-52
BROWN K A, KING P W. Coupling biology to synthetic
nanomaterials for semi-artificial photosynthesis[J]. Photosynthesis
Research, 2020, 143(2): 193.

HOFFMANN M R, MARTIN S T, CHOI W, et al

et al. Toward Next-Generation

Environmental applications of semiconductor photocatalysis
[J]. Chemical Reviews, 1995, 95(1): 69.

LU A, LIU J, XU M, et al. Novel energy utilization
mechanisms of microorganisms in the
Fundamental Research, 2025, 5(4): 1584.

CHEN S, CHEN J, ZHANG L, et al. Biophotoelectrochemical

hydrosphere[J].

process co-driven by dead microalgae and live bacteria[J].
ISME Journal, 2023, 17(5): 712.

ZHANG W, XIONG C, CHEN P, et al. Elucidating energy
conversion pathways at biotic/abiotic interfaces in microbe-
semiconductor hybrids[J]. Journal of the American Chemical
Society, 2025, 147(24): 20171.

JIANG Y, TIAN B. Inorganic semiconductor biointerfaces[J].
Nature Reviews Materials, 2018, 3(12): 473.

GARCIA DE ARQUER F P, TALAPIN D V, KLIMOV V 1, et
al. Semiconductor quantum dots: technological progress and
future challenges[J]. Science, 2021, 373(6555): eaaz8541.



018

BREDF

ENE

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

LI X, TUNG C, WU L. Semiconducting quantum dots for
artificial photosynthesis[J]. Nature Reviews Chemistry, 2018, 2
(8): 160.

YE J, REN G, KANG L, et al. Efficient photoelectron capture
by Ni decoration in Methanosarcina barkeri-CdS biohybrids
for enhanced photocatalytic CO2-to-CH4 conversion[J].
iScience, 2020, 23(7): 101287.

YI X, LIU S, LUO M, et al
photosensitized Geobacter sulfurreducens-CdS biohybrid for

An outer membrane

redox transformation of Cr (VI) and tetracycline[J]. Journal of
Hazardous materials, 2022, 431: 128633.

WANG B, JIANG Z, YU J C, et al. Enhanced CO2 reduction
C2+ production CdS-
photosynthetic hybrid system[J]. Nanoscale, 2019, 11(19):
9296.

PRIYANKA U, LENS P N. Enhanced
hydrocarbons BTX by light-driven Aspergillus niger ZnS

and valuable chemical by a

removal of

nanobiohybrids[J]. Enzyme and Microbial Technology, 2022,
157: 110020.

FENG Y, XU M, TREMBLAY P L, et al. The one-pot
synthesis of a ZnSe/ZnS photocatalyst for H2 evolution and
microbial bioproduction[J]. International Journal of Hydrogen
Energy, 2021, 46(42): 21901.

PRIYANKA U, LENS P N. Light driven Aspergillus niger-ZnS
nanobiohybrids  for
Chemosphere, 2022, 298: 134162.

CHEN S, SHI N, HUANG M, et al. MoS2 nanosheets-
cyanobacteria interaction: Reprogrammed carbon and nitrogen
metabolism[J]. ACS Nano, 2021, 15(10): 16344.

MAO J, AN X, GU Z, et al. Visualizing the interfacial charge
transfer between photoactive Microcystis aeruginosa and
hydrogenated TiO2[J]. Environ. Sci. Technol., 2020, 54(16):
10323.

PAN X, LI W, FANG Y, et al. Semi-artificial photosynthetic
system based on TiO2/Chlorophyll composite and microalgae
for N2 fixation[J]. Chem. Eng. J., 2023, 475: 146179.

HONDA Y, WATANABE M, HAGIWARA H, et al. Inorganic/
highly
hydrogen production from water[J]. Applied Catalysis B:
Environmental, 2017, 210: 400.

ZHOU J, YANG Y, ZHANG C. Toward biocompatible

semiconductor

degradation of methyl orange[J].

whole-cell biohybrid photocatalyst for efficient

quantum dots: from biosynthesis and

bioconjugation to biomedical Chemical
Reviews, 2015, 115(21): 11669.

JIANG Z, WANG B, YU J C, et al. AglnS2/In2S3
heterostructure sensitization of Escherichia coli for sustainable
hydrogen production[J]. Nano Energy, 2018, 46: 234.

LIU J, LIU Y, LIU N, et al. Metal-free efficient photocatalyst
for stable visible water splitting via a two-electron pathway[J].
Science, 2015, 347(6225): 970.

HU A, YE J, REN G, et al. Metal-free semiconductor-based

application[J].

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

bio-nano hybrids for sustainable CO2-to-CH4 conversion with
high quantum yield[J]. Angewandte Chemie International
Edition, 2022, 61(35): €202206508.

HU A, FU T, REN G, et al. Sustained biotic-abiotic hybrids
methanogenesis enabled using metal-free black phosphorus/
carbon nitride[J]. Frontiers in Microbiology, 2022, 13: 957066.
TREMBLAY P, XU M, CHEN Y, et al. Nonmetallic abiotic-
biological hybrid photocatalyst for visible water splitting and
carbon dioxide reduction[J]. iScience, 2020, 23(1): 100784.
WANG W, ZHANG H, GUO M, et al. Photodriven carbon
nitride nanosheet-bacterium biohybrid with an encapsulation
structure for CO2 to C4 Bioplastic conversion[J]. ACS
Sustainable Chem. Eng., 2025, 13(19): 7043.

KALATHIL S, RAHAMAN M, LAM E, et al. Solar-driven
methanogenesis through microbial ecosystem engineering on
carbon nitride[J]. Angewandte Chemie International Edition,
2024, 63(48): €202409192.

KESSLER F K, ZHENG Y, SCHWARZ D, et al. Functional
carbon nitride materials—design strategies for electrochemical
devices[J]. Nature Reviews Materials, 2017, 2(6): 1.

LIU J, HU R, LIU J, et al. Cytotoxicity assessment of
functionalized CdSe, CdTe and InP quantum dots in two
human cancer cell models[J]. Mater. Sci. Eng., 2015, 57
(1): 222.

SAKIMOTO K K, KORNIENKO N, CESTELLOS BLANCO
S, et al. Physical biology of the materials-microorganism
interface[J]. Journal of the American Chemical Society, 2018,
140(6): 1978.

CHEN W, LIN H, YU W, et al. Organic semiconducting
polymers for augmenting biosynthesis and bioconversion[J].
JACS Au, 2024, 4(1): 3.

QI R, ZHAO H, ZHOU X, et al. In situ synthesis of
photoactive polymers on a living cell surface via bio-palladium
catalysis for modulating biological functions[J]. Angewandte
Chemie International Edition, 2021, 133(11): 5823.

DAI C, PAN Y, LIU B. Conjugated polymer nanomaterials for
solar water splitting[J]. Advanced Energy Materials, 2020, 10
(42): 2002474.

SU D, QI J, LIU X, et al. Enzyme-modulated anaerobic
encapsulation of Chlorella cells allows switching from O2 to
H2 production[J]. Angewandte Chemie International Edition,
2019, 131(12): 4032.

CHEN N, SHEN R, HE T, et al. A photosynthesis-derived
bionic system for sustainable biosynthesis[J]. Angewandte
Chemie International Edition, 2025, 137(7): €202414981.
ZHANG M, TIAN Y, XU D, et al. Modular design and
integrated construction of photosynthetic biohybrids for solar-
CO2 chemicals[J].
Chemistry Reviews, 2025, 540: 216774.

YU W, ZENG Y, WANG Z, et al. Solar-powered multi-

organism symbiont mimic system for beyond natural synthesis

driven conversion to Coordination



%74 www.synbioj.com

019

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

of polypeptides from CO2 and N2[J]. Science Advances, 2023,
9(11): eadf6772.

FANG X, KALATHIL S, REISNER E. Semi-biological
approaches to
Society Reviews, 2020, 49(14): 4926.

YE J, CHEN Y, GAO C, et al. Sustainable conversion of

microplastics to methane with ultrahigh selectivity by a biotic-

solar-to-chemical conversion[J]. Chemical

abiotic hybrid photocatalytic system[J]. Angewandte Chemie
International Edition, 2022, 134(52): ¢202213244.

HAN G H, BANG J, PARK G, et al. Recent advances in
electrochemical,
reduction of CO2 to C2+ products[J]. Small, 2023, 19(16):
2205765.

PAN Q, TIAN X, LI J, et al. Interfacial electron transfer for
carbon dioxide valorization in hybrid inorganic-microbial
systems[J]. Applied Energy, 2021, 292: 116885.
MULKIDJANIAN A Y, KOONIN E V, MAKAROVA K S, et

al. The cyanobacterial

photochemical, and photoelectrochemical

genome core and the origin of
photosynthesis[J]. Proceedings of the National academy of
Sciences of the United States of America, 2006, 103(35):
13126.

SONG W, ZHANG X, LI W, et al. Engineering biotic-abiotic
hybrid systems for solar-to-chemical conversion[J]. Chem.,
2025, 11(2): 102351.

CHEN M, ZHOU X, YU Y, et al. Light-driven nitrous oxide
production  via

autotrophic  denitrification by  self-

photosensitized Thiobacillus Environment
International, 2019, 127: 353.
ZHOU X, HUANG S, CHEN X, et al. Mechanisms of

Thiobacillus

denitrificans[J].

extracellular  photoelectron uptake by a
denitrificans-cadmium sulfide biosemiconductor system[J].
Chem. Eng. J., 2023, 468: 143667.

THAUER R K, KASTER A, SEEDORF H, et al
Methanogenic archaea: ecologically relevant differences in
energy conservation[J]. Nature Reviews Microbiology, 2008, 6
(8):579.

KULKARNI G, KRIDELBAUGH D M, GUSS A M, et al.
Hydrogen is a preferred intermediate in the energy-conserving
electron transport chain of Methanosarcina barkeri[J].
Proceedings of the National academy of Sciences of the United
States of America, 2009, 106(37): 15915.

KULKARNI G, MAND T D, METCALF W W. Energy
conservation via hydrogen cycling in the methanogenic
archaecon Methanosarcina barkeri[J]. MBio, 2018, 9(4): e01256.
SEDENHO G C, MODENEZ I, MENDES G R, et al. The role
of extracellular polymeric substance matrix on Saccharomyces
cerevisiae bioelectricity[J]. Electrochimica Acta, 2021, 393:
139080.

JAHN M, CRANG N, GYNN& A H, et al. The energy
metabolism of Cupriavidus necator in different trophic

conditions[J]. Applied and Environmental Microbiology, 2024,

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

(82]

[83]

(84]

(85]

[86]

(87]

90(10): €00748-00724.
ROSENBAUM F P, MG4LLER V. Moorella thermoacetica: a
promising cytochrome-and quinone-containing acetogenic
bacterium as platform for a CO2-based bioeconomy[J]. Green
Carbon, 2023, 1(1): 2.

CONG Y, WANG X, BAI H, et al. Intracellular gold
nanocluster/organic

semiconductor  heterostructure  for

enhancing Chemie
International Edition, 2024, 136(48): €202406527.

YI F, YANG L, ZHANG L, et al. Enhanced photosynthetic

photosynthesis[J]. Angewandte

carbon fixation in microalgae through tandem synergies in
electron transport flows[J]. Chem. Eng. J., 2025, 512: 162505.
ZENG Y, ZHOU X, QI R, et al. Photoactive conjugated
polymer-based hybrid biosystems for enhancing cyanobacterial
photosynthesis and regulating redox state of protein[J].
Advanced Functional Materials, 2021, 31(8): 2007814.

ZHOU X, ZENG Y, LV F, et al. Organic semiconductor-
organism interfaces for augmenting natural and artificial
photosynthesis[J]. Accounts of Chemical Research, 2022, 55
(2): 156.

HU Q, HU H, CUI L, et al. Ultrafast electron transfer in Au-
cyanobacteria hybrid for solar to chemical production[J]. ACS
Energy Letters, 2023, 8(1): 677.

ZHANG H, LIU H, TIAN Z, et al. Bacteria photosensitized by
intracellular gold nanoclusters for solar fuel production[J].
Nature Nanotechnology, 2018, 13(10): 900.

DING Y, BERTRAM J R, ECKERT C, et al. Nanorg microbial
factories: light-driven renewable biochemical synthesis using
quantum dot-bacteria nanobiohybrids[J]. Journal of the
American Chemical Society, 2019, 141(26): 10272.

ARAUZO M. Vulnerability of groundwater resources to nitrate
pollution: a simple and effective procedure for delimiting
nitrate vulnerable zones[J]. Science of the Total Environment,
2017, 575:799.

SPOSOB M, BAKKE R, DINAMARCA C. Metabolic
divergence in simultaneous biological removal of nitrate and
sulfide for elemental sulfur production under temperature stress
[J]. Bioresource Technology, 2017, 233: 209.

YANG T, DOUDRICK K, WESTERHOFF P. Photocatalytic
reduction of nitrate using titanium dioxide for regeneration of
ion exchange brine[J]. Water Research, 2013, 47(3): 1299.
VAGNETTI R, MIANA P, FABRIS M, et al. Self-purification
ability of a resurgence stream[J]. Chemosphere, 2003, 52(10):
1781.

MING J, NI S, GUO Z, et al. Photocatalytic material-
microorganism hybrid systems in water decontamination[J].
Trends in Biotechnology, 2025, 43(5): 1031.

CHEN X, FENG Q, CAI Q, et al. Mn304 nanozyme coating
accelerates nitrate reduction and decreases N2O emission
during photoelectrotrophic denitrification by Thiobacillus
denitrificans-CdS[J]. Environ. Sci. Technol., 2020, 54(17):



020

BREDF

ENE

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[99]

[100]

10820.

HUANG S, CHEN M, DIAOY, et al. Dissolved organic matter
acting as a microbial photosensitizer drives photoelectrotrophic
denitrification[J]. Environ. Sci. Technol., 2022, 56(7): 4632.
HUANG S, CHEN K, CHEN X, et al. Sunlight significantly
enhances  soil  denitrification ~ via  an  interfacial
biophotoelectrochemical pathway[J]. Environ. Sci. Technol.,
2023, 57(20): 7733.

FU H, YUAN J, GAO H. Microbial oxidative stress response:
novel from environmental facultative anaerobic
bacteria[J]. Archives of Biochemistry and Biophysics, 2015,
584:28.

LI'Y, ZHANG W, NIU J, et al. Mechanism of photogenerated

reactive oxygen species and correlation with the antibacterial

insights

properties of engineered metal-oxide nanoparticles[J]. ACS
Nano, 2012, 6(6): 5164.

CHEN M, CHEN K, LI'Y, et al. A scalable photovoltaic-type
photoelectrotrophic ~ denitrification reactor for selective
conversion nitrate to nitrogen via isolating reactive oxygen
species[J]. Chemical Engineering Journal, 2025, 507: 160816.
CHEN M, CAI Q, CHEN X, et al. Anthraquinone-2-Sulfonate
as a Microbial Photosensitizer and Capacitor Drives Solar-to-
N20 Production with a Quantum Efficiency of Almost Unity
[J]. Environmental Science & Technology, 2022, 56(8): 5161-
5169.

CUI S, SI'Y, FU X-Z, et al. Intracellularly-photosensitized bio-
hybrid with biogenic quantum dots for enhanced wastewater
denitrification[J]. Chemical Engineering Journal, 2023, 457:
141237.

ZHONG C, REN Y, GUO Y, et al. Photoelectron-promoted
sulfate reduction for heavy metal removal without organic
carbon addition[J]. Environ. Sci. Technol., 2024, 58(49):
21680.

YANG G, WEI L, LV Y, et al. Photo-assisted enhancement of
uranium mine wastewater purification by a self-assembled
Shewanella putrefaciens-CdS  biohybrid ACS
Materials Letters, 2024, 6(10): 4606.

CALI J, LI H. Electrospun polymer nanofibers coated with TiO2

system[J].

hollow spheres catalyze for high synergistic photo-conversion
of Cr (VI) and As (IIT) using visible light[J]. Chem. Eng. J.,
2020, 398: 125644.

DU Y, GUO J, HOU Y, et al. A light-switch for efficient
decolorization of azo dye wastewater based on bacteria-
semiconductor interaction[J]. Environmental Science Nano,
2022, 9(5): 1819.

SHI H, JIANG X, WEN X, et al. Enhanced azo dye reduction
at semiconductor-microbe interface: the key role of
semiconductor band structure[J]. Water Research, 2024, 248:
120846.

HUANG S, TANG J, LIU X, et al. Fast light-driven
biodecolorization by a

Geobacter  sulfurreducens-CdS

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

biohybrid[J]. ACS Sustainable Chem. Eng., 2019, 7(18):
15427.

WANG Y, JIN M, WANG J, et al. Light-driven biodegradation
of azo dyes by Shewanella decolorationis-CdS biohybrid in
wastewater lacking electron donors[J]. Applied Microbiology
and Biotechnology, 2023, 107: 447.

WANG H, LE Y, SUN J. Light-driven bio-decolorization of
triphenylmethane dyes by a Clostridium thermocellum-CdS
biohybrid[J]. Journal of Hazardous materials, 2022, 431:
128596.

CHOI Y, LEE S Y. Biosynthesis of inorganic nanomaterials
using microbial cells and bacteriophages[J]. Nature Reviews
Chemistry, 2020, 4: 638.

LIU G, GAO F, ZHANG H, et al. Biosynthetic CdS-
Thiobacillus thioparus hybrid for solar-driven carbon dioxide
fixation[J]. Nano Research, 2023, 16(4): 4531.

ZHANG K, MIN X, ZHANG T, et al. Biodeposited nano-CdS
sulfide
nanoparticles during pyrolysis for enhanced oxygen evolution
reaction[J]. ACS Applied Materials & Interfaces, 2020, 12(49):
54553.

PI S, YANG W, FENG W, et al. Solar-driven waste-to-
chemical conversion by wastewater-derived semiconductor
biohybrids[J]. Nat. Sustain., 2023, 6(12): 1673.

ZUO W, YU Y, HUANG H. Making waves: microbe-

drives the in situ growth of highly dispersed

photocatalyst hybrids may provide new opportunities for
treating heavy metal polluted wastewater[J]. Water Research,
2021, 195: 116984.

QIN Z, ZHAO Z, JIAO W, et al. Phenanthrene removal and
response of bacterial community in the combined system of
photocatalysis and PAH-degrading microbial consortium in
laboratory system[J]. Bioresource Technology, 2020, 301:
122736.

ZUO W, ZHANG L, ZHANG Z, et al. Degradation of organic
pollutants by intimately coupling photocatalytic materials with
microbes: a review[J]. Critical Reviews in Biotechnology,
2021, 41(2): 273.

VAN DER ZEE F P, CERVANTES F J. Impact and application
of electron shuttles on the redox (bio) transformation of
contaminants: a review[J]. Biotechnology Advances, 2009, 27
(3): 256.

SUN P, LI K, LIN K, et al. Ag2S quantum dots for use in
biohybrid
photocatalytic organic pollutant degradation[J]. ACS Applied
Nano Materials, 2022, 5(7): 9754.

WANG Y, ZHAO H, LIU H, et al. CdS nanoparticles-decorated
Shewanella oneidensis cells for ultrafast photoreduction and
ACS Applied Nano

whole-cell catalyst for  visible-light-driven

detoxification of nitrobenzene[J].
Materials, 2024, 7(12): 14069.
WANG Y, DAI H, JIN M, et al. Light-driven biodegradation of

chloramphenicol by photosensitized Shewanella oneidensis



%74 www.synbioj.com

021

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

MR-1[J]. Bioresource Technology, 2024, 413: 131508.

YAN T, CHEN X, KUMARI L, et al. Multiscale CO2
electrocatalysis to C2+ products: reaction mechanisms, catalyst
design, and device fabrication[J]. Chemical Reviews, 2023, 123
(17): 10530.

YE J, YU J, ZHANG Y, et al. Light-driven carbon dioxide
reduction to methane by Methanosarcina barkeri-CdS biohybrid
[J]. Applied Catalysis B: Environmental, 2019, 257: 117916.
YE J, WANG C, GAO C, et al. Solar-driven methanogenesis
with ultrahigh selectivity by turning down H,production at
biotic-abiotic interface[J]. Nat Commun, 2022, 13(1): 6612.
GU W, HU J, LI L, et al. Liquid Metal Nanobiohybrids for
High-Performance Solar-Driven Methanogenesis via Multi-
Interface Engineering[J]. Angewandte Chemie International
Edition, 2025, 64(15): €202423336.

YE J, WANG C, GAO C, et al. Solar-driven methanogenesis
with ultrahigh selectivity by turning down H2 production at
biotic-abiotic interface[J]. Nature Communications, 2022, 13
(1): 6612.

WANG Q, KALATHIL S, PORNRUNGROJ C, et al. Bacteria-
photocatalyst sheet for sustainable carbon dioxide utilization
[J]. Nature Catalysis, 2022, 5(7): 633.

HE Y, WANG S, HAN X, et al. Photosynthesis of acetate by
Sporomusa ovata-CdS biohybrid system[J]. ACS Applied
Materials & Interfaces, 2022, 14(20): 23364.

GAI P, YU W, ZHAO H, et al. Solar-powered organic
semiconductor-bacteria biohybrids for CO2 reduction into
acetic acid[J]. Angewandte Chemie International Edition,
2020, 59(18): 7224.

SAKIMOTO K K, ZHANG S J, YANG P. Cysteine-cystine
photoregeneration for oxygenic photosynthesis of acetic acid
from CO2 by a tandem inorganic-biological hybrid system[J].
Nano Letters, 2016, 16(9): 5883.

HU G, LI Z, MA D, et al. Light-driven CO2 sequestration in
Escherichia coli to achieve theoretical yield of chemicals[J].
Nature Catalysis, 2021, 4(5): 395.

LIY, LIS, QU K, et al. Integration of sulfur nanoparticles as
dual electron donors in a photosensitizer-microbe hybrid for
photocatalytic ~ CO2-to-polyhydroxybutyrate  conversion[J].
Journal of Environmental Sciences, 2025:

KIEFER D, MERKEL M, LILGE L, et al. From acetate to bio-
based products:
biotechnology[J]. Trends in Biotechnology, 2021, 39(4): 397.
GONG G, WU B, LIU L, et al. Metabolic engineering using

acetate as a promising building block for the production of bio-

underexploited potential for industrial

based chemicals[J]. Engineering Microbiology, 2022, 2(4):
100036.

CHOI'Y, PARK T J, LEE D C, et al. Recombinant Escherichia
coli as a biofactory for various single-and multi-element
nanomaterials[J]. Proceedings of the National academy of
Sciences of the United States of America, 2018, 115(23): 5944.

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

HELBIG K, GROSSE C, NIES D H. Cadmium toxicity in
glutathione mutants of Escherichia coli[J].
Bacteriology, 2008, 190(15): 5439.

BASSETT S, DING Y, ROY M K, et al. Light-driven
metabolic pathways in non-photosynthetic biohybrid bacteria
[J]. Chembiochem, 2024, 25(2): €202300572.

SHI Y, ZHANG K, CHEN ], et al. Long-term autotrophic
growth and

Journal of

solar-to-chemical conversion in Shewanella
Oneidensis MR-1 through light-driven electron transfer[J].
Angewandte Chemie International Edition, 2024, 63(51):
€202412072.

GAN Y, CHAI T, ZHANG J, et al. Light-driven CO2
utilization for chemical production in bacterium biohybrids[J].
Chinese Journal of Catalysis, 2024, 60: 294.

TIAN Y, GUO Z, HE J, et al. Light-driven eosin Y-Ralstonia
eutropha biohybrid for CO, conversion to acetoin via specific
photo-induced electron transfer and metabolic engineering[J].
Journal of CO, Utilization, 2025, 93: 103051.

LIANG J, CHEN Z, YIN P, et al. Efficient semi-artificial
photosynthesis  of InP-
Cyanobacterial biohybrid system[J]. ChemSusChem, 2023, 16
(20): €202300773.

XU M, TREMBLAY P, DING R, et al. Photo-augmented PHB

production from CO2 or fructose by Cupriavidus necator and

ethylene by a self-assembled

shape-optimized CdS nanorods[J]. Science of the Total
Environment, 2021, 753: 142050.

XU M, TREMBLAY P, JIANG L, et al. Stimulating Bioplastic
production with light energy by coupling Ralstonia eutropha
with the photocatalyst graphitic carbon nitride[J]. Green
Chemistry, 2019, 21(9): 2392.

LV S, DU Y, WU F, et al. Review on LSPR assisted
photocatalysis: effects of physical fields and opportunities in
multifield decoupling[J]. Nanoscale Advances, 2022, 4(12):
2608.

WANG B, HUANG X, LIU Z,

evaporation systems with multi-field synergies boost water

et al. Solar interfacial
purification and blue energy harvesting
Energy & Environmental Science, 2024, 17(20): 7600.

WANG S, SI' Y, LU K, et al. Energy and mass flow in
photocatalytic water splitting by coupling photothermal effect
[J]. Chemical Physics Reviews, 2024, 5(3): 031301.

WU S, XU L, XIAO L. Performance study of a novel multi-

technologies[J].

functional Trombe wall with air purification, photovoltaic,
heating and
Management, 2020, 203: 112229.

LIU W, DU M, WANG Y, et al. Pyroelectric photocatalysis:
polarization mechanism insight, in situ characterizations and
challenges[J]. Chem. Eng. J., 2024, 485: 149627.
SONG H, SUN K, HUANG H, et al

photochemical and photothermal effects for selective oxidative

ventilation[J].  Energy Conversion and

Integrating

coupling of methane into C2+ hydrocarbons with multiple



022 BRENF HBTE
active sites[J]. Nature Communications, 2025, 16(1): 2831. Res., 2025:

[142] YE J, WANG S, YANG C, et al. Biohybrid-based pyroelectric [156] LV X, HUANG W, GAO Y, et al. Boosting solar hydrogen
bio-denitrification driven by temperature fluctuations[J]. production via electrostatic interaction mediated E. coli-TiO2-
Nature Communications, 2025, 16(1): 5877. x biohybrid system[J]. Nano Research, 2024, 17(6): 5390.

[143] CHEN L, AN X, ZHAO S, et al. Multienergy codriven electron [157] TSAO C, FANG M, HSU Y. Modulation of interfacial charge
transfer across the nano-bio interface for efficient dynamics of semiconductor heterostructures for advanced
photobiocatalysis[J]. ACS Nano, 2025, 19(11): 11164. photocatalytic  applications[J]. ~ Coordination  Chemistry

[144] SEZER N, KO¢ M. A comprehensive review on the state-of- Reviews, 2021, 438: 213876.
the-art of piezoelectric energy harvesting[J]. Nano Energy, [158] WEN N, JIANG Q, CUI J, et al. Intracellular InP quantum dots
2021, 80: 105567. facilitate the conversion of carbon dioxide to value-added

[145] HU Q, REN G, YE J, et al. Hygroelectric-photovoltaic chemicals in non-photosynthetic bacteria[J]. Nano Today,
coupling generator using self-assembled bio-nano hybrids[J]. 2022, 47:101681.

Chem. Eng. J., 2023, 452: 139169. [159] SU L, FUKUSHIMA T, PRIOR A, et al. Modifying

[146] REN G, WANG Z, ZHANG B, et al. A facile and sustainable cytochrome c¢ maturation can increase the bioelectronic
hygroelectric ~ generator  using  whole-cell ~ Geobacter performance of engineered Escherichia coli[J]. ACS Synthetic
sulfurreducens[J]. Nano Energy, 2021, 89: 106361. Biology, 2020, 9(1): 115.

[147] XUE G, XU Y, DING T, et al. Water-evaporation-induced [160] LIN S, TAO Z, LI Z, et al. Enhancing photocatalytic hydrogen
electricity with nanostructured carbon materials[J]. Nature production from engineered Escherichia coli-biohybrid system
Nanotechnology, 2017, 12(4): 317. via intracellular electron redirection[J]. Chem. Eng. J., 2024,

[148] KOLLER A P, WOLF L, BRUCK T, et al. Studies on the scale- 499: 156488.
up of biomass production with Scenedesmus spp. in flat-plate [161] WANG B, ZENG C, CHU K H, et al. Enhanced biological
gas-lift photobioreactors[J]. Bioprocess and Biosystems hydrogen production from Escherichia coli with surface
Engineering, 2018, 41(2): 213-220. precipitated cadmium sulfide nanoparticles[J]. Advanced

[149] FU H, ZHAO Z, YAO G, et al. Light-Driven Microbe — Energy Materials, 2017, 7(20): 1700611.

Nanomaterial Hybrids for CO2 Conversion: Innovations in [162] LIANG G, XU X, CHEN X, et al. Designing a periplasmic
Synthesis, Materials, Microbial Engineering, and Reactor photosynthetic biohybrid system for succinate and electric
Design[J]. ACS Applied Energy Materials, 2026, 9(11): 7242- energy production[J]. Chem. Eng. J., 2023, 477: 147152.

7266. [163] ROBERTSON I L B, ZHANG H, REISNER E, et al.

[150] LIS, TSUKAGOSHI K, ORGIU E, et al. Charge transport and Engineering of bespoke photosensitiser-microbe interfaces for
mobility engineering in two-dimensional transition metal enhanced semi-artificial photosynthesis[J]. Chemical Science,
chalcogenide semiconductors[J]. Chemical Society Reviews, 2024, 15(26): 9893.

2016, 45(1): 118. [164] LIH, YU X, WU, et al. Membraneless organelles assembled

[151] LAU V W H, MOUDRAKOVSKI I, BOTARI T, et al. by AuNPs-enzyme integration in non-photosynthetic bacteria:
Rational design of carbon nitride photocatalysts by achieving high specificity and selectivity for solar hydrogen
identification of cyanamide defects as catalytically relevant production[J]. Chem. Eng. J., 2024, 492: 152207.
sites[J]. Nature Communications, 2016, 7(1): 12165. [165] TAO Z, LIN S, LI S, et al. Genetically engineered hybrid

[152] HOU T, LIANG J, WANG L, et al. Cd1-xZnxS biomineralized biosystem for highly efficient conversion from glucose to
by engineered bacterium for efficient photocatalytic hydrogen hydrogen[J]. ACS Sustainable Chem. Eng., 2025, 13(17): 6164.
production[J]. Materials Today Energy, 2021, 22: 100869. [166] MA J, YAN Z, SUN X, et al. A hybrid photocatalytic system

[153] KANG S, DU M, LIU N, et al. Chain assembly of enables direct glucose utilization for methanogenesis[J].
Rhodococcus  bacteria ~ with  O-doped g-C3N4  for Proceedings of the National academy of Sciences of the United
photocatalysis mediated high-performance partial nitrification: States of America, 2024, 121(4): e2317058121.
from nitrite resource evolution to device application[J]. Journal [167] WANG X, ZHANG J, LI K, et al. Photocatalyst-mineralized
of Hazardous materials, 2025, 488: 137421. biofilms as living bio-abiotic interfaces for single enzyme to

[154] SIVAGURUNATHAN P, SAHOO P C, KUMAR M, et al. whole-cell photocatalytic applications[J]. Science Advances,
Synergistic role of carbon quantum dots on biohydrogen 2022, 8(18): eabm7665.
production[J]. Journal of Environmental Chemical Engineering, [168] MA L, FANG Z, WANG Y, et al. Photo-driven highly efficient
2024, 12(6): 114188. one-step CO2 biomethanation with engineered photo-synthetic

[155] TRIPATHY S R, BARAL S S. Defect engineering in bacteria Rhodopseudomonas palustris[J]. ACS Sustainable

semiconductor  photocatalysts:  enhancing  photocatalytic

activity for green energy production[J]. Adv. Energy Sustain.

[169]

Chem. Eng., 2020, 8(26): 9616.
CESTELLOS-BLANCO S, CHAN R R, SHEN Y, et al



%74 www.synbioj.com

023

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

Photosynthetic biohybrid coculture for tandem and tunable
CO2 and N2 fixation[J]. Proceedings of the National academy
of Sciences of the United States of America, 2022, 119(26):
€2122364119.

YU W, BAI H, ZENGYY, et al. Solar-driven producing of value-
added organic
biohybrid system[J]. Research, 2022, 2022: 9834093.

MOON H, LEE C, LEE W, et al. Stability of quantum dots,
quantum dot films, and quantum dot light-emitting diodes for
Advanced Materials, 2019, 31(34):

chemicals  with semiconductor-bacteria

display applications[J].
1804294.

GRIGGS S, MARKS A, BRISTOW H, et al. n-Type organic
semiconducting  polymers: limitations,

stability design

considerations Journal of Materials
Chemistry C, 2021, 9(26): 8099.
WENG B, QI M Y, HAN C, et al. Photocorrosion inhibition of

semiconductor-based photocatalysts: basic principle, current

and applications[J].

development, and future perspective[J]. ACS Catalysis, 2019, 9
(5): 4642.

CHEN S, HUANG D, XU P, et al. Semiconductor-based
photocatalysts for photocatalytic and photoelectrochemical
water splitting: will we stop with photocorrosion? [J]. Journal
of Materials Chemistry A, 2020, 8(5): 2286.

HOULE F A, YANO J, AGER J W. Hurry up and wait:
managing the inherent mismatches in time scales in natural and
artificial photosynthetic systems[J]. ACS Catalysis, 2023, 13
(11): 7139.

DING Y, LIANG L, HAN N, et al. The "photons storage pool"
effect

of long afterglow phosphor for round-the-clock

photocatalytic  clean energy evolution[J]. Journal of
Environmental Chemical Engineering, 2024, 12(3): 113111.
HOEHLER T M, JoRGENSEN B B. Microbial life under
extreme energy limitation[J]. Nature Reviews Microbiology,
2013, 11(2): 83.

LEWIS W H, TAHON G, GEESINK P, et al. Innovations to
culturing the uncultured microbial majority[J]. Nature Reviews
Microbiology, 2021, 19(4): 225.

WANG B, SHI L, LU A. Photosynthesis by nonphotosynthetic
microorganisms via semiconductor photocatalysis[J]. mLife,

2024, 3(4): 532.

[180]

[181]

[182]

[183]

[184]

[185]

SUN C, HU K, MU D, et al. The widespread use of
nanomaterials: the effects on the function and diversity of
environmental microbial
2022, 10(10): 2080.

YANG S, HU A, ZHANG J, et al. Light-driven biohybrid for

phosphorus

communities[J]. Microorganisms,

recovery via struvite biomineralization in
tetracycline-laden livestock wastewater[J]. Water research,
2025: 123745.

CHEN S, CHEN J, ZHANG L, et al. Biophotoelectrochemical
process co-driven by dead microalgae and live bacteria[J]. The
ISME Journal, 2023, 17(5): 712-719.

JIANG P, DAT Y, HOU Y, et al. Artificial intelligence-assisted
design,
BMEMat, 2025, 2: ¢70004.

KONG D, QIAN J, GAO C, et al. Machine learning
empowering microbial cell factory: a comprehensive review[J].
Applied Biochemistry and Biotechnology, 2025, 197: 4897.
TZACHOR A, SABRI S, RICHARDS C E, et al. Potential and
of digital
Development Goals[J]. Nature Sustainability, 2022, 5(10):
822-829.

synthesis and analysis of smart biomaterials[J].

limitations twins to achieve the Sustainable

WHAEE: B2 (987—), &, #
E P o e o S 1T 1 W T/ 5
T TH T VAL R - A R A IR B0 I AR
A RS

E-mail: chenman@fafu. edu. cn

E—1EE . XFEA994—, 5,8l
R W AR R BRI A
B AL IR B BR A A L b A
B hr = ERAL A
E-mail: liuyuhui@fafu. edu. cn




