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Fig.1 Important events and time nodes in the development history of microbial-nanohybrid systems
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Table 1 Classification of nanomaterials and their characteristics
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Tt A2 TR -G T A ADRE 2, Sk B A A AR R AR A
Yrgasy . AT AR RRIR DL ORI A 55 22 sl e R
T RE A AR
1.2.1  40R-90K a2 R

BRI EE R TR B0 . B Tt (G B Rk 2
SEOUAL, AR T A TOH LA R R EAR A=
WA 8 R 20 TR R T T B R A S 2 AR 1
SERXT G I B B R S MR T, R LLZ R
Wi, SEELAUK R AT AL W A F
DIMIFSE SR 2 BRI AR, R AR
AR (Wi S B G HE I RRE) FTLIA R
HAEY G RReR = TR Rl I, B i
AR S ATCHUA R DI REVERRSS &, IABIM R
PEBT A A D) G U RIVER] . FusE = DAy PR
(Shewanella oneidensis) “HWFIEXTE, RALEYH"
REAR, W T —Fhoiaet ik R, EA R
Ji AV 50 v 8 BE KAL) (bio-FeS), JfRFHIE
otk AR B A W B4 5 L s A XY
HEpFEIIRE: BERIAE N — B H R, P2t
Cr (VD) WREJy, SRl AR v B4 e i A=
P PR, ARERTE T Cr (VD) 1A
PR IR . IR AR R 8 K v A A%
FRIRB|FIR AR 3245, NEH BRI Y Y
SEPEHE T S L TR RS . Yao 55 Y A
BEPA T AR O 19 25 AE 76 E. coli Nissle 1917 (EcN)
VER RN, 8 VA L P A R s, S
W9k (Te NRs) MJEAAEMH- 16, WWEEA
e Je F A 15 ) 1 AR 1) 24 AR R Te@EcN., Weng
A BRI HRUAE M) 3RE TSRS, 7E TiO, K Bk 4b
P A A AT A B BT BT 2, IR - TSR B A
T3 3 0 L O o 2 7 A 80 e 24 F A i oKk 731 5 H,
P E TR BT B, S A AR A AR R Y
FAWALE Y Yk e
122 EE-GKRAALR R

ELRAE A THLAKBORVE Y& U A )&
B, AT HAW A Py e IR R . A
SRR, AR AU ) R TCHLE R s AR
K WMy Erg, B KIRIRH, i
B B W B e e T AR R T s TR 3

FE AN LR )R RN (S EmEN . &’
fitg) , A AR A - A AR S LR SRR A
G NNy A [ A b U Y & i 8
NPs. i w5560 BF iy 28 6o il 25 v BoA7 I 2 55 4
J1o BRIEEERE (Saccharomyces cerevisiae) J=MF5%
e H ez B R - T LA A &R o R
W5 R AE T3 o i A A Y R A i s
CdS. CdSe) K4 /@4 k¥ NPs. WehpGEf 4w
. AMHIKEAEYE GIK (RS Cd s
HEEJE) MFEEILER, ORISR 90K R 2
MERCEG B, mAk, R R R A5
I ReA B A4k 1Tt 40 Guo 5 V7 @ A LA
5 A InP - 34k NPs £ = Q) & Biskoke, X fb
S.cerevisiae-InP 2= AL BHA F Tl . AT RESEH
AT . Wang 55 Y JF R T —Fh Rtk
AWk - IR B2 O W B (Yarrowia lipolytica)
ZE MBI T8 B T RNE T SBE R RCR LR, &
BRI 99%, A HRRASD Y. lipolytica 7E /K ¥R
BRI . Kladko 55 2 &3 T —Fi s
AT IRIE 3P Fe,O,@SiO, BE 4N K, il o Fe1i
1B 1 SR M HE 5 T S, cerevisiae 20 fLRE o %
A& F R HI 100 Hz MR AC Gy, SE 30X R PEgh
KPR TCi IR, DL SR NS R B s A
Y, DA ST 20 RS E 3 RO Rl O
BAZ]S nm) o CPRREHTLARCRI R W RE A A5 e A
SMNEENER S B ae T, Rl R AR A TS T
95%, MMl 2 WA T fE B R 2 1.5 4%
1.2.3  EE-GOKR IR R

JREEVE N RINER 73 AR, HES A A
B A TS SRR N AZAE SRS HE ] ZHRTE B 4h ok
PP FORL (20~500 nm) o H AR A 254 W] G A
PR Caness BEXSRR A A TR AR e FRPE) . B
REnT gt (GGRIETE BEATE &) MAYIERE 3
Bk (IR it . dipest ), (R 5+
A R A ST REUR AR BEARRIHR . Dong
A U R W TR AR AT T AR SR, R [ 4
R AE H A 58 & w7 3w B AR AN K KL T
(AgNPs@M13) , 4 5 HA XU J) 58 1 W 78 K- 44
KARFAUIR R, BRSSO TR e iz
NEFETTRER IR A4S, BT T 45 iin sl
o Yang 55 0 QI PE L T M3 BB RVE A= 4)
R, OS] A L R WS A T AR K -
WER AN REZ LR R (AgNCs@M13) . IZF 58 )
FHMI13 AR AR 58 88 1Y 2 AR 44, i xf
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Crrfe il a, AR EAIARFIFE MU Ag
v, P B R AOK AR . - SR EC A AT LA
I AW 4 7 2T | AR GNOK A A D AR SR T
AP HERL, MR H Y A T R I A B T R
(surface plasmon resonance, SPR) 15 5 5k & f&
FE Mk IR HAE s R S USRSk, T
W& ARG SIS, Park 55 Y PR T —
PR T AR - SR S 91K 2216 (phage-polymer
nanoassemblies, PPN) HHr BRI A Y B0, @
i FHE TR AW REAL Y R W% (PONI-Guan )
B AR KA s R A PPN AR R, W T
MWk RN 2B W R T A 2 e T 5 O o S iR 51
T IS VDU 407 ZKBE RS 1) PPN X TR 24 4 ¥
AR AE YA BEPURTEYE, X BN
TR RMLRHTIRYT 7 % . Dong 5 ' JEFEWH 1k
I MI3 B AR, Bt 228k . Pd NPs (&1 5
Mgl W B 2, 3- AU 4 B 1 (indoleamine 2, 3-
dioxygenase 1, IDO1) #iifil5H NLG919 iy a4k, &
I T A AEYE R RS (M13@Pd/NLG Gel) .
MI13 W E AR AT ARIPER 2, ien] DD B B4
JEER, A RS T g 2 i ) S e R BT, I
T IDO1 M FRIE ., Wu s 2 REFH T LG
(aggregation-induced emission, AIE) & #
(photosensitizer, PS) [ T FEALME R ATHS, %K
K RS 2 R SDHCHGH, B A SIOtREmR
FUE TG M A AR MERE Y AT 21 4F AIE-PS (BFRH
TBTCP-PMB) 5 W 1 {4 # 45 & 153 %] “TBTCP-
PMB TR ALMERE A", F T AR A - 0 e stz
FNAYT o XFPR IS TR A AR R SE ML T 4
SEPETIRE . OGEGH Y O 7 R ROS 7
REZEIH, HARER T EUE EAETFR
KEAT o 30w T A XS 2 7 1k RO B 97 ik
(photodynamic therapy, PDT) #H%E & 115 6] 5 b
FEWCIAE /)N A sy “1+1>27 s R A
BOR, I HEA RIS, BR T WA
FAEYIRE, Yang 55 Y R AP0 b HoR , LUK
AL 5 7 (tobacco mosaic virus, TMV) k&
Me, F%CdS s (TMV/CAS) ShfEfesl. #%
AL L TMV B85 A 52 8 11 R R 24 R A%
Huly, B XEHA R ], M B R
PRIBAN, A% S A o Z 7R CdS i R
BN, PEm CAS YRR, DL A: #am 1Y
Wiz, ST LR DG A R A %) 2RO s vy
P 2.3

1.2.4  HIE-GUORIAAEL

WA ol E SO A ERRYZEI S bR
MER RGO R, XA Rl ReE 2 R
TEROCHIARRZE R Se, AT LA AT U DX e 5 I i
400~700 nm (DG, Il i BE R Y ILIRME T, K
R AR BDCTE O, WMTEKSDE RS T
(photosystem II, PSII) FIY:FR S 1 (PSI) ZI[alf)
A N, AL IOGRE M L6 (ATP,
NADPH) miittb. Be28-Torlefbpt Ry o
AT 20 20K, FHAE 2000 4F 5] 2010 4R (RIS T 2
FIRRE . YHT, BT BH IS 2
TR AR R TR 7 200 B 2 17 2 A 2
TE AR B 1, 2010 4F, Sicard 45 " ) F 134
(Klebsormidium flaccidum) 20 MAE 2 H= W) [ i 4
TEMLN A G A AR URL (AuNPs), & i3
BRGNS TE SOGELTRERT TR IEAEYI 2R R
AR Z R S10, 20K RSO/ 47 240 i 4 52 28 A R
I £ 7 R B B R B TR e A R NS S AN /o =B
HYEHITP RS RCR . Wang 55 1 I FIRE2E
PE TIO,/Ag il MY S5 AR L 4, 5Bt 1 nl IOk
KBTS M (Cr(VD) s ROtk id 5 78t
FESRAFTT, SR A TG M R AT 23 R 25 /X
YRR, MG CA R -2 X E A, ot
A H A TIO, AR TH D GHEALIR I RE Ty o LARE i Jk
fifi ) PDT & — M B 51 1 5. {HJ2, PDT
HOERGR AR 2GRN, MELLSEBU I . R
K 1iGy7 . T, Lius 7 FHE& B EY
FAREIIFFF LT —M TR E#H (ECyano) .
ECyano MY BBt = A, M REE I 5-2 3L LWk
M2 (5-ALA) BIGMSELE, AEROS, MImTER
JCHRGS N RSEME . TE/RSER TAED, PR —
FAb4E (MnO,) NPsi%4%%]|ECyano I, Q& T —
gt AL b R DI RE N K A R G, ww B A
ECyano@MnO,, £ 640nm ¥ St W 4 T ,
ECyano@MnO, AJ 523 F HE 45 S BOR A<, 153
IRITRCR . [FIET, MnO, B A RE 25 AT LUl
SRR B SR, S BOE DUMR feie, 1Y
SRIGITRCR . 28 BTk, B TEAH SR Gk
She AR R, FAHMRRRDGR R L
R, HH5THGRMERZS S TUAIA R,
SRR L BRI A . AR IR YT B
HOEEApEN
1.2.5 54 H-OK A A R

st A TR AR AN A2 A5 5] B I BB A% 25 118 T2 ke 4



3036- EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (12)

REEIREEY), BATT. fidot, KIEAEIeih
i AR AT A O TR B 1 E AR R R
BOEE AR, HTIRYT B M e A A
Jog 0T, EETIE AL 2 0 g AR TR b R B LA )
JEAFAEE . B R . B EE . RS
J& . KRIGHTFE R AT s 7 T 59
JEASE ARG A . BIRAEMARKH T, A EL
PR | A DA 2 R A AT TR S AT s D B 1
41 051 o SO [ i A ot =Y e X3 DO P s N
PERNE, S R RGNS AR A, W
Tl S IE A 5T 3 W, DA 10 s 56 M 2 J] 41 20K
Do ai A TR B TR S R RE AN 18 AT
B E L B A i 8 5 WSO A4 [y 1 {g R T b 1Y)
B2 EERE Y . AHE ARG 25246 TR DT 4 RAE B
MR IR IS , IRITRCRICRFER. 1
Yo bR A B, Yang 48 7Y% mE R FLOAT A
(Lactobacillus acidophilus, LA) 5 4§ K K
CoCuMo LDH {1, DAARAS & 250 i I 2 1] D't
7 LA Fl LDH. LA Qi S ZFL M A4 e H ik

(glutathione, GSH) HJ™"4z, 49K F G5 ik
AT TCEICIRGS . FELLIAMNEIETT, dEME
CoCuMo-LDH #44>k J 7= A= 1Y) ROS /2 Al S 9K Fr
FEAERROS #4245, B EHEIR T CoCuMo-LDH
S IR VAT T AR . 2023 4F, Cao %5 74 JE i by 2
fi AR TN TR AE A RE, A 3082 & 5 4 i e A
JOF ) SR AE AP P R A0 A, 0 o v LA
SMENE P e R RE T, A RIBY TR
BETHIRIG . B 5 4 T -9 KA R A AR IR B IR 1
KR, BT ZNHTBRIRIT . 15K
RETR AL A 2 S

LR TR, UEY-9 KA R A AR R S
APERE LR R 3R A E R R . T I
W, 2845 T Y17 RZAM B 77k
DL B e 5. ANRIZib =X, anir i
L Y. L TR E . RIMBIE, 2Xt
MRS RUE Y A R . TR RCR A R
YIRS PESF R AR, AR DO ZR IR R
TRALRE . PRBEIN 320 LA S S B A (L

Table 2 Comparison of construction strategies and related parameters of microbial-nanohybrid materials

- MR AR R R EEX S T

R2

AT

WL S 2R

PEsi

B

SLVEERT/B S

PERERZN

225 30k

L EH

LML

R TR
i 7€

RIE

W AE MR s
G RGN RS 59K H
Bl Clnais IF FEMOFs) 1)
Hi HUM ELAE

PR ) B R I 2R
F S AURARHE AL A%
LERS

i 3 3 K] v 2 A 2 T B
EHEA (g EdE

F. SIE&EAD, FFrthd
EYARME (R T /D

A A 22 52 WG B E 23
T nzm. R2EE
B A1 ARl 2B 0 ek 2 T A

B RReL &

BRI, L
FMRA CF
N 9E)

R FH
FERER 6
AR
e
4 2 {25 o
CETCERT
i B4 12 70 45 2
CHi L i i
10

CIEIWNE V)
mE
ROS. #I [q] %
Bt s e % Fl
ML

@615, 5
%2 pH/& T &
BEFHE: Al
WL T A% AL
K
Ak 2 1%
Hor&)E
cd A A%
L/

R G R
s A RERZIA
(/e
TETE

AT fEFH
FERED A
BB RIS Y]
SE PEARSE

KR H] Con i
wmAEEBIE) .
RO R bR 2 2

el (mcds-4
R DI
& 5 (Wl FeS-Cr
(VD &R

i R RE i oK b 5t
Chrnfi 8 S F) VR 97
ANTIHAAERD

Wm0 Chn
AR NAREHD
Z B B R T
A o 8 4T +
0

GRS T PR ) A
ks & AR5
I TR
ROSi#ERR

AR TR (A
FEAR MR AT 5D 5
{H 55 45 J ME R RV
G

BE RT3
B s k-
A EEEE) s H AR
A 5 A6 B )R
AL,

I Cn
EcN@PC-Fe/HA) ,
R AT REAP 5 40 AR
s TE

(14, 31, 39-41,
57]

[34-35, 53, 62,
64]

[37, 54, 63]

[25, 33, 42, 55,
61]

MOF: 4 JEAPIHELE (metal-organic frameworks); ROS: 7GPE%ZE (reactive oxygen species); EcN K F i Nissle 1917 (Escherichia Coli
(E.coli) Nissle 1917); PC: JR{t# 2 (procyanidine); HA: &2 (hyaluronic acid) .
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2 WMEM-MAMBRRUERINA

A RA RSN REHEACRR T, gk
MARLEA M . 32 ROCH R, MR- KRR
R BB E T E IR, WE T R ZURe
[ RNSYT -6, ) T 90K FIRE IR A b
G P R T RIS TR, bR R
SCEL TS HEL Y R . R IRIT A s T — 1k
b, WERT T RUEYIRGAHEN . R A A
YIRS e Ak B0 TERBIRAL AL 53R
BUIR PR, AEADCIRS A L mRU: wkkL
HL S A - AR A I AL R e, SEER T R
JO P R 25 A RIS G P i) R AR R i, T ek
PR T 5A S HE AR SRy
21 WE-MAMBEUERERFETHH
W FH

Tt W e — ol R AR B A i A R o ) [ A
U5, A FH T A K B 2 0 RUBE Y A - oK A
BIAALIR R . W R IR K R TR RS 7T 7
FFI A R A R A BT ik S i BRI
SHAB I REAT R B THASE A B SR e S B B R
HasR AR Do R R 9 0 KSR Fa A Al ok
AR A R T U S BORG R[] 5 30 Ao PRI ey 2
RN AR P S B n] P 2y sk vk 5 15 Bk
- WA IR YT RN g2 R T D) RE R s P R T K
RV R G E B AU R B A A i 4
PEo FEE, EEXPRRIBERRRER R, RFTRE
Y9 Kb R 2R A R 2R 0T DL 2 22 AL RS MR )T
HE, HWAEBERIT T, FeLabZ4fbik Rl it %
AF S IR BAE T O BEICHILR . K R AL R TR D RE AN 4%
A WERUESEEER, Lt =R ) S BBk
FHIE R RS HERE RARYT . ORI E s iR %
TERAIE PR IR YT H I A 25 2 B -PT R NPs A4
FRUG= 3 26 KA1 WA A s eI A7 rhiE
b T AR TR -SRI R] L DR S L 1) A G 328 AR A A L
W R e Al G 2 A1 A B I3 o 3 B O e B L S
V-4 K PR RI A% OB FE S, ST R R R L
WEE ATt BT oA r-gh ok 2 Ak b
BHEREHEBSTT R 1 e N F R
2.1.1 RIS

YORMEHS i TR AL G, SO
IPMEIER, K R B BB 25 3R T 1) 5
W o FEULIER [, Al A ELA e R 1 2 2 s R A
., SEPU R A PREE TP A M RS B R S R Ak

PRE S S FEREEDU R 25 )8 R U, Ping 5% Y
EF XA TIRFT (H. pylori) JE&Yy, ## T —FHT
H. pylori [EGSGIT 2L B i b bR i
B B 5 B 52 A (exfoliated montmorillonite,
eMMT) 5 [H B F 4% R &M% W (linear
polyethyleneimine, IPED) #17H A BAER, FF
rE H 5% AU 2 P Ak K B ™ (metronidazole,
MTZ). iXFf eMMT-IPET 444 T AS{E X i | T8
WEAR IR ER, B EA RN,
RERRCR KEBURTA, Bl i 5 R A B Bz
RN, SRS =PI L, % NPs iR i
FOLFRRITRCR . FEAE Y BRIEYRY TSk, Qin
S IR T A SRR O IRT R R ARk
MR, BT 5 MXene (Ti,C,) i
(MQD)/FeS 5t Jit 45 ¥ 3 i A= & A= W) 5+ Jot 4%
(P-bioHJ) . P-bioHJ il il UM FEAL A2, 51k
a2 00 e NI E AR . [RIE, FEZRER Tl
21 4p (near-infrared, NIR) MRSFJ5, P-bioHJ 277
A ROS Fldt R, 38 o 4 BIAE H 52 BG4 o) A ) 1%
PR K o PUAEYI R IUBIT 45 RS, P-bioHJ I
BEAAAEE, ETERRROS. HEsm BT A LR
il #% K F «B  (nuclear factor kappa-B, NF-xB)
SN BB O AA (Fl2a), 7EMFIR RS0
BITH, FudE ™52 B (chitosan, CS)., HA
FIPEARAE T (ononin) AL 1 A9 B2 ZLAT 1A
(LR) KM, #5454 " OASCLR NPs, OASCLR
PAREA RIFPARESCR, REmACRKImIRHE W
IR, XTI A B RAFAIEAEVER, 7EREAIR
O A R, IR RERE S B TR 2 A,
OASCLR 1] il i+ OASCLR F % {& [ W 41 iy
(CD44) 7 E WEAi MR A5 AP0 JORE RV . 31X
TG T A A S e e S b P 2 B P il 2R TR T S A
AL (K2b).
2.1.2 AN

FEWRIBESAETRTT T, AR5t as A v 300 T G 5 1R
REAR . BUA R R KR ROAE IR A R R, AR
MR T A GO BRI HURY “FE A 25
AT AR bR ) R TR R Y, T
V2B e S A M R, PR AGUF R T —Fp
TRIRZ B HE 1 S BB K Z iR 2, 4
OB REAS 8 5 41 2 SR S T 25 A2 TR R T i — )2
“YURAHT . Hu % P R T — B EAT BMRIZLN Y
t B TIBIL ARG, A A TA F1 B R G 05 B ik
— i3 (self-polymerizable aromatic dithiol, BDT)
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F 4 2 TE 15 2 By 9K 0K pBDT-TA, 4545 T B TR
B (sodium alginate, SA) FlpBDT-TA X} KT
Nissle 1917 (EcN) BEATRMIEMi . XTI RELE
) g A2 TR B IR RGEAMEA L R A Py AHZE RN
YAt R FEYE, BeA AR 45 AR T O
JrHGsR ARSI AR b e A e T, AT PR
RN b E VRGBS | AR AT Y
TR T A, DA 4 T R (inflammatory
bowel disease, IBD) MIRITRAR . Cao %5 " A
PR % T Z H A DI RE Lo mE , SR ZL4n sy
AABEHAR, RIS A TR A TR PR AL
H(EBRF TR 68%) , (R A FH IR AR R
e, KigRTHAYT & et 2 dE— 2ot
S R AR BUA LR 2, T AR R
FR AR FRHSHTRE T, ZhWy S ik SHZ B 4 B 7E
W9 ia T HRCR LTI I IR 25 . R skt
FERESIA IR, SZ IS A, BRI X
TR R R b A R B . BT RS
YIS IR A DA ARG T L LR IR, Y
B EVRE AEYE SR Z R RE RS, SEkEER A
(R ] BN T R B

IAER, YK TIRIT SRAEVESR . FR
DIRelr e 2 A TR AT A3 e H A AERE 0 A E iR
SZyEe T, (HAOEAEE H ROS B T i AT LA 25 A2 TR
PG IR JEAE RN, TN T o Chen &5
T 4 A B R T R A B AR TS P 7K B 2k gl
KAURL (Fh NPs), FJEE T B &P A g8 K A 1L 5
Mgs i iR Z 0 TR AR W5 H T IBD 248
3 T iR JT . Fh NPs B A R 4 19 i 4 b = i
(catalase, CAT) FEIEME, Tl ERUEFRROS, Zf#
R PR, WH, SRS EER
WAL Fh NPs B U 0 g5 A= T, DA o 1) 285 i
%o ARG, B TR SA WA R GIEN R
0 S SR A TR I AUERERE T (K 2¢) . il gk
WEARIEYT . W38 S I AT YR I A PR R AR
M, 2 m T XS5 R REITROR
2.1.3  JRYTIRAE

RUESIRYT LR R BB EH , iER
ST A SRAEAE G T IR A BRAR o e T i 2 2 oF
FERIN, FEFET IR v O RO AR I A
FUARRIRRIE WV, A — A 0 i B0 1) 244 2%
R, 2RI TRCRAME, HIIRRR—,
IAEAR, BEEDIAREARI A, R s 4 n e )
YRR Z DIRe A LA &, M “RUEY-gh

KR ZR”, M R AL T 7,

AR, A - AR A AR 2R A e i 1) 3R
S USRS B, I Ty bk A e R AR L
AR KA R 5 A0 0 e S s A g 1, R &
H— RPN HAG I | Sgzeides . mESma  AAR
I T4 B )1 A T 5T R - 5 o Yao & 5
W& T —FhEE T4 B M s sy 6,
P RIAFF B N AE A 10 e A R e A 4l
R Te@EcN Z2 kK &, NIR TeNRs NPs fiil & [t
PO HEAT IR AT, ARG AT DA s 4 s
R AR A S I A MO AE TS (8 2¢) . Song
S SLIYBTTECHE (VNP20009) HHEFSE T4, 1
T — P AL I T AN - K IR R, S
J I A BT o A SR AE VINP20009 4 At H 5k
CuSVNP20009, il £ i 2 kA L AT 3= Sl ] 2 i
JZ A, R AN P2 A B 5 | & i
2 Mo B S 9% J PR 48 Bl A6 70 (immunogenic cell
death, ICD), iGARAFEGRIEN %, R—FikE
L FH IS¢ PTG 7 ik o Qin % 0 i T —Fh
H TR K HT I Nissle 1917 (EcN-Nb), i%H
TR 20 5 PR et T e TR 1) P P M BT T A2 AR AR 1
(programmed death-ligand 1, PD-L1) Fl1CD9 i 44
KPR, FEEEE ZIF-8 f ke 4% (indocyanine
green, ICG) XJ [ R#EAT R mEM, #5 ENZC
(EcN-Nb-ZIF-8CHO-ICG) Zfbik & . FIH NIR >t
PERI 23 4P, RS WS R AR BUR R X
YR K B AR BB R S 1 T I A g e D A I
(tumor-derived exosomes, TDEs), N /& &0 7 {4
DI A RRAIE o 2R I AN REE v a AH 56 w5 41 i
WA N A M1 T, 38 ] g 2 R AN i B T
IR S 20 R A e . X R 22 b R AR
SEERT O R A A AR RS B O . TR
MOFs i 53 H TRME AL G, MR
SO Fr SEIXS TDEs (RS HERE 67, 52 BE X TDEs B 25
O3 A A HEEE , T 4 LA TDESs S 3R Ai 0 7 1 47
PEIT B PSR . Ma 25 17 il 3o B A AR
TR K kL (Fe,0, NPs) 55 T Ak iy #0 i) 74
(TRERIAFFEE), FEERE 0 N B IR T IR R .
FIFIX AR WA SIS R 5, nT LASEER
iR 0 1) B 7R AR O () 24, JTRG A . TR MR
S ERE R (CD47) FHWZ5%), A RLFEAK
R CD47 Bt TRl , 20 B 244 T DL e 1
TP Z B AL A0S B 15R CDAT B 25 7 3L,
e SR U (1 eI S BEIRTT o
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T BT AR TR R R RE M R TR R 400 7 T
FRALBGE LS G, 1T LASE I R A5 1) 22 48 5
PR SHE WA YT . Yang & Y LT T —Fh
RONAN N = S A S 7 e O = B S A
(E. coli@PDMC-PEG) , Z A4 BHF B P [F] 3 24
BAYRR-HR &5 (cyclic guanosine monophosphate-
adenosine monophosphate synthase, cyclic GMP-
AMP synthase, cGAS) -STING il [# (1) F# 5K AE
UM ATP R RS S, 2 A R kR
Refie, MR MR (Mn™), #Ems i
A W % Bk o Mn® A B2 cGAS X 41 g /b DNA
(eDNA) HYBUENE, I 5 cGAS HL[A] P ih cGAS-
STING i % . HISEH &5 Rl J0, AR b tf 8t
E. coli@PDMC-PEG Fil VNP20009@PDMC-PEG fE
AR /I BT R0 2R A S T A A
(E12d) . Fan5§ " d o bl AL B 40 T A2 AL R RL,
I 175 5 i 98 441 B 19 1CD 19 #E FLIR 1Y XUEE 1
H L S R A R . Wang 85 1) i i g
FAKRURL (PtNPs) BHin%E (HE) &8 A HLHE
2% (HEMOF-Pt NPs) 5 4 I I8 E MR-1
(Shewanella oneidensis MR-1, SO) fgI544,
#T TR A& (SO@HE-MOF-Pt) LI
SRIBTRCR o 2 RRE B S A BL IR B I R AR v
B R AT RE, SCELT X R BT i 2 E
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JGAE LRI B A0, WA & LA
L P R AT 1 = SRS I PR A, o
PRI IR I | G A AL ek s . X b
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Fig. 2 Application of microbiological-nanohybrid materials in disease treatment* %%
E2 RMEY-RBEU T EIERRIR T PRI R 0S5 88
(a) TRALZEAE PR EE Y5 (b) OASCLRI R AR 4 Mgk & VEMG 4 iy TR 5 (o) HFRYERHE (IBD) S35 T4
TR AR R RER 55 (d) ATP SRS PESR 20 # AR B RIS cGAS- STING@E%FH?HW“ IR 5 (e) Te@ECNHTF s
?ﬁﬁ)ﬁﬁﬂ*@%ﬂﬁﬁﬂ*fﬁ@ﬂ?ﬁ]ﬂ?ﬁ@ 54, QDs: Bkt ¥ 5 (quantum dots), LOX: FLERSAILAG (lactate oxidase), LR: FLZEMEFLATH
(Lactobacillus rhamnosus) , 5Kk 7 (OASCLR), EcN: KB & Nissel 1917 (Escherichia coli(E.coli)Nissle 1917 (EcN) ), Fh
NPs: KAERGIANURL (ferrihydrite nanoparticles), Na,TeO, VA%
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Fig.3 Application of microbial nanohybrid materials in energy conversion
E3 EMREL R R R PR A
(a) it THALE.colilQDsIRA RGAMBEFEH, 18 (b) YEURBIM. thermoacetica-CASZ A RIRIFCO, =LK 5 (¢) MUb-NCNCN j= s
B 5 (d) BEMERAKE-AE AR (F5) MICO, MR R 12 (o) Jer kiYL bR ZHFEA "5 () #
Wi - Ak ¥ (T denitrificans-CdS@Mn,0,) e JLi% V£ 48 7 2L HL I 121, FNR: %k 4 34 & 1 HI NADP" & 1k i JF i (ferredoxin-
NADP'oxidoreductase, FNR); Fd: k%L [ (ferredoxin) ; FHL: W FREfLEF (formate hydrogen lyase); Pyr: WHEAFR (pyruvate) ;
PDHc: NERER I Z 2 &K (pyruvate dehydrogenase complex); M. --NCNCNx: #izlp=HbiE (Methanosarcina barkeri, M.b) -AF4: 8%
AR (NCNCNx); Acetyl CoA: Ll A; T denitrificans-CdS: WEBAT #5881k (Thiobacillus denitrificans-cadmium sulfide)
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Table 3 Comparison of the performance of microbial-nanomaterial hybrid systems in energy conversion
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microorganisms often suffer from poor stability and low catalytic efficiency. The emergence of microorganism-
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genetic engineering. This enables programmable design from the nanoscale to the macroscale, demonstrating
broad application prospects and attracting extensive research interest. First, microbial-nanomaterial hybrid
systems are classified based on the types of nanomaterials (organic, inorganic, organic-inorganic) and
microorganisms (bacteria, fungi, viruses, algae, probiotics). Both types of systems leverage the unique catalytic
selectivity of microorganisms and the diverse physicochemical properties of nanomaterials to achieve
multidimensional synergy. Their synergistic mechanisms involve both the biochemical processes of
microorganisms and the surface/interface reactions of nanomaterials, representing a multidisciplinary
achievement spanning microbial interface engineering, biomimetic catalysis, controllable nanomaterial
fabrication, and interfacial transport and reaction processes. Next, the application progress in biomedical fields
(such as anti-infection, intestinal diseases, and cancer therapy) and energy conversion (e.g., light-driven hybrid
systems for proton reduction to hydrogen, CO, reduction and conversion, and nitrogen fixation) is elaborated in
detail, highlighting their significant advantages in functional integration and synergistic performance.
Microorganism-nanomaterial hybrid systems combine the specific recognition and precise metabolic capabilities
of microorganisms with the catalytic, drug-delivery, and optoelectronic functions of nanomaterials, enabling the
construction of various multifunctional synergistic platforms for catalysis, diagnosis, and therapy. These advances
have greatly promoted development in nanomedicine, energy, and environmental applications. In medical
contexts, such systems utilize the natural chemotaxis of microorganisms for precise targeting, achieve controlled
drug release through environmentally responsive delivery and metabolic regulation, and enhance therapeutic
efficacy via combined chemical-biological treatments and immune modulation. Improved biosafety can be
achieved through attenuated microbial designs and nanomaterial coatings, offering diverse strategies for the
precise treatment of various diseases. In the energy sector, the excellent light-harvesting properties of
semiconductor materials and the precise catalytic capabilities of biological systems have been integrated to
successfully construct light-driven biocatalytic systems, significantly improving light utilization efficiency.
Finally, this review discusses the key challenges facing the practical application of these systems. Nanomaterials
may exert toxic effects on microorganisms, impairing their activity and raising environmental safety concerns.
The potential release of engineered nanomaterials into ecosystems necessitates careful risk assessment and long-
term monitoring. In real-world environments, microbial functions are easily compromised, nanostructures are
prone to damage, and reactive oxygen species (ROS) tend to accumulate, resulting in insufficient system stability.
Stringent culture conditions, costly raw materials, and significant batch-to-batch variability hinder large-scale
production and commercialization. The synergistic mechanisms between microorganisms and nanomaterials are
not yet fully understood, particularly regarding molecular-level interactions and long-term compatibility. In
medical applications, off-target risks persist due to unpredictable microbial colonization and immune responses,
while environmental applications lack sufficient selective recognition capabilities, indicating a need for improved
targeting and specificity. Furthermore, interdisciplinary barriers between biology, materials science, and
engineering complicate collaborative innovation, and the absence of well-established standards for evaluation,
regulation, and scalability also constrains further development. Future efforts should focus on enhancing
biocompatibility, optimizing fabrication processes, and establishing comprehensive safety and performance
standards to accelerate the transition of these promising systems from laboratory research to real-world

applications.
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