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Abstract: Global environmental pollution is currently a multifaceted challenge, exacerbated by the persistence of
legacy pollutants and the growing threat of emerging contaminants. These substances originate primarily from
anthropogenic activities and can accumulate in ecosystems through atmospheric deposition, aquatic transport, and
biomagnification, ultimately leading to widespread systemic toxicity. Rapid, in situ, and precise pollution detection is
essential for assessing ecological risks and formulating effective remediation strategies. However, traditional analytical

methods, such as chromatography and mass spectrometry, remain challenging to apply to on-site testing and large-scale
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screening due to expensive equipment, labor-intensive sample preparation, and delayed readouts. Synthetic biology-
enabled biosensors offer a reliable approach to environmental monitoring. These biosensors integrate genetic circuit
design, protein engineering, and functional module assembly to specifically detect pollutants and convert concentration
information into quantifiable physicochemical signals, providing improved detection efficiency, operational simplicity,
and cost-effectiveness. By decoupling recognition, transduction, and output modules, these platforms can be tailored to
different targets, sample matrices, and deployment scenarios while retaining a clear design logic. Crucially, these
platforms are compatible with portable devices, supporting rapid field deployment, continuous in situ monitoring, and
high-throughput analysis of environmental samples. In this review, we categorize the main types of synthetic
biosensors and elucidate their core signal recognition and transduction mechanisms. We highlight recent advances in
the use of these biosensors for detecting heavy metals, inorganic non-metal pollutants, organic compounds, and
pathogenic microorganisms. Furthermore, we explore the application value of these platforms in tracking dynamic
environmental pollution processes, including biodegradation kinetics, spatial distribution, cross-media migration,
toxicological effects, and intelligent targeted bioremediation. We then discuss the advantages, challenges, and future
directions of synthetic biosensors in environmental analysis, focusing on recognition element customization, process-
level monitoring, field system integration, biosafety, and intelligent data interpretation. These advances may help

synthetic biosensors move beyond single-target detection and support integrated environmental risk sensing, early
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Fig.1 Schematic diagram of the detection principle of synthetic biosensors

(a) Allosteric transcription factor-based biosensors; (b) riboswitch-based biosensors; (c) aptamer-based biosensors; (d) enzyme reaction-based

biosensors; (¢) Forster resonance energy transfer (FRET)-based protein switch biosensors; (f) circularly permuted fluorescent protein (cpFP)-based

protein switch biosensors. aTF: allosteric transcription factor; RNAP: RNA polymerase; TFBS: aTF binding site; RBS: ribosome binding site; PBP:

pollutant binding protein; cpFP: circularly permuted fluorescent protein
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Table 1 Performance comparison of different analytical methods for environmental pollutants
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Table 2 Partial sensing performance parameters of various synthetic biosensors for monitoring environmental pollutants

A D A R oo IR it otk R =%k
LR
Pb* aTF PbrR T aTF (14 40 M A= P % e GFP 0.22 nM [8]
As* aTF ArsR T aTF (194 40 M A= P kg GFP 1.85nM [25]
aTF ArsR FET aTF (14 4 Mo A= A% 12 235 CymA j@ % 0.1 uM [57]
cd” aTF CadC FET aTF (14 40 M A= P % 23 Flavin i@ 4 0.045 uM [57]
Cd** ssDNA 3 fit 4 FE T RX TR T A 1 TG AN i A ) 1 FAM it DNA 0.076 pM [60]
Ni* aTF RenR H: T aTF (14 41 i A= W A% 12 LuxAB 80 nM [61]
vo,” UzcR-UzeS TCS FHET TCS (14 4t M 28 P A% GFP 1 uM [62]
Au*’ aTF CupR FE T aTF (14 40 M A= P A% 23 RFP 46.5 nM [63]
Zn* AR 5 Atox1, WD4 FRET B! 8 (R T R AE D) A% Ik 3% Cerulean; citrine 2 pM [64]
Mn®*' Ji Ji 454 8 H LanM FRET BUEE (1R JF AR P A ik ECFP, citrine / [65]
Hg* JE i &5 45 55 H MerP cpFP B2 [ 5T R A A% Ik cpmNeonGreen / [66]
aTF MerR FEFAZHE I S 10 A= 4l i A A A% I mCherry 5n0M [67]
I TI" ssDNA & T {4 BT b R 3 T A 1Y 0 A P A A 2 M ET 0.8 uM [68]
Sc** Sc* ssDNA i i & T A R G 1 0 4 P A P A FAM #ric. DNA 90 pM [69]
THLAES SR
NO; NarX-NarL TCS T TCS (14 40 i 2E P A% A sfGFP 4.9 uM [70]
NO, AR £ 340 5 i ity A A R NH4* 0.05 uM [59]
H,S, aTF BigR BET aTF [ A 40 A= 1 i o mKate 1 uM [71]
S, aTF BigR FE T aTF (14 48 ff A= P % 123 mKate 5uM [71]
F o] 7 R AR % FETRXHETE S oA A 5 2 C23DO 50 uM [17]
] 7 2R A% T % BT AZWETE 0% 1) A 40 i A A Ik LacZ 8 uM [32]
CN FALY — KA ity A= WAL A s 0.92 uM [72]
ESp IR Y]
I aTF DmpR T aTF (194 40 M A= P % 18 EGFP 9.91 nM [73]
gl aTF MopR H: T aTF 14 4 i A= W 1% ik 2 Luc 10.63 nM [54]
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R

A D AWtk oot IR it otk R =%k
R R Tk a4k 5244 Chrl 2466 FE T aTF (14 40 M A= P % B3 Luc 0.01 uM [74]
EEi) aTF NalC T aTF (1 Jo 4 M A= P A% 18 3WJdB/DFHBI-1T 2nM [75]
IE e aTF AIkS FEF aTF (14240 f A= P ik 8 GFP/LuxAB / [76]
SRk aTF AlkS FHET aTF (14 4 ffa A= WA 19 3 EGFP 0.30 uM [77]
=&k aTF AlkS FE T aTF (14 40 i 2= P4 B 2% EGFP 0.30 uM [77]
AT TR N6 imR 45 & % 11 hLFABP  cpFP B3R [ 5T oAb 4% 1k 2% cpGFP 796.97 nM [78]
AFCETR ssSDNAGE LR BT IRRERAAR T LA AL R Ok & /dabeyl #R/%F 0.17 uM [79]
P RE L) ssDNAERAR  FET A2 & WA 1) TG 40 it A A% Sk TMB 3.1 ng/mL [80]
R LI R0 ssDNATERC AR T AR R IE I 4 (1 TC 40 i A= P % Tk 2% TMB 3.7 ng/mL [80]
EZZY: 7= aTF PahR JEF aTF (W4 g A= 14 12 GFP / [81]
HH LOH GRS it A= A R 2 A ER T 7 0.82 uM [82]
(GRS T FIEL Tk G il ity 2 A TR A FQ R4t 20.91 pM [83]
UiEZ 8 aTF DmpR FE T aTF (194 40 Mo 2= P4 e 2% EGFP 4.94 nM [73]
aTF TetR BET aTF (I FE 4N B 2E P A6 jek 3WJdB/DFHBI-1T 0.1 uM [84]
ZHHE aTF TetR FET aTF 1) Jo4H Mo A= WA 194 2 3WIdB/DFHBI-1T 0.1 uM [84]
ERIIEZS S aTF TetR FET aTF (1) JoH Mo A= P 4% 235 3WIdB/DFHBI-IT 0.5 uM [84]
AR N aTF MphR FF aTF (AN A=W i ik i 3WJdB/DFHBI-1T 0.1 uM [84]
B[ &5 B R aTF MphR H T aTF (40 B A= Wt ik o 3WJdB/DFHBI-1T 5uM [84]
EZARES N aTF MphR FET aTF (1) Jo4H Mo A= P4 1235 3WIdB/DFHBI-1T 3 uM [84]
K= IR % = DNAERAL & FET RGN T AE AR RS AMCA/BHQ2 8% 29.52 fM [85]
PCB77 PCB77 ssDNA i it & E SR A vt N A e FAM it DNA 1.71 t™M [86]
DBP DBP ssDNA i fit /£ H T A R T 14 J0 4 P A P A AuNP 63.38 nM [56]
DEHP DEHP ssDNA i fit. {4 FHE A% RE T ) 1) JC 4 A A 1% I AuNP 5.94 nM [56]
DNOP DNOP ssDNA J& it {4 FHE TR R T A2 1D T 4 i A ) 1 [ AuNP 67.75 nM [56]
DEP DEP ssDNA i& it f& FE T AL T A 1R TS 4N i A ) 1 e AuNP 99.04 nM [56]

WIS e )

MRSA AP-M ssDNA i& i f& T A TR 3 T A2 (1%) I 44 it A ) £ 2 BHQI 74l 1 CFU/mL [87]
CRPA AP-P ssDNA J& it f& FE TR FC A 1 T 4 i A ) A I BHQI #4T 1 CFU/mL [87]
KPC-2 KP AP-K ssDNA J& it {4 S A e RN RS BHQI 4t 1 CFU/mL [87]
SARS-CoV-2 MBASSAT1 ssDNAERC A A% i Fic ¢4 (¥ JE 41 B A8 P A 1k 2 VY FR R R i / [88]
FE R BE Toehold Ff < S23 FE T AZWETT I 0 TG 2 0 28 ) A% A sfGFP 2.9 aM [89]

VE: aTF: allosteric transcription factor, A8 #J%%4 3% [K-F; GFP: green fluorescent protein, ZEfa%¢ ;% FH; LuxAB: bacterial luciferase,
N %GR EE; TCS: two-component system, X{ZH7r &2 4t; RFP: red fluorescent protein, ZLE%5¢ 8 H; ssDNA: single-stranded DNA,
B DNA; FAM: 6-carboxyfluorescein, 6-#2%£%¢ .3 ; RFET: Forster resonance energy transfer, ¢ GILIRAE R ; ECFP: enhanced
cyan fluorescent protein, 3 5 4 % 8 % ) & (4 ; cpFP: circularly permuted fluorescent protein, ¥ IR % HE % Y6 5 45 cpmNeonGreen:
circularly permuted green fluorescent protein, ¥R HHELE(4%¢ Y8 15 mCherry: red fluorescent protein, Z1 {565 1; sfGFP: superfolder
green fluorescent protein, T & 4% 8 M mKate: red fluorescent protein, L5 5 H; C23DO: catechol (2,3) -dioxygenase,
AR Wy 2,3-RUN%EE; LacZ: P-galactosidase, B-21-FLKE1FH§; EGFP: enhanced green fluorescent protein, R4 5% E H; Luc:
firefly luciferase, % K H%¢ K B ; cpGFP: circularly permuted green fluorescent protein, ¥R HHEG A% & H; TMB: 3,3',5,5
-tetramethylbenzidine, 3,3',5,5"-P I 3EIEIRAZ; FQ 4% : fluorescence quenching probe, “WIGiH K#E; AMCA/BHQ2 54 : 7-5(5:-4-H
HF G R-3-48 (7-amino-4-methylcoumarin-3-acetic acid, AMCA) 5 M7 K5f-2 (black hole quencher 2, BHQ2) 1&1fi[#] ssDNA 7%l ;
PCB77: 3,3',4,4'-tetrachlorobiphenyl, 3,3',4,4-JJ& Bt % ; DBP: dibutyl phthalate, 4F2K —H R — T E§; DEHP: di (2-ethylhexyl)
phthalate, 47K ~H R — (2-23£ %) fE; DNOP: di-n-octyl phthalate, 48% — HI[ig —IEM5; DEP: diethyl phthalate, 453 — HR — Z
fig; AuNP: gold nanoparticle, #44°KMiki; MRSA: methicillin-resistant Staphylococcus aureus, T H 4 76 Pk 4 3% 78] 2 3K 6 ; CRPA:
carbapenem-resistant Pseudomonas aeruginosa, T i1 5 /i JS 0 S MU ;. KPC-2 KP: Klebsiella pneumoniae carbapenemase 2 (KPC-2)
-expressing Klebsiella pneumoniae, 7 fili 4¢ 5 76 1 Bk 7 53 5 i 2 BT 98 58 BB BHQL: black hole quencher 1, 2K -1
21 ERESRIMEN A A AE A T A T R R s A L T AR <
SR SR R R G, N O U A
EERZ W T RABE LIRS wp R g T KA MBI B, BTRA
HBRLAME . RAKERENFAEESRENK R MR KRR &8 0 RO HLH] (o PbrR-
WER, XTSRS A I T A R ™ 08 P,. ArsR-P,_,. CadC-P_,.. RcnR-P_, UzcRS-

pbr
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P.,5%) H& k& B (green fluorescent
protein, GFP). %It # M. EET &4 5 R G A 1%
6, R T /2 Blmg R P, As™. Cd”. Ni*'y UO,”
LEGREE T AL RS . R
W 5N IERBHE SR, ZRMAZ RS
PEFEDR B B8 500, I 45 A B o LR A A
HOEEDERF SRR )1, RGRTH T A& oot
IR SR v, AT S TR WA
HR K RS 2 R BRSNS Qe i) E
R 2ol gk Ah, IR ESELS S EA
Ctn N ZRA LR AR Atox] M WD4. UEWIH R 4
BE TR A EE LanM 5 Hg AR 45 & & H
MerP %) NRAIJCHE, 454 FRET £ R8¢ cpFP #4
B T R AE AR AR R 0. it
PR A B B T AT M SuE, BTN
AT RIS Zn* . Mn® . Hg> %5 1 4 57 ok
REAERT It SRTRT, XTI E BRI A 4
J& BT (AN ) 2 BT &R TU A LT R Se™)
R R R AR AE R e BB = . XX — 1]
A, BN R T SELEX JE HEAR, BTk 1
B TUS S R e R IE B Ak, i — D 4E
WOHE B BB YR B T SR, T
R HEAE L ) A% I 3 TG A AR A% AR, RSB T WA
KEERFIRETIS S m R . =8
Ry s o

2.2 FNIEERESHEMEIEN

TR G 8 5 Je ) B a A E IR R (i
NO,. NO,. PO, Bifk¥ (WHS. S LLI K
FEMEREHFFMENE T (WF. CND. KT
G 2205 T ANV A BB BE T Y o Mk R 7K 3 R A
A AR N L5, 15 3 R/KAE S L3 K1)
MG, MMUGE R KK E & - R kAT,
AT SO T PERECE . SR AU A S T A
RS . I 2 I TR A g R R IR o,
SR H— R R TR &8 15 G & ik
AL A o B, Woo &5 2 T K 17 AT B NarX-
NarlL XU 417> 24t (two-component system, TCS),
I 7 NO, A i i A= AR ik 2%, il A 3 Ak
A RBEAR T AR ME R, R I BR P A 4.9 uM T

EEXTERALAD, Liu %53 T A9 R AT B (1) BigR-P, 14
BRGITR T (WH,S,. Sy E44EY
R, BREMHARLG AR, XTHS, . S I
TUFR 4> 5K 2 1.0 uM 5 5.0 uM, R SEEL T 8K
BEilg i 2wt g . EEk
FHES 7 WA 771, Ariyarathna S5 T 29 5 50 10 56 oK
T B AR AL BT R 5 lacZ 5 BE R k&
Pl 7 3T B0 SN 1 B4 B A iR as, rxt
TR K A 1) F & S AT m R e A . k4t
Kumar Z 45 A3 RE M T2 588 T iEF TR
W, JFR T BT B R B AT BEOR VR 1) w A — K&
B E AR BB, 6T NS I PR A 52 0.92 uM,
Wi 2 T TR /K B B3 PR g I =5 oKk

2.3 BNSRMEIEN

M THERSBGRELIESBGLR, HE
BAEED . ek R SRR AR A ER L
15 L) 5 I R ) 45 B A 1 S T B R AN
HAI R E G AT R H a8 5. 1R
A WAL 15 428, AR ADUEAL B BT,
FEAT A DL N SR )RR e e R AL . 4298 OF
B IX L R AR R ) A [ %, E RO A R
AW AR A H AR 1 R G s IR AR . B, TE
75 B IS Bk I 7 16, Sun 58K DmpR-P,, 4%
g5 0G0 M ok 4% ) B8 1 (enhanced green
fluorescent protein, EGFP) k& R MEL, JF K
T RS X 7S P ST G AT 9 B R 20 v R
ASL I (1 4= 20 i A= A% JB% B . Chen S804 1L EUEMAR
I 2 R 4 NalC-P,,,. 5 TG 40 M 3% s A RARE B,
Ry 7 ALK T S MR FE B Ak 98 O RNA 8 & i th
[ 0 40 B A= AR S BS . B e bR e AT AE WD
Arce-Rodriguez 55 Bl 2 P D] [ 2 4 11 SR g,
1) 7 S0 SR ER B BR R AR (1) ALKS-P,, TR A% M 4%, fE
i S I, PR B b A e R ORI ) R B, 3B AE K
FFEE CC118 5 4 23 i 1 PAOT Hh BGHIE 1 i
KRR FAME U, Mann 35T 252 R 5 AFTFIE
I R 45 & B A ELAE AL, 0k 1 cpFP Y 2R
A WAL IR, SIS B K B K A B
Y A R TR B AR A A RS I Yo X B
KL, Choi &5 ) B i 2 B 50 i B 7°) 2 18 285 i g 12 4L
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fil, W T P, gfp SR AEYL R, WAEHE
B T CdrA AH 9K 5 R 3235 5 fir th GFP %65 5,
4G 8 6 L LR BT KRR TR i R T B S R
BPBA b P FEPUAERKRN 7T, Jung 44
TetR. OtrR. MphR %52 Ff aTF 5| A Jo 4 i 7% % 44
Z, LR THNURER, LEREN\FRERHR
R s &R ETIRER, Z RSN H
T InH 2 Ak 3 SRR (8 455 I i A Y. FEAR
245 Bk BRSNS, Liu 55K 5O B A 1L
(glyphosate oxidase, GOX) 1k 1 & b = B 5
HRP /1 3 1 2 5 S S AR B, M 1 g 4
fEIRES; W PE e FHAE S ZEAREM
SRR T 1%k RS MR e M S IR R
Mif 2P, SEELT HORAK. WIE K LIRS IR R
Hh R B I e R ORI

2.4 SRS

AWV G ) B R R AN L B0 B
Je A s, Btk R IRERE. (£
Gt 1) T A ) B 9% 5 E BRI A R AR R
TEZB. MIWEK, MO ERR AL T ES
PER 37 PR T 2 T 3R o A B R B i R
fE RS ) AL IR IE AR . CRISPR-Cas 5515 5
W55 S oo, A0S T 2 RN TR
JE R A . RO . i, B R AR P AR
SO EREEZ M AR, LuEHR THET
A% B 3 T A (A 455 5 A A% R 2% . % R G R FH s
S P O AR TR b A T R I DNA BOE BE, t
Ifi it /X CRISPR-Cas RAHKIL(E 5 Y M EHFES
iy, K PRARZE 1 CFU/MML ®7. Jy Bk 3548 S
KRS, Wang 55 X} §E 7] B 4= B SARS-CoV-2 #il| 5% i
1A% R IE FC AR AT B MR i S5 e gk Ak, 3R
T X AR S R R AN B v R AR A g, SEBLT
Xof SR AR SR AR (1 P R Y. BkAh, R PR
R E bR E RIS S HRACARIRGE S, T
— D0 AR AR R E Y. DO TTIRE N
Bl Cai 25 F) H BUARAS 1 1) o 2 Wb B 5 4 A0 K R
(gold nanoparticle, AuNP) W &ELLEEY, ¥
H br o K S BN IR bR %, BE S fill K
CRISPR-Cas % 4t L IKAS 5 K I 7 AL v RO
59, BFERI T EIFE A F BUR AP Bkl

*%Fi [92]a

3 RS YR B R
16 5

WA BT M 2 B AR TS R MR R I RS VR
fitio SR, ZEER N PRARS B 1) A2 25 200N I ] R
FEIRB R T &, SCHAE T WA HL A SR B
FHBh ST N, ORI SR A AR
IS AR B VA SUR e gD da sk /K L S RS
RPRIE ] SR AL I S LS, s G i3 B
FEMINEEOE 7 Q1F TR, 38 THESI A 8150 Hr A
B AR I M B S AR B BR 30 e

3.1 SRMEVIERET &S T

FAT 5 G ) B 5 e A B a5, R VR 3R
BHE R LA R AR EESL T LS
HPLC 2 MS %5 73 B 77 12 Xk DL S0 455 1 A 1) 34 25
JARLHE I, AN 5 4 75 Gy B gt o A2 o 1) W 2 AR
o MEEZT, B B AT AR S
ROCED Gk & RGAHMRE, & AL KA
JARL . oA ic s Je A oL KR SR S 2R A
Ji b B AR AR A, M DL 3R TS G B A S
FRAE ) L AR WA SN R ) A R S B ) 2
e (B 2a) ™. i, FEAL G A NG e I Ty
I, Applegate 5 45 & 4 7 VE 5 3 115 KOt i
B, Mg 78R, FR, SRMZH R
(benzene, toluene, ethylbenzene, xylene, BTEX)
(440 M AR AL ik 3 B Dawson S5 — P 4%
A ST BRI, SEIL T 3% b BTEX [%
s A BRI BB BR Y AU, BT
%Z ¥ 77 J& (polycyclic aromatic hydrocarbons,
PAHs), Segura 55 7£ fif b 30 A U 8 2 HL 1] () 2 il
I, F|H PahR-P,, VA HLEI 4 T PAHs 440 i A=
YAl B, JF R B R T 7 A 58 o PAHs B i ik
FEMELL I Yo dAh, TEB A K 515 G 4
o, Oh % #y g 7 R 5k ma R R TOH R
(terephthalic acid, TPA) MWK, i idEs:
W R oK H R 4 Z BEEE (polyethylene
terephthalate, PET) 7ERg {2 /KM S A4 [ figd i 7 o
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(a) Degradation Process Monitoring

(b) Spatial Distribution and Migration Analysis
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(c) Toxicological effect monitoring
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(d) Intelligent Biological Repair System
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Fig.2 Application of synthetic biosensors in the monitoring of environmental processes of pollutants

(a) Application of synthetic biosensors in continuous monitoring of the biodegradation process of pollutants; (b) application of synthetic biosensors in

the analysis of spatial distribution and environmental migration of pollutants; (c) application of synthetic biosensors in the monitoring of

toxicological effects of pollutants; (d) construction and application of the intelligent biological repair system based on synthetic biosensors

BETRIK) TPA B4R, A5 %487~ 1 PET [ i 5h 71 %
EI%?E [96] R

3.2 BRYINZEASHSHEEBOH
W 5 e A 2R 35 R G0 S (8] 0 A ST ¥
A, RABIREE O 575 R WIR . L4

HPLC B MS %5 73 B 77 72 5k DL S $ K TR A 3% Hb (1) 1
WL mIRIE A . A AR AR E T
i PRI A ﬁ*ﬁ%éﬁ%%ﬁ AR AR A
FRATT VS G I = 4 2 () A A REAE (I 20D 2 il
U, He 55 ) F 4 5 4 e B 1 7R R0 S 1 4 41 B 2E )
FEIRES, NI =M X IR AT R T
TR ST O A P 2 AR A R S 1R A
B, BN TS RIRAaERES AV 5% 5 AR
Z RS R . Ak, EEXHE SR R R R
N E IS R T i BE R WA R 3
Chemla %85| N T R mot il 4 2 R, BB A
NTHERZR RS f5, nIAE B ARG T SLal 0 vd ik T2
BG5S HEEE (90m). KiEFE (4000 m> ¥
W R REE ST 5 G 2 MR & 32t 17 01
AR, RN REE T, &

&E%%@%T%E‘EMﬂﬂiﬁfﬁmnﬁ

SN AL . BN, B 20T R AR R
ML (TR R TR N,
Schamful &5 3t T 2 4 75 ke 2 A Ml AE W% s, A
THIGAIE T 27 R LA TR I 22 9 B0 3R AT 3 i 5 1%
i, IR AR I 20 T A R AR

3.3

SRS IRt

15 G AR 3 U AR T T IR, 18
5 AW AT R R A R B 4 4545 % D) A R .
FH G B Al FE N g, R T B N 1) AR AR R s
AT FH RO B S B 7 BE Sl B, K DNA 457
=R AR S J S KLY S R e /B VR 2
N RICER G T, B IR FREERE i i R o1
gtk ds (B 2c). B, Song % LA UL IRA BN
W ADP1 N7 £, K DNA 544 W B JG 4 recd Ja
T 5 luxCDABE JOt i i SRl M 1 4 4i i
AW SRS o % 5 G R LE R T AL PR L 35 v B 4
N FB R C. HRIFE, O K PO S5 /T T
(") DNA 455 dd i b oK 5 1 3%- 7J<§ﬂ?ll§l’ﬂ7i
JEME R, W] VAl AT A R RORL 4 A AT G AR
Yy el F) PRI E AL B 0L 0 Jiang SERE— PR TR
[T B recA:: IuxCDABE # 57 5€ & FA T, JIF
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JEFH T Cr® i G o 3 AN 5 75 BL it /K R B 1) 25 1 40
B 0%, FE LA L, Baska ZEMJE TS recd: -
luxCDABE 50xS: : luxCDABE. micF: : luxCDABE
F rpoB: : luxCDABE 1¥] K JI AT B8 4 41 ffg 1% 18K 258 FF
H, 4 HIERAE DNA #4840 L. T8 7 14 A
1 S RNA R & B AH G e 8l o 3l HE B ZE e 1R
ANFRHR REFERMBASFRER T AR
BRI RGN, 124K F AT X 3 AN [R] 35 P 4 A
AU EBE, BT G R e A S L R
R RREGR A G, WT[R I 3RS Ye ) 2% 82 AR V) 5
PERORL Y A5 R, A BT S i 1) AR A XU
P2 AR 2R

3.4 EBRtEMEERRINEESNA

HEERBIEE BER T LREMAEY K5
AR E &R R ), L REAE AR H AR
POMRATIREE, A E RSN G REE.
G AR VAR IR TT A 5 AR ) T B B U A A A B A
MBI, IR - PSR- AT 7 — LI R B 4
M, SEEE RS ERE (2. fila,
Ravikumar %5 F| H K B #F # 19 TCS (ZraSR Fl
CusSR), ¥ Zn™ Fl Cu* ¢ S5 M 5 3l 7 43 i S AN A 2
ek L AL E, RIS R 4 A KRR T 4H
FI, MR T L AL WS I AN AR W Th BB G T
PR PR: 7E 100 mg/L [ H bR & 1588 F, WA
fisk 2 20 B R U 5 TR B D g, R e T 4 RT3
W B 25 13 mg/L Zn* A1 11.4 mg/L Cu™ ", B4,
Liv 5K T —MaEs kil AvEmS AR
W T — R e KA B . LB PRRELE 6 /NBT IN
XF0.1-1,000 pM ¥ B2 36 [ 1) 7K 47 B2 7= Ae Wil I FF i
HAS 5 MK B HORBIR, R 3 307 fil
RIK W R % e g 1 320K 5 B B PR R 7. )R
FRE, NEMSZSRPIERARNEEITES TR
Wbk E FT, DIHBREY R E. KRE
PEMNRUESE T Z R A M SR, AHE5 D
(R B A IS AR AL T A B S g v g %2 1

A4 5 e WA s AR A BE a3 A rh R
LN RSP o 3y ] L

B AR AR AT D A G B AL AR T 5 i 1 5

TR TS, RPN RN IR IE B AT XU T
Toh I SR N RS TR . AL
FAAAE TR AL . B w5 T E
SEARIUAE AT RALTS e 0 L R R K
B LRLONL, T A 25 PR B R T A 3 B R 3
o R, HEHMEAN T PR LR R, K
FER R HFTHtom, HARHIEE R ARE,
SRR AR oA R R G A
Hoe 2y T RE D R A

4.1 RATHERSENESRAE

5 G IR0 TG AR S R E A A ) A TS R
RGNS YA, ZHE ALK
PR AT OB aTF . 455 E A AHITIT %5
B4 H AR ) R AR oA . T R R 2 H 245
b K B BB S g, IR R AR Jo A PE (Y
N RS2 IR . Ak, o R AR IR B A A
SRR 552 &R A X5 1)
R, M DL A2 5 2 BB R O R S G R T
R B AR R U Y SRR G A E AL
SELEX fifi it 5 N T84 R4l Bh i) & A R B SRR
SEHLH bR 5 G PR IR B A 1% T e S
ettt (Bl3a). fil4n, fHB) RFdiffusion 555 T 2%
PR 8 B 0 45 A AR BB AL 5 LigandMPNN 4%
Fea et TR, BN AL SEEL T 0 B I
TRER S /N 45 G B E SR M doE, )5
BT R M HR . Y REESE N FE AR
MMk TE e 2R T B 5 N e E TS
Gt A I TF AR BESCHE, M e & e
FE AR AT I E 2R

4.2 SREEBHRSSERNITFM

FEHEME TS e AE AL MR I SR AR
R TGHE N, RV AESEBENE K R, &
A 0 A R T I 4 BT A L A R R T
Y& BN YOt ROLERE S, @l T
19 G B i 5 77 2 R W) 85 P ol R 1) 8 M N
BT HAl AW AR AR &, 388 4% 2 B 1) 28 1 BT
ok PR W) A TR AR A B T T B A R S . — T
FLEE DR G A R S VR LA TR A . AR X R K
W EYI N R AL RIE, SEBLIE N EETS G 1 R AL
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Fig.3 Future development directions of synthetic biosensors in environmental analysis

(a) Customization and performance optimization of recognition elements for synthetic biosensors; (b) integrated analysis of the characteristic

metabolic transformation process of pollutants by synthetic biosensors; (c) the field monitoring system integration based on synthetic biosensors; (d)

the intelligent data processing process based on synthetic biosensors
THUEER; 75— TJi i, R RAS R L2 K
T A Ay L VR EEAR AN DO R NE, ST A RS G
PRSI ZhAS WL T s Rk, AR R AR
AR 22 N TR I SRR AR I e AR o T 4 R R
D7 10 2 B AR W AR IS, A S BLRS Ge W RR A
PEACH e AL L RE A R R A, AT E 53 7 2 4
P RUBE 5% Gt 46 7 L 30 855 7 BEAL 1) 5 A W e AL I 2%
(J&3b),

4.3 MZBENERERSREENE

G REPE IR 5 S AGES R BORE. B
e AR AN 4 O e e e B i, R AR
9IS BV A I 2R e (09 70 o AR R A
s g B AL ik, ZRAFEE N Tz
WX . Tk AR AR5 G FAF R PR TR & . R
1, 5 RAE A A JE 2 11 0 S 3 858 I P A7 T e 15 5
R VE . s A dr . R BUME AT R A% 2 5 T30
P, AKEROIE . &8 A HUHE R B R AT
TR AT 5 HEMS AT B T 52 15 A% JER 4% 1) 45 4 e A B
W& RE (B30 MM teAh, TR A T
ARSI i R e g j A WA iRy, R E AR

224 A & T R e B ool ZUEE R A SR B Il . 24
GINSESRTIhe BuN=£3 N ZRitkecty/bio il I o 1
AT o3 22 DA 20 6 25 S, o IR T2 T 0 3 35 2 TR
L BERIKCP e R WK o SRTHT, E 3R SRS R T %
SON K AR E A BT PR
iE s Rk, T HHRIT R Z EAEE S
&P B % R G, AR W AW 2% A B PR I A
EVEs Ui, IR A AL R AR ST TR
R, LRI AR e MR TBOXU:

4.4 HIEEEHIESHIEXERE

HLIEL R, & E AR A 1 A5 S AT
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