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WS EEE: 2025-04-02 {£@AEHR: 2025-05-28

H2WME: BxREBSHAITY (2023YFF1204500); EREARIZES (32320103001, 32271475); #fild “RE” “GfE” H&AKKITH (2024C03011)

SIFRAX: W, BFHE, TEE. ETERLENASREMERERRITSNAII]. aEYSF, 2026, 7(1): 32-65

Citation: DENG Jiaxuan, CHEN Shengyan, WANG Baojun. Genetic circuit-enabled synthetic biosensors: designs and applications [J]. Synthetic Biology
Journal, 2026, 7(1): 32-65




%£7% www.synbioj.com 033

through genetic circuits to achieve customized signal processing and produce multi-modular signal outputs.
Synthetic biosensors offer several compelling advantages including high biocompatibility, low cost, and
sustainability, which have shown significant application potentials in environmental monitoring,
biomanufacturing, and precision diagnostics. Advances in synthetic biology methods and technological
developments, particularly the adoption of various engineering design principles, genetic circuit-enabled
programmable signal processing, and Al-assisted mining, and de novo design of biological components, have
provided unprecedented momentum for developing new generation synthetic biosensors. However, the practical
applications of synthetic biosensors have been restricted by certain technical limitations in sensing performance
including sensitivity, specificity, speed, stability, and biosafety, termed as the “5S” challenges. Here we
summarize the signal recognition mechanisms and design principles of representative genetic circuit-enabled
synthetic biosensors, and provide an in-depth analysis of their technical advantages and remaining challenges.
Furthermore, we highlight typical genetic circuit-enabled functional expansion modules for myriad application
scenarios. Finally, we introduce the key features of synthetic biosensors and the latest optimization methods for
improving sensing performance. We conclude by discussing the challenges and opportunities for accelerating the
development of new generation synthetic biosensors for achieving sustainable, affordable, and reliable detection in

diverse settings.
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Table 1 Typical genetic circuit-enabled synthetic biosensors and applications
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ik FAR R o A 2 I IR 28 3% o0 1 a0 PR TARVE ik
W R T As™ LS INT ArsR G SRAE S O 2% 0.1 pg/L 0.1~5 pg/L [32]
cd* 3 FF CadR 0.39 ug/L 0~60 pg/L [10]
As™ Il 7 CRISPR/Cas £ 4t 0~32 umol/L [17]
u* XA 43 £ 48 UzeRS-UrpRS. AND 1 umol/L 1~5.2 umol/L [33]
gate KIR RGUH PEBOR 3%
Hg™ toehold JT 5% 4 3% KT MerR 5 nmol/L 5~~7.5 nmol/L [34]
A A7 HspR  EE AL R 58 5 pmol/L 5~100 pmol/L [35]
cu” P, JAET 0~50 mmol/L [36]
HRIESR 2,4-DNT ygiF Ja s+ 4.8 mg/L 4.8~25 mg/L [37]
TNT TNTAZHEH 6, i 2% 25 pmol/L [38]
R 2-ZKHE IR Ty B K7 HopR JEE 715 5 OK 4% 1 umol/L 1~50 umol/L [39]
EERINGE 2] AR G M5 F 4 TodTS 0.04 mg/L 0.04~1 mg/L [40]
i M5y F 58 MxcQZ-OmpR 0~0.05% [41]
RGN JE A0 1 AHL T QscR 0.01 pmol/L 0.01~5 pmol/L [42]
P22 A 5 Z Mk Beit % 3 7 DLA 0.16 pg/L 0.16~60 pg/L [43]
N I3 R #3535 H 7 ZntR . Zur 0~20 pmol/L [44]
KIEERNED 5T CB2 Z 4 M £ GPCR 1 nmol/L [45]
RrgERitr s KRB M5y F 58 Smad 0.024 ng/mL 0.024~6.25 ng/mL [15]
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il BT HitR, 4R3I 55 0.12 mg/L [47]
Jig 9 b P NO K7 NorR , 55 20 i AZ B B 30 pmol/L [48]
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BRERACE 2 %i BT3334- BT0267. CRISPR/Cas i~ 0.01 mmol/L;

IPTG AR 6 umol/L
Al KD E AR L-#i s R BN LysG 40 mmol/L 40~320 mmol/L [12]
7 Bl Y L-- e i 3 HF CedR 0~50 mmol/L [58]
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1 4 B K F Mlc [14]
L-Jfi 54 1% R FF LysG 0.05~8 mmol/L [62]
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0~50 mmol/L
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(a) Gene circuit of a dual-parameter biosensor based on an AND logic gate and its response heatmap['o"] ; (b) Gene circuit of a metabolic control

sensor integrating a multi-input genetic logic circuit ''**’
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Fig. 7 Synthetic biosensing systems with multimodular outputs for integration with various detection platforms 32 3 4!
(a) A agarose hydrogel-encapsulated arsenic ion sensor for visual array display on a smartphone platform™; (b) A sensor that visualizes biosensing
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Fig. 8 Strategies for increasing the sensitivity of genetic circuit-enabled synthetic biosensors ' 7

(R—regulator; OR—operator site for regulator; TF—transcriptional factor; TA—transcriptional activator; TR—transcriptional repressor)
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Fig. 9 Strategies for increasing the specificity of genetic circuit-enabled synthetic biosensors 7 2! 1*-12)
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Fig. 10 Examples of improving the response speed of genetic circuit-enabled synthetic biosensors "7
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