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Abstract: Microbial cell factories are pivotal in green biomanufacturing, with applications spanning various sectors,
including food production, chemical engineering, pharmaceuticals, and energy. However, traditional metabolic
engineering strategies, which reply on static regulation and are hindered by the inherent latency in real-time metabolic
flux monitoring, face significant limitations in constructing microbial systems that efficiently synthesize target
products. These constraints severely hinder the high-yield biosynthesis of bio-based compounds. Transcription factor-

based biosensors (TFBs), which are cornerstone tools in synthetic biology and metabolic engineering, offer innovative
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solutions by dynamically linking real-time perception of metabolite concentration signals or environmental cues with
autonomous regulation of target gene expression. This integration allows for intelligent optimization and efficient
construction of microbial production systems. This review systematically examines the molecular architecture, functional
classification, and signal transduction mechanisms of TFBs, focusing on the rational design of ligand-recognition modules
and the reconfiguration of signal-output components. Key strategies for constructing TFBs are summarized, including
directed evolution and rational redesign of transcription factor ligand-binding domains (LBD), modular engineering of
responsive promoters, and optimization of ribosome binding sites (RBS) for reporter genes. The review also highlights
cutting-edge applications of TFBs in microbial cell factories, such as high-throughput screening platforms, identification
of metabolic engineering targets, and dynamic regulation of metabolic pathways. Despite their transformative potential,
several challenges remain, including the scarcity of metabolite-responsive elements, narrow ligand detection ranges,
insufficient substrate recognition specificity, time-consuming transcription-dependent processes, and poor robustness of
sensor components under industrial conditions. To address these bottlenecks, future research must prioritize the
integration of synthetic biology with artificial intelligence (AI)-driven big data modeling. Such interdisciplinary efforts

will accelerate the development of customizable, standardized plug-and-play modular components to overcome

Transcription factor-based
biosensors
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limitations like the shortage of responsive elements. Concurrently, the establishment of scalable validation platforms

across “lab-scale, pilot-scale, and industrial production™ stages is essential to validate system scalability, laying the

foundation for next-generation TFBs capable of supporting large-scale industrial biomanufacturing. These advancements

are set to enhance the efficiency and intelligence of microbial cell factories while expanding their applications in critical

areas such as food safety testing, environmental monitoring, and medical diagnostics and therapeutics. By offering critical

insights into the design and application of TFBs, this review aims to drive the evolution of microbial cell factories into

multifunctional, smart bioproduction systems that integrate precision, adaptability, and industrial robustness, ultimately

fostering sustainable innovation in the bioeconomy.

Keywords: transcription factor biosensors; microbial cell factory; high-throughput screening; target mining; dynamic

regulation
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Fig.1 Schematic diagram of activating transcription factors (TFBs) and repressive transcription factors (TFBs)
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Fig. 2 Transcription factor-based biosensors: schematic diagram of mechanism of action
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Table 1 Biosensors based on transcription factors
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MyrR KIGFF B- T K JE B el E BRI SA4E MG BT R E0~160mg/L  [43]
TtgV KIGAF v 3- k] e JEBNT BRI UL A T PR AR & 10 pmol/L, 0SBl 4 R &= 10~ [58]
1750 pmol/L
LIdR N7 FLR JE BT e A F M R A 2 2.34 mmol/L , 3 25 76 Fl 2 & 14 4% [59]
BreR NN JIET JE BT e A B R = F 470 65, KM BRACE 0.61 pmol/L  [46]
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Table 2 Applications of transcription factor-based biosensors in microbial cell factory
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