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ABSTRACT: Central metabolism includes essential pathways such as glycolysis, the pentose phosphate
pathway, and the tricarboxylic acid (TCA) cycle. Beyond the canonical pathways, it also involves
byproduct formation, amino acid metabolism, fatty acid metabolism, and cofactor homeostasis, forming
the metabolic backbone that supports cellular growth and biosynthesis. Conventional analytical methods
often fail to provide real-time information in living cells, limiting their utility for guiding metabolic
engineering. In this context, biosensor-assisted approaches have emerged as powerful tools for the real-
time, non-destructive detection of intracellular metabolites and metabolic fluxes, while also enabling
dynamic regulation of metabolic networks. In this review, we summarize recent advances in biosensors
targeting key metabolites, cofactors, and regulatory nodes across central metabolism, with an emphasis on
their design principles and applications in metabolic monitoring, high-throughput screening, and dynamic
regulation for improved bioproduction. We also discuss current challenges related to sensor performance
and implementation, and highlight the possibilities of integrating biosensors with omics, metabolic modules,
and artificial intelligence (Al) to provide insights into future opportunities for biosensor development.

Keywords: Biosensor; Central metabolism; Metabolic engineering; Transcription factor; Dynamic
regulation; Bioproduction

1. Introduction

Central metabolic pathways such as glycolysis, tricarboxylic acid (TCA) cycle, and pentose phosphate
(PP) pathway play pivotal roles and are highly conserved across diverse organisms. Those pathways
coordinate the breakdown of carbon sources, generate energy, reduce power, and key intermediates for the
synthesis of amino acids, nucleotides, fatty acids, and other cellular components to support basic cell growth,
maintenance, and biosynthesis. As the central metabolic pathways are the primary routes of metabolizing
the nutrients, and shunt the carbon flux to hundreds of branches, a complicated regulation network is
necessary to harmonize the operating of central metabolism by responding to the nutrient availability,
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cellular redox status, and other environmental factors to adjust the gene expression and carbon flux in time.
Transcription factor (TF) constitutes one of the most important regulation network to control the cellular
pathways and metabolism. And numerous global and local TFs related to central metabolism regulation
have been identified and revealed [1]. The global TFs usually detect key metabolites that are intricately
linked to multiple pathways. For instance, cyclic AMP (cAMP) receptor protein (CRP) serves as a global
TF in Escherichia coli, responding to cellular cAMP levels and controlling more than 180 genes [2]. ArcAB
is a two-component signal transduction system that responds to respiratory conditions and regulates
numerous genes related to respiratory and fermentative metabolism [3]. There are also local TF which
regulate specific genes or pathways. The well-studied TFs Lacl, PurR, and trpR control lactose metabolism,
purine biosynthesis genes, and tryptophan biosynthesis by responding to lactose, purine nucleotides, and
tryptophan respectively [4-6].

In the field of microbial production, the accumulation of high-value products often relies on the
efficient conversion of carbon sources and other substrates. Therefore, understanding the central pathways
and their regulation networks is a critical topic. With the advancement of metabolic engineering and
molecular biology technologies, substantial progress has been made in modulating central metabolism to
overcome key bottlenecks, such as enhancing carbon efficiency, alleviating metabolic burden, relieving
cofactor shortages, and balancing competing pathways [7]. The widely employed metabolic engineering
strategies for improving the biosynthetic performance include targeted gene knockouts and knock-ins,
expression of high-activity heterologous enzymes, and improvement of fermentation parameters.
Nevertheless, the metabolism state of microbial cell factories undergoes continuous fluctuations driven by
environmental perturbations, life cycle transitions, and shifts in production phases. Consequently, static
regulatory strategies are usually inadequate for real-time metabolic monitoring and timely response,
resulting in suboptimal bioproduction titer.

To enable real-time metabolic sensing and achieve gene regulation in response to intracellular signals,
diverse TFs have been reconstructed into biosensors and effectively employed to boost numerous synthetic
pathways and support a variety of synthetic biology applications [8]. Depending on the regulatory functions
of'the TFs, biosensor can be tailored to respond to a wide range of targets, including metabolic intermediates,
end products, byproducts, cell density and even environmental factors such as temperature, light, and pH.
By responding to these fluctuations, biosensors can mediate the activation or repression of the transcription
of downstream genes. When biosensors are designed to respond to pathway-specific compounds, they can
be used to address pathway targeted challenges. For example, the p-coumaric acid biosensor PadR and
naringenin biosensor FdeR have been adopted to activate naringenin biosynthetic enzymes and enhance its
production [9]. The resveratrol biosensor engineered from TtgR was used to screen the p-coumarate: CoA
ligase with improved activity for enhancing production of resveratrol and naringenin [10]. And the isoprene
biosensor engineered from TbuT has been applied to screen the isoprene high producer [11]. When
biosensors are engineered to detect products from central metabolic pathways, such as pyruvate, or key
metabolites like amino acids, adenosine-5'-triphosphate (ATP), and NAD(P), they will possess broader
applicability and can be leveraged to address metabolic issues across diverse biosynthetic situations.

In this review, we introduce central metabolism and its key metabolites from the perspective of microbial
production, followed by a concise overview of the concept of biosensors. We also discuss recent advances in
biosensor development and application, with a particular focus on studies of biosensors responsive to central
metabolites (Figure 1). In addition, we explore the integration of biosensors with other rapidly advancing
technologies, such as omics, metabolic modeling, and machine learning. We will also discuss the challenges
and bottlenecks in biosensor development, along with potential avenues for future advancement.
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Figure 1. The schematic of central metabolism, the biosensor engineering workflow, and the applications of central metabolite-
responsive biosensors. The colored dots in the “Central Metabolism and Correlated Pathway” refer to metabolite molecules that
could be sensed by the biosensors. TF is the abbreviation of transcription factor.

2. Overview of Central Metabolism and Associated Pathways

The central metabolic pathway serves as the backbone of the cellular reactions, integrating nutrient
uptake with energy generation and precursor supply. In the scenario of microbial production, it plays a
pivotal role in determining both cell growth and biosynthetic efficiency. The major central pathways
include glycolysis, the TCA cycle, and the PP pathway. They coordinate the transformation of a carbon
source into ATP, reducing equivalents, and key intermediates such as pyruvate and acetyl-CoA.

Glycolysis channels sugar into pyruvate through a series of enzymatic reactions, acting as a primary
entry point for carbon flux. The substrate-level phosphorylation steps mediated by phosphoglycerate kinase
and pyruvate kinase are companied with a net gain of ATP. Glycolysis also produces NADH and several
branch intermediates such as 3-phosphoglycerate and phosphoenolpyruvate (PEP). Pyruvate, the final
product of glycolysis, serves as a central node linking glycolysis to downstream pathways. The TCA cycle
is initiated by condensing oxaloacetate (OAA) and the pyruvate-derived acetyl-CoA. Through several steps,
TCA cycle generates NADH, FADH2, GTP and key intermediates such as 2-ketoglutarate (2-KG). The PP
pathway contributes a bunch of reducing power in the form of NADPH and provides ribose-5-phosphate
(Ru5P) for nucleotide synthesis. The oxidative branch of the PP pathway, driving by glucose-6-phosphate
dehydrogenase, is especially important for maintaining redox balance. The electron transport chain utilizes
reducing equivalents from upstream metabolism to drive oxidative phosphorylation and sustain cellular
energy demand. Together, these pathways regulate the cellular balance between catabolism and anabolism.

Beyond the core pathways, various organic acid reactions also act as critical indicators that reflect the
cellular metabolic states [12]. Although not considered part of the central pathway per se, the biosynthesis
of organic acids and amino acids is closely tied to central metabolic flux through shared precursors and
cofactors. Organic acids such as acetate, lactate, and succinate are typically derived from glycolysis or TCA
cycle intermediates and are key products or byproducts in bioproduction. Similarly, amino acids such as
glutamate and aspartate are derived from 2-KG and OAA in the TCA cycle; alanine and serine are derived
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from pyruvate and 3-phosphoglycerate in glycolysis; histidine is derived from the PP pathway, and the
three aromatic amino acids, tryptophan, phenylalanine and tyrosine are derived from both PEP and
Erythrose-4-phosphate (E4P). These biosynthetic pathways are functionally integrated with central
pathways and provide key signals, byproducts, and building blocks for basic cell growth.

Given the significant role of central metabolism in microbial production, many classical metabolic
engineering strategies have been applied to modify central metabolism. These include knocking out
competing pathways to conserve carbon flux, overexpressing rate-limiting enzymes to enhance key
reactions, engineering enzymes to improve catalytic efficiency, and optimizing fermentation conditions and
processes to increase overall yield. Although promising, these approaches can present significant challenges
under certain conditions. For instance, deleting genes within central metabolism may lead to metabolic
imbalances and disrupted carbon flux, ultimately impairing cell growth and reducing product yields [13].
Similarly, overexpressing rate-limiting enzymes can impose an excessive metabolic burden, hinder cell
growth, and waste cellular resources [9]. As cellular metabolism is inherently dynamic, such static control
strategies often fail to adjust regulatory strength in response to real-time changes in cellular state.

Overall, understanding and engineering central metabolic pathways and the connected routes are
essential for optimizing the synthesis of target products. However, the trade-off between biomass and
product yield is always challenging, and flexible real-time control strategies are in demand to divert carbon
flux toward planned routes while blocking unplanned routes.

3. Overview of Transcription Factors-Based Biosensors

To address the dynamic and context-dependent bioproduction issues of microbial metabolism, TF-
based biosensors have emerged as powerful tools for several purpose including real-time metabolic
monitoring, high-throughput screening, and dynamic control. By coupling intracellular metabolic states to
programmable gene expression, biosensors enable dynamic control strategies that are not achievable
through static genetic modifications alone.

A typical TF-based biosensor comprises three functional modules: a regulator, a promoter containing
the regulator-binding sequence, and an output module, such as a reporter gene. These components can be
assembled to detect a wide range of intracellular signals, including pathway intermediates, end products,
byproducts, and stress indicators such as ATP level, redox ratios, and temperature. The transcriptional
regulator usually contains a DNA-binding domain and a ligand-binding domain. Upon binding of the
effector molecules to the ligand-binding domain, the regulator undergoes a conformational change that
alters its interaction with the corresponding promoter [8]. Depending on the regulatory outcome, biosensors
can be classified as activators or repressors, serving different regulatory purposes (Figure 2). Owing to their
versatility, biosensors have been widely applied in metabolic monitoring, high-throughput screening, and
dynamic regulation.

When biosensors are used to monitor specific metabolic processes, the reporter outputs can track
fluctuations of the target indicator in real-time, offering a sensitive and flexible approach that the
conventional analytical or statical means often cannot achieve. Basing on the monitoring results,
researchers can plan metabolic designs and refine engineering strategies. Biosensors have also been widely
applied in the screening of high-producing strains and high-efficient enzymes. By converting production
performance into easily detectable readouts like fluorescence, improved candidates can be rapidly identified
in a high-throughput workflow. Dynamic regulation is typically designed to address complex metabolic
challenges that are difficult to solve with static strategies alone [14,15]. These challenges include final
product toxicity, the trade-off between cell growth and biosynthesis, the accumulation of imbalanced
intermediates, and cofactor limitation. Whereas static interventions may lead to compromised results,
dynamic regulation strategies can divide the fermentation process into multiple phases by responding to
cellular metabolic states, thereby allowing robust biomass before turning on the biosynthetic reactions [13].
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Figure 2. The mechanisms of three TFs-based biosensor types. I. Ligand-induced activation. This type of biosensor activates the
transcription when the ligands present. The regulator is able to recruit RNA polymerase (RNAP) to enhance the transcription.
When binding with the ligands, the regulator will undergo a conformational change which makes it binding to the promoter
region or adjusting the promoter structure, turning on the downstream transcription. II. Ligand-induced Repression. This type of
biosensor represses the transcription when the ligands present. The regulator is able to create a steric hindrance to block the
transcription. When binding with the ligands, the regulator will undergo a conformational change, leading to the binding of
regulator to the operator, inhibiting the downstream transcription. III. Ligand-induced De-repression. This type of biosensor
represses the transcription when the ligands absent. When binding with the ligands, the regulator will undergo a conformational
change, releasing from the promoter region and de-repressing the transcription.

Prior to implementation, wild-type TFs typically require reconstruction, characterization, and
optimization. The operational range refers to the range of effector concentrations that the biosensor can
detect, whereas the dynamic range refers to the difference between its minimum and maximum output
signals. Depending on the intended application, biosensors must be engineered with an appropriate
operational range and dynamic range to ensure adequate sensitivity and performance. In addition, tuning
substrate specificity is another routine engineering procedure [16]. In some cases, the substrate specificity
of broad-spectrum biosensors is narrowed to achieve selective recognition of a specific compound [17]. In
others, the biosensors are engineered to respond to new substrates, thereby expanding the application scope
of the original biosensors [10]. Biosensor optimization generally follows two main strategies: engineering
the promoter region and modifying the regulator protein. Promoter tuning can be achieved by altering the
position or sequence of regulator binding sites [18], selecting appropriate ribosome binding sites (RBS)
with suitable translation strength [19], or constructing hybrid promoters to modulate transcriptional activity
[20]. In parallel, the regulator protein can be optimized through either site-directed or random mutagenesis.
For example, altering residues in the ligand-binding domain can modify substrate specificity or binding
affinity [17], while mutations in the DNA-binding domain may influence the strength of interaction with



Synth. Biol. Eng. 2026, 4(2), 10007. doi:10.70322/sbe.2026.10007 6of19

the target promoters [21]. Collectively, these strategies enable biosensors to be tailored to specific
performance requirements across diverse synthetic biology applications. In recent years, predictive tools
such as machine learning have further improved the accuracy and efficiency of identifying candidate
mutation sites and key residues, providing strong support for the rational design of biosensors.

4. Biosensors for Glycolysis and Fatty Acid Related Metabolites

The phosphotransferase (PTS) system comprises a series of proteins that transfer the phosphate group
from phosphoenolpyruvate (PEP) to glucose, allowing the initial assimilation of glucose into glucose-6-
phosphate (G6P), the first step of glycolysis. The glucose uptake rate significantly influences the maximum
carbon flux and the titer of desired products. To realize monitoring of glucose uptake rate and rational
carbon flux allocation based on this, Ding et al. developed a biosensor system using the transcriptional dual
regulator, Mlc, which controls several genes in PTS and PEP system. Mlc is able to block the transcription
of ptsG. Glucose uptake is accompanied by the dephosphorylation of EIIB~P, and EIIB can recruit Mlc to
the cell membrane region, derepressing the transcription of ptsG. Basing on this mechanism, the researchers
proposed a glucose uptake rate-responsive biosensor by engineering hybrid promoters containing Mlc
binding sites. When the glucose uptake rate increases, the repressor Mlc is released from the hybrid
promoter region, and the transcription level of the hybrid promoters elevates. Subsequently, the biosensor
system was used to monitor glucose uptake of E. coli strains in different culture conditions. To explore the
applicability of this biosensor on synthetic pathways, the glucose uptake rate biosensors were applied to
construct feedback loops to improve the production of L-Trp, riboflavin, and D-lactic acid, respectively.
On the one hand, the glucose-uptake-rate-activated genetic circuits were used to upregulate the production
pathway. On the other hand, the glucose-uptake-rate-inhibited genetic circuits were used to maintain an
optimal glucose uptake rate or inhibit the carbon flux competition pathways. Overall, the production titer
of L-Trp, riboflavin, and D-lactic acid was increased by 91%, 108.2%, and 40.6%, respecitively [22].

Cra is a well-studied Lacl/GalR family transcriptional dual regulator that responds to glycolytic flux
and regulates a large number of operons involved in glycolysis, the TCA cycle, the glyoxylate shunt, and
the Entner-Doudoroff pathway. While fructose-1-phosohate was proven to be the effector that can directly
interact with Cra protein, this global TF has been engineered as a biosensor with either activation or
repression functions by coupling with different promoters [23]. Lehning et al. employed promoters of ppsA4,
under the control of Cra, as a glycolytic flux biosensor. By coupling fluorescence protein with this promoter,
the researchers successfully used the biosensor system to assess the glycolytic flux alteration effect caused
by genetic perturbations, and identified knockout strains with altered glycolytic flux phenotypes [24]. Zhu
et al. analyzed all 47 binding sites of Cra in E. coli and studied the regulatory functions and reconstructed
both positive-response and negative-response biosensors by hybridizing the Cra binding sequences. After
characterizing the biosensors’ dynamic range and other parameters, the negative-response biosensor was
used to inhibit F6P consumption during FBP synthesis, allowing more carbon flux to Mevalonate (MVA).
And both positive- and negative-response biosensors were used to improve the production of GlcNac [25].
In another study, the Cra-based biosensor promoter was used to replace the ATP synthase promoter, leading
to a repression of ATP generation depend on cellular glycolysis flux. Thus, the feedback repression on
pyruvate kinase was relieved, and pyruvate production was enhanced. The Cra biosensor was also used to
regulate the cell membrane synthesis genes plsC, expanding the storage capacity for lycopene, and increase
lycopene titer by 50-folds [26].

Pyruvate is the end product of glycolysis and also an important node in the cellular metabolic network,
connecting glycolysis with multiple branches. PdhR is an Gnt family TF which the regulator activity is
controlled by cellular pyruvate pool. PdhR participants in the regulation of genes involved in pyruvate
dehydrogenase complex and genes on the respiratory electron transport system. When PdhR combines with
its effector, pyruvate, it will be released from the corresponding promoter region, and the repression or
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activation effect will be relieved [27]. With the pyruvate-responsive mechanism, PdhR has been engineered
to biosensors to dynamically control the metabolism flux around the pyruvate node, especially for dealing
with the competition of pyruvate-derived carbon flow. Xu et al. established the pyruvate-responsive
biosensors in Bacillus subtilis (B. subtilis) by employing E. coli PdhR binding box. To improve biosensor
properties, they performed a series of mutations in the nonconservative region of the PdhR binding box,
and an enhanced candidate with a 6.1-fold dynamic range was obtained. They further designed an antisense
promoter to develop biosensors with inverted function. Finally, they applied these biosensors to build a
feedback loop to control the glucaric acid synthetic pathway. When pyruvate accumulates, pgi and zwf are
inhibited to restrain the carbon flow toward glycolysis and PP pathway, meanwhile, ino/ is dynamically
activated, allowing the synthesis of glucaric acid precursors [28].

As an important intermediate, pyruvate can be converted to acetyl-CoA to support the running of the
TCA cycle by coupling with OAA or support the synthesis of fatty acids by converting into malonyl-CoA,
the building block for various fatty acids. Since fatty acids are an essential component of biomass, the
development of a malonyl-CoA biosensor is beneficial to the microbial production of related compounds.
Liu et al. exploited the malonyl-CoA responsive TF, FapR, from B. subtilis to develop the malonyl-CoA
biosensor system. The natural FapR is involved in the regulation on fatty acid synthesis and phospholipid
metabolism, the presence of malonyl-CoA antagonizes the DNA binding of FapR and releases it to initiate
transcription. The researchers constructed hybrid promoters to build the biosensor in E. coli and designed
an inverter by combining it with the Lacl repression system. The inverter was then employed to inhibit the
expression of acc genes, which catalyze the synthesis of malonyl-CoA, to achieve feedback regulation, thus
relieving the toxicity caused by acc overexpression, improving cell growth conditions, and finally
improving fatty acid production [29]. Li et al. also developed the malonyl-CoA biosensor in S. cerevisiae,
enabling metabolite monitoring and high producer screening. The resulting recombinant yeast strain
achieved enhanced titer of the malonyl-CoA derived product, 3-hydroxypropionic acid (3-HP) [30].
Another malonyl-CoA biosensor was established based on AraC-TAL, which responds to the type III
polyketide triacetic acid lactone (TAL). Although this biosensor was not directly in contact with malonyl-
CoA, it could use TAL to reflect the malonyl-CoA level with the help of 2-pyrone synthase (2-PS), which
can produce TAL from malonyl-CoA. And the strains with enhanced malonyl-CoA production were
identified by using the biosensor [31]. FadR is a bacterial repressor that responds to fatty acids/fatty acyl-
CoAs. The binding of ligands with FadR antagonizes the binding of FadR with DNA. For aiding the
downstream fatty acid detection, Zhang et al. developed the fatty acid/acyl-CoA responsive biosensor based
on FadR TF and increased the production of biodiesel by 3-fold [32]. In another study, a FadR-based
biosensor system was constructed in yeast S. cerevisiae, and was tuned by engineering the FadR expression
strength, FadR species and operator numbers [33].

5. Biosensors for the TCA Cycle and Related Metabolites

Acetyl-CoA is catalyzed to enter into the tricarboxylic acid (TCA) cycle, one of the most critical
pathways in central metabolism, which supplies the cell with energy, abundant reducing power, and key
precursor metabolites, thereby supporting cellular respiration and sustaining healthy growth. In the early
phase of microbial production, a robust TCA cycle is essential for biomass accumulation, establishing a
solid foundation for fermentation. However, once the cell density reaches an optimal level, sustained high
TCA cycle activity can divert a significant portion of carbon flux toward excessive cell growth. This results
in inefficient carbon utilization and reduced product yield [34]. Traditional metabolic engineering
approaches, such as gene knockouts, can limit TCA flux, but maintaining a low TCA cycle activity from
the beginning can impair cell growth, compromise culture stability, prolong the cell growth phase, and
ultimately reduce overall production efficiency. Therefore, dynamic regulation using biosensor-based tools
offers a promising solution by enabling real-time monitoring of carbon flux distribution based on
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intracellular concentrations of TCA cycle intermediates. This approach allows the system to balance
cellular growth and product formation at different fermentation stages, ensuring that valuable carbon
sources are efficiently distributed to support both biomass accumulation and biosynthesis. As a result, it
facilitates a dynamic equilibrium that enhances carbon utilization and overall production efficiency. To
enable TCA flux-dependent monitoring and application, several biosensors responsive to TCA
intermediates have been developed.

DcuS-DcuR is a two-component regulator system that responsive to various C4-dicarboxylates and
citrate. The available substrates comprise several TCA intermediates such as citrate, fumarate, succinate,
and malate [35,36]. The two-component regulator contains a histidine kinase (HK) and a response regulator
(RR), HK is able to receive the environmental stimulus on the membrane and deliver the signal to RR by
transferring phosphate groups. The phosphorylated RR binds to corresponding promoters to active or
repress the downstream transcription. Thus, the two-component regulator could achieve signal
transmembrane transmission [37]. DcuS-DcuR has been engineered to sense specific compounds in
previous studies. For instance, Dietrich et al. utilized it as a succinate-responsive biosensor [38]. In another
study, Yang et al. developed a fumaric acid-responsive two-component biosensor basing on the same two-
component regulator in E. coli. By engineering promoter 5'-UTR complexes (PUTRs), the expression levels
of both components and the mutagenesis of the ATP-binding site of DcuS greatly enhanced the dynamic
range from 1.7-fold to 6.6-fold [39].

PcaR is an IcIR family TF that reflects the ligand binding preference to multiple dicarboxylic acids.
Pham et al. characterized the structure and function using the thermal shift/differential scanning fluorimetry
method, demonstrating interactions between PcaR and fumaric acid, glutaric acid, malic acid, and succinic
acid. Subsequently, the biosensor was constructed and tested in S. cerevisiae chassis [40]. These findings
laid the foundation for further engineering and application of TCA cycle-responsive biosensors.

Due to the structural similarity among TCA cycle intermediates, the available TF often exhibit
substrate specificity promiscuity. While this may allow for general monitoring of overall TCA flux,
achieving a more selective response requires further fine-tunning through biosensor engineering, such as
site-directed mutagenesis of ligand-binding domain.

6. Biosensors for Cofactors and Redox Homeostasis

Cofactor, especially organic coenzyme is one of the most important components of cellular metabolism.
The coenzymes assist enzymatic reactions, participate in signal transduction, and can be recycled and
reused as the cellular currency of energy, reducing power and specific chemical groups. For example, ATP
is the main energy carrier that is involved in a large number of enzymatic reactions, supporting the basic
cell growth and physiological functions. NAD(P)H serves as the electron carrier that enables most redox
reactions. And CoA, the acyl-group carrier, can drive many essential cellular reactions. Since the cofactors
play an indispensable role in cellular metabolism, and the shortage of cofactor supply is usually a key issue
in microbial production, various engineering strategy for addressing the cofactor supply have been
developed [41]. However, defining real-time cofactor levels is difficult because cofactors often exist in
multiple states and undergo rapid turnover within cells due to the nature of cofactor molecules. In addition,
chemical measurement methods are often laborious and time-consuming, making them unsuitable for high-
throughput analysis and screening. To address these challenges, a variety of TFs-based cofactor biosensors
have been identified and engineered to enable real-time monitoring of these molecules which are hard to
track. These tools have enhanced our understanding of cofactor dynamics during bioproduction and provide
valuable platforms for cofactor-based screening and regulatory strategies.

During aerobic respiration, ATP is mainly generated by oxidative phosphorylation, supporting cell
growth, biosynthesis, and other activities. ATP fluctuates depending on multiple factors such as the carbon
source, oxygen, and cell activities [42]. The absence of ATP results in hampered cell growth and decreased
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bioproduction. To achieve continuous monitoring of cellular ATP and the ATP level-dependent
biosynthesis regulation, Mu et al. developed an ATP biosensor based on the Fo-F1 ATP synthase epsilon
subunit. By integrating a well-designed GFP protein, the biosensor is able to induce conformational changes
of the GFP when binding with ATP and largely enhance the fluorescence level. The ATP biosensor was
successfully adopted to track the ATP fluctuation in different substrates, and the superior substrates were
supplemented to boost the production of fatty acid in E. coli and polyhydroxyalkanoate (PHA) in
Pseudomonas putida. Furthermore, the ATP biosensor was utilized as a diagnostic tool to identify ATP
limitation during limonene production, highlighting its great potential for pathway analysis and
optimization [43].

NAD and NADP are essential redox cofactors for all living cells. In addition to taking part in the redox
reactions, the redox cofactors are also important to the oxidative response and cell survival. The cellular
redox state is determined by the ratios of NADH/NAD" and NADPH/NADP", with these cofactors
undergoing consumption and regeneration to maintain redox homeostasis. The global redox-sensing protein
(Rex) was reported to be a repression TF that controls genes related to respiration. Rex binds to specific
promoter regions and functions as a transcriptional repressor. NADH and NAD" compete for binding to
Rex; when NADH binds, it induces a conformational change that causes Rex to dissociate from the
promoter, relieving the repression. In contrast, NAD" binding stabilizes Rex in its DNA-bound form,
maintaining the repression. With this mechanism, Rex responds to the intracellular NADH/NAD™ ratio
[44,45]. Due to the important role of Rex in cellular redox regulation, many Rex homologous have been
identified, resolved, and engineered [46,47]. Liu et al. developed and characterized an B. subtilis Rex-based
biosensor in E. coli. This biosensor was utilized to monitor the redox status in different respiratory chain
mutants and in different carbon sources [48]. In addition to Rex, the redox-responsive promoters were also
adopted to construct biosensors. Knudsen et al. exploited the yeast GPD2 promoter, which is induced under
excess NADH conditions, to construct biosensors in S. cerevisiae. The GPD2-based biosensor was proved
to be able to detect the perturbations of cellular redox caused by environment change and enzyme
expression [49].

For the sensing of another pair of redox cofactors, NADPH/NADP", Siedler et al. engineered the
biosensors based on the [2Fe-2S] cluster-containing TF SoxRS in E. coli. The natural SoxRS regulon
mediates the response to superoxide. In a high-level NADPH condition, SoxR was inactivated with the
reduced [2Fe-2S] cluster, while in a low NADPH level, the oxidized [2Fe-2S] cluster causes the
conformational change of SoxR, activating the expression of genes controlled by the promoter of SoxS [50].
By employing the SoxR protein and the corresponding SoxR binding region, the NADPH biosensor was
engineered and demonstrated to be able to detect the varying LbAdh activities and support the high-
throughput screen of NADPH-dependent enzymes [51]. Basing on SoxR and Psoxs system, Khandelwal et
al. also engineered the biosensor for detecting NADP*/NADPH. In this study, lacZ was expressed under
the regulation of Psoxs, when the redox ratio elevates, LacZ is generated and hydrolyzes the substrate o-
nitrophenyl-B-galactoside (ONPG) into a yellow color compound o-nitrophenol (ONP) which could be
measured. This study achieved real-time NADP"/NADPH monitoring and the detection of an organic
pollutant triclosan [52]. In another study, Zhang et al. developed an NADPH/NADP" biosensor in S.
cerevisiae with a TF in the oxidative response pathway, Yaplp. Oxidized Yaplp undergoes a
conformational change that masks its nuclear export sequence, preventing recognition by exportins and
resulting in its accumulation within the nucleus. In this state, Yaplp activates the transcription of genes
involved in oxidative stress defense. Conversely, in its reduced form, Yaplp is exported to the cytoplasm,
thereby limiting the transcription of relative genes. By employing Yaplp and the corresponding TRX2
promoter, the researchers constructed the NADPH/NADP" biosensors. The Yaplp-based promoter was
demonstrated to detect the NADPH/NADP" change caused by the genetic modifications. The biosensor
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was further applied with model-guided knockout identification and coupled with dosage-sensitive genes to
connect the cell growth phenotype with the redox reporter signal, showing a promising applicability [53].

7. Biosensors for Amino Acids Metabolism

Amino acids are basic and essential molecules in all kinds of organisms, serving as the building blocks
of proteins to support multiple cellular processes, such as enzymatic catalysis, structural support, and signal
transduction. Additionally, amino acids are important intermediates that are involved in the TCA cycle,
nucleotide synthesis pathway, and the generation of various important compounds such as
neurotransmitters, porphyrins, polyamines, and phenylpropanoids. There are 20 standard amino acids that
are directly encoded by codons and participant in protein generation, and these amino acids are playing
crucial roles in microbial bioproduction as both the synthetic pathway final products and precursors. The
amino acids products can be processed to value-added merchandises such as health supplements and animal
feed additives. Meanwhile, amino acids take part in many microbial synthetic pathways of high value
compounds, including L-DOPA, phenylpropanoids, and Indole derivatives. Recently, research on amino
acid-responsive biosensors has grown rapidly, providing a powerful toolbox and diverse optimization
strategies for engineering amino acid biosynthetic pathways.

Corynebacterium glutamicum LysG was identified as a transcriptional activator that responds to
intracellular L-lysine, L-arginine, L-histidine, and L-citrulline [54]. And this TF was utilized as an L-lysine
biosensor [55]. However, the wide-range substrate specificity of LysG limited its applicability in metabolic
engineering cases. To address this challenge, Corte et al. semi-rationally engineered LysG into biosensors
that specifically respond to L-histidine and L-arginine but eliminate L-lysine-binding capability, and the L-
histidine-producing C. glutamicum variants were screened using a FACS-based screening method [56].
ArgP is a LysR-type TF that has been shown to control the transcription of the L-arginine outward
transporter gene argO, and the co-effectors, L-arginine and L-lysine, show opposite effects. Specifically, L-
arginine induce the activation effect on argO expression, while L-lysine causes the repression effect [57,58].
Thus, ArgP and the corresponding argO promoter have been constructed as L-arginine biosensors, allowing
the relevant amino acids-inducible gene expression [59,60]. The TF Lrp from C. glutamicum is able to detect
intracellular L-methionine and the branched-amino acids L-valine, L-leucine, and L-isoleucine and activates
the transcription of the brnFE operon [61]. Basing on the mechanisms, Mustafi et al. developed the Lrp
biosensor to respond to L-methionine and the branched-amino acids and characterized the biosensor
performance when inducing with different effectors. Furthermore, the researchers successfully sorted C.
glutamicum mutants with elevated excreting of L-valine, L-leucine, or L-isoleucine [62].

Aromatic amino acids comprise L-tyrosine, L-phenylalanine and L-tryptophan which are derived from
shikimate pathway and serve for the synthesis of a variety of high-value microbial production compounds
such as vanillin, indole derivatives, flavonoids and alkaloids. Since the shikimate pathway originates from
key central metabolites PEP and E4P, maintaining a balanced supply of these precursors is critical for
efficient production of aromatic compounds. Biosensors responsive to corresponding amino acids
concentrations enable real-time regulation, allowing fine-tuned control and redistribution of carbon flux to
support pathway balance. The L-tyrosine responsive regulator HpdA and L-phenylalanine responsive
regulator PhhR of Cupriavidus necator (C. necator) were identified and characterized by Hanko et al. [63].
TyrR is a regulator which control the expression of multiple genes related to the synthesis of L-
phenylalanine and L-tyrosine when L-Phenylalanine or L-tyrosine presents [64]. The feature of detecting
these amino acids makes TyrR a promising biosensor tool for monitoring phenylalanine and tyrosine in
urine samples [65]. TyrR was also widely developed as biosensor tool for metabolic engineering purposes,
aiding the screening of hyperproducers [66,67]. TrpR is a L-tryptophan-responsive repressor that regulates
the genes related to aromatic amino acids synthesis. Numerous studies have explored the engineering
flexibility of the TrpR regulatory system, employing various engineering strategies to reprogram it into
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biosensors with distinct response performance [17,68,69]. To expand the biosensor functionality, Gong et
al. designed an inverter based on TrpR and TetR, achieving the elevated production titer of tryptamine and
violacein by 2.0- and 7.4-folds, respectively [70].

[B-alanine is a non-proteogenic amino acid, but it serves as an important synthetic pathway intermediate.
In 2020, Hanko et al. reported a B-alanine-responsive TF OapR, which was exploited from C. necator by
using a genome wide identification approach. By adjusting the expression elements, OapR was successfully
expressed in E. coli, worked as a B-alanine biosensor, and was further utilized for the screening of L-
aspartate 1-decarboxylase [63].

8. Biosensors for Central Metabolic Byproducts

Byproducts of central metabolism are undesired compounds produced alongside central metabolic
pathways. In microbial production, these byproducts often lead to substrate waste, carbon flux diversion,
and inhibitory effects on biosynthesis, ultimately hindering the accumulation of target products. The
accumulation of byproducts results from imbalances in carbon flux distribution and represents a non-
negligible challenge for metabolic engineering. However, byproduct formations are also considered to serve
as a mechanism to relieve metabolic stresses [71]. In E. coli, for example, acetate overflow metabolism is
considered a route dealing with excess reducing power. When glucose is rapidly degraded, diverting carbon
flux into the acetate pathway helps alleviate the accumulation of NADH generated by the TCA cycle [72].
Other compounds, such as formate, ethanol, lactate, and succinate, are also common byproducts in
bioproduction scenarios. Eliminating byproduct pathways and redirecting byproduct utilization are
frequently used strategies to address this issue. Due to the complexity of byproduct pathways, traditional
strategies may lead to compromised results. Biosensors targeting these metabolites offer expanded
strategies for addressing byproduct-related challenges. They can serve as diagnostic tools for monitoring
metabolic flux imbalances and also enable the design of dynamic regulatory networks that respond to
byproduct accumulation in real time.

Pseudomonas putida HpdR was identified and characterized as a 3-HP-inducible regulator with wide
substrate promiscuity [73]. Recently, Zhang et al. reported the acetate responsive potential of PpHpdR.
Considering the role of acetate overflow metabolism in regulating intracellular NADH levels, an acetate-
responsive biosensor based on the HpdR system was constructed. This biosensor was designed to repress
NADH-generating pathways and induce the expression of additional NADH dehydrogenases upon acetate
accumulation, thereby enabling dynamic redox regulation. As a result, overflow metabolism in the
phloroglucinol biosynthetic pathway was alleviated, leading to a 2.04-fold increase in product yield [74].

Lactate is an important overflow metabolite in cellular metabolism and a useful indicator of metabolic
status. Therefore, lactate biosensors have attracted considerable attention for analytical applications in
diverse biological samples. LIdR is a transcriptional repressor of L-lactate and fructose/sucrose utilization
operons [75]. LIdR from different hosts have been identified and engineered as whole cell biosensors for
detecting lactate in various samples [76,77] and as genetic elements for screening lactate high-producing
targets by coupling with CRISPRi technology [78].

In addition to acetate and lactate, there are regulatory elements responsive to other byproducts that
have been identified and characterized. For example, FdsR was proven to accept formate as the inducing
effector [63].

9. Current Challenges, Emerging Technologies, and Future Perspectives

Although TFs-based biosensors are highly promising tools and have been widely applied in metabolic
engineering to address a range of challenges, their inherent biological properties still impose several
limitations. For example, the interval between transcriptional sensing and reporter protein translation can
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introduce response delays, and the expression of biosensor components may impose a metabolic burden on
the host, potentially affecting overall cellular performance. In addition, native TFs might exhibit
promiscuous substrate specificity, limited dynamic range, and narrow operational range, all of which can
restrict their direct application. These challenges can be addressed by selecting efficient reporters,
optimizing expression configuration, and fine-tunning biosensor components to improve performance.
Another constraint is the limited repertoire of available biosensors; despite ongoing advances, current
biosensors remain insufficient to comprehensively cover all key compounds within metabolic network.
Fortunately, the emergence and advancement of interdisciplinary technologies have accelerated biosensor
development and created new opportunities to expand their functional capabilities.

Omics technologies provide comprehensive metabolic profiling, thereby enhancing the accuracy and
expanding the scope of mining novel biosensor elements [79]. Transcriptome analysis has proven to be a
high-efficiency strategy for identifying promoters responsive to specific compounds. Dahl et al. evaluated
the transcriptional response to toxic intermediates using whole-genome mRNA microarrays and screened
promoters responding to farnesyl pyrophosphate (FPP) and 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
[80]. To overcome the limited ligand specificity of natural TFs, Nishikawa et al. developed a platform,
Sensor-seq, to create biosensors with high dynamic range and novel ligand specificity for non-native
pharmaceutical molecules. This method identified TF variants through measuring reporter transcripts with
RNA-seq, and a TF with a large ligand binding pocket, TtgR, was selected as the engineering target. By
conducting unsupervised clustering of TtgR variants generated by FuncLib [81] with Sensor-seq, TtgR
mutants showing strong activity on six non-native ligands were screened out [82].

Machine learning, with its strong capabilities in data integration and predictive analysis, has offered a
valuable tool in biosensor development. Owing to the structural and functional flexibility of biosensor
elements, machine learning provides deeper insights into the characteristics of these elements, enabling
more efficient decision-making during biosensor construction. To elucidate the connection between RBS
and biosensor performance, Ding et al. studied large cross-RBSs datasets using a convolutional neural
network and established a classification model, enabling predictable translation engineering of biosensors
[19]. Liu et al. designed a series of de novo biosensor promoters based on a minimal core promoter
framework. Using machine learning approach, they systematically modeled and analyzed the relationship
between nucleotide sequences and their inducibility, providing insights into sequence-function correlations
[83]. Harmer et al. developed the platform Lustro to generate high-throughput data containing the
optogenetic system parameters and the corresponding induction fold. With the design of a Bayesian
optimization framework that combines data-driven learning, uncertainty quantification, and experimental
design, this workflow achieved high prediction accuracy and provided guidance for building multiplex
light-induction programs [84].

Accurate prediction through machine learning typically requires large volumes of high-quality data.
Biosensors, with their capacity for efficient and high-throughput screening, serve as an excellent source of
such data, thereby offering strong support for machine learning—assisted metabolic engineering. To improve
tryptophan production and obtain a hyperproducing strain, Zhang et al. combined machine learning models
with mechanistic models to achieve genotype-to-phenotype predictions. Using a rational designed TrpR-
based biosensor, they conducted high-throughput screening of a combinatorial library containing promoters
and target genes, with fluorescence output as the phenotype readout. The resulting dataset was then used to
train machine learning models, which successfully predicted combinations with elevated tryptophan
production, and subsequently validated through experimental testing [85]. Overall, machine learning can
facilitate the construction of optimized biosensors by predicting the performance of biological components.
In turn, biosensors can generate high-quality datasets through high-throughput screening to support the
development of machine learning models (Figure 3). The synergistic integration of machine learning and



Synth. Biol. Eng. 2026, 4(2), 10007. doi:10.70322/sbe.2026.10007

13 0f 19

biosensor technologies is therefore poised to accelerate the development of more intelligent, efficient, and
scalable platforms for metabolic engineering and bioproduction.
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Figure 3. Machine Learning—Biosensor Design Loop. Machine learning can predict and guide the design of improved biosensors
and genetic elements. In turn, high-throughput biosensor-based screening generates high-quality datasets to train machine

learning models.

10. Conclusions

In this review, we systematically summarize the development and applications of biosensors
responsive to central metabolism (Table 1). TFs play crucial roles in helping cells adapt to environmental
fluctuations and maintain metabolic homeostasis. These regulatory proteins can be reconstructed and
repurposed into biosensors that respond to a wide range of metabolic indicators. When implemented in
living cells, such biosensors enable real-time monitoring of specific effectors and have been widely applied
in metabolic monitoring, high-throughput screening, and the construction of dynamic regulatory circuits.

Table 1. Biosensors that are responsive to central metabolites.

tral Metabolit
Central Metabolite Biosensors Mechanisms Effectors Hosts References
Types
Mlc TF Glucose uptake rate E. coli [22]
Glveolvsis and fatt Cra TF Fructose-1-phosphate E. coli [24-26]
y:(c)izs(lise:ir\l/e da Y PdhR TF Pyruvate Bacillus subtilis [28]
. FapR TF Malonyl-CoA E. coli, S. cerevisiae [29,30]
metabolites Fattv acid/Fat 0
FadR TF atty acid/Fatty acyl- E. coli, S. cerevisiae [32,33]
CoA
Citrate, fumarate
DcuS-DcuR TF . ’ E. coli
TCA cycle-derived cus-Deu succinate, malate coli [38,39]
tabolit F 1
metabotites PcaR TF umarate, g uj[arate, S. cerevisiae [40]
malate, succinate
FO_FI.ATP synthase Enzyme ATP E. coli, Pseudomonas putida [43]
Cofactors epsilon subunit subunit
Rex TF NADH/NAD* E. coli [48]
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Responsive

GPD2 promoter NADPH/NADP* S. cerevisiae [49]
promoter
SoxR TF NADPH/NADP* E. coli [51,52]
Yaplp TF NADPH/NADP* S. cerevisiae [53]
L-lysine, L-arginine, L- Corynebacterium
LysG TF hi}s,tidine, L-cgitrulline glmgnicum, E. coli [55,56]
ArgP TF L-arginine, L-lysine S. cerevisiae [59,60]
L-methionine, L-valine, Corynebacterium
Lp TF L-leucine, L-isoleucine jgjl}utamicum [62]
Amino acids HpdA TF L-tyrosine Cupriavidus necator [63]
PhhR TF L-phenylalanine Cupriavidus necator [63]
TyrR TF L-phenylalanine, L- E. coli [65-67]
tyrosine
TrpR TF L-tryptophan E. coli [17,68-70]
OapR TF B-alanine Cupriavidus necator [63]
Central metabolic HpdR TF Acetate E. coli [74]
byproducts LIdR TF Lactate E. coli, Zymomonas mobilis  [76-78]
FdsR TF Formate Cupriavidus necator [63]

Given their central roles in biosynthesis, central metabolic pathways are frequently targets for analysis
and manipulation in metabolic engineering. When metabolic imbalances arise—such as competition
between growth and production, improper carbon flux distribution, or the accumulation of unwanted
byproducts—overall production efficiency can be significantly compromised. Encouragingly, a growing
number of biosensors capable of sensing central metabolites have been developed, providing effective tools
to address these widespread challenges in metabolic engineering. In the current review, we summarize
biosensors targeting glycolysis, the TCA cycle, cofactors, amino acids, and metabolic byproducts, and
discusse their design strategies and application scenarios. We also examine the current limitations of
biosensors and explore future directions for their development, with particular highlighting on
interdisciplinary advances such as the integration of machine learning. This emerging synergy not only
expands the biosensor repertoire but also harnesses the high-throughput experimental data generated by
biosensors to support predictive modeling and rational design. Collectively, these developments underscore
the growing importance of biosensors as versatile tools for understanding and exploiting central metabolism
in advanced bioproduction.
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