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The biosensors are generally described as analytical devices that transduce a signal derived from molecular recognition by biological recognition element (BRE) to quantify analytes or species in samples by combining varieties of transducers with different detection modalities. Therefore, the characteristics of biosensors are highly dependent on BREs. BREs are categorized into two types; a biocatalytic type BRE (BioCat-BREs) and a bioaffinity type BRE (BioAff-BREs). Following the currently most successful biosensors, the sensors for continuous glucose monitors (CGMs) for diabetes management, the development of biosensors for continuous sensing of biomarkers and drugs, such as small molecule drugs, peptides and proteins such as therapeutic antibodies is of increasing interest to both researchers and clinicians. However, unlike glucose oxidoreductases and the concentration of glucose in the mM range, the target molecules for the future continuous monitoring system require the development of innovative BioCat-BREs, which ideally are direct transfer type oxidoreductases, and BioAff-BREs which maintain their high affinity and specificity to the target while their binding site is regenerable under in vivo sensor operating condition, as well as the development of new modalities and devices to detect targets in the µM - pM range.
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1 INTRODUCTION; WHY GLUCOSE ENZYMATIC SENSOR HAS BEEN SO SUCCESSFUL?
The definition of biosensors can be found in several resources, including but not limited such as IUPAC definition (Labuda et al., 2018), IEEE definition (IEEE Technology Navigator, 2025), and research journals (Thévenot et al., 2001; Turner et al., 1987), where a biosensor is defined as (quote from IUPAC recommendation)
“Measuring instrument requiring no additional reagents and providing selective qualitative and/or quantitative analytical information using a biological recognition element (BRE), which is retained in direct spatial contact with a transduction element (transducer)”, following “Note 1: The biological recognition system, mediated by isolated enzymes, immunosystems, tissues, organelles, whole cells, or others, translates information from the biochemical domain, usually an analyte concentration, into a chemical or physical (electrical, thermal or optical) output signal with a defined sensitivity. Note 2: As a biosensor is a self-contained integrated receptor– transducer device, it should be clearly distinguished from an analytical system that incorporates additional separation steps, such as high performance liquid chromatography (HPLC) or additional hardware and/or sample processing, such as specific reagent introduction, e.g. flow injection analysis (FIA). Thus, a biosensor should be a reagentless analytical device, although the presence of ambient cosubstrates, such as water for hydrolases or oxygen for oxidoreductases, may be required for the analyte determination. HPLC or FIA system may incorporate a biosensor as a detecting device.”
In short, biosensors are generally described as analytical devices that transduce a signal derived from molecular recognition by BRE to quantify analytes or species in samples by combining varieties of transducers with different detection modalities. Therefore, the characteristics of biosensors are highly dependent on BREs. BREs are categorized into two types; a biocatalytic type BRE (BioCat-BREs) and a bioaffinity type BRE (BioAff-BREs). The representative BioCat-BREs are enzymes, especially oxidoreductases such as glucose oxidoreductases.
The currently most successful biosensors are the sensor for continuous glucose monitors (CGMs) for diabetes management, using a biosensor inserted or implanted under the skin to measure interstitial fluid (ISF) glucose concentrations (Lee et al., 2021). The advent of CGMs enabled the development of an automated insulin delivery (AID) system, in which a subcutaneous insulin pump communicates with a CGM and injects insulin based on both real-time and predicted glucose levels. Focusing on the success in realizing the closed-loop system in the use of biosensors to improve therapeutic outcomes for patients with diabetes over the past decade, the development of biosensors for continuous sensing of biomarkers and drugs, such as small molecule drugs, peptides and proteins such as therapeutic antibodies, is of emerging interest to both researchers and clinicians.
What are the opportunities and challenges in developing biosensors for continuous monitoring other than glucose? Is the success of CGM an exception or a representative case/model? The answer is yes and no. Before diving into the main topics of this article, we should summarize and recall how and why enzymatic glucose sensors were developed and were so successful.
The history of biosensor research has been initiated by the development of enzymatic glucose sensor using an oxidoreductase, glucose oxidase, as the first BRE by the late Prof. Clark, which was based on potentiometric principle by the combination of pH monitoring electrode and amperometric principle by the combination of oxygen electrode (Clark and Lyons, 1962). After the advent of enzymatic glucose sensors, various biosensor principles have been proposed one after another, and biosensor research has been promoted. Over the past more than 60 years, enzymatic glucose sensors have led the science and technology of biosensors, such as the combinations of BREs and varieties of sensing principle modalities and transducers. Enzymatic glucose sensors have also led the applications of biosensors industrialization, especially in the field of diabetes management; as analytical instruments for central laboratory testing, for professional such as for point-of-care testing, and for personal use, from single-use disposable sensors, repeated use, and to the sensors for in vivo continuous monitoring, targeting varieties of biological samples such as whole blood, serum, ISF, urine, saliva, tears and sweat.
During these challenges, we learned a lot of technological information including but not limited to the representative configurations of biosensors for both disposable and reusable/continuous monitoring, the issues related to biosensors for in vivo use such as cellular inflammation, the impact of endogenous or exogenous interferents on sensor responses, the required stability of biosensors, the differences between different biological matrices such as whole blood and ISF.
1.1 Why have enzymatic glucose sensors been so successful?
We believe there have been the following 3 “form factors” for this success; 1) the BRE; glucose oxidase is a “catalyst” and a relatively stable enzyme that is easy to handle even for those not familiar with fragile biological materials, 2) the target concentration in the biological fluid; the glucose concentration in the target biological fluid is high (2–40 mM), and importantly, 3) the need; the development of enzymatic glucose sensors has been driven by both academic and market needs, supported by the obvious clinical importance. In this article, I will refer to 1) and 2), but I do not plan to discuss 3) in this article, although we will add our comment that the success of enzymatic glucose sensors is strongly supported by market-driven technology development.
Therefore, to realize biosensors for continuous monitoring system other than glucose, we should understand and acknowledge the advantages and disadvantages of BREs, which will be selected depending on the concentration range of target molecules and potential interferants/ingredients that may affect the recognition and sensing signals of BREs. Then, we can address how to overcome potential problems to develop biosensors for continuous monitoring systems. In Table 1, we have summarized the promising BREs with their features and challenges for the following discussion.
TABLE 1 | Comparison of recognition element types for biosensors: Affinity constants, in vivo regeneration properties, and development challenges.
[image: Table 1]2 THE CHALLENGES AND OPPORTUNITIES IN THE BIOCAT-BRES BASED SENSOR FOR CONTINUOUS MONITORING
The catalytic sites of these BioCat-BREs, which are continuously regenerated after recognition, provide constant signals that can be detected by transducers suitable for designing sensors for continuous monitoring systems. BioCat-BREs include enzymes, cells (prokaryotes and eukaryotes) for both wild-type, genetically engineered or “synthetic” organisms, and enzyme-mimicking catalysts (molecularly imprinted catalysts). Considering the in vivo application of the sensor for a continuous monitoring system, enzymes are the main BioCat BREs to be discussed here. Based on the reactions catalyzed by the enzymes, they are categorized into 7 classification, based on International Union of Biochemistry and Molecular Biology (IUBMB) Enzyme nomenclature and classification (McDonald and Tipton, 2023). Among these types of enzymes, oxidoreductases (EC1) are the most commonly used enzymes for biosensor construction, considering their combination with electrochemical sensors and colorimetric sensing principle with the combination of redox dyes. Oxidoreductases harbor redox cofactors that are reduced (oxidized) while the substrates are oxidized (reduced), while the regeneration of redox cofactors usually provides the signals that can be detected by the transducers. As introduced above, glucose oxidoreductases are the representative redox enzymes that catalyze the oxidation of glucose in the reductive half reaction and their redox cofactors, such as flavin adenine dinucleotide (FAD), pyrroloquinoline quinone (PQQ) or nicotine adenine dinucleotide (phosphate) (NAD or NADP), are reduced (Ferri et al., 2011). The regeneration of the catalytic site is accompanied by the oxidation of reduced redox cofactors in the oxidative half of the reaction, when the electron is transferred to the appropriate electron acceptors. The principles of electrochemical enzymatic sensors using oxidoreductases are then categorized into the 3 generations, depending on the electron acceptors during the oxidative half reaction; 1st generation uses oxygen, 2nd generation uses synthetic electron acceptors, and 3rd generation uses electrode directly referred to as direct electron transfer or DET. Current enzymatic sensors for CGM use 1st and 2nd generation principles. For optimal sensor design, the use of minimal number of components and reactions is essential. Furthermore, avoiding potentially biologically harmful synthetic materials is critical for in vivo applications. The 3rd generation principle, which utilizes enzymes capable of direct electron transfer (DET) with electrodes, represents an ideal approach for continuous in vivo monitoring. However, the availability of oxidoreductases capable of DET with electrodes is limited. Therefore, the creation of engineered BioCat-BREs capable of DET with electrode is an emerging challenge.
Since oxidoreductases originally utilize a variety of biologically derived electron transfer molecules, including electron transfer redox proteins represented by heme b and heme c, the combinations of redox proteins have been investigated, including the construction of genetically engineered fusion proteins between redox enzymes and electron transfer proteins (Sowa et al., 2024). Alternatively, redox enzymes can be modified with redox mediators to achieve a quasi-DET reaction with an electrode (Hatada et al., 2018; Hiraka et al., 2020; Suzuki et al., 2020; Hatada et al., 2021).
What will be the next targets for enzymatic sensors for continuous monitoring? Considering the concentration range of the targets and the availabilities of oxidoreductases, metabolites, nutrients and pharmaceutical synthetic organic molecules are the potential future targets of enzymatic sensors for continuous monitoring, but not proteins/peptides. The enzymes that can catalyze the reactions of proteins/peptides are mainly hydrolases or kinases, which do not produce signals or molecules that can be directly detected optically or electrochemically, in the configurations particularly suitable for the continuous monitoring systems. In addition, the target concentration ranges for proteins/peptides in the in vivo monitoring are in the nM-pM range, while such enzymes have Km values in the µM-mM range.
Here are some example for the future targets and examples for enzymatic sensors for continuous monitoring.
Recent advances in the use of AID systems for diabetic patients are encouraging multimodal parameter monitoring of metabolites, not only glucose but also ketone bodies and lactate, in order to pinpoint the cause of glycemic variability. Monitoring of ketones, especially 3-hydroxybutyrate (β-hydroxybutyrate; BHB), is specifically targeted as the next target for continuous monitoring, continuous ketone monitoring or CKM. The development of CKM is urgently needed for the realization of medical devices to prevent acute diabetic ketoacidosis (DKA), which is a fatal condition not only for type 1 diabetics but also for type 2 diabetics. Sodium-glucose cotransporter-2 (SGLT-2) inhibitors have been widely used in patients with type 2 diabetes, but they can increase the risk of DKA. These clinical needs prompted the development of the CKM system. The challenges in realizing biosensors for CKM are the limited availability of enzymes. The disposable, single-use type BHB enzymatic sensor for personal or professional use has been successively commercialized and utilized using BHB dehydrogenase (BHBDh). BHBDh (EC 1.1.1.30) is an NAD+-dependent oxidoreductase that catalyzes the reversible reaction between BHB and acetoacetate, coupled with NAD+/NADH conversion. BHBDh is currently the only enzyme used to detect BHB for ketone monitoring. The direct oxidation of NADH on the electrode has been one of the major challenges in electrochemical research because it requires high overpotential (>1V vs. Ag/AgCl) and results in inactive form of NAD+ including dimerized NAD+ molecules on the electrode surface. Therefore, the use of appropriate mediator together with NAD+ is essential to construct BHBDh based enzymatic sensors.
The use of Os-complex based “wired technology” is a representative example that is being commercialized, but the availability of such a redox-mediator modified hydrogel is limited considering the unique intellectual property. Several authors also published BHBDh based sensors aimed for CKM application (Teymourian et al., 2020; Alva et al., 2021; Zhang et al., 2022). The authors reported the development of quasi-DET type BHB sensor focusing on its use for CKM, by engineering BHBDh to identify the position of redox mediator direct modification on the surface of enzyme (Ikegai et al., 2024). The further engineering approaches will realize enzymatic sensors for CKM system.
The continuous monitoring of pharmaceutical compounds is also a great opportunity for the use of enzymatic biosensors. Levodopa (L-DOPA) is the gold standard drug for treating patients with Parkinson’s disease (PD), a neurodegenerative disease characterized by the loss of dopaminergic neurons in the substantia nigra. PD is a progressive neurodegenerative disease and patients are typically treated with levodopa, a dopamine precursor that can cross the blood-brain barrier and improve motor symptoms. Fluctuations in levodopa in vivo concentration outside the therapeutic range can lead to significant side effects; lower levodopa levels cause off periods that lead to the return of debilitating symptoms, and higher levodopa levels cause levodopa-induced dyskinesia. Therefore, the development of continuous levodopa monitoring is highly desirable to improve the management of patients with Parkinson’s disease (Probst et al., 2024).
However, the levodopa sensor has yet to be developed. Two major principles have been reported for levodopa sensing: direct electrochemical oxidation of levodopa and oxidoreductase. Direct oxidation of levodopa to dopaquinone is possible at potentials greater than 0.34 V (vs. Ag/AgCl). Because this principle does not use a fragile biocatalyst, it offers long-term stability, although it is inherently limited by poor specificity. The enzymatic principle has been reported using an enzyme, tyrosinase, which oxidizes levodopa; however, tyrosinase can also oxidize several polyphenolic compounds, such as levodopa, and lacks substrate specificity. Although tyrosinase is a DET enzyme when it is used for the cathodic reaction where oxygen is reduced, its DET ability in the anodic reaction when levodopa is oxidized is strongly suppressed because its primary electron acceptor is oxygen under ambient conditions. To overcome this limitation, we recently reported the construction of an engineered DET-type enzyme for levodopa monitoring (Batchu et al., 2025). The enzyme is specific for levodopa and hardly reacts with components and levodopa metabolites as well as co-administered drugs (carbidopa; inhibitor of levodopa degrading enzyme), the sensor using this engineered enzyme can continuously monitor levodopa with the 3rd generation principle. The development of the innovative Bio-CatBRE for levodopa monitoring will realize the sensor for the future in vivo continuous monitoring of levodopa, which will realize the closed-loop therapy together with the combination of continuous levodopa infusion system.
BioCatBREs, especially DET-type oxidoreductase based biosensors, are well suited for the future development of continuous monitoring systems. The key to success will be the targeting of oxidoreductases to detect physiologically relevant concentrations of clinically relevant targets, as demonstrated by the success of glucose enzymatic sensors.
3 BIOAFF-BRES BASED CONTINUOUS MONITORING; ANTIBODIES, APTAMERS, RECEPTORS, BINDING PROTEINS, MIPS
BioAff-BREs include antibodies, binding proteins, aptamers, receptors, and synthetic receptors such as molecularly imprinted polymers (MIPs). Considering that the nature of BioAff-BREs is to bind to the target and not to catalyze any reaction, the regeneration of the target binding site is strongly dependent on the dissociation (association) constant; Kd (Ka). In addition, BioAff-BREs do not inherently generate a signal suitable for monitoring by conventional transducers used for enzymatic sensors. Including these considerations, the challenges are 1) in situ regeneration of binding sites of BioAff-BREs, 2) generation of signals for detection or selection of transducers to detect the signals, and 3) method of robust immobilization method suitable for in vivo monitoring and preserving their sensitive selectivity and stabilities.
For the detection of metabolites or pharmaceutical compounds present in the mM - µM range, and when enzymes are not available as the BREs to construct biosensors, binding proteins and aptamers with dissociation constant (Kd) of 10−3 to 10−6 M (mM to µM) level can be used. Aptamers in particular have enabled significant progress in the development of biosensors for in vivo and continuous monitoring of small molecules and metabolites (Downs and Plaxco, 2022; Dauphin-Ducharme et al., 2019). These aptamer-based systems are effective due to several factors: the typically high in vivo concentration of the target compounds, the pseudo-reversibility of affinity-type recognition elements with large apparent dissociation constants (high µM), the transient and dynamic nature of small molecule interactions, and the ability to transduce a signal via conformational changes (Yoo et al., 2020; Zhou et al., 2014).
In these systems, the target binding sites of BioAff-BREs regenerate rapidly, which can follow the change of target concentration even the concentration decreases. The principles of detection using binding proteins and aptamers can recognize their inherent features that the structure of BREs are flexible and change their conformation between ligand-bound and unbound states. These molecular conformational changes are monitored by the modification of BioAff-BREs with redox-probe or by environmentally sensitive fluorescent probes, which can be detected and correlated the values with target concentration by electrochemical (e.g., voltammetry, electrochemical impedance spectroscopy) or by fluorometric methods. The challenge for the application of BioAff-BRE to the sensor for continuous monitoring in this case, for the detection of metabolites or pharmaceutical compounds in the mM - µM range, is therefore availability of cognate BioAff-BREs suitable for the target.
As described above, the development of CKM system is one of the great challenges and opportunities in biosensor research, but the limited availability of BRE, including BioCat-BRE and BioAff-BRE, such as ketone binding proteins, prevents the further progress of this task. Our group has recently discovered a novel group of binding proteins, BHB-binding proteins, which specifically recognize and bind BHB and change their conformation upon binding to BHB (Kane et al., 2024). This discovery accelerates the development of electrochemical binding protein based sensor with redox probe modified BHB binding protein to realize CKM system.
For the detection of protein/peptide biomarkers in picomolar (pM) to nanomolar (nM) concentrations, current biosensor principles use BioAff-BREs such as antibodies and aptamers (Downs and Plaxco, 2022). This is due to their high binding constants (Kd = 10−8 to 10−10 M). The advantages of using such highly sensitive and selective bioaffinity recognition elements are at the same time the disadvantages of using them to create a continuous monitoring system. Namely, the target analyte molecules bind so tightly to the bioaffinity recognition elements that regeneration of these biosensing elements is only possible under harsh chemical conditions or by increasing temperature. In addition, these harsh conditions strip not only the target but also the BRE, especially proteins such as antibodies, from the sensor surface, making re-functionalization of the sensor surface necessary (Figure 1A). Therefore, the most challenging task to realize biosensors for continuous in vivo monitoring of peptides/proteins using BioAff-BREs is the in situ regeneration of biosensors, just releasing the target from BioAff-BREs (Wilson et al., 2023) (Figure 1B).
[image: Figure 1]FIGURE 1 | Regeneration strategies for BioAff-BRE sensors (A) The current regeneration method of BioAff-BRE-based sensor. (B) Target-specific release required for in vivo continuous monitoring.
To realize the in situ regeneration of BioAff-BREs, there are the following three approaches; 1) designing the devices or principle that realize the dissociation or control the binding constant of BioAff-BREs, 2) engineering of BioAff-BREs that can be regenerated or their binding constant controlled by commonly available devices and methods, and 3) the combination of 1) and 2). Recent achievements reported by Dr. Kelly’s group based on their molecular pendulum strategies, demonstrated the feasibility of the methods called “oscillation-based sensor regeneration and active reset” and the devices designed for this method to realize real-time continuous monitoring of protein biomarkers using aptamers and antibodies as BioAff-BREs (Zargartalebi et al., 2024). Dr. Daniele’s group reported the electrochemical method and device for regeneration of BioAff-BRE based sensor (Sharkey et al., 2023). They developed a method for electronically pH control without additional reagents using palladium electrode, to induce pH change, which resulted in dissociation of antibody based affinity-binding complex. The number of approaches and challenges in the engineering of BioAff-BREs to create suitable molecule for continuous monitoring are still limited.
Acknowledging the versatility of designing and flexibility and ease in the selective chemical modification of aptamers, some challenges in the design and characterization of in situ regenerable aptamers were reported. To address these challenges, several approaches have been developed. Previous studies have shown that pH affects the affinity of aptamers (Hianik et al., 2007). A noteworthy work on aptamer regeneration using pH changes was reported by Shastri (Shastri et al., 2015). In their work, they combined a thrombin aptamer that changes its binding affinity with pH and a hydrogel that changes its volume to achieve repeatable thrombin binding/release cycles. Additionally, i-motif is a notable example of a structure that undergoes clear pH-dependent conformational changes. Li et al. developed a pH-responsive structure-switchable aptamer by utilizing the fact that i-motif maintains its structure under acidic conditions (Li et al., 2018). This aptamer was combined with a PTK-7 recognition aptamer and split i-motif. Under physiological pH, i-motif cannot maintain its structure, which leads to disruption of the PTK-7 aptamer structure; therefore, this aptamer loses its binding ability to the target. Conversely, by forming an i-motif structure under acidic conditions, this switchable aptamer recovers its binding ability.
Recent studies have demonstrated progress in aptamer regeneration using photoirradiation. Azobenzene is a photo-responsive molecule that undergoes reversible trans-cis isomerization upon UV irradiation. Asanuma’s group reported that azobenzene photo-isomerization drives the dissociation of DNA duplexes (Asanuma et al., 2007). Based on this report, the regeneration of electrochemical aptamer-based sensors utilizing azobenzene has been reported (Zhang et al., 2018; Zhang et al., 2020). In these studies, azobenzene-inserted aptamers are utilized as BREs in electrochemical sensing, achieving repeatable target binding/release through UV irradiation.
However, very limited success has been reported in creating antibodies which are designed for continuous monitoring. Dr. Cortie’s group reported the directed evolution of single-chain variable antibody fragment (scFv) to enable continuous protein sensing by modulating dissociation kinetics (Fercher et al., 2021). They engineered scFv with ∼30 times faster dissociation rates compared to the WT without significantly affecting overall affinity and specificity.
Beyond engineering the BREs themselves, researchers have explored system-level approaches to overcome limitations in in vivo biosensing. Several groups have developed innovative algorithms and detection strategies that can enhance analytical performance without modifying the recognition elements (Lubken et al., 2021; Rong et al., 2017; Buskermolen et al., 2022; Krainer et al., 2023; Maganzini et al., 2022; Das et al., 2021). These methods include extending dynamic range by manipulating the apparent binding constant through system geometry optimization and measuring substrate concentration using pre-equilibrium conditions to achieve kinetics-independent detection. While these alternative approaches demonstrate remarkable innovation, they face considerable challenges in practical in vivo applications. Particular difficulties arise from assumptions that are difficult to maintain under physiological conditions, such as purely reaction-limited responses and the use of homogeneous reporting systems. Nevertheless, these system-level strategies provide valuable alternatives and highlight the importance of pursuing multiple technological pathways to achieve reliable continuous biosensing.
There are varieties of proteins/peptides that are the target for continuous monitoring, such as protein/peptide biomarkers and therapeutic molecules. In particular, the monitoring of therapeutic antibodies, and peptides are the targets for continuous monitoring to understand the pharmacokinetics at the personal level to provide valuable information to maximize the dose effect, ultimately to realize a closed-loop system together with continuous infusion of therapeutic proteins/peptides. Unlike enzymes, the preparation of antibodies, including scFvs, is still modest and requires specific skills for their recombinant preparation. Aptamers can be chemically synthesized, but their inherent in vivo instability due to the presence of endogenous nucleases will be the critical issue for their application in the in vivo continuous monitoring system.
4 CONCLUSION AND FUTURE DIRECTIONS
The success of CGM system prompted the current trends in the development of biosensors for continuous monitoring systems. Please note that CGM system is the biomedical device integrating biosensors with other modules, including controller, sensor inserter, algorithm for monitoring, wireless transmission system to enable wearable controlling/monitoring device. The characterization and performance of the sensor are strongly dependent on the BRE, but to maximize and adapt the sensor performance to the in vivo monitoring conditions with the required sensor lifetime and measurable concentration range with the required resolution, sensor design and configuration, optimization of operating conditions with the development of measurement algorithms are necessary. These efforts are always required to realize biosensors for continuous in vivo monitoring. Thanks to the success of CGM systems, these parameters and form factors can be modified and applied to targets other than glucose. However, unlike glucose oxidoreductases and the concentration of glucose in the mM range, the target molecules for the future continuous monitoring system require the development of innovative BioCat-BREs and BioAff-BREs and new modalities and devices to detect targets in the µM - pM range that can operate under target binding site regeneration. The recent unprecedented progress in the application of AI and machine learning in protein structure prediction and design, as well as data analysis and integration, will accelerate the technology development of BREs and detection modalities. The pioneering technologies introduced above will lead the further development of technology elements to be integrated into biosensors to realize continuous in vivo monitoring.
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