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Current development on wearable biosensors towards biomedical applications


1 BACKGROUND OF WEARABLE BIOSENSORS TOWARDS BIOMEDICAL APPLICATIONS
Wearable biosensors have gained significant attention in recent years due to their potential to revolutionize healthcare and biomedical applications (Windmiller and Wang, 2013; Matzeu et al., 2015; Bandodkar et al., 2016; Liu et al., 2017; Bariya et al., 2018; Kim et al., 2019; Mohan et al., 2020; Zhang et al., 2021a; Zhang et al., 2021b; Yokus and Daniele, 2021; Sempionatto et al., 2022; Zhang et al., 2022; Min et al., 2023). These devices are designed to monitor physiological parameters and collect real-time data in a non-invasive and continuous manner. The development of wearable biosensors has seen remarkable progress, driven by advancements in flexible materials, sensor technology, miniaturization, wireless communication, and data analytics. These biosensors can be integrated into various wearable forms such as smartwatches, patches, wristbands, fashion accessories and clothing, making them convenient and unobtrusive for long-term monitoring of vital signs, activity levels, and disease biomarkers. The utilization of wearable monitoring devices enable in-depth understanding of the dynamic biochemical processes within these biofluids by means of continuous, real-time monitoring of biomarkers associated with the wearer’s health and performance. Such real-time monitoring not only provides information related to health and performance but also enhances the management of chronic diseases, as well as alerts users or medical professionals to unexpected or unforeseen situations.
One of the key areas of development in wearable biosensors is their integration with advanced sensing capabilities (Imani et al., 2016; Rodbard, 2016; Emaminejad et al., 2017; Kim et al., 2018; Bandodkar et al., 2019; Guo et al., 2019; Wang et al., 2019; Wiorek et al., 2020; Zhang et al., 2021c; Liu et al., 2021). Traditional biosensors primarily focused on monitoring parameters like heart rate and steps taken. However, the current development of wearable biosensors aims to expand their functionality to detect a wide range of biomarkers and physiological parameters (Seitz, 1984; Muramatsu et al., 1987; Wilson and Gifford, 2005; Zheng et al., 2005; Clark and Lyons, 2006; Mannoor et al., 2012; Kim et al., 2015; Gao et al., 2016). For example, wearable biosensors now have the capability to measure electrocardiograms (ECGs), blood pressure, blood glucose levels, body temperature, respiratory rate, and even track sleep patterns. These advancements enable early detection of various health conditions, personalized healthcare management, and remote patient monitoring, leading to improved health outcomes and reduced healthcare costs.
Another significant aspect of the current development in wearable biosensors is the integration of artificial intelligence (AI) and machine learning algorithms (Bishop, 2006; Ayodele, 2010; Delgado-Povedano et al., 2016; Kumar and Chong, 2018; Tatarko et al., 2018; Ho et al., 2019; João Monge et al., 2019; Sharma et al., 2019; Zhou et al., 2019). The combination of wearable biosensors with AI allows for the analysis of complex data patterns and the extraction of meaningful insights. By leveraging AI algorithms, wearable biosensors can detect anomalies, predict health events, and provide personalized recommendations for individuals (Cui et al., 2020; Lussier et al., 2020; Moon et al., 2020; Potyrailo et al., 2020; Rodríguez-Pérez and Bajorath, 2020; Zeng et al., 2020; Ballard et al., 2021; Zhang et al., 2021d; Yüzer et al., 2022). For instance, AI-powered biosensors can detect abnormal heart rhythms, identify patterns indicating the onset of a seizure, or predict fluctuations in blood glucose levels. These intelligent systems not only empower individuals to take proactive measures for their health but also enable healthcare professionals to provide timely interventions and personalized treatment plans based on real-time data from wearable biosensors.
Overall, the current development of wearable biosensors is focused on enhancing their sensing capabilities, improving user experience and comfort, and leveraging AI to extract actionable insights from the collected data. These advancements hold great promise for the future of healthcare, facilitating early detection of diseases, remote monitoring, and personalized healthcare management.
2 FUTURE PROSPECTS AND CHALLENGES
2.1 Future prospects

Enhanced Disease Management: Wearable biosensors have the potential to revolutionize disease management by providing real-time monitoring and personalized feedback. They can enable early detection of diseases, such as cardiovascular disorders, diabetes, and respiratory conditions, allowing for timely intervention and improved treatment outcomes. Wearable biosensors may also play a crucial role in monitoring chronic conditions and adjusting treatment plans based on individual responses.
Remote Patient Monitoring: With the advancements in wireless communication and data analytics, wearable biosensors can facilitate remote patient monitoring. This is particularly beneficial for individuals who require continuous monitoring, such as those with chronic illnesses or post-surgical patients. By transmitting data to healthcare providers in real-time, wearable biosensors enable timely interventions, reduce hospital visits, and improve patient convenience and quality of life.
Personalized Medicine: Wearable biosensors, combined with AI and machine learning algorithms, can pave the way for personalized medicine. By continuously monitoring an individual’s vital signs, activity levels, and other biomarkers, these sensors can provide insights into their unique health status and patterns. This information can be used to tailor treatments, medications, and lifestyle recommendations specifically to an individual’s needs, leading to more effective and efficient healthcare interventions.
2.2 Challenges

Data Privacy and Security: The increasing use of wearable biosensors raises concerns about data privacy and security. As these devices collect sensitive health information, it is crucial to ensure that the data is protected and accessible only to authorized individuals. Developers and healthcare organizations need to implement robust encryption, secure data storage, and strict privacy policies to maintain patient confidentiality and protect against potential data breaches.
Measurement of more various Biomarkers: More emphasis should be placed on advanced forms of biosensors and improved non-invasive biofluid sampling techniques for more comprehensive monitoring of various biomarkers. The incorporation of multianalyte sensing holds the potential not only for a more comprehensive assessment of physiological conditions, but also facilitates active calibration and correction of responses, resulting in enhanced accuracy during monitoring procedures. Furthermore, greater efforts should also continue to highlight the incorporation of multiple sensing approaches, such as physical, chemical, and electrophysiological for the same analyte, which could lead to improved biosensor reliability.
Accuracy and Reliability: Wearable biosensors must demonstrate high accuracy and reliability to gain trust in biomedical applications. Sensor calibration, signal processing techniques, and rigorous validation studies are necessary to ensure that the collected data is accurate and consistent. Additionally, factors such as motion artifacts, environmental influences, and individual variations can affect sensor performance, requiring ongoing improvements to enhance the reliability of these devices.
Regulatory Approval and Standardization: The regulatory landscape for wearable biosensors in healthcare is still evolving. Developers must navigate through complex regulations and obtain appropriate approvals to ensure the safety and efficacy of these devices. Additionally, establishing standardized protocols for data Research Topic, analysis, and interoperability among different devices and platforms is crucial to enable seamless integration and widespread adoption of wearable biosensors in healthcare settings.
User Acceptance and Adoption: While wearable biosensors hold great potential, user acceptance and adoption remain critical challenges. Factors such as user comfort, design aesthetics, ease of use, and battery life significantly influence user satisfaction and willingness to incorporate these devices into their daily lives. Educating users about the benefits of wearable biosensors and addressing concerns related to privacy, data ownership, and potential health risks are essential for their widespread acceptance and adoption.
Widespread Commercial Adoption: Wearable biosensors can fulfill the requirement for collecting biomarker data in a noninvasive manner. The utilization of wearable biosensors encompasses a wide range of applications, including but not limited to fitness and recovery, mental health, personalized healthcare, and telemedicine. The significant translational value of these biosensors paves the way for commercialization. After the development of prototypes, thorough testing and verification of design specifications take place. Feasibility for large-scale production using cost-effective manufacturing techniques should be considered. Furthermore, a regulatory compliance strategy is crucial to ensure timely market access for the product. Preclinical investigation plays a vital role in validating product performance, identifying potential failure modes, and refining risk mitigation strategies.
Overcoming these challenges will require collaboration between researchers, healthcare providers, policymakers, and industry stakeholders to develop robust solutions, establish standards, and address ethical and regulatory considerations. It is of great importance to highlight the development of noninvasive biomonitoring applications and their high specificity, speed, portability, low cost, and low power requirements. The ongoing accumulation of substantial data from extensive human studies, coupled with the utilization of efficient techniques for data fusion and mining, would enable early prediction, diagnosis, and timely intervention of diseases. With continued advancements and strategic efforts, wearable biosensors can shape the future of biomedical applications, transforming healthcare delivery and empowering individuals to take control of their health.
AUTHOR CONTRIBUTIONS
SZ: Conceptualization, Supervision, Writing–original draft, Writing–review and editing.
ACKNOWLEDGMENTS
I would like to thank Prof. Xu Sun and Prof. Jiaxu Hong as Topic Editors of this article Research Topic, and Zhaotao He and Zijian Li for participating in writing the editorial. I am grateful to the Editorial Board, to the contributing (and submitting) authors, and to the reviewers for working under harsh tight deadlines to put the first issue together.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ayodele, T. O. (2010). “Types of machine learning algorithms,” in New advances in machine learning (Berlin, Germany: Springer). 
 Ballard, Z., Brown, C., Madni, A. M., and Ozcan, A. (2021). Machine learning and computation-enabled intelligent sensor design. Nat. Mach. Intell. 3, 556–565. doi:10.1038/s42256-021-00360-9
 Bandodkar, A. J., Gutruf, P., Choi, J., Lee, K. H., Sekine, Y., and Reeder, J. T. (2019). Battery-free, skin-interfaced microfluidic, electronic systems for simultaneous electrochemical, colorimetric, and volumetric analysis of sweat. Sci. Adv. 5, eaav3294. doi:10.1126/sciadv.aav3294
 Bandodkar, A. J., Jeerapan, I., and Wang, J. (2016). Wearable chemical sensors: present challenges and future prospects. ACS Sensors 1, 464–482. doi:10.1021/acssensors.6b00250
 Bariya, M., Nyein, H. Y. Y., and Javey, A. (2018). Wearable sweat sensors. Nat. Electron. 1, 160–171. doi:10.1038/s41928-018-0043-y
 Bishop, M. S. C. M. (2006). Pattern recognition and machine learning solutions. Berlin, Germany: Springer. 
 Clark, L. C., and Lyons, C. (2006). Electrode systems for continuous monitoring in cardiovascular surgery. Ann. N. Y. Acad. Sci. 102, 29–45. doi:10.1111/j.1749-6632.1962.tb13623.x
 Cui, F., Yue, Y., Zhang, Y., Zhang, Z., and Zhou, H. S. (2020). Advancing biosensors with machine learning. ACS Sensors 5, 3346–3364. doi:10.1021/acssensors.0c01424
 Delgado-Povedano, M. d. M., Calderón-Santiago, M., Priego-Capote, F., Jurado-Gámez, B., and Luque de Castro, M. D. (2016). Recent advances in human sweat metabolomics for lung cancer screening. Metabolomics 12, 166. doi:10.1007/s11306-016-1116-4
 Emaminejad, S., Gao, W., Wu, E., Davies, Z. A., Yin Nyein, H., Challa, S., et al. (2017). Autonomous sweat extraction and analysis applied to cystic fibrosis and glucose monitoring using a fully integrated wearable platform. Proc. Natl. Acad. Sci. 114, 4625–4630. doi:10.1073/pnas.1701740114
 Gao, W., Emaminejad, S., et al. (2016). Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 529, 509–514. doi:10.1038/nature16521
 Guo, S., Yang, D. Y., Zhang, S., Dong, Q., Li, B., Tran, N., et al. Development of a cloud-based epidermal MoSe 2 device for hazardous gas sensing. Adv. Funct. Mater. 29 (2019). 1900138. doi:10.1002/adfm.201900138
 Ho, C.-S., Jean, N., Hogan, C. A., Blackmon, L., et al. (2019). Rapid identification of pathogenic bacteria using Raman spectroscopy and deep learning. Nat. Commun. 10, 4927. doi:10.1038/s41467-019-12898-9
 Imani, S., Bandodkar, A. J., Mohan, A. M. V., Kumar, R., Yu, S., Wang, J., et al. (2016). A wearable chemical–electrophysiological hybrid biosensing system for real-time health and fitness monitoring. Nat. Commun. 7, 11650. doi:10.1038/ncomms11650
 João Monge, O. P., Plopa, O., Trandabat, A., Schreiner, O., and Schreiner, T. (2019). E-health bioengineering conference. Iasi, Romania: Springer. 
 Kim, J., Campbell, A. S., de Ávila, B., and Wang, E. F. (2019). Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 37, 389–406. doi:10.1038/s41587-019-0045-y
 Kim, J., Imani, S., et al. (2015). Wearable salivary uric acid mouthguard biosensor with integrated wireless electronics. Biosens. Bioelectron. 74, 1061–1068. doi:10.1016/j.bios.2015.07.039
 Kim, J., Sempionatto, J. R., Imani, S., Hartel, M. C., Barfidokht, A., Tang, G., et al. (2018). Simultaneous monitoring of sweat and interstitial fluid using a single wearable biosensor platform. Adv. Sci. 5, 1800880. doi:10.1002/advs.201800880
 Kumar, S., and Chong, I. (2018). Correlation analysis to identify the effective data in machine learning: prediction of depressive disorder and emotion states. Int. J. Environ. Res. Public Health 15, 2907. doi:10.3390/ijerph15122907
 Liu, C., Zhang, B., Chen, W., Liu, W., and Zhang, S. (2021). Current development of wearable sensors based on nanosheets and applications. TrAC Trends Anal. Chem. 143, 116334. doi:10.1016/j.trac.2021.116334
 Liu, Y., Pharr, M., and Salvatore, G. A. (2017). Lab-on-Skin: a review of flexible and stretchable electronics for wearable health monitoring. ACS Nano 11, 9614–9635. doi:10.1021/acsnano.7b04898
 Lussier, F., Thibault, V., Charron, B., Wallace, G. Q., and Masson, J.-F. (2020). Deep learning and artificial intelligence methods for Raman and surface-enhanced Raman scattering. TrAC Trends Anal. Chem. 124, 115796. doi:10.1016/j.trac.2019.115796
 Mannoor, M. S., Tao, H., et al. (2012). Graphene-based wireless bacteria detection on tooth enamel. Nat. Commun. 3, 763. doi:10.1038/ncomms1767
 Matzeu, G., Florea, L., and Diamond, D. (2015). Advances in wearable chemical sensor design for monitoring biological fluids. Sensors Actuators B Chem. 211, 403–418. doi:10.1016/j.snb.2015.01.077
 Min, J., Tu, J., Xu, C., Lukas, H., Shin, S., Yang, Y., et al. (2023). Skin-Interfaced wearable sweat sensors for precision medicine. Chem. Rev. 123, 5049–5138. doi:10.1021/acs.chemrev.2c00823
 Mohan, A. M. V., Rajendran, V., Mishra, R. K., and Jayaraman, M. (2020). Recent advances and perspectives in sweat based wearable electrochemical sensors. TrAC Trends Anal. Chem. 131, 116024. doi:10.1016/j.trac.2020.116024
 Moon, G., Choi, J. r., Lee, C., Oh, Y., et al. (2020). Machine learning-based design of meta-plasmonic biosensors with negative index metamaterials. Biosens. Bioelectron. 164, 112335. doi:10.1016/j.bios.2020.112335
 Muramatsu, H., Dicks, J. M., Tamiya, E., and Karube, I. (1987). Piezoelectric crystal biosensor modified with protein A for determination of immunoglobulins. Anal. Chem. 59, 2760–2763. doi:10.1021/ac00150a007
 Potyrailo, R. A., Brewer, J., Cheng, B., Carpenter, M. A., et al. (2020). Bio-inspired gas sensing: boosting performance with sensor optimization guided by “machine learning”. Faraday Discuss. 223, 161–182. doi:10.1039/d0fd00035c
 Rodbard, D. (2016). Continuous glucose monitoring: a review of successes, challenges, and opportunities. Diabetes Technol. Ther. 18, 3–13. doi:10.1089/dia.2015.0417
 Rodríguez-Pérez, R., and Bajorath, J. (2020). Interpretation of machine learning models using shapley values: application to compound potency and multi-target activity predictions. J. Computer-Aided Mol. Des. 34, 1013–1026. doi:10.1007/s10822-020-00314-0
 Seitz, W. R. (1984). Chemical sensors based on fiber optics. Anal. Chem. 56, 16A–34A. doi:10.1021/ac00265a711
 Sempionatto, J. R., Lasalde-Ramírez, J. A., Mahato, K., Wang, J., and Gao, W. (2022). Wearable chemical sensors for biomarker discovery in the omics era. Nat. Rev. Chem. 6, 899–915. doi:10.1038/s41570-022-00439-w
 Sharma, K., Castellini, C., van den Broek, E. L., Albu-Schaeffer, A., and Schwenker, F. (2019). A dataset of continuous affect annotations and physiological signals for emotion analysis. Sci. Data 6, 196. doi:10.1038/s41597-019-0209-0
 Tatarko, M., Muckley, E. S., Subjakova, V., Goswami, M., et al. (2018). Machine learning enabled acoustic detection of sub-nanomolar concentration of trypsin and plasmin in solution. Sensors Actuators B Chem. 272, 282–288. doi:10.1016/j.snb.2018.05.100
 Wang, H., Yang, H., Zhang, S., Zhang, L., Li, J., and Zeng, X. (2019). 3D-Printed flexible tactile sensor mimicking the texture and sensitivity of human skin. Adv. Mater. Technol. 4, 1900147. doi:10.1002/admt.201900147
 Wilson, G. S., and Gifford, R. (2005). Biosensors for real-time in vivo measurements. Biosens. Bioelectron. 20, 2388–2403. doi:10.1016/j.bios.2004.12.003
 Windmiller, J. R., and Wang, J. (2013). Wearable electrochemical sensors and biosensors: a review. Electroanalysis 25, 29–46. doi:10.1002/elan.201200349
 Wiorek, A., Parrilla, M., Cuartero, M., and Crespo, G. A. (2020). Epidermal patch with glucose biosensor: pH and temperature correction toward more accurate sweat analysis during sport practice. Anal. Chem. 92, 10153–10161. doi:10.1021/acs.analchem.0c02211
 Yokus, M. A., and Daniele, M. A. (2021). Integrated non-invasive biochemical and biophysical sensing systems for health and performance monitoring: a systems perspective. Biosens. Bioelectron. 184, 113249. doi:10.1016/j.bios.2021.113249
 Yüzer, E., Doğan, V., Kılıç, V., and Şen, M. (2022). Smartphone embedded deep learning approach for highly accurate and automated colorimetric lactate analysis in sweat. Sensors Actuators B Chem. 371, 132489. doi:10.1016/j.snb.2022.132489
 Zeng, Z., Huang, Z., Leng, K., Han, W., et al. (2020). Nonintrusive monitoring of mental fatigue status using epidermal electronic systems and machine-learning algorithms. ACS Sensors 5, 1305–1313. doi:10.1021/acssensors.9b02451
 Zhang, S., Wang, J., Liu, T., Luo, Y., et al. (2021d). Machine learning-reinforced noninvasive biosensors for healthcare. Adv. Healthc. Mater. 10, 2100734. doi:10.1002/adhm.202100734
 Zhang, S., Liu, C., Sun, X., and Huang, W. (2022). Current development of materials science and engineering towards epidermal sensors. Prog. Mater. Sci. 128, 100962. doi:10.1016/j.pmatsci.2022.100962
 Zhang, S., Liu, C., Zhang, G., Chen, Y., Shang, F., Xia, Q., et al. (2021c). Full review: the progress and developing trends of nanosheet-based sensing applications. Coord. Chem. Rev. 433, 213742. doi:10.1016/j.ccr.2020.213742
 Zhang, S., Xia, Q., Ma, S., Yang, W., Wang, Q., Yang, C., et al. (2021b). Current advances and challenges in nanosheet-based wearable power supply devices. iScience 24, 103477. doi:10.1016/j.isci.2021.103477
 Zhang, S., Zeng, J., Wang, C., Feng, L., Song, Z., Zhao, W., et al. (2021a). The application of wearable glucose sensors in point-of-care testing. Front. Bioeng. Biotechnol. 9, 774210. doi:10.3389/fbioe.2021.774210
 Zheng, G., Patolsky, F., Cui, Y., Wang, W. U., and Lieber, C. M. (2005). Multiplexed electrical detection of cancer markers with nanowire sensor arrays. Nat. Biotechnol. 23, 1294–1301. doi:10.1038/nbt1138
 Zhou, Z., Alvarez, D., Milla, C., and Zare, R. N. (2019). Proof of concept for identifying cystic fibrosis from perspiration samples. Proc. Natl. Acad. Sci. 116, 24408–24412. doi:10.1073/pnas.1909630116
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Editorial: Current development on wearable biosensors towards biomedical applications		1 Background of wearable biosensors towards biomedical applications

		2 Future prospects and challenges		2.1 Future prospects

		2.2 Challenges





		Author contributions

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





