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Next-generation non-invasive biochemical wearables hold promise in
transforming healthcare by providing real-time, continuous monitoring of
biochemical markers. Non-invasive methods include smart tattoos,
microneedle patches, wearable biosensors, flexible bioelectronics, implantable
sensors, smart textiles, and smart contact lenses. A comprehensive picture of an
individual's health can be detected via critical markers such as glucose, lactate,
cortisol, and volatile organic compounds (VOCs) from sweat, saliva, tears, breath
and interstitial fluid (ISF)-based, non-invasive and minimally invasive biosensors
using these advanced technologies. Personalized insights for enhancing their
functionality are possible by integrating them with Al and big data analytics for
early disease detection and proactive health management. This study explores
the potential of futuristic biochemical wearables, their current status, underlying
technologies, potential associated applications and challenges, and their
positioning as transformative solutions in personalized healthcare for
redefining the future of healthcare monitoring.

non-invasive biochemical wearables, technologies, Al, ML, deep learning, personalized
medicine, healthcare monitoring

Introduction

Wearable devices are composed of integrated analytical units that are equipped with
sensitive physical, chemical, and biological sensors capable of the non-invasive and
continuous monitoring of vital physiological parameters. Wearable technology has
emerged as a transformative force in the healthcare landscape, reshaping how patient
health is monitored and healthcare outcomes are enhanced.

The recent integration of electronics, computation, and material science has resulted in
affordable and highly sensitive wearable devices which are routinely used for tracking and
managing health and wellbeing, and these wearables are poised to transform the early
detection, diagnosis, and treatment of patients (Babu et al., 2024; Sempionatto et al., 2022;
Yang et al., 2019). Several studies are available on wearables. However, literature on the
futuristic role of smart biosensors is scanty. This review provides an overview of the
different types of biosensors being used or various biomedical applications in the future
outlook of biosensor technology.

As wearable technology continues to evolve, striking a balance between innovation and
responsible use would unlock its full potential for positively transforming healthcare.
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TABLE 1 Wearable available for biochemical monitoring.
Wearable Parameters

FreeStyle Libre Continuous glucose monitoring

Principle

Electrochemical sensor with adhesive patch

10.3389/frans.2024.1509815

Company

Abbott Laboratories

ECHO Smart Patch Measures pH, glucose, lactate in sweat

Flexible, electrochemical sensors

Epicore Biosystems

Gx Sweat Patch Tracks sweat rate, sodium loss during exercise Sweat-sensing strip with real-time data feedback Gatorade
TABLE 2 Pipeline devices in smart biochemical wearables.
Device Application Principle Current status Team

Graphene-Based
Sweat Sensor

To detect biomarkers: glucose, lactate, and
electrolytes in sweat.

Graphene-based electrochemical sensors,
highly sensitive and flexible.

Prototyping and clinical
testing

University of Glasgow

Biodegradable Skin
Sensors

Monitors temperature, hydration, and other
biochemical markers; designed to dissolve
after use.

Microneedle Patches = Analyzes interstitial fluid—glucose, lactate,
and other biomarkers—without drawing

blood.

Paper-Based
Wearable Sensors

Low-cost, disposable devices that detect
multiple sweat biomarkers: pH, glucose, and
cortisol.

Biodegradable polymers e.g., silk,
polylactic acid with transient electronics.

Microneedle arrays with integrated
electrochemical sensors
Painless, minimally invasive

Paper-based platforms with colorimetric
and electrochemical sensing; printed with
conductive inks.

Early prototyping; lab
testing on models

Northwestern University

Pre-clinical trials
Under regulatory review

University of California, Los
Angeles (UCLA)

Various academic research
groups, including Harvard
University

Lab testing; preparing
for pilot studies.

Smart Tattoo Monitors hydration, electrolyte balance, and

Tattoo-like sensors printed with

Developmental testing; ~ MIT Media Lab

Sensors other vital signs through temporary tattoo-like | conductive inks; designed for continuous, = wearable prototypes
sensors. non-invasive monitoring.
Flexible Tracks pH changes in sweat; useful for Flexible, printable electronics on a Prototype testing on Georgia Institute of
pH Monitoring metabolic monitoring during exercise or substrate that adapts to skin movements. human models Technology
Patch clinical settings.
Review blood, and ISF sensors are emerging as a significant tool for non-

Current landscape of biochemical wearables

Existing biochemical wearables that have proven to be effective
in certain applications; they primarily utilize rigid materials and
complex electronic systems, which can be expensive and
uncomfortable for users and have environmental concerns (Babu
et al., 2024).

Smartwatches, being the most commonly used wearable devices,
have valuable biomedical potential for detecting clinical conditions,
and even smart cell phone apps are available, such as “Glucose Selfie.”

Need for innovative solutions

The realm of sophisticated biochemical wearables for the
continuous, non-invasive monitoring of critical health metrics is
evolving, and next-generation biochemical wearables are poised to
revolutionize healthcare by providing real-time data on various
biochemical markers through skin, sweat, saliva, tears, and even
breath to delve into the metabolic, nutritional, and physiological
states of the wearer.

There is a need to explore paper-based, printable, and
biodegradable materials as a foundation for future biochemical
wearables, which have the potential to revolutionize health
monitoring with minimal ecological impact. Interstitial fluid (ISF)
is an epidermally accessible biofluid with a composition similar to
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invasive and minimally invasive disease diagnosis, personalized
medicine, and point-of-care applications. (Table 1).

This review explores the advances in biochemical wearables and
their impact on transforming healthcare.

Wearable available for biochemical
monitoring

Currently available smart biochemical wearables are described
in Table 2.

Wearable sensors take the form of wearables, textile-based,
contact lenses, microfluidic patches, and pressure sensors, and
are essential in assisting healthcare providers perform
personalized monitoring of the user’s physiological and chemical
parameters with high accuracy.

Smart biochemical wearables are available that are
revolutionizing personalized health monitoring through the real-
time, non-invasive sensing of various biomarkers. They include
devices such as FreeStyle Libre, which offers continuous glucose
monitoring (CGM) composed of electrochemical sensors embedded
in adhesive patches for providing diabetics with non-invasive real-
time data on glucose levels without any finger pricks.

ECHO Smart Patch (by Epicore Biosystems) measures pH,
glucose, and lactate in sweat and uses flexible electrochemical
sensors to provide insights into hydration and metabolic status,

especially for athletes and patients for managing chronic conditions.
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Gx Sweat Patch (by Gatorade) is used to track sweat rates and
sodium loss during exercise, combining sweat-sensing strips with
real-time data feedback via a mobile app, thus helping athletes
optimize their hydration strategies and enhance performance. (Babu
et al., 2024).

Other wearables available

Smart tattoos and skin patches

Smart tattoos and microneedle skin patches represent significant
advances in biochemical wearable technology to continuously
monitor biochemical parameters through skin contact.

Smart tattoos are temporary, flexible electronic tattoos
embedded with sensors and microfluidics to detect biochemical
markers such as glucose, lactate, or alcohol levels in sweat. They
operate through electrochemical reactions and wirelessly transmit
data to paired devices for continuous, non-invasive real-time

monitoring (Sempionatto et al., 2022).

Microneedle skin patches

Microneedle skin patches involve tiny, painless needles that
penetrate the outer skin layer to sample interstitial fluid and can
measure glucose, electrolytes, and drug levels. They are minimally
invasive, can offer continuous biochemical feedback, and are
valuable for managing chronic conditions and personalized
treatment (Yang et al., 2019).

Wearable biosensors

Wearable biosensors embedded in devices such as wristbands and
armbands can detect a wide range of biochemical markers through
electrochemical and optical biosensors which use electrochemical
reactions or optical signals to measure analytes such as uric acid,
cortisol, and markers of inflammation (Song et al., 2023).

Wearables for transdermal sensing or delivery in
interstitial fluid

Wearable devices based on microneedle (MN) technology are
emerging as tools for in situ transdermal sensing or delivery in
interstitial fluid (ISF). They allow minimally invasive, continuous
monitoring of analytes and drugs (in closed-loop systems) through
ISF, aiding in the optimal management of personalized therapies.
They are useful in disorders such as cancer, rheumatoid arthritis, or
psoriasis (Parrilla et al., 2023).

Transdermal on-demand drug delivery wearables involve
delivery systems based on an iontophoretic hollow microneedle
array system (IHMAS). They have emerged as an alternative
administration route for therapeutic drugs to overcome current
issues in oral and parenteral administration. They provide a versatile
wearable technology for transdermal on-demand drug delivery to
improve the administration of personalized doses and potentially
enhance precision medicine (Detamornrat et al., 2023).

Multiplexed sensors
Multiplexed
simultaneously in a single wearable device could track glucose,

sensors ~ measure  multiple  biomarkers
lactate, and hydration levels. They could be a game-changer in

health monitoring (Parrilla et al., 2023).
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Flexible bioelectronics

Flexible bioelectronics are user-friendly wearables are made
from skin-like, stretchable materials that seamlessly conform to
the body. They contain integrated circuits and sensors capable of
detecting biochemical markers without restricting movement (Song
et al.,, 2023; Nam et al., 2021).

Graphene-based sensors

Graphene-based sensors involve flexible bioelectronics based on
the high conductivity and biocompatibility properties of graphene to
detect minute changes in biochemical markers with remarkable
accuracy, such as breath analysis or real-time hormone monitoring.
They enable rapid and sensitive biochemical sensing directly from
wearable devices (Singh et al., 2022).

Implantable biosensors

Implantable biosensors are employed for continuous, in-depth
biochemical monitoring. They include subdermal implants with
small sensors placed just under the skin to continuously measure
key biochemical markers such as glucose or inflammatory cytokines
and provide real-time data with high accuracy and consistency free
(Gao et al., 2016).

Nanotechnology-enhanced implants
Nanotechnology-enhanced implants incorporate nanomaterials
and have great sensitivity and specificity in detection. They provide
precise, real-time feedback for complex biochemical parameters such
as drug levels or early markers of chronic disease (Xu et al., 2024).

Smart contact lenses

Smart contact lenses are equipped with tiny sensors that measure
glucose levels in tears, providing a non-invasive alternative to blood
glucose testing for managing diabetes (Deng et al., 2023).

Next-generation smart lenses to measure additional biomarkers
such as lactate or stress hormones are being developed to provide
broader insights into metabolic health, making smart lenses a
versatile tool in personalized medicine (Kazanskiy et al., 2023).

Wearable breath analyzers

Wearable breath analyzers perform non-invasive biochemical
sensing through exhaled air to detect volatile organic compounds
(VOCs) in exhaled breath and provide immediate insights into
metabolic and respiratory health without the need for blood or
tissue samples. They can continuously assess biochemical changes
through breath analysis and can transform preventative healthcare
and personalized treatment (Singh et al., 2022).

Smart clothing and textiles

Biochemical monitoring uses smart textiles as biochemical
wearables by incorporating sensors within clothing fibers to
detect other
physiological parameters. They provide continuous, real-time

sweat composition, skin temperature, and
analysis of biochemical markers without requiring additional

devices (Stoppa and Chiolerio, 2014).
Electrochemical biosensors

Biosensors have evolved from the classical electrochemical to the
optical/visual, polymers, silica, glass, and nanomaterials and label-
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based biosensors (microbe- and bioluminescence-based labels) and
label-free biosensors. These involve the use of transistor or
capacitor-based devices and nanomaterials.

Wearable electrochemical sensors capable of non-invasively
monitoring chemical markers represent a rapidly emerging digital
health technology that can serve as powerful screening tools.
Wearable electrochemical sensors have several advantages over
other technologies for continuous monitoring in terms of non-
invasiveness, low cost, better flexibility to conform to body curves
and surfaces, more scope for miniaturization, greater portability,
and higher sensitivity. They provide a good solution for real-time
monitoring of human health, although they do have a short shelf-life
and are sensitive to temperature fluctuations.

Electrochemical textile sensors

Electrochemical textile sensors are capable of detecting ions,
pH levels, and other biochemical indicators from sweat. They can
help monitor hydration, and electrolyte balance, and even detect
infections, making them useful in both medical and athletic contexts
(Akter et al., 2024).

Colorimetric biosensors

Colorimetric strategies include the application of indirect target-
mediated aggregation, chromogenic substrate-mediated catalytic
activity, point-of-care testing (POCT) devices, and machine-
arrays. The
applications of colorimetric biosensors are in the detection of

learning-assisted  colorimetric  sensor various
food toxins and microorganisms, sugar, alcohol, amino acids,

acrylamide,  benzene,  nitrosamine,  polycyclic  aromatic
hydrocarbon, hypoxanthine, inosine, and pesticides.

Colorimetric sensors may be fabricated by nanomaterial and
chemo-responsive dye. Commonly utilized nanomaterials are
gold nanoparticles, quantum dots, magnetic nanoparticles, and
carbon nanoparticles. The latest innovations and trends in
associated with lab-on-a-

colorimetric  biosensors are

smartphone,  smartphone-based  fluorescence  imaging,
smartphone-based electro-analytical, smartphone spectroscopy,
artificial

lab-on-chip, lab-on-paper, biomimetics, and

intelligence (Parrilla et al., 2024).

3D printing technologies for wearable
biosensors

Wearable (bio-) sensors driven through emerging three-
dimensional (3D) printing technologies are currently considered
the next-generation tools for various healthcare applications due to
their notable characteristics such as high stretchability, super
flexibility, low cost, ultra-thinness, and lightweight.

Pipeline devices in smart
biochemical wearables

Next-generation smart biochemical wearables in the pipeline,
such as graphene-based sweat sensors, biodegradable skin sensors,
and microneedle patches, represent significant advances in health
monitoring (Table 3; Figure 1).
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Paper-based wearable sensors and
smart tattoo sensors

Low-cost, eco-friendly biochemical sensing wearable health
technologies are a present necessity to minimize ecological
impact and sustain the environment; paper-based and
biodegradable materials are promising alternatives for this.

Paper-based devices can be a disposable alternative for
personalized health tracking, using printed colorimetric and
electrochemical sensors to detect multiple sweat biomarkers.
Smart tattoo sensors printed with conductive inks have seamless
integration with the skin and can continuously monitor hydration
These
innovations do have challenges in terms of sensor stability,

accuracy, and regulatory compliance, and further research is

and electrolytes without discomfort. non-invasive

needed to bring these cutting-edge devices from the lab to
everyday use in the near future.

Integration of wearables with Al and big
data analytics: enhancing wearable
functionality

Wearable sensors are opening a new area of personalized health
monitoring by accurately measuring physical states and biochemical
signals. There are still several limitations in terms of sensitivity,
accuracy of collected data, precise disease diagnosis, and early
treatment. With advances in applied materials and the structure
of wearables, the integration of artificial intelligence (AI) and
machine learning (ML) algorithms have unlocked a new era of
possibilities, propelling these devices to the forefront of cutting-edge
healthcare solutions.

AT algorithms process complex biochemical data generated by
these devices, providing personalized insights, predictions, and
health recommendations. The integration of artificial intelligence
(AI) and big data analytics with biochemical wearables significantly
enhances their utility. This integration helps to filter noise, identify
meaningful patterns, and predict health events, thereby supporting
proactive healthcare management (Esteva et al., 2019).

For analyzing the extensive data gathered by wearable devices,
ML algorithms are valuable to empower healthcare providers to
identify patterns, predict the outcomes, and thus make suitable
decisions in patient care. There has been a surge in research and
development in the field of application of ML algorithms to
healthcare wearable technology in recent years; however, poor
standardization in data collection and analysis is
constraints (Yu et al., 2018; Bayoumy et al.,, 2021).

posing

Applications for real-time and personalized
health monitoring

For real-time monitoring capabilities and personalized health
monitoring, I-based techniques seem to be promising. For Al
training, ML can help in issues related to the big data resources
from past datasets of millions of patients in terms of medical records,
omics, medical imaging, and wearable diagnostics, to recognize the
patterns of disease conditions and progression for making faster

frontiersin.org
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TABLE 3 ISF Biomarkers and sensing technology.

ISF biomarkers Type of sensors

10.3389/frans.2024.1509815

References

Electrolytes Potentiometry, impedance spectroscopy, colorimetry, fluorescence DOI: 10.1038/s41587-019-0040-3
Na, K DOI: 10.1021/acssensors.0c02330
DOI: 10.1021/acsami.3c00573
Lactate Potentiometry, impedance spectroscopy, colorimetry, fluorescence DOI: 10.1038/s41587-019-0040-3
10.1038/s41551-022-00998-9
Glucose Amperometry, voltammetry, colorimetry, fluorescence DOI: 10.3390/520236925
Cortisol ELISA, colorimetry, fluorescence DOI: 10.1126/sciadv.aar2904
Cytokines ELISA, FLISA DOI: 10.1038/541551-022-00998-9
Antibodies ELISA, FLISA, Immunochromatography DOI: 10.1038/s41598-022-14725-6

Drugs: Levodopa Amperometry, voltammetry

ELISA, enzyme-linked immunosorbent assay; FLISA, Fluorophore-linked immunosorbent assay.
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Wearable devices.

clinical decisions. Combining the internet of things (IoT) and AI has
helped researchers in the diagnosis of diabetes and heart disease by
employing wearable sensors (Haick and Tang, 2021; Mansour
et al.,, 2021).

Using deep learning models such as recurrent (RNN) and
convolutional (CNN) neural network algorithms, AI techniques
can predict and diagnose viral infections such as coronavirus by
using smart ring (Oura) rapidly within 24 h (Poongodi
et al., 2023).
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Al-based wearable devices can help the treating physicians with
faster decision-making and effective treatment to manage diseases,
and studies on the use of wearable microneedles for drug delivery to
diabetic patients can be based on feedback provided by continuous
and real-time monitoring of glucose levels in different biofluids
(Poongodi et al., 2023). Predictive health models powered by Al can
analyze the trends in biochemical data to detect early signs of
diseases or metabolic imbalances to enable early interventions,
tailored  health and  Dbetter

recommendations, disease
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management, aligning with the goals of precision medicine
(Poongodi et al., 2023; Topol, 2019). Wearable biosensors could
determine the levels of nutrients, such as glucose, salts, and desirable
nutrient and vitamin levels in the body by using advanced AI-
powered data-fusion algorithms. Such smart wearables would
revolutionize faster dietary decision-making processes for
diabetes patients and following a healthier diet and lifestyle

(Sempionatto et al., 2021).

Challenges and future directions

Despite their potential, next-generation biochemical wearables
face challenges such as sensor calibration, data accuracy, and
maintaining user compliance. The integration of biosensors in
wearables goes beyond data collection and extends to intelligent
analysis and actionable feedback. With cutting-edge AI and ML
algorithms, wearable devices can provide users with personalized
health recommendations, early detection of potential issues, and
even life-saving interventions.

Current research focuses on using AI technology in biosensing
sweat and blood biomarkers. Ensuring that biochemical sensors are
reliable across diverse populations and environmental conditions
remains crucial. Moreover, as these wearables generate sensitive
health data, robust measures must be implemented to protect user
privacy and security (Heikenfeld et al., 2018).

Al technology offers personalized and continuous monitoring
and remote patient monitoring, allowing these devices to help
individuals make proactive health choices, preventing potential
health complications, and reducing the burden on healthcare
systems. Despite all the progress made in wearable biosensors,
still there are gaps in the literature regarding the relationship
between biofluid signals and human health parameters.

The integration of biosensors into wearables goes beyond data
collection, extending to intelligent analysis and actionable feedback.
With cutting-edge AI and ML algorithms, these devices provide
users with personalized health recommendations, early detection of
potential issues, and even life-saving interventions.

Developers of smart wearable biosensors facing new
opportunities and challenges, including use of AI technology in
combination with wearable technology for big data processing, self-
data
processing, and personalized health for an intelligent sensing
platform (Jin et al., 2020).

The use of Al technology with biosensors is still in its infancy,

learning, power-efficiency, real-time acquisition and

and issues of thinness, miniaturization, integration, and less power-
hungry devices remain to be resolved. Electronic readers for
wearable devices require long-lasting battery power to sustain
continuous data reading and the persistent operation of Al
algorithms for data processing. Green energy tracking and
human kinetic energy harvesting could be of help. Thus,
combining AI technologies with wearable health technologies
facilitate P4
personalized, participatory) and provide a newer platform for

would medicine  (predictive, preventative,
future medical diagnostics in nearly every aspect of healthcare
(Yang et al., 2022; Junaid et al., 2022).

Looking forward, advances in materials science, sensor

technology, and AI integration will continue to drive innovation
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in biochemical wearables (Abuwarda et al., 2022; Joel et al., 2018;
Ometov et al.,, 2021). The future may see fully integrated health
monitoring systems that seamlessly blend into daily life, offering
unprecedented access to personalized health insights and
revolutionizing how we manage our health using remote

healthcare monitoring.

Conclusion

Next-generation biochemical wearables are reshaping the

landscape of health monitoring by providing real-time,
personalized insights into an individual’s biochemical state. From
smart tattoos and microneedle patches to implantable sensors and
smart clothing, these devices promise to enhance personalized
medicine, improve chronic disease management, and empower
individuals with deeper health insights. However, addressing
challenges related to accuracy, user adoption, and data security
will be essential to realizing their full potential and ensuring that
these technologies advance medicine without overpromising

their results.
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