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Abstract

Background: The urgent need for innovative health monitoring solutions has led to significant
advancements in wearable biosensors, particularly those designed to analyze sweat. These devices facilitate
noninvasive, continuous monitoring of physiological parameters, enhancing early diagnosis and
management of health conditions.

Methods: This review systematically evaluates recent developments in wearable electrochemical sweat
sensors. We examine the physiological relevance of sweat as a biofluid, detailing the various analytes it
contains, including electrolytes, metabolites, and trace elements. We explore the methodologies used for
sweat collection and analysis, highlighting advancements in iontophoresis, microfluidic technology, and
multiplexed sensing systems.

Results: The integration of advanced electrochemical detection techniques has yielded significant
improvements in the performance of wearable sweat sensors. Recent innovations enable the simultaneous
detection of multiple analytes, providing comprehensive insights into an individual’s health status. The
sensors' ability to correlate sweat analyte concentrations with blood levels enhances their diagnostic utility,
particularly in managing conditions such as diabetes and electrolyte imbalances.

Conclusion: Wearable electrochemical sweat sensors represent a promising frontier in personalized health
monitoring, offering real-time feedback and facilitating proactive health management. However, challenges
related to data reliability, contamination, and the physiological variances in sweat composition necessitate
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ongoing research and development. Future advancements are expected to enhance sensor integration, data
processing capabilities, and the overall functionality of these devices.

Keywords: wearable biosensors, sweat analysis, electrochemical sensors, health monitoring, noninvasive
diagnostics.
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1. Introduction

An optimal health care system would facilitate the monitoring and treatment of health conditions prior to
illness development. When a patient exhibits substandard health, the system will be capable of detecting
and addressing it [1]. Patients often see physicians for medical intervention only after exhibiting significant
symptoms, thereafter, undergoing passive therapy and observation by experts. Consequently, there is an
imperative want for a method that allows folks to self-monitor for early illness diagnosis and prompt
therapy without reliance on costly technology or skilled specialists [2].

The advancement of medical diagnostic technology is propelling the expansion of wearable
biosensors, which provide unique answers to contemporary medical challenges. Wearable biosensors may
provide continuous, real-time physiological data via dynamic, noninvasive assessments of biochemical
markers in biofluids, maintaining direct touch with the sampled biofluids without causing pain to the user
[3,4]. Recent years have seen the rapid development of wearable electronic devices capable of precisely
measuring vital indicators, including heart rate, body temperature, and blood pressure, therefore
facilitating the assessment and monitoring of individual health situations. Nonetheless, these biophysical
measures do not provide direct insights into the dynamic biochemical and metabolic processes of the
human body. Biofluids, including sweat, tears, saliva, and tissue fluids, are valuable analytes due to their
simplicity of collecting and their ability to provide continuous, real-time physiological insights by
elucidating the body's intricate biomolecular state [5-8].

In comparison to other biofluids, perspiration is abundant in analytes that may provide physiological
insights into the body and are strongly associated with blood concentrations, presenting significant benefits
for wearable sensing. Wearable sweat monitoring systems facilitate the collection and analysis of
perspiration at the site of production, enabling autonomous, continuous, real-time sensing [9]. In situ
quantitative study of sweat is crucial for assessing physiological health and identifying illnesses. Since the
firstintroduction of wearable sweat sensors for the real-time measurement of sweat lactate in 2013, several
advancements have enabled the monitoring of electrolytes, metabolites, medications, trace elements, and
more in sweat [10]. Optical techniques, including fluorescence sensing and colorimetric methods, alongside
electrochemical sensing approaches, have been developed for the detection of sweat analytes.
Electrochemical sensing is a prevalent and established technique for sweat analysis, extensively used in
wearable sensors and predominating clinical diagnostics due to its superior performance, mobility,
simplicity, and affordability [11,12].

Recent technical advancements are enhancing the complexity of wearable electrochemical sweat sensors.
The comprehensive multiplexed sensing system for concurrent detection of various analytes enhances the
practicality of sweat sensors, offering a flexible wearable platform for extensive clinical and physiological
research [13-16]. The use of iontophoresis enables the active induction of sweat under inactive conditions,
hence fulfilling the criteria for illness diagnosis and health assessment. The use of microfluidic technology
addresses several challenges that compromise data integrity, increases sweat collection, and significantly
improves sample transport, hence increasing temporal resolution and accuracy in sweat analyte studies
[17,18]. The advancement of self-powered wearable sensors that include energy harvesting and storage
devices enhances the design and functionality of efficient, sustainable, and autonomous wearable systems.
Furthermore, these sensors will provide substantial time-series data, which can be examined using big-data
methodologies, facilitating the emergence of a customized and intelligent age in medicine [19,20].

This article offers a thorough overview of current developments in wearable electrochemical sweat sensors.
Initially, we delineate the benefits of sweat for wearable sensing, thoroughly examine the many analytes in
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sweat that indicate physiological data of the human body and emphasize the techniques for sweat
stimulation and collection. Secondly, we present the elements of wearable electrochemical sweat sensors.
It is essential to pick suitable sensing modes and electrochemical detection techniques for various analytes
in sensing elements. In electronic components, alongside the execution of operations like signal processing
and wireless data transmission, the optimization of the power supply technique must be prioritized. Third,
we provide a detailed overview of some notable sensing devices that have played a crucial role in the
historical development of wearable electrochemical sweat sensors for various analytes. In conclusion, we
outline the forthcoming problems and potential avenues for the advancement of wearable sweat sensors.
Wearable electrochemical sweat sensors provide significant benefits and promise for biological sensing
applications.

2. Sweat Samples

The rapid advancement of wearable chemical sensors allows the noninvasive identification of analytes in
readily available biofluids, offering insight into the comprehensive dynamic biomolecular condition of the
human body. Numerous potential biofluids exist; nevertheless, the majority exhibit constraints in wearable
sensing [21].

Blood is regarded as the benchmark for the medical assessment of analytes. Invasive blood collection
techniques provide a significant challenge for patients, particularly infants, the elderly, and persons with
hemophobia, for whom such procedures might be difficult. Urine is often used as a clinical medical
specimen; nonetheless, it is unsuitable for autonomous and continuous monitoring [22]. Tears include
specific salts, enzymes, proteins, and lipids that may indicate ocular disorders and illnesses. Nonetheless,
the current techniques for tear sample collection may induce ocular discomfort and elicit reflex tears, thus
compromising the accuracy of the sensor's test findings. Saliva comprises several indicators, such as
hormones, enzymes, antibodies, and antimicrobial compounds, which may precisely indicate human
condition. Saliva monitoring presents challenges due to the presence of various contaminants, such as food
particles, which compromise data dependability. The concentration of analytes in tissue fluids closely
resembles that in blood. Nonetheless, it is essential to use a tiny needle or subcutaneous excitation current
for sample collection, which may irritate the skin tissue and induce pain [23-25].

Unlike other biofluids, sweat offers significant benefits for wearable sensing. Sweat governs the body's
thermal equilibrium and serves a crucial physiological function in thermoregulation, hydration,
immunological defense, and the maintenance of electrolyte and pH balance [18]. It encompasses several
chemicals that may transmit physiological information about the body and might reflect the health
condition at the molecular level. Moreover, perspiration is excreted by sweat glands that are extensively
spread throughout the body. Consequently, sweat may be collected noninvasively from appropriate body
sites, making it suited for continuous monitoring. Sweat sensors may be positioned near sweat generating
sites, facilitating prompt detection prior to analyte degradation [16]. Certain blood analytes, including
glucose, lactate, and ethanol, have been shown to have a substantial correlation with the concentrations of
chemical compounds in sweat. In some respects, sweat analysis may serve as a substitute for blood analysis.
Despite existing challenges regarding data reliability in sweat measurement and the unclear secretion
mechanisms of some analytes, the benefits of sweat compared to other biofluids are swiftly elevating it in
the realm of wearable technology innovation [16-30].

Sweat contains a plethora of indicators, including electrolytes (e.g., sodium, potassium, chloride,
ammonium, calcium), metabolites (e.g., glucose, lactate, alcohol), trace elements (e.g., iron, zinc, copper),
small molecules (e.g., cortisol, urea, tyrosine), neuropeptides, and cytokines. Wearable sweat sensors,
which capture extensive physiological data, have several potential uses in fitness tracking, health
monitoring for athletes in high-performance sports, illness detection, and medical surveillance [31-36].

Water molecules constitute about 99% of sweat's composition. Sweat has a somewhat acidic nature, with
an average pH of 6.3, making it more acidic than blood. pH measurements may indicate variations in the
concentration of different electrolytes in sweat, so providing insights on illness and metabolic activity.
Furthermore, local pH monitoring aids in wound healing, infection identification, and the management of
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metabolic alkalosis [37]. Sodium (Na+) and chloride (Cl-) are the predominant electrolytes in human sweat
and facilitate the influx of water into sweat, which may be used to evaluate the intensity of the sweating
rate. Simultaneously, Na+ serves as a critical indicator for electrolyte imbalance in the human body and is
vital for the control of osmolality, water balance, and pH, particularly for athletes engaged in prolonged
activity or those subjected to heat and humidity [38,39]. The study of chloride in sweat is regarded as the
definitive method for diagnosing cystic fibrosis. lontophoresis technologies for sweat collection and
detection provide fast screening for cystic fibrosis. The potassium content in sweat is directly proportional
to that in the blood. Reduced potassium levels in perspiration may signify dehydration, which may lead to
muscular cramps and pose a life-threatening risk for those with cardiovascular disease. Monitoring Ca2+
concentrations in sweat may forecast conditions such as myeloma, acid-base imbalance, cirrhosis, renal
insufficiency, and normocalciuric hyperparathyroidism. Ammonium concentrations in sweat correlate
directly with plasma ammonium levels. Ammonia excretion in sweat serves as a marker for protein
catabolism and may be used to assess alterations during the shift from aerobic to anaerobic activity [40-
46].

Glucose in sweat serves as a representative molecule and a standard indication for examining sweat
secretion routes, sweat production rates, and the dilution of analyte concentrations. lontophoresis-induced
glucose concentrations in sweat may correlate with blood glucose levels, making it appropriate for diabetes
screening and monitoring [47-52]. Additionally, recent research revealed that glucose-loaded liposomes
(GLLs) may facilitate competitive colorimetric immunoassays for small-molecule antibiotics, including
streptomycin (STR) [54-56]. The lactate content in sweat closely resembles that in blood, serving as a
sensitive indicator of tissue viability and perhaps signaling stress ischemia. The sweat secretion rate and
lactate content have been shown to be independent of one another and are very appropriate for noninvasive
diagnostics [57]. Research indicates that the concentration of ethanol in sweat is strongly associated with
blood ethanol levels, allowing continuous noninvasive monitoring of blood alcohol by the assessment of
sweat alcohol concentration. Uric acid (UA) concentrations in sweat may provide insights into renal
pathology. Reports indicate that uric acid levels in the sweat of gout patients exceed those of healthy
persons, and uric acid is extensively used in the therapeutic management of gout [58-61].

Just as the body eliminates pollutants, medications may also be excreted via perspiration. Chronic caffeine
overdose may result in health issues including coronary syndrome, hypertension, and depression. Caffeine
levels in sweat have been shown to correlate with plasma and urine caffeine levels. The concentration of
levodopa in sweat correlates with its concentration in plasma. Monitoring levodopa in sweat may provide
a foundation for dosage adjustment [62,63].

Sweat serves as a crucial pathway for the detoxification of heavy metals. Perspiration serves as a significant
mechanism for zinc excretion. Zinc concentration trends serve as a signal for monitoring stress and immune
system-related muscle injury. It is crucial to assess zinc loss during physical exercise by analyzing zinc levels
in sweat. Serum copper serves as a biomarker for the detection of rheumatoid arthritis, Wilson's disease,
and hepatic cirrhosis. Moreover, the concentrations of copper and other heavy metals in sweat may indicate
physical exertion, thermal stress, and dietary intake [64].

Alongside the aforementioned ions and molecules, sweat also contains hormone-like substances and tiny
protein molecules, including cortisol, neuropeptides, and cytokines. Interleukin 6 (IL-6) isa 212-amino acid
inflammatory pluripotent stem cell factor that influences insulin function and may serve as a biomarker for
monitoring immune responses in cancer treatment [65]. Recent research indicated that IL-6 is generated
after SARS-CoV-2 infection (resulting in COVID-19) and activates inflammatory pathways as a component
of the acute phase response [66]. Cortisol is a steroid hormone secreted by the body in reaction to
psychological and physical stress, thereby playing a crucial part in the body's stress response, metabolic
control, and immunological function. Tyrosine is a conditionally necessary amino acid that is intricately
linked to metabolism, and aberrant levels of tyrosine may signify metabolic diseases such as tyrosinemia.
Neuropeptide Y (NPY) plays a role in the body's stress response and is present at elevated levels in the
sweat of individuals with depression compared to those without depression [67,68].
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Sweat samples may be collected using two methods: the passive method and the active method. In the
passive strategy, individuals engage in vigorous activities, such as running, cycling, or other forms of
exercise, to stimulate enough perspiration. In the active method, individuals get electrical stimulation [69].
Iontophoresis is a commonly used technique for active sweat induction, facilitating the collection of sweat
samples during periods of bodily inactivity. A current is produced under the skin surface by applying voltage
across the iontophoretic electrodes, facilitating the delivery of the agonist (e.g., pilocarpine molecules) to
the sweat gland at the anode and inducing sweat production. This technique has been used to assess
concentrations of chloride, ethanol, and glucose [70].

3. Conclusion and Future Perspectives

Sweat serves a crucial function in health assessment and illness identification, functioning as an optimal
bioassay sample that encompasses many biomarkers indicative of physiological data about the human body.
Significant advancements have been achieved in the development of flexible wearable electrochemical
sweat sensors throughout the years. They demonstrate potential for the identification of analytes including
electrolytes, metabolites, trace metals, pharmaceuticals, and tiny molecular substances. Investigations into
skin interface microfluidics, flexible and elastic materials, self-powered technologies, and multiplexed
sensing modalities are propelling the development of wearable electrochemical sweat sensors.
Nonetheless, several facets of wearable electrochemical sweat sensing need additional enhancement to
progress the discipline and provide individualized, intelligent medicine.

Significant advancements have been achieved in the incorporation of wearable electrochemical sensors.
The incorporation of a wireless data transmission device into the electrochemical sensor, together with the
creation of a smartphone application for data visualization and analysis, has enabled users to effortlessly
access physiological information and enhance the functionality of the sensing equipment. Integrating
electrochemical sensors with silicon integrated circuit assemblies including sophisticated electronic
functionalities enables precise evaluation of human physiological conditions by minimizing signal noise
using advanced signal processing techniques. The incorporation of an iontophoresis device facilitates the
acquisition of sweat by chemical stimulation while the body remains at rest. The integration of microfluidics
enhances the speed and efficiency of sweat collection and analysis, enabling the sensor to identify analytes
atlow concentrations. Sensors for the concurrent detection of multimodal analytes in sweat are advancing
rapidly.

Initially, most wearable devices concentrated on singular assessments; however, there has been a transition
towards concurrent noninvasive assessment of a wide array of biomarkers. This extensive analysis
facilitates a larger examination of physiological states and enables active calibration and adjustment of
responses for enhanced monitoring accuracy. Furthermore, sensor integration is transitioning towards a
convergence of many sensor modalities. Sensors capable of detecting several biofluids may be integrated,
enabling the concurrent detection of lactate in sweat and glucose in interstitial fluid. Integrating biosensors
with physical sensors is feasible for more thorough monitoring of human physiological data.

In the future, sensors will certainly be more integrated and sophisticated. Conversely, additional
functionalities may be included into the sensing apparatus. We anticipate the integration of sophisticated
big data processing algorithm modules, using machine learning or deep learning, into the sensors for rapid
and precise analysis of the gathered data. Conversely, multimodal wearable sensors that amalgamate
chemical, electrophysiological, and physical sensors may be advanced to consolidate many sensing
modalities onto a singular platform, hence facilitating complete monitoring of human physiological data.

Numerous critical issues remain unaddressed for the effective implementation of reliable and precise real-
time monitoring in sweat. Initially, sweat sensors must concurrently assess sweating rate, recognize and
adjust for the impacts of sweating rate, and provide an in-depth comprehension of biomarker distribution
methods and their reliance on sweating rate. The rate of sweat secretion fluctuates based on the person and
environmental conditions. For instance, Na+ and Cl- are often more concentrated at elevated sweating
rates. The optimal wearable sensor should have high flexibility to accommodate varying sweating rates
during detection. Secondly, wearable sweat sensors should ideally include the capability to choose several
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techniques for sweat sample collecting based on specific requirements. The makeup of sweat samples
collected by various procedures may vary. Sweat produced during exercise may have a higher concentration
of metabolites, such as lactate, compared to sweat obtained with iontophoretic stimulation.

Third, procedures must be implemented to reduce changes in sweat composition during the testing
procedure. Minimal quantities of exposed sweat evaporate rapidly, hence altering the concentration of
component indicators in the sweat sample. Moreover, newly produced perspiration on the skin surface
amalgamates with residual sweat. In the absence of technology to regulate sweat flow, ensuring detection
happens just in the most recent perspiration, the sensor is incapable of providing real-time sweat
measurement.

The contamination of sweat samples is a pressing problem that requires immediate attention.
Contaminants on the skin might combine with perspiration, hence modifying the makeup of the collected
sample. Isolating perspiration from the skin surface is essential to avoid these interfering substances from
impacting the sensor results.
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