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Abstract: Biological information detection technology is mainly used for the detection of physiological
and biochemical parameters closely related to human tissues and organ lesions, such as biomarkers.
This technology has important value in the clinical diagnosis and treatment of chronic diseases in
their early stages. Wearable biosensors can be integrated with the Internet of Things and Big Data
to realize the detection, transmission, storage, and comprehensive analysis of human physiological
and biochemical information. This technology has extremely wide applications and considerable
market prospects in frontier fields including personal health monitoring, chronic disease diagnosis
and management, and home medical care. In this review, we systematically summarized the sweat
biomarkers, introduced the sweat extraction and collection methods, and discussed the application
and development of epidermal wearable biosensors for monitoring biomarkers in sweat in preclinical
research in recent years. In addition, the current challenges and development prospects in this field
were discussed.
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1. Introduction

Chronic diseases, including cardiovascular diseases, chronic respiratory diseases, tu-
mors, diabetes, and other diseases, are the leading cause of death throughout the world
and account for about 60% of all deaths. Early detection is key to the prevention of chronic
diseases. In recent years, people have become increasingly interested in personal health
monitoring, management, and personalized medicine, which is expected to improve health
and quality of life through the early detection of chronic diseases. The innovative method
of using biomedical equipment to provide personalized monitoring, management, and
treatment according to the biochemical conditions of each person is expected to revolu-
tionize traditional medical practice [1,2]. Since the 20th century, biochemical monitoring
has undergone four technological changes. The earliest changes occurred in the early 20th
century when dedicated testing instruments were needed to detect biochemical information
in a specialized analytical laboratory. The second wave of technology was at the beginning
of the 21st century, namely, point-of-care testing (POCT), which utilized sampling and
immediate testing right next to the patient, eliminating complicated specimen processing
procedures in laboratories. The third technological change, currently happening right now,
is the emergence of wearable devices: a category of portable detection devices that can be
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directly worn on the epidermis, oculi or oral cavity, or integrated into the user’s clothes or
accessories for in situ detection of biomarkers in various body fluids (e.g., sweat, interstitial
fluid, tears, and saliva). The latest technological innovation is a fully implantable biochem-
ical sensor, which can be implanted into tissues through minimally invasive techniques
for real-time monitoring. For health monitoring and early warning of chronic diseases,
epidermal wearable biosensors will be the first choice due to their significant properties of
low cost, portability, and sensitivity.

The concept of biosensors was first proposed by Dr. Leland C. Clark in 1962 [3], who
defined it as an analytical device used to provide real-time data on one or more biomark-
ers in a sample. A typical biosensor contains two basic functional units: a “bioreceptor”
(for example, the enzyme, antibody, aptamer, etc.), which is responsible for the selective
recognition of target analytes; and a physical–chemical sensor (for example, an electrochem-
ical, optical, or mechanical sensor) that converts biological cognitive events into useful
signals [4]. There are three key operating processes: sample collection, biochemical reac-
tion, and output quantifiable signals [5]. Biosensors have broad prospects in the wearable
applications field due to their high specificity, quick response, portability, and low power
consumption [4]. Wearable biosensors can in situ non-invasively measure biomarkers in
body fluids to provide real-time physiological and biochemical information, thereby provid-
ing sufficient information for health monitoring and even preliminary medical diagnosis,
which has attracted widespread attention.

Epidermal biosensors can facilitate the real-time analysis of biomarkers in sweat and
have continuous monitoring capabilities for biomedical research, clinical diagnosis, and
treatment [6], thereby providing sufficient information for a preliminary medical diagnosis.
In recent years, wearable biosensor platforms for the detection of biomarkers in sweat have
been widely used in various parts of the body (e.g., the arm, forehead, chest, and back). The
concept was proven using a series of important analytes as targets. Through continuous
and real-time monitoring of biomarkers related to the wearer’s health condition, we can
have an in-depth understanding of their dynamic biochemical processes and provide
health information, thereby strengthening the management of their chronic diseases. The
epidermal wearable biosensor avoids having to damage the skin by the pierce of a needle
during blood sampling, thereby allowing the wearer to use it in daily life [7,8]. At present,
wearable biosensors have been manufactured on a variety of substrates, such as textiles,
gloves, wristbands, smart bandages, temporary tattoos, etc. [9,10]; therefore, they are
convenient and comfortable to wear.

In this review, we first introduced the composition of sweat and then explained the
sweat collection and analysis methods. In addition, the applications of epidermal wearable
biosensors in health monitoring and early warnings of chronic diseases were summarized,
and their challenges and developmental potential were discussed.

2. Sweat Characteristics

The epidermis covers most of our bodies; sweat glands are distributed throughout
the human body and can be categorized as eccrine, apocrine, and apoeccrine according
to their locations, structures, and functions [11,12]. The eccrine sweat gland is the most
abundant sweat gland for thermoregulation through the continuous secretion of serous
fluid containing various types of solute [13] distributed over nearly the entire body surface.
There are approximately 1.6 to 4.0 million glands on the adult body surface, and the
average density of the glands varies in different persons and anatomic sites; for example,
64 glands/cm2 on the back, 108/cm2 on the forearm, 181/cm2 on the forehead, and 600
to 700/cm2 on the palms and soles [13,14]. Thus, there are more than 100 glands per
square centimeter of skin on most of the body surface [6]. Children have the same number
of eccrine sweat glands as adults; therefore, the average density of the glands is higher
in children than in adults [13,15]. In most climatic conditions, ordinary adults secrete
500–700 mL of hypotonic fluid per day from sweat glands [4]. Sweat is produced by
exercise, heat, and emotional stress [16]. The sweat secretion rate of human skin varies with
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individual differences, exercise status, environmental temperature and humidity changes,
and some disease states will increase the sweat secretion rate and amount (e.g., menopausal
symptoms, cardiomyopathy, etc.) [17,18]. Therefore, due to the high-density distribution of
eccrine sweat glands both in children and adults and the considerable sweat secretion, sweat
can be collected non-invasively using a compact epidermal wearable biosensor [19–21].

2.1. The Components of Sweat

Sweat is an acidic electrolyte and metabolite-rich liquid [22]. The study of biomark-
ers in sweat began in 1910 when Embden proved that the amino acid serine exists in
human sweat [23]. Since then, there has been an accumulating body of studies aimed at
determining the composition of human sweat. Exogenous substances such as ammonia, glu-
cose, chloride, prostaglandins, C12-C22 fatty acids, drugs, and ethanol are separated from
sweat [12,24]. Now, studies have confirmed that perspiration is mainly composed of water
(99%); metabolites (such as lactate, glucose, urea, cortisol, hydroxybutyrate, etc.) [20,25–28];
electrolytes (such as Na+, K+, Cl−, etc.) [20,29,30]; trace elements (such as Zn2+ and Cu2+,
Fe3+, etc.) [31–33]; a small amount of macromolecules (such as cytokines IL-31, IL-6, TNF-α,
IFN-γ, neuropeptide Y, etc.) [34–38]; nutrients (such as vitamin C and D) [39,40]; and
drugs (such as scopolamine, paracetamol, paroxetine, etc.) [41,42], as shown in Figure 1.
Some of them are closely related to health status and can be used as biomarkers for in situ
non-invasive monitoring of physiological health status and the genesis and development
of chronic diseases and the effectiveness of treatment.

Biosensors 2023, 13, x FOR PEER REVIEW 3 of 29 
 

centimeter of skin on most of the body surface [6]. Children have the same number of 
eccrine sweat glands as adults; therefore, the average density of the glands is higher in 
children than in adults [13,15]. In most climatic conditions, ordinary adults secrete 500–
700 mL of hypotonic fluid per day from sweat glands [4]. Sweat is produced by exercise, 
heat, and emotional stress [16]. The sweat secretion rate of human skin varies with indi-
vidual differences, exercise status, environmental temperature and humidity changes, 
and some disease states will increase the sweat secretion rate and amount (e.g., menopau-
sal symptoms, cardiomyopathy, etc.) [17,18]. Therefore, due to the high-density distribu-
tion of eccrine sweat glands both in children and adults and the considerable sweat secre-
tion, sweat can be collected non-invasively using a compact epidermal wearable biosensor 
[19–21]. 

2.1. The Components of Sweat 
Sweat is an acidic electrolyte and metabolite-rich liquid [22]. The study of biomarkers 

in sweat began in 1910 when Embden proved that the amino acid serine exists in human 
sweat [23]. Since then, there has been an accumulating body of studies aimed at determin-
ing the composition of human sweat. Exogenous substances such as ammonia, glucose, 
chloride, prostaglandins, C12-C22 fatty acids, drugs, and ethanol are separated from 
sweat [12,24]. Now, studies have confirmed that perspiration is mainly composed of water 
(99%); metabolites (such as lactate, glucose, urea, cortisol, hydroxybutyrate, etc.) [20,25–
28]; electrolytes (such as Na+, K+, Cl−, etc.) [20,29,30]; trace elements (such as Zn2+ and Cu2+, 
Fe3+, etc.) [31–33]; a small amount of macromolecules (such as cytokines IL-31, IL-6, TNF-
α, IFN-γ, neuropeptide Y, etc.) [34–38]; nutrients (such as vitamin C and D) [39,40]; and 
drugs (such as scopolamine, paracetamol, paroxetine, etc.) [41,42], as shown in Figure 1. 
Some of them are closely related to health status and can be used as biomarkers for in situ 
non-invasive monitoring of physiological health status and the genesis and development 
of chronic diseases and the effectiveness of treatment. 

Analytes in the blood are secreted into sweat through the cell barrier. As shown in 
Figure 1, there are three main ways for solutes to enter sweat: (1) diffusion through the 
plasma membrane of capillary endothelial cells, (2) diffusion or advection transport be-
tween cells, (3) and transport through cell vesicles [43,44]. Sweat analytes are each trans-
ported to the sweat in different ways. A deep understanding of the correlations between 
sweat analytes and health status is extremely important for health monitoring and the 
development of sweat sensors [16]. 
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Analytes in the blood are secreted into sweat through the cell barrier. As shown
in Figure 1, there are three main ways for solutes to enter sweat: (1) diffusion through
the plasma membrane of capillary endothelial cells, (2) diffusion or advection transport
between cells, (3) and transport through cell vesicles [43,44]. Sweat analytes are each
transported to the sweat in different ways. A deep understanding of the correlations
between sweat analytes and health status is extremely important for health monitoring and
the development of sweat sensors [16].
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2.1.1. Electrolyte Ions and Trace Elements

Studies have confirmed that there are different kinds of ions in sweat, including Na+,
K+, Cl−, NH4

+, Fe2+, Mg2+, Ca2+, etc. [24,45–48]. The secretion of Na+ is mainly determined
by the process of sweat secretion, and there is no direct relation to the Na+ level in the blood.
The Na+ concentration in the blood is 135–145 mM, while the Na+ concentration in sweat is
tens of mM [24]. While some studies have shown that K+ in sweat has nothing to do with
the rate of sweat production, and its correlation with blood K+ concentration has yet to
be confirmed, other studies have found that K+ may vary within the blood concentration
range [45]. Correspondingly, the concentration of Fe2+ in sweat is positively correlated
with the concentration of Fe2+ in the blood, and the concentration of Fe2+ in sweat is hardly
affected by the sweat rate, and its secretion is not affected by other ions [46]. In contrast,
Mg2+ ions do not act in a similar manner. Researchers have also studied the sweat of
patients with renal failure, and the results showed that the concentration of Mg2+, Ca2+,
and phosphate in the sweat of patients with renal failure was increased, which indicated
a change in the concentration of disease-specific sweat ions [47]. Elevated chloride levels
were monitored in patients with infantile cystic fibrosis [47]. Researchers have proved that
the water and electrolytes in the sweat of patients with psoriasis are reduced, opening up
the field of sweat analysis in dermatology.

2.1.2. Hydrophilic Components

The secretion process of hydrophilic components (glucose, lactate, proteins, cytokines,
etc.) depends on active or passive channels. Due to the highly filtering structure formed
by the tight junctions of more than 40 different proteins [49], conversion factors related to
blood concentration are required.

The entry pathway for sweat glucose is next to the cell. Researchers have also detected
that there is a certain correlation between the concentration of glucose in sweat and the
concentration of glucose in the blood and surrounding interstitial fluid (ISF) [50,51]. There
is a potential development in the detection of sweat glucose for continuous monitoring
of the physiological condition of diabetic patients. At present, the number of diabetic
patients is gradually increasing, so the research on wearable biosensors is mainly focused
on glucose detection.

Moreover, researchers have shown that measuring changes in the concentration of
lactate in sweat can be used to detect ischemia [52].

The cytokine concentration in the blood is between pM and nM, while the cytokine
concentration in the sweat is less than 0.1% of its concentration in the blood [53]. The
protein content in sweat is usually more than 1000 times lower than that in the ISF and the
blood [54]. However, from the perspective of biosensing, the degradation rate of proteins
and cytokines is very slow, due to the proteases and enzymes that will be highly diluted
and will catabolize their target analytes slowly [43].

2.1.3. Lipophilic Components

The lipophilic components secreted into sweat depend on passive diffusion through
the skin barrier [12]. The concentration levels of small lipophilic (hydrophobic) molecules,
such as cortisol [55], testosterone [43], and drugs (e.g., ethanol [56], levodopa [57], methylx-
anthine [58], etc.) in sweat is strongly correlated with their concentration levels in blood.

There are considerable studies on electrolytes, lactic acid, and other metabolites in
sweat, while there are fewer studies on trace elements and macromolecules, such as
Mg2+ and cytokines. This factor is because biomarkers in sweat are transported from
the surrounding capillaries to the sweat and can also be produced in the sweat duct,
which makes them difficult to reliably correlate with the blood-drug concentration at
the same time. On the other hand, it is more meaningful to analyze trace elements and
macromolecules in blood. In addition, the correlation between many analytes in sweat
and corresponding analytes in blood needs further verification [22,43,45,59,60]. Although
this currently means that these analytes cannot be directly related to systemic conditions,
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they can at least be related to sweat gland movement in response to systemic conditions, so
corresponding clinical applications can also be carried out [24]. The clinical verification of
sweat analytes is very important for the overall development of sweat sensing, especially
for commercial applications. The blood-sweat correlation must be established through
in vivo experiments, and the distribution pathway of biomarkers must be fully understood
in order to fully realize the potential of wearable sweat sensors.

2.2. Sweat Biomarkers of Chronic Disease

Some biomarkers in sweat have been used as the gold standard or an important
reference for disease diagnosis, such as sweat Cl− and glucose [30,51,61]. In addition, a
lot of components have been confirmed by laboratory studies and are expected to become
new-generation disease biomarkers, as shown in Table 1.

Cystic fibrosis is a life-shortening rare autosomal recessive disease that results in
abnormal sweat composition both in newborns and adults, elevated sweat Cl– concentration
is the gold standard biomarker for the diagnosis of cystic fibrosis in clinical [30,62–65].
A sweat Cl− level ≥ 60 mM for all populations (newborns and adults) is the threshold
for a definitive diagnosis of cystic fibrosis and a sweat Cl− level < 30 mM indicates that
cystic fibrosis is unlikely. In individuals who fall into the intermediate sweat chloride level,
30–59 mM, genetic analysis is required, as shown in Table 1 [30].

Diabetes is a worldwide chronic disease associated with high circulating blood glucose
concentrations. Monitoring blood glucose plays an important role in the management of
diabetes and the reduction of the risk of serious secondary clinical complications [66]. What
is interesting is that healthy humans and diabetic patients show a certain correlation be-
tween sweat glucose and blood glucose [51,67], the glucose concentrations are ~100× lower
in sweat than in blood [51,61]. Therefore, precisely measuring sweat glucose concentration
can estimate blood glucose levels in a non-invasive and convenient way [8,67].

Diabetic ketoacidosis is a condition caused by the accumulation of ketone bodies
in patients with hyperglycemia or metabolic acidosis. β-hydroxybutyrate, a dominant
physiological ketone detected in sweat and other body fluid can be used as a biomarker of
diabetic ketoacidosis [68,69].

Behcet’s disease (BD) is an autoimmune disorder with the serious possibility of blind-
ness; patients often have a special and unpleasant odor, which might be caused by the
abnormal composition of their sweat [70]. A metabolomics analysis of BD patients’ sweat
revealed that a panel of metabolites can be selected as candidate biomarkers, including
l-citrulline, l-pyroglutamic acid, urocanic acid, 2-oxoadipic acid, cholesterol 3-sulfate, and
pentadecanoic acid [70].

Schizophrenia (SZ) is a severe, chronic, and debilitating brain disorder that is char-
acterized by distortions in thought and perception [71]. Due to the possibility of patient
opposition or discomfort related to blood collection, detection through non-invasive sweat
biosensors would be a convenient approach. Healthy control and SZ patient sweat sample
analyses revealed that five sweat proteins (Annexin-5, Bleomycin hydrolase, Thioredoxin,
Caspase-14, and Synaptophysin) were differentially abundant in sweat [72].

Epilepsy is a chronic disease with a sudden abnormal discharge of brain neurons, re-
sulting in transient brain dysfunction. A specific volatile organic compound in sweat, men-
thone, a newly described human alarm pheromone, may be an early seizure biomarker [73].

Furthermore, some cytokines in sweat were considered to be related to a series of
chronic diseases. Interleukine-31 (IL-31) is involved in allergic rhinitis and skin-based
autoimmune disorders such as pruritis, alopecia, psoriasis, and atopic dermatitis [34,74].
Interleukin-6 (IL-6) is associated with chronic disease in older adults and is the best predic-
tor of all-cause mortality compared to most other cytokines [35,75]. L-cysteine is a common
amino acid in organisms and is involved in cellular redox networks. L-cysteine is associated
with tumor ferroptosis [76], aging [77], etc., and exists in sweat [78]; it potentially can be
used as a biomarker for various diseases.
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In addition, sweating is also related to some specific disease states, such as amoeba
liver abscess, which easily leads to night sweats [79], and up to 75% of menopausal women
are affected by night sweats [17].

Thus, the change in sweat components is closely related to health status and chronic
diseases. Elevated sweat Cl– concentration is used as the gold standard biomarker for cystic
fibrosis; sweat glucose has also attracted numerous studies, and more biomarkers need
to be verified through clinical trials. The development of epidermal wearable biosensors
to detect biomarkers in sweat will avoid the inconvenience of invasive blood collection
and allow continuous, non-invasive, and convenient health monitoring, as well as chronic
disease risk warning.

Table 1. Clinical uses and potential sweat biomarkers of chronic disease.

Chronic
Disease

Sweat
Biomarkers Characteristics Applications References

Cystic fibrosis Cl− ≥60 mM Gold standard
in clinical [30]

Behcet’s
disease

• l-citrulline
• l-pyroglutamic acid
• urocanic acid
• 2-oxoadipic acid
• cholesterol 3-sulfate
• pentadecanoic acid

Needs further
exploration Pre-clinical [70]

Schizophrenia

• Annexin-5
• Bleomycin hydrolase
• Thioredoxin
• Caspase-14
• Synaptophysin

Needs further
exploration Pre-clinical [72]

Epilepsy Menthone A newly described human
alarm pheromone Pre-clinical [73]

Diabetes Glucose [G]s/[G]b
1 ≈ 0.01 Pre-clinical [51,61]

Diabetic
ketoacidosis β-hydroxybutyrate Needs further

exploration Pre-clinical [68]

1 [Glucose]ssweat/[Glucose]blood.

3. Sweat Sensing Platform

Compared with blood and urine analysis, sweat analysis has many advantages. How-
ever, sweat analysis has some challenges too. Health monitoring and clinical diagnosis via
sweat can be difficult due to pollution, evaporation, and a lack of real-time sweat sampling
and sensing equipment [60]. With the development of sensors for continuous monitoring
of sweat [80–82] and the development of multiple sensor arrays for real-time analyte detec-
tion [22,83], sweat sensing is becoming a technology that can use a non-invasive platform
to provide access and monitoring for continuous analyte, attracting more researchers to
conduct studies in this field.

3.1. Extraction and Collection of Sweat Samples
3.1.1. Sweat Extraction

• Passive sweat extraction

Passive sweat extraction is a routinely used non-pharmacological strategy for sweat
capture. At present, most wearable sweat sensors are based on passive sweat extraction.
They are limited to certain conditions, such as strenuous exercise, as shown in Table 2.
Usually, these biosensors are made of paper or elastic silicone and put on the skin of the arm
or forehead through transparent medical tape or double-sided tape (Figure 2) [20,84–88],
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since the arm and forehead normally perspire faster than the rest of the body surface. Also,
they can be integrated into an arm guard, wristband, or headband (Figure 2) [22,84,89].
Generally, subjects need to do vigorous exercise (running, cycling, or arm movement) for
minutes to more than an hour to produce enough sweat, because the sweat rate differs
from person to person [87,88]. The detected sweat biomarkers are usually closely related
to exercise functions, including glucose, lactate, cortisol, Na+, Cl−1, K+, etc. [20,22,84–90].
Although studies have proven the feasibility of detecting biomarkers in human sweat under
special conditions (strenuous exercise), the sweat secretion rate fluctuates greatly, which
affects the accuracy and reliability of the results. It is difficult to detect when the sweat
secretion rate is relatively low, such as during long-term sitting and at low temperatures.
Also, the method of sweating through exercise is not suitable for patient populations, such
as infants and the elderly, nor for the detection of chronic disease markers.
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Figure 2. Epidermal wearable biosensors for passive sweat extraction through strenuous exercise
(A–E) and increasing ambient temperature (F). (A) Subjects exercised by running or cycling while
the Lab-on-a-patch platform was attached to their arm or forehead (Adapted with permission
from Ref. [87]. Copyright 2020, Elsevier). (B) A subject exercised by moving his arm while the
wearable microfluidic patch was attached to his arm (Reprinted with permission from Ref. [20].
Copyright 2022, AIP Publishing). (C) A subject wearing a ‘smart headband’ and a ‘smart wristband’
during cycling (Reprinted with permission from Ref. [22]. Copyright 2016, Springer). (D) A subject
exercised by cycling while the wearable sensor array was attached to his forehead (Reprinted with
permission from Ref. [89]. Copyright 2016, American Chemical Society). (E) A subject wearing an arm
guard-integrated device during running (Reprinted with permission from Ref. [84]. Copyright 2020,
Springer). (F) Schematic illustration of procedures to extract sweat using an epidermal microfluidic
sweat sensor during and, or after warm water showering or bathing (Reprinted with permission from
Ref. [91]. Copyright 2019, Royal Society of Chemistry).

Increasing the ambient temperature to promote sweating is another common way to
extract sweat passively; for example, showering and bathing are simple broadly applicable
means for sweat extraction (as shown in Figure 2 and Table 2) that can bypass physical
stimulation requirements and have been used for chronic kidney screening [91]. However,
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this passive sweat extraction method limits the ability of the sensor to achieve continuous
and long-term real-time monitoring of sweat.

• Active sweat extraction;

Active extraction is needed to continuously collect sweat, such as through iontophore-
sis and local thermal stimulation that can cause the skin to secrete a lot of sweat [92,93].

Iontophoresis, also known as ion electrophoresis, is a method that uses continuous
direct current to drive ions or charged chemical drugs into the body based on the principle
of homoelectric repulsion. In 1959, Gibson and Cooke [94] developed the iontophoresis
method; they used the cationic drug pilocarpine to produce sweat. A short-term elec-
trical stimulation can deliver secretory agonist molecules to stimulate sweat glands to
produce continuous sweat for several hours [16,95]. The use of iontophoresis to induce
sweat production can realize the real-time active extraction of sweat, which solves the
difficult problem of real-time monitoring of sweat under natural conditions [81]. The
sweat obtained by this method is also widely used in clinical research [96]. Current re-
search mostly uses iontophoresis to extract sweat and monitor sweat through laboratory
equipment [58]. Emaminejad et al. combined this idea with a wearable sensing unit
and designed an electrochemically enhanced iontophoresis interface to realize a sweat
stimulation-sampling-sensing integrated sensing system, which can extract enough sweat
volume for stable analysis without causing patient discomfort (as shown in Figure 3) [97].
The system can be programmed to periodically induce sweat secretion and have different
secretion characteristics (as shown in Table 2). Therefore, it can be used to obtain a previ-
ously unachievable observation of the secretion process to advance our understanding of
sweat gland physiology. By integrating this capability, a fully integrated and autonomous
platform is formed and demonstrated that can stimulate sweat secretion and can monitor
the collected sweat analytes (such as glucose, Na+, and Cl−). This research expands the
targets of sweat health monitoring and further plays a role in disease diagnosis. In addition,
the research group also studied the effects of different drugs (acetylcholine or methacholine
or pilocarpine, etc.) and different doses on the time and rate of sweat production to further
control the rate and total amount of sweat extraction.

In addition, local thermal stimulation can also produce sweat in an efficient and
controllable way. Pal et al. [93] fabricated an electronic decal containing a resistive heating
element that can apply localized heat stress (38.5 ◦C for 3 min) on the skin to stimulate
rapid production of sweat (180 µL/cm2/hour) (as shown in Figure 3E and Table 2).

Compared to the passive sweat extraction method, the active sweat extraction method
using iontophoresis and local thermal stimulation has various advantages: First, the active
method can realize the control of sweat secretion, which improves the ability of in situ and
real-time detection of sweat and the reliability of detection results [40,93,95,98]. Second,
sweat stimulation can be utilized without strenuous exercise, which is very important for
monitoring the health or disease status of patients, the elderly, and infants [98]. Third, these
methods can greatly enrich the types of sweat biomarkers detected and expand the appli-
cation of wearable sweat biosensors, such as the detection of sweat Cl– for cystic fibrosis
diagnosis and management [98], the dynamic monitoring of vitamin C for non-invasive
nutrition status assessments toward detecting and correcting nutritional deficiencies [40],
and the non-invasive and continuous point-of-care drug monitoring and management [58].
It is the development direction of sweat extraction research. However, the research of
active sweat extraction methods is still in the preliminary exploration stage, and its core
mechanisms (such as the relationship between electric current, agonist agents, and sweat
secretion rate when using iontophoresis) and the stability of long-term work, etc., needs to
be further studied.
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delivery of pilocarpine and caffeine monitoring (Reprinted with permission from Ref. [58]. Copy-
right 2018, John Wiley and Sons). (B) Based on iontophoresis sweat extraction, a pediatric subject’s
sweat Cl− was monitored for a cystic fibrosis diagnosis (Reprinted with permission from Ref. [98].
Copyright 2021, The American Association for the Advancement of Science). (C) Schematic of the epi-
dermal biosensor for sweat vitamin C monitoring based on iontophoresis sweat extraction (Reprinted
with permission from Ref. [40]. Copyright 2020, American Chemical Society). (D) Iontophoresis
electrode and sweat sensor electrode [97]. (E) Electronic decal containing a heating layer to apply
localized heat stress on the skin for rapid sweat production (Reprinted with permission from Ref. [93].
Copyright 2020, Elsevier).

Table 2. Passive and active sweat extraction methods.

Sweat Extraction Methods Parameters Lasted Time Detected
Biomarkers Reference

Passive sweat extraction

Running Not provided 10, 25, 40 min lactate,
pH [84]

Running
1© 4 km/h for 2 min
2© 8 km/h for 5~20 min
3© 3 min cooling down

10, 15, 20, 25 min
glucose,
lactate,

pH, Cl−1
[85]

Running
1© 10 km/h for 10 min
2© 15 km/h for 10 min
3© 5 km/h for 10 min

30 min glucose,
lactate [86]
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Table 2. Cont.

Sweat Extraction Methods Parameters Lasted Time Detected
Biomarkers Reference

Arm movement Not provided 60 min Na+, Cl−1, pH,
glucose,

[20]

Cycling Not provided 15–40 min cortisol [87]

Cycling
1© Ramp up for 10 min
2© medium-high activity for 30–70 min
3© cooling down for 10 min

50–90 min pH,
glucose [88]

Cycling
1© Ramp up for 10 min
2© cycling for 20 min
3© cooling down for 3 min

33 min Glucose, lactate,
Na+, K+ [22]

Cycling
1© Ramp for 5 min
2© cycling for 20 min
3© cooling down for 5 min

30 min Ca2+, pH [89]

Shower/Bath Water temperature: 38–42 ◦C 5–15 min Creatinine, urea,
pH [91]

Active sweat extraction

Iontophoresis Pilocarpine 1 5 min Cl– [98]

Iontophoresis Pilocarpine 1 10 min Vitamin C [40]

Iontophoresis Pilocarpine 1 5 min Glucose [95]

Iontophoresis Pilocarpine 1 5 min Caffeine [58]

Iontophoresis Pilocarpine, acetylcholine, methacholine 1 5 min Na+, Cl−, glucose [97]

Local heating 38.5 ◦C 2 3 min pH [93]
1 Agonist agent for iontophoresis. 2 Local heating temperature.

3.1.2. Sweat Collection

Microfluidic technology has been rapidly developed in recent years [99]; due to its
excellent stretch ability, biocompatibility, and high accuracy, it has become a model of new
analysis tools for wearable biosensors [100]. The introduction of microfluidic technologies
to the sweat sensor has provided a good solution for the in situ collection of sweat and
makes the sweat collection process easier [7,101–103]. The microfluidic system can indeed
be integrated into body fluid sampling for real-time and continuous monitoring methods [5],
and several passive and active sweat collection methods have been developed.

• Passive sweat collection

Passive sweat collection refers to the driving and transportation of sweat from the skin
to the sweat collection zone or sensors based on the pressure from the eccrine gland or the
capillary action generated by the microfluidic channels or cotton thread or cotton fabric.

Many research groups use the natural pressure generated by sweat glands (~3 kPa) to
drive sweat sampling and combine it with a microfluidic system to collect sweat in situ,
as shown in Figure 4A [7,88,95,98,104,105]. Since the internal volume of a microfluidic
channel is approximately several microliters, adequate pressure from the eccrine glands
could provide continued and passive sweat flow during perspiration [88], taking several
minutes to fill the collection area, independent of any need for external force.
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Capillary action is also the main internal driving force for sweat collection. For
commonly used microfluidic channels with a small size (e.g., diameter < 0.1 mm), the sweat
could overcome the positive capillary pressure generated by the hydrophobic channel wall,
and enter the microchannel for capture and collection, as shown in Figure 4C [93,106,107].
Besides, the cotton thread or fabric is very hydrophilic after its natural wax is removed and
can also effectively produce capillary action to wick sweat from the skin surface, delivering
the sweat to the sensors in several minutes, as shown in Figure 4B,D [84,85,101,102].

In short, with the optimization of materials and structures, microfluidic technology can
become an excellent, rapid, and low-cost sweat collection platform for wearable biosensor
applications, but there are challenges in the accuracy and effectiveness of next-generation
wearable microfluidic biosensors. First, the collected sweat volume fluctuates greatly,
which affects the accuracy and reliability of the sensing results. Second, sweat evaporation
is unavoidable, which results in the enrichment of analytes, thus leading to concentration
miscalculation. Third, contamination in sweat collection cannot be ignored, resulting in
systematic and random errors.

• Active sweat collection;

The current research trend focuses on the miniaturization of sweat sensors in flexible
microfluidic devices to allow efficient sweat collection and minimize external contami-
nation for sweat biomarker detection. The structures of the microfluidic channels have
been greatly improved, and the innovation and optimization focus on the integration of
passive or active pumps or valves for efficient and controllable sweat collection, such as hy-
drogel pumps [108,109], super hydrophilic microchannel pumps [20,86,107], hydrophobic
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valves [107], capillary bursting valves [20,100,110], flap valve [87], microheater-controlled
thermo-responsive hydrogel valves [111], etc.

A hydrogel pump that combines osmosis (hydrogel) and capillary action (microfluidic
channels) could realize long-term sweat-wicking (Figure 5A) [108,111]. The hydrogel,
infused with a highly concentrated solute (osmolyte) generates the osmotic driving force
with the skin, sucking the sweat into the detection zone until the chemical potential
difference between the skin and the hydrogel is maintained [108]. The significant advantage
of a hydrogel pump is that it can provide long-term operation (from tens of minutes to
several hours) without any external power source.
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Figure 5. Epidermal wearable biosensors for active sweat collection. The structures of the microflu-
idic channels have been greatly improved for efficient and controllable sweat collection, such as
(A) hydrogel pumps [108], (B) super hydrophilic microchannel pumps (Reprinted with permission
from Ref. [86]. Copyright 2021, Elsevier), (C) hydrophobic valves (Reprinted with permission from
Ref. [107]. Copyright 2020, Royal Society of Chemistry), (a) Schematic of the one-opening chamber
with the hydrophobic valve and a bridging channel in a microfluidic device, (b) Optical images (i–iv)
of the hydrodynamic flow process into the one-opening chamber with a hydrophobic valve, (D) cap-
illary bursting valves (Reprinted with permission from Ref. [110]. Copyright 2017, Royal Society
of Chemistry), (a) detailed schematic illustration of a unit cell in a device, including a collection
chamber, extraction chamber, sampling outlet, and three capillary bursting valves and SEM images of
the capillary bursting valves, (b) sketch of capillary bursting valves with indicated channel width
and diverging angle, and optical images and schematic illustrations of the working principle of the
capillary bursting valves for chrono-sampling (i–iv). (E) flap valve (Adapted with permission from
Ref. [87]. Copyright 2020, Elsevier), and (F) micro-heater-controlled thermo-responsive hydrogel
valves [111].
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Hydrophilic microchannel pumps are also commonly used for efficient sweat collec-
tion. The hydrophilic microchannels that are associated with the positive driving effect
of capillary force could spontaneously wick sweat into the microchannels rapidly [107].
Constructing a more hydrophilic channel surface by arranging the microcolumn arrays
in the channel in this way could provide a larger contact area for the capillary force and
achieve a longer driving effect [20]. Also, printed hydrophilic paper folded into a multi-
layer structure could form a reasonably designed three-dimensional (3D) sweat diffusion
path, providing an efficient pathway for long-term sweat collection (Figure 5B) [86].

Microvalves, such as hydrophobic valves, capillary bursting valves, arched flap valves,
and thermo-responsive hydrogel valves, are designed for effectively guiding sweat flow
direction. The hydrophobic valve is a specific zone in the hydrophilic microfluidic channel
for sweat flow modulation. After exposing the surface to air plasma treatment, the PDMS
microfluidic channel becomes hydrophilic, while the hydrophobic valve can be simply
created using a mask to avoid exposure of the PDMS to the air plasma. The pressure
induced by the sweat glands drives flow through the microchannel, and the hydrophobic
valve helps route sweat into the detection chamber and then allows sweat flow after the
chamber is completely filled (Figure 5C) [107]. The significant advantage of the hydrophobic
valve is that it reduces sweat sample evaporation and contamination because evaporation
and contamination mainly occur through the outlet of microchannels. Additionally, if
the hydrophobic valve is combined with multiple chambers, it allows for the sequential
generation of sweat collection at different times for long-term analysis [107]. The capillary
bursting valve is a specific microstructure in a microfluidic channel for passively guiding
sweat through the channel in a sequential fashion (Figure 5D) [20]. Bursting valves designed
with different parameters can be opened at different pressures induced by the sweat glands,
thereby providing a precise sampling capability [100]. The arched flap valve, inspired by the
structure and function of venous valves in human veins, is another specific microstructure
to guide sweat flow in a one-way manner (Figure 5E) [87]. The thermo-responsive hydrogel
valve incorporated into the microfluidic system is controlled by a microheater and can
render active sweat management (Figure 5F) [111]. When the hydrogel’s temperature is
lower than its lower critical solution temperature (LCST), its structure expansion and sweat
flow are completely blocked with no leakage (off-state). Conversely, when the hydrogel’s
temperature is higher than its LCST, its structure shrinks and sweat flow is permitted
(on-state). Thus, the thermo-responsive hydrogel valve is an ideal binary off or on valve,
by which the sweat collection can be controlled actively.

In short, a hydrogel pump and a super hydrophilic microchannel pump can efficiently
promote sweat collection, while the hydrophobic valve, capillary bursting valve, flap valve,
and microheater-controlled thermo-responsive hydrogel valve can realize sweat collection
in a controllable manner. The significant advantages of various valves for sweat collection
are as follows: (1) Valves incorporated at the junction of the chamber and microfluidic
channel can reduce sweat evaporation through the outlet of the microfluidic channel.
(2) Reduce the unnecessary contamination of sweat, which is vital for accurate sweat
analysis. (3) Passive valves (e.g., hydrophobic valves, capillary bursting valves, or flap
valves) without active components or power sources present an attractive option for fluid
control. (4) Active valves (e.g., thermo-responsive hydrogel valves) can realize fluid control
in a flexible and programmable manner.

3.2. Fundamentals of Biosensors
3.2.1. Electrochemical Biosensors

Electrochemical biosensors are the most commonly used methods for sweat biomarker
detection (glucose, lactate, cortisol, cytokines, nutrients, etc.) where analytes are converted
into electrical signals by functionalized electrodes and then transmitted to the processing
components [38,40,80,104,112,113]. Based on the different mechanisms of detecting elec-
trodes and identifying the analytes, the electrochemical biosensors can be categorized into
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three main types, including enzyme-based [80,114–116], immune-based [92,101,117], and
aptamer-based biosensors [37,118,119].

• Enzyme-based biosensors

The enzyme-based electrochemical biosensors detected by amperometry or voltamme-
try mainly include biological recognition elements and enzymes, which can selectively cat-
alyze the analyte in sweat and generate electrical signals at enzyme-electrode interfaces; the
electrical signals are related to the analytes’ concentration [40,96,120]. Therefore, electron
transfer at the enzyme-electrode interface is the key step for such wearable electrochemical
biosensors [121]. At present, three generations of enzyme-based electrochemical biosensors
based on different electron transfer strategies have been developed [114,116,117,121–124].

In the first-generation biosensor, the enzyme (e.g., lactate oxide, and glucose oxidase)
is immobilized on the surface of the working electrode through a crosslinker (e.g., dithiobis
succinimidyl propionate). Lactate detection in eccrine sweat is achieved by the catalytic
oxidation of L-lactate into pyruvic acid and H2O2 through lactate oxide (LOx) [116], whereas
glucose detection is achieved by the catalytic oxidation of glucose into gluconic acid and
H2O2 through glucose oxidase [114], as shown in Figure 6A. Because the redox-active
centers of enzymes are often deeply embedded by polypeptides, electron transfer between
enzymes and electrodes at enzyme-electrode interfaces is usually not easy to achieve,
leading to low sensitivity [125,126].

In the second-generation biosensor, electron mediators are used to enhance the en-
zyme electrochemical reactions and to achieve efficient electron transfer from the enzyme’s
activity center to the electrodes during sensing applications [127,128], resulting in better
electrochemical performance. Carbon quantum dots (CQDs) and Prussian blue (PB) with
high electron transfer rates are most commonly used to promote electron transfer and
reduce interfacial impedance on the electrode surface (Figure 6A) [106,117,129–134]. How-
ever, the use of electron mediators not only increases the complexity of biosensors but also
leads to low selectivity and instability due to cross-reactions and leakages of the electron
mediators, respectively [121,135].

In the third-generation biosensor, direct electron transfer at the enzyme-electrode
interfaces without using electron mediators with high selectivity and sensitivity is devel-
oped. For example, Xia et al. constructed a flexible and hierarchical meso- or macroporous
carbon nanotubes (CNT)—ethylene-vinyl acetate copolymer (EVA) film as the sensing
substrate [121]. Due to its well-formed three-dimensional conductive nanoporous struc-
ture, direct electron transfer-type bioelectrocatalysis is successfully realized on the glucose
oxidase-horseradish peroxidase bienzyme functionalized CNT-EVA film for glucose moni-
toring without any electron transfer mediator (Figure 6A) [121].

• Immune-based biosensors

The immune-based electrochemical biosensors can detect proteins or small molecules us-
ing an affinity-based biosensing scheme with an antibody as a recognition element
(Figure 6A) [38,87,104]. Due to the highly specific recognition properties of antibodies to
antigens, immune-based electrochemical biosensors usually have excellent selectivity and
specificity. The electrochemical impedimetric spectroscopy (EIS) and differential pulse voltam-
metry (DPV) techniques are commonly used for electrical signal detection [38,87,100,104], and
the electrical signals (e.g., impedance, and capacitance) are dependent on the antibody-antigen
binding activity [117].

• Aptamer-based biosensors

Aptamers are short single-stranded oligonucleotides (SSDNA or RNA) that are typ-
ically made of 20–80 nucleotides with stable tertiary structures to specifically bind the
target [119,136,137]. Aptamer-based electrochemical biosensors have gained considerable
attention because of their rapidity and accuracy in terms of quantification of a vast variety
of targets, including macromolecules, small molecules, bacteria, and cells, with high affinity
and specificity [37,118,137]. The aptamer probes anchored on substrates (e.g., graphene)
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can recognize and capture the specific biomarker via a chemical bond (Figure 6A); the
specific binding between the aptamer and biomarker induces a change in electrical signals,
which is detected, determining the biomarker concentration [36,37,138–141].

The aptamer-based biosensors show significant advantages compared with immune-
based biosensors: (1) Aptamers are chemically synthesized biorecognition elements with
high selectivity and affinity, making them adaptable to multiple targets at low concen-
trations [142–145]. (2) Aptamers are smaller in size than their antibody counterparts,
thus allowing for high-density mounting on a given effective surface area. This type of
mounting makes them reliably capture analyte molecules for prolonged times without any
saturation [146–148]. (3) Aptamers exhibit thermal and chemical stability, causing easier
conjugation to a substrate and long-term stability [37,139].

3.2.2. Colorimetric Biosensors

Colorimetric biosensors use electronic equipment (e.g., the camera of a cell phone [85,149],
or the naked eye [150]) to capture the sensor’s color changes in response to analytes (Figure 6B,C)
and then perform an image analysis for the analytes’ quantification [7,80,81,101,151–153]. The
color changes of the sensing parts are commonly based on various mechanisms, including
the presence of specific analytes, red-shift reflected color of photonic interpenetrating polymer
network film [151], fluorescence resonance energy transfer [154], peroxidase-mediated oxidation
of 3,3′,5,5′-tetramethylbenzidine (TMB) [149], Raman spectroscopy [90], Prussian Blue [150], etc.
The signal detection scheme of colorimetric epidermal wearable biosensors is particularly useful
for the patient’s daily health self-monitoring.

3.3. Substrates of Biosensors

Epidermal wearable biosensors have been manufactured on a variety of substrates,
such as textiles [114,123,124,152,155,156], tattoos [40,80,81,93,157], and patches and ban-
dages [149,151,158–167].

Yoon et al. coated the surface of the CFT (carbon fiber thread) electrode with a layer
of citric acid supramolecular polymer that can self-heal within 30 s at room temperature,
which is highly sensitive and self-healing [155]. The sweat thread is woven into textiles
and integrated with a wireless FPCB (flexible printed circuit board) to realize real-time
monitoring of sweat, and it can run normally even after being cut for about 20 s.

Due to the unique mechanical physiology of human skin, researchers have focused
on developing a tattoo platform that closely contacts the wearer’s skin and mimics the
characteristics of the skin. At present, tattoo-based sweat pH sensors, Na+ sensors, NH4

+

sensors, and lactic acid sensors that detect analyte activity by voltammetry have been
developed [80,81]. Potential sensors generally include indicator electrodes and reference
electrodes. For example, Bandodkar et al. made carbon and Ag or AgCl into two “eyes-
shaped” indicator electrodes and reference electrodes, made the contact pad into a two
“ears” form, and finally made the sweat pH sensor into the “smiley face” style and applied
it to real-time monitoring of human sweat pH [157]. The results showed that this type of
tattoo sensor can withstand the mechanical deformation of human skin during exercise.
Therefore, the concept of the tattoo-ion-potentiometer sensor can be extended to monitoring
other clinically relevant sweat markers. This type of sensor is ergonomic and supports direct
and continuous contact with the skin surface, making it a unique platform for wearable
sensors. However, when applied to continuous monitoring, it is necessary to consider the
impact of daily skin cleaning on the performance of the sensor device.

In recent years, sweat sensor patches and bandages similar to smart tattoos have also
been used to continuously monitor sweat biomarkers. Bae et al. reported a fully integrated
stretchable microfluidic glucose sensor patch that integrates an omnidirectional stretchable
NPG (Nanoporous gold) electrode on a 3D micro-patterned PDMS (Polydimethylsiloxane)
substrate with stress absorption. The integrated glucose sensor patch shows an excellent
ability to continuously and accurately monitor sweat glucose levels [101]. Huang et al.
made a high-polymer patch sensor to detect the pH value of sweat and the colorimetric
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analysis of metal ions [153]. Rose et al. reported an RFID (radio-frequency identification)
bandage-based sensor. They used ion selection to detect Na+, K+, Mg2+, and NH4

+ plasma
in sweat sequentially [92]. Sweat sensor patches and bandages will play an important role
in the medical field due to their convenience, but patch sensors are usually thick and have
limited stretch ability, and are not suitable for a wide range of applications on human skin.
In contrast, the bandage sensor has better ductility and a better fit with human skin, but its
commercial use still needs further research and optimization.
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(Reprinted with permission from Ref. [114]. Copyright 2022, Elsevier), (b) second− (Reprinted with
permission from Ref. [129]. Copyright 2022, American Chemical Society), and (c) third−generation
(Reprinted with permission from Ref. [121]. Copyright 2020, Elsevier) enzyme-based biosensors,
(d) immune-based biosensors (Reprinted with permission from Ref. [117]. Copyright 2022, American
Chemical Society) and (e) aptamer-based biosensors [119]. Colorimetric biosensors use (B) a cell
phone (Reprinted with permission from Ref. [151]. Copyright 2020, American Chemical Society) or
(C) the naked eye (Adapted with permission from Ref. [150]. Copyright 2021, Elsevier) to capture the
color changes.

4. Clinical and Preclinical Applications

Sweat is widely used in epidermal biosensors to provide useful information for
continuous monitoring due to its multiple sampling locations, continuous collection,
easy and comfortable placement of the collection device, and rich physiological infor-
mation [22,67,81,166,168].

In the traditional clinical environment, blood, and urine samples are mainly used for
routine analysis. These techniques are costly, time-consuming, and cannot provide contin-
uous measurement of target analyte concentration [60]. Clinical biosensors can directly
measure the concentration of biomarkers in body fluids in a real-time and continuous man-
ner without the need for centralized laboratory facilities. This ability will reduce the need
for frequent sample collection and may open up new avenues for biomarker-directed thera-
peutic intervention. There are high requirements for the sustainability and effectiveness of
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biosensors in clinical applications. Passive sweat collection using multiple capture antibody
microarray technology [169] and active sweat induction based on iontophoresis [97] are
currently being developed to improve the durability of the sensor. Wearable biosensors
dedicated to clinical diagnosis are mainly based on potential, ampere, and voltametric
measurements [156].

Biosensing technology has the potential to replace a variety of clinical environments:
emergency diagnosis of acute diseases [170], long-term monitoring of relevant physiological
indicators of chronic diseases [171], and self-preliminary diagnosis [172] in the case of a
lack of medical personnel in the outbreak of disease, namely, physiological information
monitoring and clinical disease diagnosis [173].

Physiological information monitoring is of great significance to the diagnosis and
treatment of clinical diseases [87,104,164,174]. At present, many wearable sweat sensors
for physiological information monitoring have been developed (Table 3). This sensor
integrates physiological indicator detection technology with wearables, which can obtain
basic physiological indicators at various states [155,175–178]. With the development of
sensor technology and people’s increasing attention to their own health conditions, more
and more physiological monitoring equipment is being developed [179–181]. Wearable
technology can be used to establish a wearable physiological monitoring system to realize
the continuous and long-term monitoring of physiological information in patients.

In addition, wearable sweat sensors have also been used in the diagnosis of clinical
chronic diseases. Raiszadeh et al. have applied proteomics research to sweat, showing
that human skin is the most abundant source of sweat protein and that the human skin
has strong proteolytic enzyme activity [72]. Adewole et al. studied the sweat composition
of patients with active tuberculosis and detected 26 disease-specific sweat proteins [182].
This study classified high-risk subjects and shortened the time to diagnosis. Katchman
et al. detected immunoglobulins in sweat [49] and other researchers demonstrated the
correlation between different cytokine concentrations in sweat and serum, indicating that
sweat analysis has the potential to be a non-invasive inflammation monitoring tool [53].
This research provides a new method for the clinical detection of related diseases. In
addition, wearable biosensors can also diagnose some local skin diseases [183,184] and
detect various pharmacological metabolites in sweat [185,186], which can be applied in
forensic environments.

It can be seen that researchers can obtain a lot of important body-related data from
sweat, which shows the application prospects of wearable sweat sensors in medical and
health fields such as disease diagnosis and health management. The establishment of
these wearable sweat sensor platforms has brought new development ideas to real-time
monitoring—in situ diagnosis—precise treatment personalized medical and health field.
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Table 3. Epidermal wearable biosensor-based sweat biomarker analysis in clinical and preclinical applications.

Biomarkers
Related
Chronic
Disease

Substrate of
Biosensors

Sweat
Extraction
Strategies

Sweat
Collection
Strategies

Sensing
Techniques

Detection
Range Detection Limit Application Reference

Cl−
Cystic fibrosis
hyponatremia

Patch Iontophoresis Pressures created by
sweat glands Colorimetric 23–100 mM – In clinical [98]

Textile Running
Capillary action

generated by cotton
thread

Colorimetric 10–100 mM 5 mM Preclinical [85]

Glucose Diabetes

Textile Running
Capillary action

generated by cotton
thread

Colorimetric 10–250 µM 7 µM Preclinical [85]

Patch – 1 – 1 Electrochemical 0.1 nM–1 µM 0.1 nM Preclinical [112]

Patch Running Pressures created by
sweat glands Electrochemical 2.38–14.29 mM 3.84 µM Preclinical [122]

Patch – 1 – 1 Electrochemical 0.1–0.6 mM 3 µM Preclinical [121]

Patch – – Electrochemical 5 µM–6 mM 1 µM Preclinical [134]

Patch Cycling Absorbent patch Electrochemical 25–150 µM – Preclinical [88]

Patch Cycling Super hydrophilic 3D
sweat diffusion path Electrochemical 0.08–1.25 mM 17.05 µM Preclinical [86]

Patch Cycling
Capillary action

generated by filter
paper

Electrochemical 0–1 mM 4.95 µM Preclinical [106]

Textile – 1 – 1 Electrochemical 0.01–100 mM 301 nM Preclinical [124]

Patch – – Electrochemical 50 nM–1.07 mM 0.05 µM Preclinical [187]

Patch – 1 – 1 Electrochemical 50 µM–1.4 mM 26 µM Preclinical [129]

Patch Cycling Pressures created by
sweat glands

Enzymatic
biofuel cells 0–150 µM – Preclinical [188]

Patch Iontophoresis Pressures created by
sweat glands Electrochemical 1–3243 µM 0.85 µM Preclinical [132]
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Table 3. Cont.

Biomarkers
Related
Chronic
Disease

Substrate of
Biosensors

Sweat
Extraction
Strategies

Sweat
Collection
Strategies

Sensing
Techniques

Detection
Range Detection Limit Application Reference

Patch Cycling Pressures created by
sweat glands Electrochemical 0.003–1.5 mM 7 µM Preclinical [189]

Patch Cycling Pressures created by
sweat glands Electrochemical 0–1.5 mM 0.025 µM Preclinical [190]

Lactate

Fatigue,
Pressure
ischemia,

Insufficient
oxidative

metabolism

Textile Running
Capillary action

generated by cotton
thread

Colorimetric 1.0–12.5 mM 0.4 mM Preclinical [85]

Patch Running Pressures created by
sweat glands Electrochemical 2–15 mM 2.61 µM Preclinical [122]

Patch – – Electrochemical 1–600 µM – Preclinical [134]

Patch Cycling Super hydrophilic 3D
sweat diffusion path Electrochemical 0.3–20.3 mM 3.37 µM Preclinical [86]

Patch Cycling – Enzymatic
biofuel cells 0–15 mM – Preclinical [188]

Patch Cycling Pressures created by
sweat glands Electrochemical 0–56 mM 4 µM Preclinical [190]

Textile Running Capillary action
generated by thread Colorimetric 0–25 mM 0.98 mM Preclinical [84]

Patch Wear a trimmer
belt

Pressures created by
sweat glands Electrochemical 1–100 mM 1 mM Preclinical [116]

Bandage Cycling Pressures created by
sweat glands Electrochemical 1–50 mM 32.6 µM Preclinical [130]

Bandage – 2 – 2 Electrochemical 0.01–1.35 mM 6.8 µM Preclinical [133]

Textile Cycling Capillary action
generated by thread Electrochemical 0–25 mM 3.61 mM Preclinical [123]

Patch – 2 – 2 Electrochromic 0–10 mM – Preclinical [150]

Patch Exercise Osmotic hydrogel Electrochemical 0–15 mM 350 nM Preclinical [109]
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Table 3. Cont.

Biomarkers
Related
Chronic
Disease

Substrate of
Biosensors

Sweat
Extraction
Strategies

Sweat
Collection
Strategies

Sensing
Techniques

Detection
Range Detection Limit Application Reference

Patch Running Pressures created by
sweat glands Electrochemical 0.001–25 mM 0.8 µM Preclinical [131]

Cortisol
Depression,

anxiety

Patch Cycling Pressures created by
sweat glands Electrochemical 1 pM–10 µM 10 pM Preclinical [118]

Patch Arm movement Pressures created by
sweat glands Electrochemical 1 pM–1 µM 1 pM Preclinical [119]

Patch – 3 – 3 Colorimetric 10–1000 ng/mL 6.76 ng/mL Preclinical [154]

Bandage Normal daily
activities

Hydrophilic
microporous
membrane

Electrochemical 1–256 ng/mL 4 ng/mL Preclinical [139]

1 A simulated sweat sample containing spiked glucose was used as a test sample. 2 A simulated sweat sample containing spiked lactate was used as a test sample. 3 A simulated sweat
sample containing spiked cortisol was used as a test sample.
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5. Summary and Prospect

Nowadays, millions of people use precise and affordable fitness trackers and smart
watches to monitor physiological indicators such as heart rate and sleep state, which
provide certain health assistance and preliminary suggestions. The epidermal wearable
biosensor will provide real-time information about the individual’s physiological state at the
molecular level, thus transmitting relevant health care or health management information.
This type of sensor will lead to technological innovation in the field of wearable sensors.
According to research, the wearable sensor market will reach $2.86 billion by 2025. However,
from a commercial point of view, the price of wearable epidermal biosensors needs to be
lower in order to reach a wider audience. In order to be further marketed, the epidermal
wearable biosensor must ensure the stability of the biological receiver and negligible
sample contamination.

At the same time, continuous monitoring must be combined with real-time sampling
to meet the ultimate clinical application. The range of human biomarkers that can be
accurately and continuously monitored by the existing epidermal wearable biosensors
is still very limited, and the stability of the sensors and their evaluation through human
experiments need to be optimized. Although perspiration can be obtained using non-
invasive technology, discontinuity, and skin contamination are still great challenges. Perfect
iontophoresis can also cause skin irritation, which is not user-friendly. Therefore, it is
necessary to further develop a sweat collection method combining sweat stimulation and
microfluidics to realize continuous monitoring. There are also many challenges for ISF
sampling and analysis using commercially available devices, such as the biocompatibility
of the sensing components and stability of the sensing layer in vivo. Research that solves
these challenges should focus on the preparation of sensors from biocompatible materials
or the modification of the surface.

Not only can the epidermal biosensor detect biomarkers in sweat, but it can also ana-
lyze the biomarkers on the skin’s surface and in ISF. A recently reported bandage biosensor
using skin surface tyrosinase as an analyte is an outstanding example of a wearable device
designed to detect enzymes as an analyte [191]. The excellent performance of the tyrosinase
bandage biosensor shows the prospect of rapid screening for melanoma. If biosensors want
to be accepted by the market, a large amount of verification and testing of clinical accuracy
is required. Similarly, Trivedi et al. wiped the skin of patients with Parkinson’s disease and
separated four kinds of disease-specific proteins from those wipes [192]. Next, Tsunoda
et al. successfully used sweat to monitor the process of levodopa treatment for Parkinson’s
disease [55]. Such research still needs further study, which will greatly impact the treatment
of clinical diseases. In the future, a systematic and in-depth analysis of the composition
of each biological fluid will be essential for the innovative development of biomarkers for
wearable biosensors.

The current focus of epidermal wearable biosensors is mainly on clinical and health
management. Continuous monitoring of disease-related biomarkers through epidermal
wearable biosensors can provide useful information on human health. However, one of the
challenges lies in the detection of low-abundance biomarkers. However, when combined
with the existing microfluidic technology, preconcentration can be one of the solutions. We
believe that with the advancement of nanotechnology, and the continuous development of
sensor functions, alongside the cooperation of researchers with different backgrounds, this
field will gradually be improved and optimized and has great developmental potential.

Author Contributions: Conceptualization and supervision, L.R.; investigation and writing original
draft, L.R., X.Y. (Xichen Yuan) and C.L.; review and editing, L.R., X.Y. (Xichen Yuan), C.L., X.Y. (Xu Yin),
Y.Y., B.J. and Y.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 52205601 and 82272966, and the Ningbo Natural Science Foundation of China, grant number
202003N4047.

Institutional Review Board Statement: Not applicable.



Biosensors 2023, 13, 313 22 of 29

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jameson, J.L.; Longo, D.L. Precision medicine—personalized, problematic, and promising. N. Engl. J. Med. 2015, 372, 2229–2234.

[CrossRef] [PubMed]
2. Hamburg, M.A.; Collins, F.S. The path to personalized medicine. N. Engl. J. Med. 2010, 363, 301–304. [CrossRef] [PubMed]
3. Clark, J.L.C.; Lyons, C. Electrode systems for continuous monitoring in cardiovascular surgery. Ann. N. Y. Acad. Sci. 1962, 102,

29–45. [CrossRef]
4. Chung, M.; Fortunato, G.; Radacsi, N. Wearable flexible sweat sensors for healthcare monitoring: A review. J. R. Soc. Interface

2019, 16, 20190217. [CrossRef] [PubMed]
5. Corrie, S.R.; Coffey, J.W.; Islam, J.; Markey, K.A.; Kendall, M.A.F. Blood, sweat, and tears: Developing clinically relevant protein

biosensors for integrated body fluid analysis. Analyst 2015, 140, 4350–4364. [CrossRef]
6. Kim, J.; Campbell, A.S.; de Avila, B.E.F.; Wang, J. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37, 389–406.

[CrossRef]
7. Koh, A.; Kang, D.; Xue, Y.; Lee, S.; Pielak, R.M.; Kim, J.; Hwang, T.; Min, S.; Banks, A.; Bastien, P.; et al. A soft, wearable

microfluidic device for the capture, storage, and colorimetric sensing of sweat. Sci. Transl. Med. 2016, 37, 366ra165. [CrossRef]
8. Lee, H.; Choi, T.K.; Lee, Y.B.; Cho, H.R.; Ghaffari, R.; Wang, L.; Choi, H.J.; Chung, T.D.; Lu, N.; Hyeon, T.; et al. A graphene-based

electrochemical device with thermoresponsive microneedles for diabetes monitoring and therapy. Nat. Nanotechnol. 2016, 11,
566–572. [CrossRef]

9. Barfidokht, A.; Mishra, R.K.; Seenivasan, R.; Liu, S.; Hubble, L.J.; Wang, J.; Hall, D.A. Wearable electrochemical glove-based
sensor for rapid and on-site detection of fentanyl. Sens Actuators B Chem. 2019, 296, 126422. [CrossRef]

10. Kim, J.; de Araujo, W.R.; Samek, I.A.; Bandodkar, A.J.; Jia, W.; Brunetti, B.; Paixão, T.R.L.C.; Wang, J. Wearable temporary tattoo
sensor for real-time trace metal monitoring in human sweat. Electrochem. Commun. 2015, 51, 41–45. [CrossRef]

11. Sato, K.; Leidal, R.; Sato, F. Morphology and development of an apoeccrine sweat gland in human axillae. Am. J. Physiol. 1987,
252, R166–R180. [CrossRef] [PubMed]

12. Sato, K.; Kang, W.H.; Saga, K.; Sato, K.T. Biology of sweat glands and their disorders .1. Normal sweat gland-function. J. Am.
Acad. Dermatol. 1989, 20, 537–563. [CrossRef] [PubMed]

13. Sato, K. The physiology, pharmacology, and biochemistry of the eccrine sweat gland. Rev. Physiol. Biochem. Pharmacol. 1977, 79,
51–131. [PubMed]

14. Kaya, T.; Liu, G.; Ho, J.; Yelamarthi, K.; Miller, K.; Edwards, J.; Stannard, A. Wearable sweat sensors: Background and current
trends. Electroanalysis 2019, 31, 411–421. [CrossRef]

15. Sage, K. Structure and function of human sweat glands studied with histochemistry and cytochemistry. Progr. Histochem.
Cytochem. 2002, 37, 323–386. [CrossRef]

16. Bariya, M.; Nyein, H.Y.Y.; Javey, A. Wearable sweat sensors. Nat. Electron. 2018, 1, 160–171. [CrossRef]
17. Zhang, G.Q.; Chen, J.L.; Luo, Y.; Mathur, M.B.; Anagnostis, P.; Nurmatov, U.; Talibov, M.; Zhang, J.; Hawrylowicz, C.M.; Lumsden,

M.A.; et al. Menopausal hormone therapy and women’s health: An umbrella review. PLoS Med. 2021, 18, e1003731. [CrossRef]
18. Kumar, A.; Pappachan, J.M.; Fernandez, C.J. Catecholamine-induced cardiomyopathy: An endocrinologist’s perspective. Rev.

Cardiovasc. Med. 2021, 22, 1215–1228. [CrossRef]
19. Zhong, B.; Jiang, K.; Wang, L.; Shen, G. Wearable sweat loss measuring devices: From the role of sweat loss to advanced

mechanisms and designs. Adv. Sci. 2022, 9, e2103257. [CrossRef]
20. Zhang, H.; Qiu, Y.; Yu, S.; Ding, C.; Hu, J.; Qi, H.; Tian, Y.; Zhang, Z.; Liu, A.; Wu, H. Wearable microfluidic patch with integrated

capillary valves and pumps for sweat management and multiple biomarker analysis. Biomicrofluidics 2022, 16, 044104. [CrossRef]
21. Bariya, M.; Davis, N.; Gillan, L.; Jansson, E.; Kokkonen, A.; McCaffrey, C.; Hiltunen, J.; Javey, A. Resettable Microfluidics for

Broad-Range and Prolonged Sweat Rate Sensing. ACS Sens. 2022, 7, 1156–1164. [CrossRef] [PubMed]
22. Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.V.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.; Kiriya, D.; et al. Fully

integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016, 529, 509–514. [CrossRef] [PubMed]
23. Embden, G.; Tachau, H. The occurrence of serine in human perspiration. Biochem. Z 1910, 28, 230–236.
24. Sonner, Z.; Wilder, E.; Heikenfeld, J.; Kasting, G.; Beyette, F.; Swaile, D.; Sherman, F.; Joyce, J.; Hagen, J.; Kelley-Loughnane, N.;

et al. The microfluidics of the eccrine sweat gland, including biomarker partitioning, transport, and biosensing implications.
Biomicrofluidics 2015, 9, 031301. [CrossRef]

25. Luo, T.T.; Sun, Z.H.; Li, C.X.; Feng, J.L.; Xiao, Z.X.; Li, W.D. Monitor for lactate in perspiration. J. Physiol. Sci. 2021, 71, 26.
[CrossRef]

26. Pearlmutter, P.; DeRose, G.; Samson, C.; Linehan, N.; Cen, Y.; Begdache, L.; Won, D.; Koh, A. Sweat and saliva cortisol response to
stress and nutrition factors. Sci. Rep. 2020, 10, 19050. [CrossRef]

27. Delgado-Povedano, M.M.; Castillo-Peinado, L.S.; Calderon-Santiago, M.; de Castro, M.L.; Priego-Capote, F. Dry sweat as sample
for metabolomics analysis. Talanta 2020, 208, 120428. [CrossRef]

http://doi.org/10.1056/NEJMsb1503104
http://www.ncbi.nlm.nih.gov/pubmed/26014593
http://doi.org/10.1056/NEJMp1006304
http://www.ncbi.nlm.nih.gov/pubmed/20551152
http://doi.org/10.1111/j.1749-6632.1962.tb13623.x
http://doi.org/10.1098/rsif.2019.0217
http://www.ncbi.nlm.nih.gov/pubmed/31594525
http://doi.org/10.1039/C5AN00464K
http://doi.org/10.1038/s41587-019-0045-y
http://doi.org/10.1126/scitranslmed.aaf2593
http://doi.org/10.1038/nnano.2016.38
http://doi.org/10.1016/j.snb.2019.04.053
http://doi.org/10.1016/j.elecom.2014.11.024
http://doi.org/10.1152/ajpregu.1987.252.1.R166
http://www.ncbi.nlm.nih.gov/pubmed/3812728
http://doi.org/10.1016/S0190-9622(89)70063-3
http://www.ncbi.nlm.nih.gov/pubmed/2654204
http://www.ncbi.nlm.nih.gov/pubmed/21440
http://doi.org/10.1002/elan.201800677
http://doi.org/10.1016/S0079-6336(02)80005-5
http://doi.org/10.1038/s41928-018-0043-y
http://doi.org/10.1371/journal.pmed.1003731
http://doi.org/10.31083/j.rcm2204130
http://doi.org/10.1002/advs.202103257
http://doi.org/10.1063/5.0092084
http://doi.org/10.1021/acssensors.2c00177
http://www.ncbi.nlm.nih.gov/pubmed/35411764
http://doi.org/10.1038/nature16521
http://www.ncbi.nlm.nih.gov/pubmed/26819044
http://doi.org/10.1063/1.4921039
http://doi.org/10.1186/s12576-021-00811-3
http://doi.org/10.1038/s41598-020-75871-3
http://doi.org/10.1016/j.talanta.2019.120428


Biosensors 2023, 13, 313 23 of 29

28. Ibáñez-Redín, G.; Cagnani, G.R.; Gomes, N.O.; Raymundo-Pereira, P.A.; Machado, S.A.S.; Gutierrez, M.A.; Krieger, J.E.; Oliveira,
O.N. Wearable potentiometric biosensor for analysis of urea in sweat. Biosens. Bioelectron. 2023, 223, 114994. [CrossRef]

29. Zhang, S.; Zahed, M.A.; Sharifuzzaman, M.; Yoon, S.; Hui, X.; Chandra Barman, S.; Sharma, S.; Yoon, H.S.; Park, C.; Park, J.Y. A
wearable battery-free wireless and skin-interfaced microfluidics integrated electrochemical sensing patch for on-site biomarkers
monitoring in human perspiration. Biosens. Bioelectron. 2021, 175, 112844. [CrossRef]

30. Farrell, P.M.; White, T.B.; Ren, C.L.; Hempstead, S.E.; Accurso, F.; Derichs, N.; Howenstine, M.; McColley, S.A.; Rock, M.;
Rosenfeld, M.; et al. Diagnosis of cystic fibrosis: Consensus guidelines from the cystic fibrosis foundation. J. Pediatr. 2017, 181,
S4–S15. [CrossRef]

31. Baker, L.B.; Wolfe, A.S. Physiological mechanisms determining eccrine sweat composition. Eur. J. Appl. Physiol. 2020, 120, 719–752.
[CrossRef] [PubMed]

32. Damian, M.T.; Vulturar, R.; Login, C.C.; Damian, L.; Chis, A.; Bojan, A. Anemia in Sports: A Narrative Review. Life 2021, 11, 987.
[CrossRef] [PubMed]

33. Kuan, W.H.; Chen, Y.L.; Liu, C.L. Excretion of Ni, Pb, Cu, As, and Hg in sweat under two sweating conditions. Int. J. Environ. Res.
Public Health. 2022, 19, 4323. [CrossRef] [PubMed]

34. Upasham, S.; Prasad, S. Tuning SLOCK toward chronic disease diagnostics and management: Label-free sweat interleukin-31
detection. ACS Omega 2021, 6, 20422–20432. [CrossRef]

35. Hladek, M.; Gill, J.M.; Lai, C.; Bandeen-Roche, K.; Xue, Q.L.; Allen, J.; Leyden, C.; Kanefsky, C.; Szanton, S.L. High social coping
self-efficacy associated with lower sweat interleukin-6 in older adults with chronic illness. J. Appl. Gerontol. 2022, 41, 581–589.
[CrossRef]

36. Wang, Z.; Hao, Z.; Wang, X.; Huang, X.; Lin, Q.; Zhao, X.; Pan, Y. A flexible and regenerative aptameric graphene–nafion biosensor
for cytokine storm bi-omarker monitoring in undiluted biofluids toward wearable applications. Adv. Funct. Mater. 2020, 31,
2005958. [CrossRef]

37. Jahromi, A.K.; Shieh, H.; Low, K.; Tasnim, N.; Najjaran, H.; Hoorfar, M. Experimental comparison of direct and indirect aptamer-
based biochemical functionalization of electrolyte-gated graphene field-effect transistors for biosensing applications. Anal. Chim.
Acta 2022, 1222, 340177. [CrossRef]

38. Huynh, V.L.; Trung, T.Q.; Meeseepong, M.; Lee, H.B.; Nguyen, T.D.; Lee, N.E. Hollow microfibers of elastomeric nanocomposites
for fully stretchable and highly sensitive microfluidic immunobiosensor patch. Adv. Funct. Mater. 2020, 30, 2004684. [CrossRef]

39. Heo, J.C.; Kim, D.; An, H.; Son, C.S.; Cho, S.; Lee, J.H. A novel biosensor and algorithm to predict vitamin D status by measuring
skin impedance. Sensors 2021, 21, 8118. [CrossRef]

40. Sempionatto, J.R.; Khorshed, A.A.; Ahmed, A.; De Loyola e Silva, A.N.; Barfidokht, A.; Yin, L.; Goud, K.Y.; Mohamed, M.A.;
Bailey, E.; May, J.; et al. Epidermal enzymatic biosensors for sweat vitamin C: Toward personalized nutrition. ACS Sens. 2020, 5,
1804–1813. [CrossRef]

41. Brown, K.; Jacquet, C.; Biscay, J.; Allan, P.; Dennany, L. Electrochemiluminescent sensors as a screening strategy for psychoactive
substances within biological matrices. Analyst 2020, 145, 4295–4304. [CrossRef] [PubMed]

42. Raymundo-Pereira, P.A.; Gomes, N.O.; Machado, S.A.S.; Oliveira, O.N. Wearable glove-embedded sensors for therapeutic drug
monitoring in sweat for personalized medicine. Chem. Eng. J. 2022, 435, 135047. [CrossRef]

43. Heikenfeld, J.; Jajack, A.; Feldman, B.; Granger, S.W.; Gaitonde, S.; Begtrup, G.; Katchman, B.A. Accessing analytes in biofluids for
peripheral biochemical monitoring. Nat. Biotechnol. 2019, 37, 407–419. [CrossRef] [PubMed]

44. Steed, E.; Balda, M.S.; Matter, K. Dynamics and functions of tight junctions. Trends Cell Biol. 2010, 20, 142–149. [CrossRef]
45. Baker, L.B. Sweating rate and sweat sodium concentration in athletes: A review of methodology and intra/interindividual

variability. Sports Med. 2017, 47, 111–128. [CrossRef]
46. Brune, M.; Magnusson, B.; Persson, H.; Hallberg, L. Iron losses in sweat. Am. J. Clin. Nutr. 1986, 43, 438–443. [CrossRef]
47. Prompt, C.A.; Quinton, P.M.; Kleeman, C.R. High-concentrations of sweat calcium, magnesium and phosphate in chronic

renal-failure. Nephron 1978, 20, 4–9. [CrossRef]
48. Rock, M.J.; Makholm, L.; Eickhoff, J. A new method of sweat testing: The CF Quantum(R)sweat test. J. Cyst. Fibros. 2014, 13,

520–527. [CrossRef]
49. Katchman, B.A.; Zhu, M.; Blain Christen, J.; Anderson, K.S. Eccrine sweat as a biofluid for profiling immune biomarkers.

Proteomics. Clin. Appl. 2018, 12, e1800010. [CrossRef]
50. Silvers, S.; Forster, W.; Talbert, G.A. Simultaneous study of the constituents of the sweat, urine and blood, also gastric acidity and

other manifestations re-sulting from sweating VI. Sugar. Am. J. Physiol. 1928, 84, 577–582. [CrossRef]
51. Moyer, J.; Wilson, D.; Finkelshtein, I.; Wong, B.; Potts, R. Correlation between sweat glucose and blood glucose in subjects with

diabetes. Diabetes Technol. Ther. 2012, 14, 398–402. [CrossRef]
52. Derbyshire, P.J.; Barr, H.; Davis, F.; Higson, S.P. Lactate in human sweat: A critical review of research to the present day. J. Physiol.

Sci. 2012, 62, 429–440. [CrossRef]
53. Marques-Deak, A.; Cizza, G.; Eskandari, F.; Torvik, S.; Christie, I.C.; Sternberg, E.M.; Phillips, T.M. Measurement of cytokines in

sweat patches and plasma in healthy women: Validation in a controlled study. J. Immunol. Methods 2006, 315, 99–109. [CrossRef]
[PubMed]

54. La Count, T.D.; Jajack, A.; Heikenfeld, J.; Kasting, G.B. Modeling glucose transport from systemic circulation to sweat. J. Pharm.
Sci. 2019, 108, 364–371. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bios.2022.114994
http://doi.org/10.1016/j.bios.2020.112844
http://doi.org/10.1016/j.jpeds.2016.09.064
http://doi.org/10.1007/s00421-020-04323-7
http://www.ncbi.nlm.nih.gov/pubmed/32124007
http://doi.org/10.3390/life11090987
http://www.ncbi.nlm.nih.gov/pubmed/34575136
http://doi.org/10.3390/ijerph19074323
http://www.ncbi.nlm.nih.gov/pubmed/35410004
http://doi.org/10.1021/acsomega.1c02414
http://doi.org/10.1177/07334648211006518
http://doi.org/10.1002/adfm.202005958
http://doi.org/10.1016/j.aca.2022.340177
http://doi.org/10.1002/adfm.202004684
http://doi.org/10.3390/s21238118
http://doi.org/10.1021/acssensors.0c00604
http://doi.org/10.1039/D0AN00846J
http://www.ncbi.nlm.nih.gov/pubmed/32500895
http://doi.org/10.1016/j.cej.2022.135047
http://doi.org/10.1038/s41587-019-0040-3
http://www.ncbi.nlm.nih.gov/pubmed/30804536
http://doi.org/10.1016/j.tcb.2009.12.002
http://doi.org/10.1007/s40279-017-0691-5
http://doi.org/10.1093/ajcn/43.3.438
http://doi.org/10.1159/000181189
http://doi.org/10.1016/j.jcf.2014.05.001
http://doi.org/10.1002/prca.201800010
http://doi.org/10.1152/ajplegacy.1928.84.3.577
http://doi.org/10.1089/dia.2011.0262
http://doi.org/10.1007/s12576-012-0213-z
http://doi.org/10.1016/j.jim.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16942779
http://doi.org/10.1016/j.xphs.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30273561


Biosensors 2023, 13, 313 24 of 29

55. Tsunoda, M.; Hirayama, M.; Tsuda, T.; Ohno, K. Noninvasive monitoring of plasma L-dopa concentrations using sweat samples
in Parkinson’s disease. Clinica chimica acta. Int. J. Clin. Chem. 2015, 442, 52–55.

56. Hauke, A.; Simmers, P.; Ojha, Y.R.; Cameron, B.D.; Ballweg, R.; Zhang, T.; Twine, N.; Brothers, M.; Gomez, E.; Heikenfeld, J.
Complete validation of a continuous and blood-correlated sweat biosensing device with integrated sweat stimulation. Lab a Chip
2018, 18, 3750–3759. [CrossRef]

57. Tai, L.C.; Liaw, T.S.; Lin, Y.; Nyein, H.Y.Y.; Bariya, M.; Ji, W.; Hettick, M.; Zhao, C.; Zhao, J.; Hou, L.; et al. Wearable sweat band for
noninvasive levodopa monitoring. Nano Lett. 2019, 19, 6346–6351. [CrossRef]

58. Tai, L.C.; Gao, W.; Chao, M.; Bariya, M.; Ngo, Q.P.; Shahpar, Z.; Nyein, H.Y.Y.; Park, H.; Sun, J.; Jung, Y.; et al. Methylxanthine
drug monitoring with wearable sweat sensors. Adv. Mater. 2018, 30, e1707442. [CrossRef]

59. Nyein, H.A.O.; Bariya, M.A.O.; Kivimäki, L.A.O.; Uusitalo, S.; Liaw, T.A.O.; Jansson, E.; Ahn, C.A.O.; Hangasky, J.A.O.; Zhao, J.;
Lin, Y.; et al. Regional and correlative sweat analysis using high-throughput microfluidic sensing patches toward decoding sweat.
Sci. Adv. 2019, 5, eaaw9906. [CrossRef]

60. Yang, Y.; Gao, W. Wearable and flexible electronics for continuous molecular monitoring. Chem. Soc. Rev. 2019, 48, 1465–1491.
[CrossRef]

61. Karpova, E.V.; Shcherbacheva, E.V.; Galushin, A.A.; Vokhmyanina, D.V.; Karyakina, E.E.; Karyakin, A.A. Noninvasive diabetes
monitoring through continuous analysis of sweat using flow-through glucose biosensor. Anal. Chem. 2019, 91, 3778–3783.
[CrossRef] [PubMed]

62. Barry, P.J.; Mall, M.A.; Alvarez, A.; Colombo, C.; de Winter-de Groot, K.M.; Fajac, I.; McBennett, K.A.; McKone, E.F.; Ramsey, B.W.;
Sutharsan, S.; et al. Triple therapy for cystic fibrosis phe508del-gating and -residual function genotypes. N. Engl. J. Med. 2021, 385,
815–825. [CrossRef] [PubMed]

63. Bene, Z.; Fejes, Z.; Macek, M., Jr.; Amaral, M.D.; Balogh, I.; Nagy, B. Laboratory biomarkers for lung disease severity and
progression in cystic fibrosis, Clinica chimica acta. Int. J. Clin. Chem. 2020, 508, 277–286.

64. Silva, I.A.L.; Duarte, A.; Marson, A.; Centeio, R.; Dousova, T.; Kunzelmann, K.; Amaral, M.D. Assessment of distinct electrophysi-
ological parameters in rectal biopsies for the choice of the best diagnosis/prognosis biomarkers for cystic fibrosis. Front. Physiol.
2020, 11, 604580. [CrossRef]

65. Mishra, A.; Greaves, R.; Massie, J. The relevance of sweat testing for the diagnosis of cystic fibrosis in the genomic era. Clin.
Biochem. Rev. 2005, 26, 135–153.

66. Clarke, S.F.; Foster, J.R. A history of blood glucose meters and their role in self-monitoring of diabetes mellitus. Br. J. Biomed. Sci.
2012, 69, 83–93. [CrossRef] [PubMed]

67. Karpova, E.V.; Karyakina, E.E.; Karyakin, A.A. Wearable non-invasive monitors of diabetes and hypoxia through continuous
analysis of sweat. Talanta 2020, 215, 120922. [CrossRef]

68. Zhang, X.; Xia, Y.; Liu, Y.; Mugo, S.M.; Zhang, Q. Integrated wearable sensors for sensing physiological pressure signals and
beta-Hydroxybutyrate in physiological fluids. Anal. Chem. 2022, 94, 993–1002. [CrossRef]

69. Sekar, M.; Sriramprabha, M.; Sekhar, P.K.; Bhansali, S.; Ponpandian, N.; Pandiaraj, M.; Viswanathan, C. Review—Towards
wearable sensor platforms for the electrochemical detection of cortisol. J. Electrochem. Soc. 2020, 167, 067508. [CrossRef]

70. Cui, X.; Zhang, L.; Su, G.; Kijlstra, A.; Yang, P. Specific sweat metabolite profile in ocular Behcet’s disease. Int. Immunopharmacol.
2021, 97, 107812. [CrossRef]

71. Winograd-Gurvich, C.; Fitzgerald, P.B.; Georgiou-Karistianis, N.; Bradshaw, J.L.; White, O.B. Negative symptoms: A review of
schizophrenia, melancholic depression and Parkinson’s disease. Brain Res. Bull. 2006, 70, 312–321. [CrossRef] [PubMed]

72. Raiszadeh, M.M.; Ross, M.M.; Russo, P.S.; Schaepper, M.A.; Zhou, W.; Deng, J.; Ng, D.; Dickson, A.; Dickson, C.; Strom, M.; et al.
Proteomic analysis of eccrine sweat: Implications for the discovery of schizophrenia biomarker proteins. J. Proteome Res. 2012, 11,
2127–2139. [CrossRef] [PubMed]

73. Maa, E.H.; Arnold, J.; Bush, C.K. Epilepsy and the smell of fear. Epilepsy Behav. EB 2021, 121, 108078. [CrossRef] [PubMed]
74. Zhang, Q.; Putheti, P.; Zhou, Q.; Liu, Q.; Gao, W. Structures and biological functions of IL–31 and IL-31 receptors. Cytokine Growth

Factor Rev. 2008, 19, 347–356. [CrossRef]
75. Varadhan, R.; Yao, W.; Matteini, A.; Beamer, B.A.; Xue, Q.L.; Yang, H.; Manwani, B.; Reiner, A.; Jenny, N.; Parekh, N.; et al.

Simple biologically informed inflammatory index of two serum cytokines predicts 10 year all-cause mortality in older adults, The
journals of gerontology. Series A. Biol. Sci. Med. Sci. 2014, 69, 165–173.

76. Badgley, M.A.; Kremer, D.M.; Maurer, H.C.; DelGiorno, K.E.; Lee, H.J.; Purohit, V.; Sagalovskiy, V.; Ma, A.; Kapilian, J.; Firl,
C.E.M.; et al. Cysteine depletion induces pancreatic tumor ferroptosis in mice. Science 2020, 368, 85–89. [CrossRef]

77. Xiao, H.; Jedrychowski, M.P.; Schweppe, D.K.; Huttlin, E.L.; Yu, Q.; Heppner, D.E.; Li, J.; Long, J.; Mills, E.L.; Szpyt, J.; et al. A
quantitative tissue-specific landscape of protein redox regulation during aging. Cell 2020, 180, 968–983. [CrossRef]

78. Huang, C.; Hao, Z.; Wang, Z.; Wang, H.; Zhao, X.; Pan, Y. An ultraflexible and transparent graphene-based wearable sensor for
biofluid biomarkers detection. Adv. Mater. Technol. 2022, 7, 2101131. [CrossRef]

79. Wang, X.Z.; Mao, X.Y.; Zhang, Z.Q.; Guo, R.; Zhang, Y.Y.; Zhu, N.J.; Wang, K.; Sun, P.P.; Huo, J.Z.; Wang, X.R.; et al. Solvothermal
and ultrasonic preparation of two unique cluster-based lu and Y coordination materials: Metal-organic framework-based
ratiometric fluorescent biosensor for an ornidazole and ronidazole and sensing platform for a biomarker of amoeba liver abscess.
Inorg. Chem. 2020, 59, 2910–2922.

http://doi.org/10.1039/C8LC01082J
http://doi.org/10.1021/acs.nanolett.9b02478
http://doi.org/10.1002/adma.201707442
http://doi.org/10.1126/sciadv.aaw9906
http://doi.org/10.1039/C7CS00730B
http://doi.org/10.1021/acs.analchem.8b05928
http://www.ncbi.nlm.nih.gov/pubmed/30773009
http://doi.org/10.1056/NEJMoa2100665
http://www.ncbi.nlm.nih.gov/pubmed/34437784
http://doi.org/10.3389/fphys.2020.604580
http://doi.org/10.1080/09674845.2012.12002443
http://www.ncbi.nlm.nih.gov/pubmed/22872934
http://doi.org/10.1016/j.talanta.2020.120922
http://doi.org/10.1021/acs.analchem.1c03884
http://doi.org/10.1149/1945-7111/ab7e24
http://doi.org/10.1016/j.intimp.2021.107812
http://doi.org/10.1016/j.brainresbull.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/17027767
http://doi.org/10.1021/pr2007957
http://www.ncbi.nlm.nih.gov/pubmed/22256890
http://doi.org/10.1016/j.yebeh.2021.108078
http://www.ncbi.nlm.nih.gov/pubmed/34111768
http://doi.org/10.1016/j.cytogfr.2008.08.003
http://doi.org/10.1126/science.aaw9872
http://doi.org/10.1016/j.cell.2020.02.012
http://doi.org/10.1002/admt.202101131


Biosensors 2023, 13, 313 25 of 29

80. Jia, W.; Bandodkar, A.J.; Valdes-Ramirez, G.; Windmiller, J.R.; Yang, Z.; Ramirez, J.; Chan, G.; Wang, J. Electrochemical tattoo
biosensors for real-time noninvasive lactate monitoring in human perspiration. Anal. Chem. 2013, 85, 6553–6560. [CrossRef]

81. Kim, J.; Jeerapan, I.; Imani, S.; Cho, T.N.; Bandodkar, A.; Cinti, S.; Mercier, P.P.; Wang, J. Noninvasive alcohol monitoring using a
wearable tattoo-based iontophoretic-biosensing system. ACS Sens. 2016, 1, 1011–1019. [CrossRef]

82. Simmers, P.; Li, S.K.; Kasting, G.; Heikenfeld, J. Prolonged and localized sweat stimulation by iontophoretic delivery of the
slowly-metabolized cholinergic agent carbachol. J. Dermatol. Sci. 2018, 89, 40–51. [CrossRef] [PubMed]

83. Gao, W.; Nyein, H.Y.Y.; Shahpar, Z.; Fahad, H.M.; Chen, K.; Emaminejad, S.; Gao, Y.; Tai, Y.; Ota, H.; Wu, E.; et al. Wearable
microsensor array for mnultiplexed heavy metal monitoring of body fluids. ACS Sens. 2016, 1, 866–874. [CrossRef]

84. Xiao, G.; He, J.; Qiao, Y.; Wang, F.; Xia, Q.; Wang, X.; Yu, L.; Lu, Z.; Li, C.-M. Facile and low-cost fabrication of a thread/paper-based
wearable system for simultaneous detection of lactate and pH in human sweat. Adv. Fiber Mater. 2020, 2, 265–278. [CrossRef]

85. Ardalan, S.; Hosseinifard, M.; Vosough, M.; Golmohammadi, H. Towards smart personalized perspiration analysis: An IoT-
integrated cellulose-based microfluidic wearable patch for smartphone fluorimetric multi-sensing of sweat biomarkers. Biosens.
Bioelectron. 2020, 168, 112450. [CrossRef] [PubMed]

86. Li, M.; Wang, L.; Liu, R.; Li, J.; Zhang, Q.; Shi, G.; Li, Y.; Hou, C.; Wang, H. A highly integrated sensing paper for wearable
electrochemical sweat analysis. Biosens. Bioelectron. 2021, 174, 112828. [CrossRef]

87. Lee, H.B.; Meeseepong, M.; Trung, T.Q.; Kim, B.Y.; Lee, N.E. A wearable lab-on-a-patch platform with stretchable nanostructured
biosensor for non-invasive immunodetection of biomarker in sweat. Biosens. Bioelectron. 2020, 156, 112133. [CrossRef]

88. Wiorek, A.; Parrilla, M.; Cuartero, M.; Crespo, G.A. Epidermal patch with glucose biosensor: pH and temperature correction
toward more accurate sweat analysis during sport practice. Anal. Chem. 2020, 92, 10153–10161. [CrossRef]

89. Nyein, H.Y.; Gao, W.; Shahpar, Z.; Emaminejad, S.; Challa, S.; Chen, K.; Fahad, H.M.; Tai, L.C.; Ota, H.; Davis, R.W.; et al. A
wearable electrochemical platform for noninvasive simultaneous monitoring of Ca(2+) and pH. ACS Nano. 2016, 10, 7216–7224.
[CrossRef]

90. Oktavius, A.K.; Gu, Q.; Wihardjo, N.; Winata, O.; Sunanto, S.W.; Li, J.; Gao, P. Fully-conformable porous polyethylene nanofilm
sweat sensor for sports fatigue. IEEE Sens. J. 2021, 21, 8861–8867. [CrossRef]

91. Zhang, Y.; Guo, H.X.; Kim, S.B.; Wu, Y.X.; Ostojich, D.; Park, S.H.; Wang, X.J.; Weng, Z.Y.; Li, R.; Bandodkar, A.J.; et al. Passive
sweat collection and colorimetric analysis of biomarkers relevant to kidney disorders using a soft microfluidic system. Lab a Chip
2019, 19, 1545–1555. [CrossRef] [PubMed]

92. Rose, D.P.; Ratterman, M.E.; Griffin, D.K.; Hou, L.; Kelley-Loughnane, N.; Naik, R.R.; Hagen, J.A.; Papautsky, I.; Heikenfeld,
J.C. Adhesive RFID sensor patch for monitoring of sweat electrolytes. Ieee Trans. Biomed. Eng. 2015, 62, 1457–1465. [CrossRef]
[PubMed]

93. Pal, A.; Nadiger, V.G.; Goswami, D.; Martinez, D. Conformal, waterproof electronic decals for wireless monitoring of sweat and
vaginal pH at the point-of-care. Biosens. Bioelectron. 2020, 160, 112206. [CrossRef]

94. Gibson, L.E.; Cooke, R.E. A test for concentration of electrolytes in sweat in cystic fibrosis of the pancreas utilizing pilocarpine by
iontophoresis. Pediatrics 1959, 23, 545–549. [CrossRef] [PubMed]

95. Hojaiji, H.; Zhao, Y.; Gong, M.C.; Mallajosyula, M.; Tan, J.; Lin, H.; Hojaiji, A.M.; Lin, S.; Milla, C.; Madni, A.M.; et al. An
autonomous wearable system for diurnal sweat biomarker data acquisition. Lab a Chip 2020, 20, 4582–4591. [CrossRef]

96. Chao, E.; Paz Andres, E.D.L.; Barfidokht, A.; Wang, J. 72-LB: Novel epidermal adhesive sensors to enhance continuous glucose
measurement in ptients with dabetes: The EASE study. Diabetes. 2020, 69, 72-LB. [CrossRef]

97. Emaminejad, S.; Gao, W.; Wu, E.; Davies, Z.A.; Nyein, H.Y.Y.; Challa, S.; Ryan, S.P.; Fahad, H.M.; Chen, K.; Shahpar, Z.; et al.
Autonomous sweat extraction and analysis applied to cystic fibrosis and glucose monitoring using a fully integrated wearable
platform. Proc. Natl. Acad. Sci. USA 2017, 114, 4625–4630. [CrossRef]

98. Ray, T.R.; Ivanovic, M.; Curtis, P.M.; Franklin, D.; Guventurk, K.; Jeang, W.J.; Chafetz, J.; Gaertner, H.; Young, G.; Rebollo, S.; et al.
Soft, skin-interfaced sweat stickers for cystic fibrosis diagnosis and management. Sci. Transl. Med. 2021, 13, eabd8109. [CrossRef]

99. Whitesides, G.M. The origins and the future of microfluidics. Nature. 2006, 442, 368–373. [CrossRef]
100. Bandodkar, A.J.; Gutruf, P.; Choi, J.; Lee, K.; Sekine, Y.; Reeder, J.T.; Jeang, W.J.; Aranyosi, A.J.; Lee, S.P.; Model, J.B.; et al.

Battery-free, skin-interfaced microfluidic/electronic systems for simultaneous electrochemical, colorimetric, and volu-metric
analysis of sweat. Sci. Adv. 2019, 5, 15. [CrossRef]

101. Bae, C.W.; Toi, P.T.; Kim, B.Y.; Lee, W.I.; Lee, H.B.; Hanif, A.; Lee, E.H.; Lee, N.E. Fully stretchable capillary microfluidics-integrated
nanoporous gold electrochemical sensor for wearable continuous glucose monitoring. ACS Appl. Mater. Interfaces 2019, 11,
14567–14575. [CrossRef]

102. Ma, B.; Chi, J.; Xu, C.; Ni, Y.; Zhao, C.; Liu, H. Wearable capillary microfluidics for continuous perspiration sensing. Talanta. 2020,
212, 120786. [CrossRef]

103. Anastasova, S.; Crewther, B.; Bembnowicz, P.; Curto, V.; Ip, H.M.D.; Rosa, B.; Yang, G.Z. A wearable multisensing patch for
continuous sweat monitoring. Biosens. Bioelectron. 2017, 93, 139–145. [CrossRef]

104. Nah, J.S.; Barman, S.C.; Zahed, M.A.; Sharifuzzaman, M.; Yoon, H.; Park, C.; Yoon, S.; Zhang, S.; Park, J.Y. A wearable microfluidics-
integrated impedimetric immunosensor based on Ti3C2T MXene incorporated laser-burned graphene for noninvasive sweat
cortisol detection. Sens. Actuators B Chem. 2021, 329, 129206. [CrossRef]

http://doi.org/10.1021/ac401573r
http://doi.org/10.1021/acssensors.6b00356
http://doi.org/10.1016/j.jdermsci.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29128285
http://doi.org/10.1021/acssensors.6b00287
http://doi.org/10.1007/s42765-020-00046-8
http://doi.org/10.1016/j.bios.2020.112450
http://www.ncbi.nlm.nih.gov/pubmed/32877780
http://doi.org/10.1016/j.bios.2020.112828
http://doi.org/10.1016/j.bios.2020.112133
http://doi.org/10.1021/acs.analchem.0c02211
http://doi.org/10.1021/acsnano.6b04005
http://doi.org/10.1109/JSEN.2021.3054989
http://doi.org/10.1039/C9LC00103D
http://www.ncbi.nlm.nih.gov/pubmed/30912557
http://doi.org/10.1109/TBME.2014.2369991
http://www.ncbi.nlm.nih.gov/pubmed/25398174
http://doi.org/10.1016/j.bios.2020.112206
http://doi.org/10.1542/peds.23.3.545
http://www.ncbi.nlm.nih.gov/pubmed/13633369
http://doi.org/10.1039/D0LC00820F
http://doi.org/10.2337/db20-72-LB
http://doi.org/10.1073/pnas.1701740114
http://doi.org/10.1126/scitranslmed.abd8109
http://doi.org/10.1038/nature05058
http://doi.org/10.1126/sciadv.aav3294
http://doi.org/10.1021/acsami.9b00848
http://doi.org/10.1016/j.talanta.2020.120786
http://doi.org/10.1016/j.bios.2016.09.038
http://doi.org/10.1016/j.snb.2020.129206


Biosensors 2023, 13, 313 26 of 29

105. Martin, A.; Kim, J.; Kurniawan, J.F.; Sempionatto, J.R.; Moreto, J.R.; Tang, G.D.; Campbell, A.S.; Shin, A.; Lee, M.Y.; Liu, X.F.; et al.
Epidermal Microfluidic Electrochemical Detection System: Enhanced Sweat Sampling and Metabolite Detection. Acs. Sens. 2017,
2, 1860–1868. [CrossRef]

106. Zheng, L.; Liu, Y.; Zhang, C. A sample-to-answer, wearable cloth-based electrochemical sensor (WCECS) for point-of-care
detection of glucose in sweat. Sens. Actuators B Chem. 2021, 343, 130131. [CrossRef]

107. Zhang, Y.; Chen, Y.; Huang, J.; Liu, Y.; Peng, J.; Chen, S.; Song, K.; Ouyang, X.; Cheng, H.; Wang, X. Skin-interfaced microfluidic
devices with oneopening chambers and hydrophobic valves for sweat collection and analysis. Lab a chip 2020, 20, 2635–2645.
[CrossRef]

108. Saha, T.; Fang, J.; Mukherjee, S.; Knisely, C.T.; Dickey, M.D.; Velev, O.D. Osmotically enabled wearable patch for sweat harvesting
and lactate quantification. Micromachines 2021, 12, 1513. [CrossRef] [PubMed]

109. Saha, T.; Songkakul, T.; Knisely, C.T.; Yokus, M.A.; Daniele, M.A.; Dickey, M.D.; Bozkurt, A.; Velev, O.D. Wireless wearable
electrochemical sensing platform with zero-power osmotic sweat extraction for continuous lactate monitoring. ACS Sens. 2022, 7,
2037–2048. [CrossRef]

110. Choi, J.; Kang, D.; Han, S.; Kim, S.B.; Rogers, J.A. Thin, soft, skin-mounted microfluidic networks with capillary bursting valves
for chrono-sampling of sweat. Adv. Healthc. Mater. 2017, 6, 1601355. [CrossRef]

111. Lin, H.; Tan, J.; Zhu, J.; Lin, S.; Zhao, Y.; Yu, W.; Hojaiji, H.; Wang, B.; Yang, S.; Cheng, X.; et al. A programmable epidermal
microfluidic valving system for wearable biofluid management and contextual biomarker analysis. Nat. Commun. 2020, 11, 4405.
[CrossRef]

112. Xue, Q.; Li, Z.; Wang, Q.; Pan, W.; Chang, Y.; Duan, X. Nanostrip flexible microwave enzymatic biosensor for noninvasive
epidermal glucose sensing. Nanoscale Horiz. 2020, 5, 934–943. [CrossRef]

113. Hong, X.; Wu, H.; Wang, C.; Zhang, X.; Wei, C.; Xu, Z.; Chen, D.; Huang, X. Hybrid janus membrane with dual-asymmetry
integration of wettability and conductivity for ultra-low-volume Sweat Sensing. ACS Appl. Mater. Interfaces 2022, 14, 9644–9654.
[CrossRef] [PubMed]

114. Zhao, T.; Fu, Y.; Sun, C.; Zhao, X.; Jiao, C.; Du, A.; Wang, Q.; Mao, Y.; Liu, B. Wearable biosensors for real-time sweat analysis
and body motion capture based on stretchable fiber-based triboelectric nanogenerators. Biosens. Bioelectron. 2022, 205, 114115.
[CrossRef]

115. Jeerapan, I.; Sempionatto, J.R.; Pavinatto, A.; You, A.; Wang, S.J. Sretchable biofuel cells as wearable textile-based self-powered
sensors. J. Mater. Chem. A 2016, 4, 18342–18353. [CrossRef] [PubMed]

116. Bhide, A.; Lin, K.C.; Muthukumar, S.; Prasad, S. On-demand lactate monitoring towards assessing physiological responses in
sedentary populations. Analyst 2021, 146, 3482–3492. [CrossRef]

117. Wei, J.; Zhang, X.; Mugo, S.M.; Zhang, Q. A portable sweat sensor based on carbon quantum dots for multiplex detection of
cardiovas-cular health biomarkers. Anal. Chem. 2022, 94, 12772–12780. [CrossRef]

118. An, J.E.; Kim, K.H.; Park, S.J.; Seo, S.E.; Kim, J.; Ha, J.; Bae, J.; Kwon, O.S. Wearable cortisol aptasensor for simple and rapid
real-time monitoring. ACS Sens. 2022, 7, 99–108. [CrossRef] [PubMed]

119. Wang, B.; Zhao, C.; Wang, Z.; Yang, K.-A.; Cheng, X.; Liu, W.; Yu, W.; Lin, S.; Zhao, Y.; Cheung, Y.; et al. Wearable aptamer-field-
effect transistor sensing system for noninvasive cortisol monitoring. Sci. Adv. 2022, 8, eabk0967. [CrossRef] [PubMed]

120. Bollella, P.; Gorton, L. Enzyme based amperometric biosensors. Curr. Opin. Electrochem. 2018, 10, 157–173. [CrossRef]
121. Xia, H.Q.; Tang, H.; Zhou, B.; Li, Y.; Zhang, X.; Shi, Z.; Deng, L.; Song, R.; Li, L.; Zhang, Z.; et al. Mediator-free electron-transfer on

patternable hierarchical meso/macro porous bienzyme interface for highly-sensitive sweat glucose and surface electromyography
monitoring. Sens. Actuators B Chem. 2020, 312, 127962. [CrossRef]

122. Luo, X.; Guo, L.; Liu, Y.; Shi, W.; Gai, W.; Cui, Y. Wearable tape-based smart biosensing systems for lactate and glucose. Ieee Sens.
J. 2020, 20, 3757–3765. [CrossRef]

123. Zhao, C.; Li, C.; Wu, Q.; Liu, X. A thread-based wearable sweat nanobiosensor. Biosens. Bioelectron. 2021, 188, 113270. [CrossRef]
124. Piper, A.; Oberg Mansson, I.; Khaliliazar, S.; Landin, R.; Hamedi, M.M. A disposable, wearable, flexible, stitched textile

electrochemical biosensing platform. Biosens. Bioelectron. 2021, 194, 113604. [CrossRef]
125. Milton, R.D.; Minteer, S.D. Direct enzymatic bioelectrocatalysis: Differentiating between myth and reality. J. R. Soc. Interface. 2017,

14, 20170253. [CrossRef]
126. Karyakin, A.A. Principles of direct (mediator free) bioelectrocatalysis. Bioelectrochemistry 2012, 88, 70–75. [CrossRef]
127. Monteiro, T.; Almeida, M.G. Electrochemical enzyme biosensors revisited: Old solutions for new problems. Crit. Rev. Anal. Chem.

2019, 49, 44–66. [CrossRef]
128. Kim, J.; Jeerapan, I.; Sempionatto, J.R.; Barfidokht, A.; Mishra, R.K.; Campbell, A.S.; Hubble, L.J.; Wang, J. Wearable bioelectronics:

Enzyme-based body-worn electronic devices. Acc. Chem. Res. 2018, 51, 2820–2828. [CrossRef]
129. Dervisevic, M.; Alba, M.; Esser, L.; Tabassum, N.; Prieto-Simon, B.; Voelcker, N.H. Silicon micropillar array-based wearable sweat

glucose sensor. ACS Appl. Mater. Interfaces 2022, 14, 2401–2410. [CrossRef] [PubMed]
130. Xuan, X.; Perez-Rafols, C.; Chen, C.; Cuartero, M.; Crespo, G.A. Lactate biosensing for reliable on-body sweat analysis. ACS Sens.

2021, 6, 2763–2771. [CrossRef] [PubMed]
131. Jiang, D.; Xu, C.; Zhang, C.; Ye, Y.; Cai, Y.; Li, K.; Li, Y.; Huang, X.; Wang, Y. In-situ preparation of lactate-sensing membrane for

the noninvasive and wearable analysis of sweat. Biosens. Bioelectron. 2022, 210, 114303. [CrossRef] [PubMed]

http://doi.org/10.1021/acssensors.7b00729
http://doi.org/10.1016/j.snb.2021.130131
http://doi.org/10.1039/D0LC00400F
http://doi.org/10.3390/mi12121513
http://www.ncbi.nlm.nih.gov/pubmed/34945363
http://doi.org/10.1021/acssensors.2c00830
http://doi.org/10.1002/adhm.201601355
http://doi.org/10.1038/s41467-020-18238-6
http://doi.org/10.1039/D0NH00098A
http://doi.org/10.1021/acsami.1c16820
http://www.ncbi.nlm.nih.gov/pubmed/35133787
http://doi.org/10.1016/j.bios.2022.114115
http://doi.org/10.1039/C6TA08358G
http://www.ncbi.nlm.nih.gov/pubmed/28439415
http://doi.org/10.1039/D1AN00455G
http://doi.org/10.1021/acs.analchem.2c02587
http://doi.org/10.1021/acssensors.1c01734
http://www.ncbi.nlm.nih.gov/pubmed/34995062
http://doi.org/10.1126/sciadv.abk0967
http://www.ncbi.nlm.nih.gov/pubmed/34985954
http://doi.org/10.1016/j.coelec.2018.06.003
http://doi.org/10.1016/j.snb.2020.127962
http://doi.org/10.1109/JSEN.2019.2959029
http://doi.org/10.1016/j.bios.2021.113270
http://doi.org/10.1016/j.bios.2021.113604
http://doi.org/10.1098/rsif.2017.0253
http://doi.org/10.1016/j.bioelechem.2012.05.001
http://doi.org/10.1080/10408347.2018.1461552
http://doi.org/10.1021/acs.accounts.8b00451
http://doi.org/10.1021/acsami.1c22383
http://www.ncbi.nlm.nih.gov/pubmed/34968024
http://doi.org/10.1021/acssensors.1c01009
http://www.ncbi.nlm.nih.gov/pubmed/34228919
http://doi.org/10.1016/j.bios.2022.114303
http://www.ncbi.nlm.nih.gov/pubmed/35487135


Biosensors 2023, 13, 313 27 of 29

132. Xu, C.; Jiang, D.; Ge, Y.; Huang, L.; Xiao, Y.; Ren, X.; Liu, X.; Zhang, Q.; Wang, Y. A PEDOT:PSS conductive hydrogel incorporated
with Prussian blue nanoparticles for wearable and noninvasive monitoring of glucose. Chem. Eng. J. 2022, 431, 134109. [CrossRef]

133. Meng, L.; Turner, A.P.F.; Mak, W.C. Conducting polymer-reinforced laser-irradiated graphene as a heterostructured 3D transducer
for flexible skin patch biosensors. ACS Appl. Mater. Interfaces 2021, 13, 54456–54465. [CrossRef]

134. Wang, T.; Lei, Q.L.; Wang, M.; Deng, G.; Yang, G.; Liu, X.; Li, C.; Wang, Q.; Liu, Z.; Wang, J.; et al. Mechanical tolerance of
cascade bioreactions via adaptive curvature engineering for epidermal bioelectronics. Adv. Mater. 2020, 32, e2000991. [CrossRef]
[PubMed]

135. Matsumoto, R.; Mochizuki, M.; Kano, K.; Ikeda, T. Unusual response in mediated biosensors with an oxidase/peroxidase
bienzyme system. Anal. Chem. 2002, 74, 3297–3303. [CrossRef]

136. Meirinho, S.G.; Dias, L.G.; Peres, A.M.; Rodrigues, L.R. Voltammetric aptasensors for protein disease biomarkers detection: A
review. Biotechnol. Adv. 2016, 34, 941–953. [CrossRef] [PubMed]

137. Cai, S.; Yan, J.; Xiong, H.; Liu, Y.; Peng, D.; Liu, D. Investigations on the interface of nucleic acid aptamers and binding targets.
Analyst 2018, 143, 5317–5338. [CrossRef]

138. Ohno, Y.; Maehashi, K.; Yamashiro, Y.; Matsumoto, K. Electrolyte-gated graphene field-effect transistors for detecting ph and
protein adsorption. Nano Lett. 2009, 9, 3318–3322. [CrossRef]

139. Ganguly, A.; Lin, K.C.; Muthukumar, S.; Prasad, S. Autonomous, real-time monitoring electrochemical aptasensor for circadian
tracking of cortisol hormone in sub-microliter volumes of passively eluted human sweat. ACS Sens. 2021, 6, 63–72. [CrossRef]

140. Wu, G.; Dai, Z.; Tang, X.; Lin, Z.; Lo, P.K.; Meyyappan, M.; Lai, K.W.C. Graphene field-effect transistors for the sensitive and
selective detection of escherichia coli using pyrene-tagged DNA aptamer. Adv. Healthc. Mater. 2017, 6, 1700736. [CrossRef]

141. Hao, Z.; Zhu, Y.; Wang, X.; Rotti, P.G.; DiMarco, C.; Tyler, S.R.; Zhao, X.; Engelhardt, J.F.; Hone, J.; Lin, Q. Real-time monitoring of
insulin using a graphene field-effect transistor aptameric nanosensor. ACS Appl. Mater. Interfaces 2017, 9, 27504–27511. [CrossRef]

142. Xiao, Y.; Lubin, A.A.; Heeger, A.J.; Plaxco, K.W. Label-free electronic detection of thrombin in blood serum by using an aptamer-
based sensor. Angew. Chem. Int. Ed. Engl. 2005, 44, 5456–5459. [CrossRef] [PubMed]

143. Arroyo-Currás, N.; Dauphin-Ducharme, P.; Scida, K.; Chávez, J.L. From the beaker to the body: Translational challenges for
electrochemical. aptamer-based sensors. Anal. Methods 2020, 12, 1288–1310. [CrossRef]

144. Thiviyanathan, V.; Gorenstein, D.G. Aptamers and the next generation of diagnostic reagents. Proteom. Clin. Appl. 2012, 6,
563–573. [CrossRef]

145. McHenry, A.; Friedel, M.; Heikenfeld, M. Voltammetry peak tracking for longer-lasting and reference-electrode-free electrochemi-
cal biosensors. Biosensors 2022, 12, 782. [CrossRef]

146. Idili, A.; Parolo, C.; Ortega, G.; Plaxco, K.W. Calibration-free measurement of phenylalanine levels in the blood using an
electrochemical aptamer-based sensor suitable for point-of-care applications. ACS Sens. 2019, 4, 3227–3233. [CrossRef]

147. Idili, A.; Arroyo-Curras, N.; Ploense, K.L.; Csordas, A.T.; Kuwahara, M.; Kippin, T.E.; Plaxco, T.E. Seconds-resolved phar-
macokinetic measurements of the chemotherapeutic irinotecan in situ in the living body. Chem. Sci. 2019, 10, 8164–8170.
[CrossRef]

148. Wu, Y.; Tehrani, F.; Teymourian, H.; Mack, J.; Shaver, A.; Reynoso, M.; Kavner, M.; Huang, N.; Furmidge, N.; Duvvuri, N.; et al.
Microneedle aptamer-nased sensors for continuous, real-time therapeutic drug monitoring. Anal. Chem. 2022, 94, 8335–8345.
[CrossRef]

149. Vaquer, A.; Baron, E.; de la Rica, R. Wearable analytical platform with enzyme-modulated dynamic range for the simultaneous
colorimetric detection of sweat volume and sweat biomarkers. ACS Sens. 2021, 6, 130–136. [CrossRef] [PubMed]

150. Santiago-Malagon, S.; Rio-Colin, D.; Azizkhani, H.; Aller-Pellitero, M.; Guirado, G.; Del Campo, F.J. A self-powered skin-patch
electrochromic biosensor. Biosens. Bioelectron. 2021, 175, 112879. [CrossRef] [PubMed]

151. Hussain, S.; Park, S.Y. Sweat-Based Noninvasive Skin-Patchable Urea Biosensors with Photonic Interpenetrating Polymer Network
Films Integrated into PDMS Chips. ACS Sens. 2020, 5, 3988–3998. [CrossRef]

152. Morris, D.; Coyle, S.; Wu, Y.; Lau, K.T.; Wallace, G.; Diamond, D. Bio-sensing textile based patch with integrated optical detection
system for sweat monitoring. Sens. Actuators B Chem. 2009, 139, 231–236. [CrossRef]

153. Huang, X.; Liu, Y.H.; Chen, K.L.; Shin, W.J.; Lu, W.J.; Kong, W.J.; Patnaik, D.; Lee, S.H.; Cortes, J.F.; Rogers, J.A. Stretchable,
wireless sensors and functional substrates for epidermal characterization of sweat. Small 2014, 10, 3083–3090. [CrossRef]

154. Weng, X.; Fu, Z.; Zhang, C.; Jiang, W.; Jiang, H. A portable 3D microfluidic origami biosensor for cortisol detection in human
sweat. Anal. Chem. 2022, 94, 3526–3534. [CrossRef]

155. Yoon, J.H.; Kim, S.M.; Eom, Y.; Koo, J.M.; Cho, H.W.; Lee, T.J.; Lee, K.G.; Park, H.J.; Kim, Y.K.; Yoo, H.J.; et al. Extremely fast
self-healable bio-based supramolecular polymer for wearable real-time sweat-monitoring sensor. ACS Appl. Mater. Interfaces 2019,
11, 46165–46175. [CrossRef]

156. Windmiller, J.R.; Wang, J. Wearable electrochemical sensors and biosensors: A review. Electroanalysis 2013, 25, 29–46. [CrossRef]
157. Bandodkar, A.J.; Hung, V.W.; Jia, W.; Valdes-Ramirez, G.; Windmiller, J.R.; Martinez, A.G.; Ramirez, J.; Chan, G.; Kerman, G.;

Wang, J. Tattoo-based potentiometric ion-selective sensors for epidermal pH monitoring. Analyst 2013, 138, 123–128. [CrossRef]
[PubMed]

158. Nomura, K.I.; Horii, K.I.; Kanazawa, S.; Kusaka, Y.; Ushijima, H. Fabrication of a textile-based wearable blood leakage sensor
using screen-offset printing. Sensors 2018, 18, 240. [CrossRef]

http://doi.org/10.1016/j.cej.2021.134109
http://doi.org/10.1021/acsami.1c13164
http://doi.org/10.1002/adma.202000991
http://www.ncbi.nlm.nih.gov/pubmed/32323403
http://doi.org/10.1021/ac015684n
http://doi.org/10.1016/j.biotechadv.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27235188
http://doi.org/10.1039/C8AN01467A
http://doi.org/10.1021/nl901596m
http://doi.org/10.1021/acssensors.0c01754
http://doi.org/10.1002/adhm.201700736
http://doi.org/10.1021/acsami.7b07684
http://doi.org/10.1002/anie.200500989
http://www.ncbi.nlm.nih.gov/pubmed/16044476
http://doi.org/10.1039/D0AY00026D
http://doi.org/10.1002/prca.201200042
http://doi.org/10.3390/bios12100782
http://doi.org/10.1021/acssensors.9b01703
http://doi.org/10.1039/C9SC01495K
http://doi.org/10.1021/acs.analchem.2c00829
http://doi.org/10.1021/acssensors.0c01980
http://www.ncbi.nlm.nih.gov/pubmed/33371672
http://doi.org/10.1016/j.bios.2020.112879
http://www.ncbi.nlm.nih.gov/pubmed/33309218
http://doi.org/10.1021/acssensors.0c01757
http://doi.org/10.1016/j.snb.2009.02.032
http://doi.org/10.1002/smll.201400483
http://doi.org/10.1021/acs.analchem.1c04508
http://doi.org/10.1021/acsami.9b16829
http://doi.org/10.1002/elan.201200349
http://doi.org/10.1039/C2AN36422K
http://www.ncbi.nlm.nih.gov/pubmed/23113321
http://doi.org/10.3390/s18010240


Biosensors 2023, 13, 313 28 of 29

159. Yoon, S.; Yoon, H.; Zahed, M.A.; Park, C.; Kim, D.; Park, J.Y. Multifunctional hybrid skin patch for wearable smart healthcare
applications. Biosens. Bioelectron. 2022, 196, 113685. [CrossRef] [PubMed]

160. Vaquer, A.; Baron, E.; de la Rica, R. Dissolvable polymer valves for sweat chrono-sampling in wearable paper-based analytical
devices. ACS Sens. 2022, 7, 488–494. [CrossRef] [PubMed]

161. Liao, J.; Zhang, X.; Sun, Z.; Chen, H.; Fu, J.; Si, H.; Ge, C.; Lin, S. Laser-induced graphene-based wearable epidermal ion-selective
sensors for noninvasive multiplexed sweat analysis. Biosensors 2022, 12, 397. [CrossRef]

162. Wang, H.; Zhang, J.; Wang, D.; Wang, Z.; Chen, Y.; Feng, X. Flexible triphase enzyme electrode based on hydrophobic porous
PVDF membrane for high-performance bioassays. Biosens. Bioelectron. 2021, 183, 113201. [CrossRef]

163. Mazzaracchio, V.; Fiore, L.; Nappi, S.; Marrocco, G.; Arduini, F. Medium-distance affordable, flexible and wireless epidermal
sensor for pH monitoring in sweat. Talanta 2021, 222, 121502. [CrossRef]

164. Cheng, C.; Li, C.; Xu, G.; Lu, Y.; Low, S.S.; Liu, G.; Zhu, L.; Li, C.; Liu, Q. Battery-free, wireless, and flexible electrochemical patch
for in situ analysis of sweat cortisol via near field communication. Biosens. Bioelectron. 2021, 172, 112782. [CrossRef]

165. Zhang, Q.; Jiang, D.; Xu, C.; Ge, Y.; Liu, X.; Wei, Q.; Huang, L.; Ren, X.; Wang, C.; Wang, Y. Wearable electrochemical biosensor
based on molecularly imprinted Ag nanowires for noninvasive monitoring lactate in human sweat. Sens. Actuators B Chem. 2020,
320, 128325. [CrossRef]

166. Yokus, M.A.; Songkakul, T.; Pozdin, V.A.; Bozkurt, A.; Daniele, M.A. Wearable multiplexed biosensor system toward continuous
monitoring of metabolites. Biosens. Bioelectron. 2020, 153, 112038. [CrossRef]

167. Silva, R.R.; Raymundo-Pereira, P.A.; Campos, A.M.; Wilson, D.; Otoni, C.G.; Barud, H.S.; Costa, C.A.R.; Domeneguetti, R.R.;
Balogh, D.T.; Ribeiro, S.J.L.; et al. Microbial nanocellulose adherent to human skin used in electrochemical sensors to detect metal
ions and biomarkers in sweat. Talanta 2020, 218, 121153. [CrossRef]

168. Ates, H.C.; Nguyen, P.Q.; Gonzalez–Macia, L.; Morales-Narvaez, E.; Guder, F.; Collins, J.J.; Dincer, C. End-to-end design of
wearable sensors. Nat. Rev. Mater. 2022, 7, 887–907. [CrossRef]

169. Orro, K.; Smirnova, O.; Arshavskaja, J.; Salk, J.; Meikas, A.; Pihelgas, S.; Rumvolt, R.; Kingo, K.; Kazarjan, A.; Neuman, T.; et al.
Development of TAP, a non-invasive test for qualitative and quantitative measurements of biomarkers from the skin surface.
Biomark. Res. 2014, 2, 20. [CrossRef]

170. Caragher, T.; Fernandez, B.B.; Jacobs, F. Barr Evaluation of quantitative cardiac biomarker point-of-care testing in the emergency
department. J. Emerg. Med. 2002, 22, 1–7. [CrossRef]

171. Ruckh, T.T.; Clark, H.A. Implantable nanosensors: Toward continuous physiologic monitoring. Anal. Chem. 2014, 86, 1314–1323.
[CrossRef]

172. Simonsen, L.; Lloyd, M.; Zaffran, M.; Kane, M. Unsafe injections in the developing world and transmission of bloodborne
pathogens: A review. Bull. World Health Organ. 1999, 77, 789–800.

173. Wang, Z.; Bai, H.; Yu, W.; Gao, Z.; Chen, W.; Yang, Z.; Zhu, C.; Huang, Y.; Lv, F.; Wang, S. Flexible bioelectronic device fabricated
by conductive polymer-based living material. Sci. Adv. 2022, 8, eabo1458. [CrossRef]

174. Mugo, S.M.; Lu, W.; Robertson, S. A wearable, textile-based polyacrylate imprinted electrochemical sensor for cortisol detection
in sweat. Biosensors 2022, 12, 854. [CrossRef]

175. Fang, Y.; Zhao, X.; Tat, T.; Xiao, X.; Chen, G.; Xu, J.; Chen, J. All-in-one conformal epidermal patch for multimodal biosensing.
Matter 2021, 4, 1102–1105. [CrossRef]

176. Khor, S.M.; Choi, J.; Won, P.; Ko, S.H. Challenges and strategies in developing an enzymatic wearable sweat glucose biosensor as
a practical point-of-care monitoring tool for type II diabetes. Nanomaterials 2022, 12, 221. [CrossRef]

177. Chen, Q.; Zhao, Y.; Liu, Y. Current development in wearable glucose meters. Chin. Chem. Lett. 2021, 32, 3705–3717. [CrossRef]
178. Huang, J.; Zhang, Y.; Wu, J. Review of non-invasive continuous glucose monitoring based on impedance spectroscopy. Sens.

Actuators A Phys. 2020, 311, 112103. [CrossRef]
179. Yang, Q.; Rosati, G.; Abarintos, V.; Aroca, V.; Osma, J.F. A merkoçi, wearable and fully printed microfluidic nanosensor for sweat

rate, conductivity, and copper detection with healthcare applications. Biosens. Bioelectron. 2022, 202, 114005. [CrossRef]
180. Ibrahim, N.F.A.; Sabani, N.; Johari, S.; Manaf, A.A.; Wahab, A.A.; Zakaria, Z.; Noor, A.M. A comprehensive review of the recent

developments in wearable sweat-sensing devices. Sensors 2022, 22, 7670. [CrossRef]
181. Laochai, T.; Yukird, J.; Promphet, N.; Qin, J.; Chailapakul, O.; Rodthongkum, N. Non-invasive electrochemical immunosensor for

sweat cortisol based on L-cys/AuNPs/ MXene modified thread electrode. Biosens. Bioelectron. 2022, 203, 114039. [CrossRef]
182. Adewole, O.O.; Erhabor, G.E.; Adewole, T.O.; Ojo, A.O.; Oshokoya, H.; Wolfe, L.M.; Prenni, L.M. Proteomic profiling of eccrine

sweat reveals its potential as a diagnostic biofluid for active tuberculosis. Proteom. Clin. Appl. 2016, 10, 547–553. [CrossRef]
183. Nestle, F.O.; Qin, B.J.; Nickoloff, B.J. Skin immune sentinels in health and disease. Nat. Rev. Immunol. 2009, 9, 679–691. [CrossRef]
184. Paliwal, S.; Hwang, B.H.; Tsai, K.Y.; Mitragotri, S. Diagnostic opportunities based on skin biomarkers. Eur. J. Pharm. Sci. 2013, 50,

546–556. [CrossRef]
185. de la Torre, R.; Pichini, S. Usefulness of sweat testing for the detection of cannabis smoke. Clin. Chem. 2004, 50, 1961–1962.

[CrossRef]
186. Xiao, J.; Fan, C.; Xu, T.; Su, L.; Zhang, X. An electrochemical wearable sensor for levodopa quantification in sweat based on

a metal–Organic framework/graphene oxide composite with integrated enzymes. Sens. Actuators B Chem. 2022, 359, 131586.
[CrossRef]

http://doi.org/10.1016/j.bios.2021.113685
http://www.ncbi.nlm.nih.gov/pubmed/34655969
http://doi.org/10.1021/acssensors.1c02244
http://www.ncbi.nlm.nih.gov/pubmed/35172102
http://doi.org/10.3390/bios12060397
http://doi.org/10.1016/j.bios.2021.113201
http://doi.org/10.1016/j.talanta.2020.121502
http://doi.org/10.1016/j.bios.2020.112782
http://doi.org/10.1016/j.snb.2020.128325
http://doi.org/10.1016/j.bios.2020.112038
http://doi.org/10.1016/j.talanta.2020.121153
http://doi.org/10.1038/s41578-022-00460-x
http://doi.org/10.1186/2050-7771-2-20
http://doi.org/10.1016/S0736-4679(01)00429-2
http://doi.org/10.1021/ac402688k
http://doi.org/10.1126/sciadv.abo1458
http://doi.org/10.3390/bios12100854
http://doi.org/10.1016/j.matt.2021.03.005
http://doi.org/10.3390/nano12020221
http://doi.org/10.1016/j.cclet.2021.05.043
http://doi.org/10.1016/j.sna.2020.112103
http://doi.org/10.1016/j.bios.2022.114005
http://doi.org/10.3390/s22197670
http://doi.org/10.1016/j.bios.2022.114039
http://doi.org/10.1002/prca.201500071
http://doi.org/10.1038/nri2622
http://doi.org/10.1016/j.ejps.2012.10.009
http://doi.org/10.1373/clinchem.2004.040758
http://doi.org/10.1016/j.snb.2022.131586


Biosensors 2023, 13, 313 29 of 29

187. Li, Y.L.; Liu, Y.H.; Chen, Y.H.; Xu, J.L. A conformable, gas-permeable, and transparent skin-like micromesh architecture for
glucose monitoring. Adv. Healthc. Mater. 2021, 10, e2100046. [CrossRef]

188. Huang, X.; Li, J.; Liu, Y.; Wong, T.; Su, J.; Yao, K.; Zhou, J.; Huang, Y.; Li, H.; Li, D.; et al. Epidermal self-powered sweat sensors for
glucose and lactate monitoring. Bio-Des. Manuf. 2021, 5, 201–209. [CrossRef]

189. Zahed, M.A.; Sharifuzzaman, M.; Yoon, H.; Asaduzzaman, M.; Kim, D.K.; Jeong, S.; Pradhan, G.B.; Shin, Y.D.; Yoon, S.H.; Sharma,
S.; et al. A nanoporous carbon-MXene heterostructured nanocomposite-based epidermal patch for real-time biopotentials and
sweat glucose monitoring. Adv. Funct. Mater. 2022, 32, 2208344. [CrossRef]

190. Asaduzzaman, M.; Zahed, M.A.; Sharifuzzaman, M.; Reza, M.S.; Hui, X.; Sharma, S.; Shin, Y.D.; Park, J.Y. A hybridized nano-
porous carbon reinforced 3D graphene-based epidermal patch for precise sweat glucose and lactate analysis. Biosens. Bioelectron.
2022, 219, 114846. [CrossRef]

191. Ciui, B.; Martin, A.; Mishra, R.K.; Brunetti, B.; Nakagawa, T.; Dawkins, T.J.; Lyu, M.; Cristea, C.; Sandulescu, R.; Wang, J. Wearable
wireless tyrosinase bandage and microneedle sensors: Toward melanoma screening. Adv. Healthc. Mater. 2018, 7, e1701264.
[CrossRef] [PubMed]

192. Trivedi, D.K.; Sinclair, E.; Xu, Y.; Sarkar, D.; Walton-Doyle, C.; Liscio, C.; Banks, P.; Milne, J.; Silverdale, M.; Kunath, T.; et al.
Discovery of volatile biomarkers of parkinson’s disease from sebum. ACS Central Sci. 2019, 5, 599–606. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/adhm.202100046
http://doi.org/10.1007/s42242-021-00156-1
http://doi.org/10.1002/adfm.202208344
http://doi.org/10.1016/j.bios.2022.114846
http://doi.org/10.1002/adhm.201701264
http://www.ncbi.nlm.nih.gov/pubmed/29345430
http://doi.org/10.1021/acscentsci.8b00879
http://www.ncbi.nlm.nih.gov/pubmed/31041379

	Introduction 
	Sweat Characteristics 
	The Components of Sweat 
	Electrolyte Ions and Trace Elements 
	Hydrophilic Components 
	Lipophilic Components 

	Sweat Biomarkers of Chronic Disease 

	Sweat Sensing Platform 
	Extraction and Collection of Sweat Samples 
	Sweat Extraction 
	Sweat Collection 

	Fundamentals of Biosensors 
	Electrochemical Biosensors 
	Colorimetric Biosensors 

	Substrates of Biosensors 

	Clinical and Preclinical Applications 
	Summary and Prospect 
	References

