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Sweat has been associated with health and disease ever since it was linked to high body tem-
perature and exercise. It contains a broad range of electrolytes, proteins, and lipids, and
therefore hosts a broad panel of potential noninvasive biomarkers. The development of
novel smartphone-based biosensors will enable a more sophisticated, patient-driven sweat
analysis. This will provide a broad range of novel digital biomarkers. Digital biomarkers are
of increasing interest because they deliver various relevant longitudinal health data. To date,
investigations on digital biomarkers have focused on creating objective measurements of
function. Sweat analysis using smartphone-based biosensors has the potential to provide
initial noninvasive metabolic feedback and therefore represents a promising complement
and a source for next-generation digital biomarkers. From this viewpoint, we discuss state-
of-the-art sweat research, focusing on the clinical implementation of sweat in medicine.
Sweat provides biomarkers that represent direct metabolic feedback and is therefore ex-
pected to be the next generation of digital biomarkers. With regard to its broad application
in various fields of medicine, we see a clear need to evolve the internet-enabled field of sweat

expertise: iSudorology. © 2019 The Author(s)
Published by S. Karger AG, Basel

Sweat is a noninvasively collectable biofluid that hosts a broad range of biomarkers.
Sweat not only helps the body to cool down but also provides information about a person’s
metabolic state. However, blood analysis is established and highly standardized, and blood is
the standard biofluid when it comes to physiologic feedback analysis. The investigation of
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sweat has been fascinating researchers for many years, but the high demands on laboratory
infrastructure have thus far prevented the clinical implementation of sweat as a diagnostic
biofluid. Nevertheless, interest in the analysis and investigation of sweat components has
been increasing throughout the past century, leading to the current importance of sweat as a
potential diagnostic biofluid.

In 1910, Embden [1] demonstrated the existence of the amino acid serine in human
sweat. Since then, an increasing number of investigations aiming to determine the compo-
sition of human sweathasbeen undertaken. In the early 20th century, Silvers etal. [2] detected
glucose in sweat and blood. McSwiney [3] was able to isolate ammonia, glucose, and chloride,
for example, and was one of the first to compare sweat components between healthy people
and rheumatoid patients in 1934. In 1969, Johnson and Shuster [4] described reduced
hydrosis and electrolyte excretion in psoriasis-affected skin areas of psoriasis patients and
opened up the field of sweat analysis in dermatology. Only a few years later, Forstrom et al.
[5] detected prostaglandins in sweat, thereby further identifying an important biomarker for
inflammation. In 1970, Peter et al. [6] proved the appearance of C12-C22 fatty acids in sweat
and thus added the class of lipophilic compounds to the repertoire of available biomarkers in
sweat. Prompt et al. [7] investigated the sweat of patients with renal failure and were able to
show a significant increase in magnesium, calcium, and phosphate, thus indicating disease-
specific changes in sweat ion concentrations. Despite the presence of different disease-indi-
cating metabolites in sweat, in 1992 Wormser et al. [8] proved the absence of HIV in human
eccrine sweat. This sweat investigation had a strong impact on the safety and prevention of
HIV transmission.

Proteomic and metabolomic technologies now enable sweat analysis with unprece-
dented sensitivity and numbers of detected metabolites at the same time. Yu etal. [9] detected
more than 800 unique proteins and 32,000 endogenous peptides in sweat and opened up an
exciting field of potential novel, noninvasive biomarkers. Despite these promising results,
there are challenges to overcome, such as the difficulty in sampling and laborious analytics.
These issues are still preventing sweat analytical approaches from a breakthrough in clinical
diagnostics.

Emerging smartphone-based biosensors allow for the easy detection of a variety of phys-
iologic metrics [10], including sweat markers [11], and they are already broadly available. As
sweat sampling and analysis have been major obstacles for broad clinical investigation and
application, smartphone-based sensors have the potential to be the missing link that will
open up a new field of internet-enabled sweat analysis in research and clinics.

In this article, we provide an overview of state-of-the-art sweat sampling and analysis as
well as detail the upcoming smartphone-based biosensors for sweat analysis. Further, we
introduce the latest advances in clinical sweat research and diagnostics. At the end of this
overview, we point out why we see great potential in sweat biomarkers as next-generation
digital biomarkers in health care and the demand to further accelerate and explore new fields
of sweat analysis.

As sweat appears on the skin surface, noninvasive collection is possible, which provides
a clear advantage over state-of-the-art invasive blood sampling. Sweat is collected passively
using sweat patches or is actively induced by medical device grade sweat-sampling devices.
Active induction is carried out by the topical application of a sweat gland-stimulating
substance as well as local current [12]. Despite being noninvasive, current standard sweat
sampling remains a challenge, as sample volumes are mostly small and metabolite concen-
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tration low. Exercise to induce acute sweating and collect larger amounts of sweat is a
potential approach to achieve larger sample volumes but is mostly restricted to healthy
subjects.

Differentskinareas show various proportions of different sweatglands (eccrine,apocrine,
and holocrine) that own their proper secretion mechanisms. Therefore, each type of sweat
gland excretes a different quantity and quality of biomarkers. As a consequence, the detection
of specific metabolites and drugs depends greatly on the body location where the sample is
collected [13]. Sweat sampling is mostly conducted on the volar lower arm along the eccrine
sweat glands of the skin. Those sampling sites are well accessible and contain a homogenous
distribution of eccrine sweat glands. This enables a standardized collection process.

Currently, the 2 most common analytic methods for sweat analysis in the laboratory are
mass spectrometry [9], which detects a broad range of metabolites at the same time, and the
much cheaper enzyme-linked immunosorbent assay (ELISA) with a clearly defined target
molecule [14]. Despite the advantage of mass spectrometry to be able to detect a wide range
of biomarkers at the same time, from a clinical point of view it remains laboratory dependent,
costly, and time consuming. In general, sweat samples need to be stabilized as well as stored
at -80°C/-112°F to prevent molecular degradation.

Smartphone-based biosensors are still in development, as receptor cleansing and stability
over time as well as the detection of molecules present at low concentrations are major chal-
lenges [15]. From a developer perspective, it is easier to develop a disposable patch for spot
measurements because cleansing and maintenance challenges are omitted before the inves-
tigation in favor of a sustainable biosensor that remains on the skin for a longer period.
Further, a qualitative measurement aiming to determine either the presence or the absence
ofa digital biomarker will be a more easily achievable task in the beginning versus continuous
quantitative measurements. The assessment of exact concentration changes over time is
highly desirable and clinically important but comes with much higher demands on biosensor
sustainability and validity. Progress has been made in this highly active research field, and a
novel solution for passive sweat analysis in spot ELISA-based receptors using a multiplex
capture-antibody microarray is under development. This solution detects a set of up to 6
proteins and analyzes sweat compounds independent of the laboratory [16]. Alternatively, a
wearable sweat sensor based on iontophoresis is being developed. This device enables
analysis of actively induced sweat [17]. The 2 aforementioned biosensors are linked to smart-
phones that display and transfer sensor data instantly. They therefore do not need any
personal contact with a health care worker [18, 19]. However, the clinical implementation
and in situ application of sweat sensors in health care have not been achieved yet. In 2016,
Liu et al. [20] successfully conducted not only artificial sweat trials but also an in situ, real-
time, proof-of-concept human sweat analysis. They measured sweat conductivity in 4 partic-
ipants riding a stationary exercise bike in a laboratory and wearing an on-skin biosensor. An
HTMC PM23300 Windows phone served as the monitoring terminal. Nevertheless, there are
increasing numbers of upcoming sensors along with novel approaches to automatically and
artificially test those devices [21] and to fabricate cost-effective sensors on a large scale [22].
These are all significant requirements that pave the way for a successful clinical implemen-
tation of wearable sweat sensors.

The electrochemical properties of molecules (charge, hydrophilic, and lipophilic qual-
ities) influence the secretion of a metabolite into sweat. Those mechanisms have already been
discussed in detail by Sonner et al. [23]. It is important to mention that the excretion process
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of sweat biomarkers is dependent on active and/or passive channels in the case of hydro-
philic qualities or passive diffusion through the skin barrier in case of lipophilic qualities [24].
Those mechanisms need to be taken into account before investigating sweat compounds as
biomarkers.

Despite the aforementioned limitations of current standard sweat analysis, mass spec-
trometry in particular enables a hypothesis-driven investigation to further reveal the potential
of sweat as a diagnostic biofluid.

As mentioned in the introduction, different approaches have been used to investigate
sweat composition in health and disease. Sweat hosts different disease-specific markers and
drug metabolites. Recently, an increasing number of investigations has been undertaken to
reveal the potential of sweat as a source of biomarkers, which will be discussed in this section.
In the following examples, we will provide an overview of the current research and potential
impact of sweat as a biofluid in clinical diagnostics.

Infectious Diseases

Tuberculosis is the ninth leading cause of death worldwide and the deadliest single infec-
tious agent [25]. Diagnosis of tuberculosis requires an extended laboratory infrastructure
and remains challenging, because it is sputum dependent and not every patient is able to
produce sputum. Most patients suffering from tuberculosis reside in low-income countries
with restricted, distantly located health care infrastructure [25]. Active tuberculosis is asso-
ciated with night sweats, which suggests an association between sweat changes and disease.
Indeed, Adewole et al. [26] investigated the sweat composition of patients with active tuber-
culosis and detected 26 disease-specific sweat proteins. These results need to be confirmed
in different trials with established robust test criteria for the detection of active tuberculosis.
This sweat-based test to screen active tuberculosis would enable the classification of subjects
at high risk and determine the need for extended diagnostics in remote settings without
health care access. As patients sometimes need to travel for hours to the next hospital for
diagnosis, this screening device could support a reasonable risk assignment. It could be
further used as an additional exclusion tool, as the diagnosis of active tuberculosis can take
weeks depending on the patient’s clinic.

Immunology

The human skin hosts different cytokine receptors and plays an active role in the immune
response. Therefore, the presence of a broad range of cytokines in sweat samples is not unex-
pected. Katchman et al. [27] detected immunoglobulin A (IgA), IgD, IgG, and IgM, which
suggests the possibility to profile antibodies as well as innate immune reactions in sweat.
Earlier, Dai et al. [28] described immunoglobulins in sweat-activating epidermal keratino-
cytes if skin is affected. Successful correlation between serum and sweat concentrations of
different cytokines in healthy women by Marques-Deak et al. [29] indicates the potential of
sweat analysis to further serve as a noninvasive, diagnostic method to monitor inflammatory
response. Psoriasis is a skin condition in young and older patients that leads to highly itchy
inflammatory exanthema, arthritis, and other effects with a change in skin immunologic
response by upregulating proinflammatory cytokines among others [30]. A patient-driven
noninvasive sweat analysis to detect, for example, changes in proinflammatory cytokines in
sweat would allow a personalized anti-inflammatory treatment regimen, which can be
essential in certain comorbidities, such as heart or kidney failure.
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Neurology

Parkinson disease has shown an increasing prevalence and is responsible for the highest
number of deaths and disability among neurodegenerative diseases. General screening for
Parkinson disease is based on clinical symptoms, therefore leading to a delay in the initial
diagnosis. A noninvasive, easily applicable screening method to detect the disease at an early
stage is missing. In one study, the wife of a Parkinson disease patient reported a smell of musk
on her husband, who was diagnosed with Parkinson disease later on. Driven by this obser-
vation, Trivedi et al. [31] investigated the sebum of Parkinson disease patients and tested it
with the help of the mentioned patient’s wife. As a result, they were able to isolate 4 Parkinson
disease-specific proteins. A sweat-based noninvasive screening test for Parkinson disease
will provide a novel tool for detecting patients at an early stage of the disease. Even though
Parkinson disease is not curable at this time, earlier disease detection will provide novel
insights into initial molecular changes, reveal novel treatment targets, as well as provide a
better understanding of the disease.

Psychiatry

Schizophrenia has a median incidence of about 15.2/100,000 people [32]. Itis a complex
disease with a mix of positive symptoms (e.g., hallucinations) and negative symptoms (e.g.,
lack of emotional responsiveness). Despite several investigations, a specific biomarker for
schizophrenia is still missing. This makes the initial diagnosis difficult, as differentiating
between schizophrenia and other psychiatric diagnoses is a challenge, especially in early
phase disease. Early diagnosis is crucial because an adequate first-line treatment has a signif-
icant impact on long-term outcome and disease chronification [33]. Therefore, a noninvasive
biomarkerindicating disease is desirable.In 1960, Smith and Sines [34] investigated a peculiar
odor coming from patients suffering from schizophrenia and demonstrated that rats can
differ between sweat samples from schizophrenia patients and controls. Recently, Raiszadeh
etal.[35] demonstrated different protein excretion in eccrine sweat of schizophrenic patients.
If results are replicated and disease-specific biomarkers further defined, early detection of
the disease in prodromal patients will provide a clear indication for antipsychotic treatment.
In addition, behavioral therapy (for example) can be established early to prevent behavioral
risk factors, such as sleep deprivation. As schizophrenic patients have a risk of relapse mostly
due to treatment noncompliance, a noninvasive sweat test can be used to detect biomarker
changes and potentially serve as an indirect marker to monitor treatment adherence. Never-
theless, strict testing to investigate the reliability of these markers to differentiate from other
psychiatric diseases will be essential. This is also of high importance because antipsychotic
and antidepressant drugs can lead to significant side effects.

Endocrinology

Diabetes mellitus is an epidemic with a prevalence ranging from 10 to 38% depending
on the region [36]. The impact of diabetes mellitus-related comorbidities on the health of the
young and old is substantial. Currently, measurement of blood glucose relies on semi-invasive
finger prick serum analysis. Upcoming minimally invasive glucose monitoring remains up to
14 days in a patient’s subcutis. A fully noninvasive device is still missing but highly favorable
toincrease compliance and therapy adherence. Optimal treatment prevents diabetes mellitus-
related short- and long-term comorbidities. Silvers et al. [2] demonstrated simultaneous
changes of glucose in sweat and blood and was able to track the intake of an excessive 2-pound
chocolate cake in early 1928. More recently, Moyer et al. [37] confirmed the correlation
between sweat and blood glucose levels. This promising approach of noninvasive, continuous
glucose monitoring has the potential to enable higher monitoring resolution to adapt insulin
therapy and prevent hypo- and hyperglycemia.
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Pulmonology

Cystic fibrosis is an inherited disease that affects multiple organ systems, predominantly
the lungs and pancreas, with a median life expectancy of 40 years [38]. As a consequence,
patients with cystic fibrosis suffer primarily from recurrent pulmonary infections as well as
malabsorption. Initial diagnosis is obtained by sweat analysis, and disease severity can differ
between patients along with different genetic appearances. Detecting altered chloride concen-
trations in the sweat of cystic fibrosis patients represents the only clinical standard diag-
nostic sweat test [39].

Nephrology

As mentioned in the introduction, there have been different investigations to detect
concentration changes of specific electrolytes in the sweat of patients with chronic kidney
failure [7]. Despite promising results, a clear threshold to diagnose kidney function is still
missing [40]. A noninvasive test to evaluate kidney function would be highly beneficial for
many clinical settings. For instance, in heart failure patients, diuretic therapy and hydration
status could be monitored in clinical and outpatient settings as soon as smartphone-based
biosensors are available.

Oncology

Canine scent is one of nature’s most sensitive detectors of specific smells. Various trials
have shown that dogs can scent bladder cancer, most likely by sensing volatile components
[41]. Junqueira et al. [42] pursued a comparable approach and demonstrated the potential of
dogs to differentiate between blood samples from patients with lung cancer and healthy
controls. Calderon-Santiago et al. [43] detected a specific trisaccharide phosphate in human
eccrine sweat specific to patients with lung cancer. With those findings, they were able to
implement a metabolic marker for screening of lung cancer. This supports the indication of
further investigation of sweat biomarkers to establish a reliable and noninvasive screening
tool for early cancer diagnosis or recurrence detection.

Pharmacology

Various pharmacologic metabolites have been detected in sweat. Different commercially
available patches that detect drugs including opioids [44], 3,4-methylenedioxymethamphet-
amine [45], tetrahydrocannabinol [46], and methylphenidate [47] already exist. Those
patches have primarily been used to demonstrate the absence of drug abuse, mostly in a
forensic setting. In a more clinical approach, Hgiby et al. [13] showed the excretion of orally
taken -lactam and quinolone antibiotics in the sweat of healthy volunteers. The excreted
antibiotics even showed an impact on the resistance profile of bacterial skin flora [13, 48]. In
addition to the mentioned detection of Parkinson disease-specific molecules, Tsunoda et al.
[49] successfully investigated sweat as a source for noninvasive monitoring of L-dopa
treatment in Parkinson disease. Despite a correlation coefficient of only 0.68 between sweat
and blood concentrations, it is a very promising opportunity to optimize treatment and
patient safety.

The use of sweat as a noninvasive, laboratory-independent, on-skin diagnostic biofluid
has the potential to have a major impact on health care in the future. Investigation of sweat
biomarkershasbeen conductedindifferentmedical fields.Once smartphone-based biosensors
are available for on-skin point-of-care sweat analysis, sweat compounds will be broadly
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Table 1. Overview on sweat diagnostic research
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Medical Disease Sweat markers Blood References
field correlation
Infectious Tuberculosis e.g., complement C1q subcomponent na Adewole et al. [26]
diseases subunit C, complement C1r
subcomponent, C-reactive protein
Immunology Unspecific e.g., IL-1a, TNF-q, IFN-y na Katchman et al. [27]
Neurology Parkinson e.g., perillic aldehyde, hippuric acid, na Trivedi et al. [31]
disease eicosane
Psychiatry Schizophrenia e.g., ap-glycoprotein, annexin 5, arginase Yes Raiszadeh et al. [35]
Endocrinology Diabetes mellitus Glucose Yes Moyer et al. [37]
Pneumology Cystic fibrosis Cl na Farrell et al. [59]
Nephrology Kidney failure e.g,Na, K P na Promptetal. [7]
Oncology Lung cancer e.g., trisaccharide phosphate, trihexose, na Calderon-Santiago et
nonanedioic acid al. [43]
Pharmacology Antibiotics e.g., benzylpenicillin, cefuroxime, Yes Hgiby etal. [13]

ceftriaxone

na, not assessed in this particular study.

available as digital biomarkers. This will not only allow lab-independent monitoring but also
enable the collection and sharing of personal health data. Patient-driven sweat analysis could
provide the opportunity to detect metabolic changes in real-time and combine these data
with context-driven patient information such as heart rate, accelerometer data, as well as
respiratory data. This approach should provide deeper and longitudinal insights into physi-
ological and pathophysiological changes. This will further enable personalized treatment
regimens as well as remote patient monitoring.

Digital biomarkers are a rapidly emerging field driven by the increasing presence of
smart devices, continuously improving network technology, and smart algorithms. This
setting will enable health care professionals and individuals to collect longitudinal digital
biomarkers from patients and healthy subjects [50, 51]. So far, the most discussed digital
biomarkers have been patient accelerometer data as well as photoplethysmographic data to
detect, for example, tremor [52] or atrial fibrillation [53]. Both parameters are of special
interest because of their employment in the consumer market for a while with robust, estab-
lished biosensors; they give extended longitudinal insights into patient health and disease.
Despite the transformation to an easily available smartphone-based point-of-care blood
analysis in clinics [54], the current standard metabolic biomarker collection method remains
invasive. The detection of noninvasive metabolic feedback by sweat analysis is a highly prom-
ising complementation to the ever-expanding range of functional biomarkers by providing
direct physiological information.

Sweat has been investigated since the beginning of the 20th century but has gained
increasing interest recently (Table 1). With the emergence of smartphone-based biosensors,
diagnostic and clinical implementation of sweat analysis will become readily available in the
near future. Alaboratory- and clinic-independent, on-demand, and instant metabolic feedback
from sweat analysis by novel smartphone-based biosensors will influence clinical and outpa-
tient care sustainably in research, development, and clinical settings. Particularly electro-
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Table 2. Overview on sweat and blood characteristics

Characteristics Sweat Blood
Sampling
Invasiveness Noninvasive Invasive
Quality Active vs. passive induction Passive
Time 30 min + 5 min (if induced) 2s
Location Eccrine vs. apocrine Vein and/or artery

Biofluid composition Dynamic (depending on body
temperature, ethnicity, and gender,

for example)

2.5 pg/mL (eccrine) [13]

Basically stable

Concentrations, e.g., mean
ceftriaxone peak
1 h after application

372 pg/mL[13]

Clinical application Smartphone-based sweat sensors

[15-18]

Smartphone-based
point-of-care analysis [54]

lytes, which are secreted primarily by sweat glands; smaller proteomic compounds (molecular
weight <100 kDa) secreted by active and passive channels [9]; and lipophilic compounds tend
to be detectable in sweat compared with larger, hydrophilic molecules [23]. In summary, the
ability of sweat markers to reflect a patient’s metabolic state qualifies sweat as a source of
next-generation digital biomarkers.

Despite the high potential, clinical use of sweat remains a point of discussion. The compo-
sition of sweat components is subject to more dynamic changes than that of blood, as evapo-
ration, contamination on the skin surface, and other factors challenge a reliable quantifi-
cation. The concentrations of sweat molecules are lower than in blood, resulting in increasing
demands on biosensors, especially with respect to small sample volumes. As sweat glands are
not homogenously distributed along the body surface, the specific localization of sampling
needs to be chosen carefully [13]. Yet another challenge is that sweat rate and composition
depend on ethnicity, gender, age, environmental factors, and physical activity (Table 2) [55,
56]. Combining sweat sensors with additional wearable biosensors could provide context-
driven patient information. Assessing, for example, a combination of a patients’ acceler-
ometer data together with heart rate and oxygen saturation will provide information on a
patients’ activity level. If increased, this will physiologically lead to an augmented sweat gland
activity with a subsequent increase in sweat rate and vice versa. Taking into account ambient,
skin, and body temperature will even enable a more differentiated contextual approach.
Especially when such data could be combined with machine-learning algorithms, the resulting
holistic approach could overcome many of the current limitations and provide accurate
measures of standard sweat gland activity [57].

In conclusion, we see a high potential for sweat as a noninvasively collectable biofluid
hosting a broad range of next-generation digital biomarkers. As demonstrated along this
viewpoint, sweat markers have great potential to affect research, diagnostics, and treatment
across health care fields. There are differences in sampling and metabolite concentrations
between blood and sweat, which is why we see the need to evolve “iSudorology,” the science
of internet-enabled sweat expertise. This will accelerate investigation, development, and
implementation of this promising biofluid. Research and development in the field of smart-
phone-based, wearable sweat biosensors has been of increasing interest [18, 19, 58] and will
be crucial for long-term implementation of sweat diagnostics in health care.
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