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The recent COVID-19 pandemic has reminded the healthcare community that realizing remote and

ambulatory monitoring while providing clinically relevant health data is critically important. The ability to

detect important analytes in easily accessible dermal fluids such as sweat and interstitial fluid (ISF) using

disposable and wearable technologies in decentralized settings would be a critical step forward to realize

ambulatory care. In this review, we will first provide a detailed description and analysis of the partitioning of

major biomarkers of interest in sweat and ISF, followed by in-depth analysis of the clinical relevance of

these biomarkers in dermal fluids through providing insightful understanding of their partitioning

mechanisms based on literature findings. Using chronic diseases in the aged population and drug

monitoring as exemplary cases, we will delineate the development and challenges of sample collection

and extraction of dermal fluids and the corresponding state-of-the-art wearable sensors and diagnostics

that may hold promise to be implemented in the practical setting of ambulatory monitoring. We believe

this in-depth review will be of significant interest to the community as it provides a comprehensive and

holistic review and offers a promising outlook on how ambulatory monitoring could be achieved by

wearable sensors utilizing non-invasive dermal fluids.

1. Introduction

Ambulatory monitoring is growing in popularity for long-
term continuous monitoring and diagnosis in healthcare.
Recent developments in remote and mobile healthcare
monitoring have enabled economical and practical solutions,
which facilitate a new paradigm in healthcare by gathering
long-term physiological health data to achieve accurate
clinical diagnosis.1 Most importantly, they allow vulnerable

individuals, especially the elderly, to monitor serious health
issues at home, reducing the burden associated with
hospitalization costs.2 Ambulatory monitoring offers direct
access to information about patients' health status, which
can help treat or slow the progression of certain disorders.
Also, it can be utilized as a preventive strategy to support a
healthy lifestyle.3,4

With an increasingly aging population, chronic diseases,
such as cardiovascular diseases, diabetes, chronic kidney
disease (CKD), etc., are becoming more prevalent worldwide.
Chronic diseases cause 41 million deaths globally each year
equivalent to 74% of all fatalities, according to the World
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Health Organization.5 Unhealthy lifestyle choices contribute
to their development and impact every age group, especially
the elderly.6 As healthcare systems around the world have
generally focused on acute episodic treatment rather than
providing comprehensive care for long-term conditions,
addressing chronic disease is still a significant challenge.7

Moreover, regular visits to clinics and hospitals are
impractical and inadequate for the early detection of chronic
diseases given their nature and severity, which, if mistreated,
can result in fatal complications.8 Therefore, ambulatory care
based on continuous monitoring and diagnostic systems is
essential for disease management.

In addition to the clinical examination, laboratory tests of
biomarkers are required to make an appropriate diagnosis of
medical conditions. Although laboratory-based biomarker
detection offers unique parameters, these are not feasible for
continuous ambulatory care.9 The most utilized biomarker
sources for testing are blood and urine, which are simple to

collect for laboratory analysis and can provide a snapshot of
systemic biomarker changes.10 The gold standard for
diagnostics is monitoring biomarkers in blood, but the
requirement for qualified healthcare workers to draw venous
blood or the patient's anxiety during finger-prick blood
sampling makes it unsuitable and invasive. Biofluids such as
urine, tears, saliva, sweat, and interstitial fluid (ISF) are less
invasive alternatives.11 Tears do not offer a significant
advantage over other biofluids in terms of accessibility for
one-time use or continuous monitoring. On the other hand,
urine detection is often exclusively employed for single-time,
point-of-care (PoC) diagnostics of small molecules because of
its varying dilution, low protein content, and irregular
synthesis.12,13 Similarly, saliva is easily accessible for home
collection but has been mainly explored for one-time rapid
testing. However, the diurnal heterogeneity associated with
the composition of the saliva can lead to sample preparation
issues and erroneous result interpretation. Also, the low level
of biomarkers in saliva as compared to serum and the
presence of mucin and proteolytic enzymes make the
detection and quantification challenging.14 In terms of
minimally invasive continuous biosensing, sweat and ISF are
the leading alternatives to achieve chronic disease
management and therapeutic drug monitoring.

Unlike other biofluids, sweat provides plentiful biological
information that can be retrieved quickly, non-invasively, on-
demand, and continuously.23 These benefits have fueled
enormous attempts to create epidermal sweat sensors to monitor
metabolites and electrolytes.24–27 It has been proposed that
analytes in sweat passively or actively move from adjacent blood
or ISF at concentrations ranging from mM (e.g. urea) to μM (e.g.
glucose) to nM or pM traces (e.g. proteins).28 However, several
limitations in terms of dilution, contamination, and secretion
rates still hinder the successful implementation of ambulatory
sweat monitoring systems. Moreover, significant improvements
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in sweat collection and transport are also needed.29,30 In recent
years, researchers have directed their efforts into investigating
ISF due to the sample variability induced by the dilution of
biomarkers in sweat. Importantly, ISF exhibits little dilution
effects for most analytes in terms of molecular weight cutoff and
their concentrations are reflective of plasma or serum
concentrations.31,32 Thus, it is a prime candidate for dermal
fluid-based ambulatory monitoring. Moreover, technological
advancements in ISF have attained commercial maturity for
continuous glucose monitoring (CGM) in diabetic patients using
an indwelling sensor, which has been widely accepted and
growing tremendously due to its high accuracy and low cost.33

Although, this is an alternative to finger-pricking blood
sampling, the invasive nature of this technology does not
improve patient compliance. Facile and less invasive ISF

sampling techniques employing micro-needle arrays have been
attracting interest among researchers in this domain.10,34

This review emphasizes the potential of sweat and ISF
enabled sensing platforms to complement conventional
invasive blood tests to facilitate disease management in
ambulatory settings (Fig. 1). We discuss the probable
partitioning mechanisms of relevant biomarkers in both the
dermal fluids and how they correlate with blood. We also
shed light on the existing sweat and ISF sampling
technologies and their suitability for long-term monitoring.
In addition, a detailed account on the recent developments
in sweat and ISF based biosensors and their clinical
significance for chronic disease (diabetes and CKD), chronic
inflammation and therapeutic drug monitoring is presented.
Briefly, the review also provides insights on the current

Fig. 1 Schematic depicting wearable dermal fluid-enabled biomarker detection for remote and non-invasive chronic disease, chronic
inflammation, and therapeutic drug monitoring in ambulatory settings (top). The bottom illustration shows recently developed sweat and ISF
biosensors for non-invasive analyte monitoring. Reprinted with permission from Lee et al.15 Copyright© 2017 AAAS. Reprinted with permission from
Nyein et al.16 Copyright© 2021 Springer Nature. Reprinted with permission from Nyein et al.17 Copyright© 2019 AAAS. Reprinted with permission
from He et al.18 Copyright© 2022 Springer Nature. Reprinted with permission from Cheng et al.19 Copyright© 2022 Elsevier. Reprinted with
permission from Goud et al.20 Copyright© 2019 American Chemical Society. Reprinted with permission from Sang et al.21 Copyright© 2023 AAAS.
Reprinted with permission from Xu et al.22 Copyright© 2023 Wiley-VCH GmbH.
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challenges and the future directions in this emerging area of
non-invasive detection.

2. Relevance of sweat and ISF for
ambulatory monitoring

The analysis of sweat and ISF for ambulatory care is currently
underexploited. Understanding of their physiological
composition, analyte partitioning pathways, and sampling
techniques is essential for drawing accurate correlations
between these biofluids and blood, which can accelerate
technological advancements in sweat- or ISF-based biosensors.
In this section, we will mainly discuss the partitioning
mechanisms as depicted in Fig. 2 and correlations for
biomarkers in sweat and ISF relevant to chronic diseases,
inflammation, and therapeutic drug management for
ambulatory care. Table 1 summarizes the concentrations of
relevant biomarkers or drugs in sweat, ISF, and blood,
molecular size, and corresponding health conditions.

Sweat

Sweat, the most accessible biofluid, plays a vital role in the
body through thermoregulation, skin homeostasis, immunity
support, moisturization, and pH balance.35,36 It is produced
by eccrine and apocrine sweat glands within the skin. Eccrine
sweat is considered the most meaningful and abundant
source of analytes, thus ideal for non-invasive sampling and
continuous monitoring.23,37 The eccrine sweat gland
primarily consists of a secretory coil at the base for isotonic
secretion which straightens into a sweat duct responsible for
salt reabsorption ultimately causing the secretion of
hypotonic aqueous fluid. Sweat is stimulated either via
cholinergic or adrenergic nerve fibers in response to
thermoregulation and “flight or fight”, respectively.38,39

Acetylcholine, the main neurotransmitter of the eccrine
gland, is activated during stimulation, leading to active
secretion of chloride which leads to an electrochemical
gradient that facilitates the flow of positive sodium ions
paracellularly.35 These ions are actively exchanged between
blood and the secretory coil resulting in a buildup of
electrolytes in the lumen, which creates a negative osmotic
pressure that causes a large influx of water into the sweat
gland transcellularly via aquaporin and paracellularly via
ISF.12,23,28,38,39 At this stage, the aqueous fluid in the coil is
isotonic to the cytosol, ISF, and blood. The fluid is then
driven up into the sweat duct due to advective flow and the
ions are reabsorbed through the ion channels in the duct
walls. A hypotonic sweat solution is produced and released
onto the skin surface. The neutral pH of the sweat solution
in the coil decreases as it moves up the sweat duct; thus final
sweat is slightly acidic. The pH of the sweat is dependent on
the sweat generation rate and can influence the partitioning
of biomolecules.12,23,28,40,41

Sweat is a rich biofluid that contains various biomarkers
such as electrolytes, metabolites, cytokines, proteins,
peptides, and hormones. Hence, the evaluation of these
biomarkers' concentrations and flux can provide essential
health information.36,40 The concentration of biomarkers in
passive sweat is 10- to 1000-fold lower compared to ISF and
blood. However, different analytes can have varying blood-to-
sweat correlations as the partitioning depends on their size
and charge, sweat rate, and pH.28 Small uncharged molecules
partition transcellularly via diffusion through the plasma
membrane of the capillary endothelial cells, while
paracellular partitioning is characteristic of large hydrophilic
molecules via diffusion and advective flow through the
intercellular space between adjacent cells.12,23

Partitioning of relevant biomarkers in sweat. Eccrine
sweat is slightly acidic in nature with an average pH of 6.3

Fig. 2 Illustration of possible partitioning pathways of analytes of interest into dermal fluids sweat (left zoom) and ISF (right zoom).
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and is mainly composed of 99% water.38,42 Potassium (K+)
and ammonium (NH4

+) ions are key electrolytes for chronic
disease monitoring. K+, known to regulate many vital
physiological processes, is present in sweat in the mM range.
In a normal kidney, K+ homeostasis can be maintained
irrespective of dietary intake. However, in the case of CKD
patients, a diet with high potassium content can lead to
further complications and even death.43 Thus, monitoring K+

can help predict and prevent potassium disorders in CKD
patients. A few studies have suggested that K+ concentration
in sweat is proportional to blood K+ and independent of
sweat rate. However, the exact partitioning pathway of K+ in
sweat is not fully understood yet. K+ in the secretory coil is
isotonic with blood, whereas the sweat released from the
sweat duct has a higher concentration of K+ possibly due to
the reabsorption of Na+.44 The changes in blood K+

concentration are insignificant; hence it is difficult to
establish a statistically meaningful sweat-to-blood correlation
for K+. Ammonium (NH4

+) is another electrolyte vital for
kidney functioning and infection monitoring.45,46 Urea build-
up during kidney damage can lead to slow processing of
ammonia (NH3), leading to elevated NH3 concentration in
the body. The main source of NH3 in sweat is blood due to
metabolic protein degradation.47,48 Being a small and
uncharged polar molecule, NH3 partitions into the sweat via
passive diffusion, where most of the molecules undergo
protonation to NH4

+ due to the pH gradient between the
blood and sweat. Low and high sweat generation rates lead
to sweat pH 5–7, thereby causing ionization of NH3.
Moreover, the electrical charge on NH4

+ leads to restricted

mobility and causes ion trapping in the lumen, which
explains the higher concentration of NH4

+ in sweat relative to
plasma. Ion trapping phenomenon via protonation or
deprotonation can occur for most of the weak bases or weak
acids. Therefore, the design of sensors for these analytes
should consider their dependence on pH.23,49

Glucose, β-hydroxybutyrate (HB), urea, uric acid (UA), and
creatinine are among the relevant metabolites in sweat for
ambulatory monitoring. Glucose is monitored in blood
samples for diagnosis of prediabetic and diabetic
conditions.50,51 Blood glucose can be correlated to sweat
glucose, but the reliability of this correlation is
questionable.17,52 The details of this blood-to-sweat glucose
correlation will be discussed in section 3. The partitioning
mechanism of glucose in sweat is reported to be paracellular.
Although this pathway is dimensionally large, the tight
junction selectivity, as a result of plentiful proteins, obstructs
the passage of glucose. Moreover, the large size and polarity
also further limit mobility leading to filtering and dilution of
glucose in sweat which is further influenced by the
fluctuating sweat rate.12,23 Sweat glucose is more diluted
during profuse sweating (9 nL min−1 per gland) than in
passive sweating (1 nL min−1 per gland). Nevertheless, sweat
glucose is considered an important analyte as it can provide
essential information regarding the sweat generation rate
and secretion pathways.53 HB is a ketone body produced in
the liver considered a potential indicator of diabetic
ketoacidosis, one of the leading causes of mortality in
diabetic patients. Although the data correlating sweat-to-
blood HB levels are insufficient, a recent study displayed

Table 1 Relevant biomarkers of interest in blood, ISF, and sweat for ambulatory monitoring. [O: oral administration; IV: intravenous administration. Cmax:
maximum concentration]

Analytes Blood (μM) ISF (μM) Sweat (μM)
Related health
condition

Molecular
weight (Da) Ref.

Metabolites Glucose 3.6–6.0 × 103 0.8–6.0 × 103 6–300 Diabetes 180 89 and 90
Urea 3.0–7.5 × 103 Similar to plasma 0.5–2.4 × 104 Kidney diseases 60 56 and 58
Creatinine 65–140 18–75 2–18 Kidney diseases 116 31 and 89
Uric acid 120–450 50–250 18–36 Gout, kidney

diseases
168 35 and 56

β-Hydroxybutyrate 100–600 Similar to
plasma

28.9 ± 9.2 Diabetic
ketoacidosis

104 91 and 92

Electrolytes K+ 3.5–5.5 × 103 Similar to
plasma

2–10 × 103 Hydration, kidney
diseases

39 35

NH4+ 0.1–4 × 102 — 0.5–8 × 103 Kidney diseases 18 23
Protein Tumor necrosis

factor-alpha (TNF-α)
3.4–8.4 × 10−7 80% of plasma 5.4–12.2 × 10−7 Inflammation 17.3 k 63 and 93

Interleukin-1beta
(IL-1β)

1.6–5.3 × 10−7 2.2–5.9 × 10−7 Inflammation 31 k 63 and 93

Interleukin-6 (IL-6) 2.4–5.6 × 10−7 3.7–6.9 × 10−7 Inflammation 21 k 23 and 63
Interleukin-8 (IL-8) 1.5–6.5 × 10−7 1.8–7.2 × 10−7 Inflammation 8452 23 and 63
Cystatin C 0.055 ± 0.22 0.254 — Kidney diseases 13 k 94

Drugs Levodopa 0.5–15 O
(150–550 mg per day)

Similar to
plasma

0.1–2.5 O
(100–500 mg per day)

Parkinson's
disease

197 95

Acetaminophen 66–132.3 O/IV
(1 g per dose)

— <50 Fever, pain 151 95 and 96

Penicillin-type Cmax 140.5–1342.9
IV (4 g per dose)

Cmax 32.1–417.3
IV (4 g per dose)

— Antibiotics for
bacterial infection

95

Vancomycin 13.8–27.6 IV
(2 g per day)

Cmax 22.1 ± 1.8
IV (5–20 mg kg−1)

— 1449 95

Sensors & Diagnostics Critical review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/2

7/
20

25
 4

:3
8:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00165b


1340 | Sens. Diagn., 2023, 2, 1335–1359 © 2023 The Author(s). Published by the Royal Society of Chemistry

correlation between sweat HB and blood HB without any
significant time delay.54 Further efforts are required to
validate this correlation as well as the clinical relevance of
evaluating HB levels in sweat. Urea, a small polar molecule,
is widely used to assess kidney function.55 An early
investigation suggests that urea passively diffuses into sweat
via the paracellular route due to its high diffusivity through
cell membranes, with sweat containing higher concentrations
compared to blood.56 Despite high urea levels in sweat
relative to serum, no correlation was established between
urea levels in these fluids, which suggests that sweat glands
may act as an alternative route for waste excretion especially
when the kidney function is impaired and the patients are
profusely sweating.57,58 Thus, multiple urea pathways and
sweat rate collectively contribute to the sweat urea levels and
further clinical studies are needed to understand these
behaviors. UA and creatinine are also essential for examining
renal function.56 Both analytes are large, hence are found in
lower concentrations (μM range) as compared to blood. UA
and creatinine levels in sweat are low to properly understand
their partitioning mechanisms.23,49,58 It was recently found
that the sweat UA level was higher in gout patients than in
healthy controls, with a similar relationship also observed in
serum.59 Similar to urea, creatinine is present in
physiologically relevant ranges in sweat, making it a potential
biomarker for CKD monitoring.60

Cytokines are proteins that play an important role in
protecting the body against viral or bacterial infections.
Tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6),
interleukin-10 (IL-10), interleukin-8 (IL-8) and interleukin-
1beta (IL-1β) are important inflammatory biomarkers for
chronic inflammation.61 The partitioning mechanism has not
been fully studied but it has been hypothesized that
cytokines are released from the intravascular membrane
during inflammation and transported into the dermal
interstitium despite the filtering effect of tight junctions
mainly due to the remodelling.12 They are then driven into
the eccrine sweat gland under hydrostatic pressure, which
explains the correlation between cytokine concentration in
sweat and plasma.62,63 Sweat can be a suitable alternative for
sampling IL-10 and small molecules that are challenging to
isolate in serum or plasma due to the presence of large
proteins.64 Moreover, it offers potential for assessing the
inflammatory state of older adults with chronic illnesses due
to differential cytokine levels among age groups.

Besides continuous monitoring of biomarkers, it is equally
important to assess the drug administration in real time
during ambulatory care. Therapeutic drug monitoring (TDM)
in plasma is a clinical practice to ensure the constant and
optimal concentration of drugs in the blood to avoid any
adverse effects of overdosing.65 A few drugs have been
reported to be found in sweat and the exact partitioning
mechanism remains unclear.66 For instance, the
concentration of vancomycin, a highly monitored drug in a
clinical setting, in sweat was around 0.2–2.5% that of
blood.67 Levodopa (L-dopa) which is mainly used to treat

Parkinson's disorder, can lead to cognitive and motor
dysfunctions if dosed inaccurately.68 L-Dopa is excreted
through sweat at a detectable micromolar range on standard
dosage. Sweat L-dopa profile has been reported to correlate
well with plasma concentration with a short time delay of
around 10 min, indicating the feasibility of utilizing sweat for
non-invasive continuous L-dopa monitoring.69

Sweat induction and sampling. The quantification of
biomarkers in sweat primarily depends on the sweat
generation mechanism and the sampling platform. Broadly,
sweating can be categorized into active and passive. In active
sweating, sweat is induced by a physical, thermal, or
chemical external stimuli. Sweat generation via exercising
has been a prevalent approach for performing on-body
biomarker measurements, but intra- or inter-subject
variability in body composition, exercise forms, and
intensities can cause fluctuations in sweat rate.70–72 Most
importantly, this method is not ideal for the elderly or
patients with existing medical conditions. Similarly, thermal
induction is unsuitable as prolonged exposure to heat can be
detrimental to the skin. Amongst the active sweating
techniques, iontophoresis (IP) as depicted in Fig. 3A has
garnered significant attention as it induces sweating when
the body is at rest. IP is an FDA-approved method wherein a
small current (0.2–0.5 mA cm−2) is used to deliver cholinergic
agents such as pilocarpine.73–75 During a sedentary state, the
sweat volume generated is around 0.1 nL min−1 per gland or
less; thus the ability to achieve repeated and continuous
sampling at reduced sample volume for a standard dose of
pilocarpine is essential.29 However, cholinergic agents, such
as acetylcholine (ACh) or pilocarpine, have a short-term effect
and are susceptible to acetylcholinesterase (AChE) hydrolysis;
thus higher dosages of these stimulants need to be
continuously supplied via IP for long-term sampling.76

Simmers et al. reported prolonged and localized stimulation
resulting in sweating for more than 24 hours using low
dosages of carbachol, which is insensitive to AChE and has
high muscarinic and nicotinic activity that is useful for
wearable sensing.77 Although IP provides a better alternative
for sampling sweat than other active techniques, issues
related to electrode stability, skin damage, and overdosing
during extended stimulation need to be resolved for
ambulatory monitoring.

Unlike active sweating, passive sweating simply involves
the use of natural perspiration for sampling without the use
of cumbersome and unsafe stimuli.30 Fingertips are a
painless and convenient route for sampling due to the
abundance of sweat glands in the region that leads to a
high natural perspiration rate.78 Sweat sampling at the
fingertip is mainly carried out using biocompatible, soft,
and hydrophilic absorbent materials such as paper, sponge,
textiles, or hydrogels. Hydrogels offer less resistance to
sweat secretion and facilitate easy transport to the skin
surface, preventing the local accumulation of sweat that
builds the pressure barrier.23,79 Rapid sweat glucose
measurement within 60 seconds was successfully achieved

Sensors & DiagnosticsCritical review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/2

7/
20

25
 4

:3
8:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00165b


Sens. Diagn., 2023, 2, 1335–1359 | 1341© 2023 The Author(s). Published by the Royal Society of Chemistry

by a touch-based sensor using porous polyvinyl alcohol
(PVA) hydrogel for sweat sampling.80 The porous hydrogel
not only shortened the sampling time but also reduced the
lag time. Several touch-based platforms have been
developed over the years for the detection of various
biomarkers and drugs.81–83 Such sampling systems have
certain drawbacks, such as contamination of a new sample
with previously collected sweat and difficulty to quantify the
sweat volume or rate. Besides, hydrogels are sensitive to
environmental factors which can disrupt the network and
affect the sweat transport.30

Sweat-based sensors can be suitable for ambulatory
monitoring if they can achieve reliable and continuous
biomarker measurements. However, on-skin sensors are
prone to errors due to sweat evaporation, contamination,
and dilution.28,30 Microfluidic technology is one of the most
efficient ways to sample natural sweat continuously that can
be easily integrated with the sensing and other electronic
components to develop a user-friendly interface.84,85

Numerous soft microfluidic platforms based on PDMS have
been introduced recently for this purpose.86,87 These
systems drive the flow of sweat by capillary forces, osmosis,
or evaporation pumps to deliver the sweat to the detection

chamber without external devices.79 Microfluidic sampling
devices based on capillary forces are the simplest. A
microfluidic patch was introduced with a spiral
microchannel based on PDMS that could hold a sample
volume of 14 μL and last for 50 min for an average
secretion rate of 10 nL min−1 per gland.88 Although this
device can continuously replenish the sweat, there is no
regulation on the flow direction or the flow volume, which
can lead to biofouling. The addition of capillary burst valves
(CBVs), as shown in Fig. 3B, can passively control the flow
direction of sweat by designing valves with a specific
geometry to vary bursting pressures. In a multiple-valve
design, the fluid will proceed through the valve with the
lowest bursting pressure first and sequentially to other
micro-reservoirs.97,98 Moreover, hydrophilic treatment of the
hydrophobic PDMS channels by plasma or UV or
hydrophilic PVA coating can further assist in controlling the
fluid flow. Such integrated microfluidic systems can allow
sequential sampling and detect multiple biomarkers with
minimal mixing.99,100 However, sampling by capillary forces
is lengthy in passive sweating scenarios, thus requiring the
use of active sweating techniques such as exercising or heat
application which are undesirable for ambulatory care.

Fig. 3 Methods for sweat and ISF sampling. (A) An image of an integrated wearable platform for autonomous sweat extraction consisting of
iontophoresis (mode 1) and sensing electrodes (mode 2). Reprinted with permission from Emaminejad et al.75 Copyright© 2017 PNAS. (B) A soft
and wearable microfluidic system for sweat sampling consisting of a capillary burst valve to control the flow of sweat in the channel. Reprinted
with permission from Choi et al.98 Copyright© 2017 The Royal Society of Chemistry. (C) Illustration depicting the exploded view of an integrated
smart band with Janus textile to achieve self-pumping of sweat due to the wettability gradient. Reprinted with permission from He et al.107

Copyright © 2020 American Chemical Society. (D) Schematic showing a reverse iontophoresis system integrated epidermal tattoo-based glucose
sensing platform and the suggested time frame and processing for achieving glucose detection. Reprinted with permission from Bandodkar
et al.123 Copyright© 2014 American Chemical Society. (E) Schematic showing the osmosis-powered hydrogel microneedle (MN) array for ISF
extraction and the corresponding fabrication process to develop a MN patch. Reprinted with permission from Zheng et al.124 Copyright© 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Hydrogels can be used at the inlet of the microfluidic
channel to create an osmotic pump to drive the sweat into
the channels.101 Additionally, it has been shown that the
introduction of evaporation micropump-driven flow via
micropores at the outlet can facilitate sweat flow rate of
0.24 μL min−1 without saturating the inlet or creating
pressure imbalances.102 Importantly, the flow rate can be
controlled by tailoring the pore size, shape, and density.
Current studies have only demonstrated the sampling
efficiency of this concept and a separate peripheral
workstation was used for detection.103 To extend this
concept for ambulatory monitoring, efficient integration of
sensing, wireless, and powering components with this
microfluidic technology is key. Moreover, a combination of
capillary flow and evaporation micropump for sampling has
the potential to achieve continuous and long-term sweat
sampling passively.

Evidently, epidermal microfluidic technologies can
address some of the major concerns associated with sweat
sampling; however, they rely on complicated design
structures and sophisticated fabrication equipment to control
the flow of sweat.104,105 Janus super-wettable materials have
emerged as promising candidates to achieve on-demand
fluidic manipulations. The wettability gradient arising as a
result of the superhydrophobic and superhydrophilic side of
a binary Janus membrane can lead to unidirectional
transport of the sweat.106 He et al. designed a flexible textile
with Janus wettability by electrospinning hydrophobic
polyurethane nanofibers on a superhydrophilic microfiber
gauze, as shown in Fig. 3C.107 The sweat droplets permeate
the hydrophobic fiber and spread on the hydrophilic side
that is integrated with electrochemical sensors for analyte
measurements. Such a configuration significantly eliminates
sweat retention and maintains a comfortable
microenvironment for the users. The self-pumping
capabilities of the Janus membrane have also been reported
to enable real-time detection of ultralow volume of sweat
around 0.15 μL.108 Such systems hold great potential for
multiplexed sensing of biomarkers in an ambulatory setting
due to their low droplet usage, good microdroplet anchoring
and sampling enrichment capabilities.

Challenges in sweat-enabled ambulatory monitoring.
Although sweat has significant potential for non-invasive
healthcare monitoring, several limitations still pose a
challenge to its smooth translation to ambulatory care. One
of the major challenges is the inherent >1000-fold dilution
of most analytes in sweat compared to plasma.12 A lack of
understanding of the partitioning mechanisms for most of
the biomarkers of interest in sweat makes it difficult to draw
accurate interpretations and correlations with clinical
significance. Passive sweat analysis in a sedentary state is
more apt for ambulatory monitoring but the sweat secretion
rate is in the sub-nanoliter range.36 Moreover, sweat
generation can be either increased or suppressed at rest in
the case of patients with pre-existing conditions. Additionally,
a standard approach to estimate and compensate for the

effect of sweat rate fluctuation for various analytes has not
been established yet. Intra- and inter-subject variability can
also impact the sweat generation rate which can further
complicate the correlations between sweat and blood.17,23

Therefore, exploring a biofluid such as interstitial fluid (ISF)
that eliminates most, if not all, of the concerns detailed
above can be beneficial for the accurate prediction of health
conditions and monitoring.

Interstitial fluid (ISF)

ISF is the most prevalent and accessible subcutaneous body
fluid, constituting roughly 75% of the extracellular fluid in
the human body. Almost 70% of ISF by volume is primarily
present in the lowermost layer of the skin called the dermis.
An interface exists between the dermis and the systemic
blood circulation that drives the fluid flow via capillaries into
the interstitial space.31 ISF originates from the blood
surrounding the tissues and the cells while delivering
nutrients and signaling molecules. The exchange of
biomarkers or analytes between the blood and ISF essentially
takes place due to the existence of hydrostatic and osmotic
pressure at the dermis–blood interface. Hence, the
composition of ISF is very similar to that of blood and
reflective of localized physiological information.10,109

Understanding the role of capillary structure in the
partitioning of analytes in ISF from blood is vital to gaining
insight into relative concentrations of biomarkers of interest.

Partitioning of relevant biomarkers in ISF. The
partitioning mechanism in ISF is dictated by the non-
fenestrated nature of the continuous capillaries surrounding
the dermis. The barrier function of these capillaries is
regulated by tight junctions including cadherin junctions
between the endothelial cells that allow the selective passage
of analytes. The fundamental basis of the partitioning of
biomarkers from blood to both sweat and ISF has many
similarities. For instance, the dominating pathways involved
in the transportation of analytes from blood to ISF occur in
paracellular and transcellular mode.32 Moreover, the size,
charge, and properties of the biomarkers are key factors that
determine their abundance in ISF relative to blood. However,
a third partitioning pathway in the case of ISF involving
vesicular transport of analytes through the cells has also been
observed.12 Molecular size influences the presence of
biomarkers in interstitial fluid (ISF) due to cadherin
junctions. Small hydrophilic analytes (>100 Da) partition into
ISF via the paracellular route, while small hydrophobic
analytes use the transcellular route.32,110 Analytes smaller
than 3 kDa diffuse easily through cadherin junctions,
regardless of charge, mainly via paracellular diffusion. Tight
junctions partially hinder analytes ranging from 3 to 70 kDa,
allowing for both paracellular and transcellular partitioning.
However, analytes larger than 70 kDa transfer via
transcellular diffusion since they cannot pass through tight
junctions. Charge and hydrophobicity also influence the
blood-to-ISF partitioning. Proteins or drugs with neutral and

Sensors & DiagnosticsCritical review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/2

7/
20

25
 4

:3
8:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00165b


Sens. Diagn., 2023, 2, 1335–1359 | 1343© 2023 The Author(s). Published by the Royal Society of Chemistry

positively charged analytes can diffusive relatively free as
compared to negatively charged ones (3–70 kDa), which are
filtered by the negatively charged glycocalyx on the luminal
surface of endothelial cells. Also, the dilution of larger
analytes is much less compared to sweat due to the high
surface-to-volume ratio and high density of the capillaries
along with the force induced by blood.111

The concentration of electrolytes in ISF is equivalent to
that of blood as the diffusion via the paracellular pathway is
quite fast.112 A wearable all-solid-state patch has been utilized
for potentiometric detection of physiologically relevant levels
of K+ in ISF.113 Glucose concentration in dermal ISF has been
reported to be almost identical to plasma glucose under a
steady state.114,115 Glucose is a small hydrophilic molecule
with a molecular size of 180 Da and thus partitions into ISF
from plasma paracellularly with a short time delay (5–10
min).32,116 Moreover, the rate of change of glucose
concentration and the delay can also be affected by various
physiological factors such as blood flow, tissue perfusion, and
ISF permeability. Beyond physiological delay, the flux-limiting
membrane of the CGM sensors further adds to the lag time,
leading to sensor-specific delays.117–119 Therefore, the
scientific community has made efforts in recent years to
address the lag time to achieve more precise and accurate
glucose monitoring (further discussed in Section 3).

As mentioned before, measuring HB levels in diabetic
patients can prove beneficial for diabetes management. It
has been hypothesized that the plasma-to-ISF ratio for HB is
close to 1 due to the similar molecular weight of ketone
bodies and glucose.120,121 Despite the limited data regarding
the ISF levels, the concentration of ketone bodies has been
reported to be around 2–3 mM during prolonged fasting. The
rapid paracellular diffusion of the HB through the capillary
interfaces can lead to good turnover in dermal ISF that is
comparable to plasma. Urea is also a small analyte (60 Da)
that is water soluble and highly diffusible.122 Interstitial urea
has also been reported to correlate well with the plasma urea
in CKD patients. Interestingly, interstitial urea sampled from
both the abdomen and the forearm displayed similar
concentrations, implying that in equilibrium ISF behaves as
a single compartment.125 Creatinine is another small (116
Da) and neutral uremic toxin that is a key indicator of CKD
progression. Epidermal interstitial-to-plasma ratio for
creatinine was very close to unity in both healthy and non-
hemodialysis CKD patients. UA (168 Da), which is negatively
charged, was also reported to near-equivalent concentration
in ISF and plasma. A probable reason is that its distribution
is impacted by the Gibbs–Donnan equilibrium, i.e., since
plasma is more negatively charged, these molecules will be
repelled towards the ISF. Additionally, the interstitial
concentrations of urea, creatinine, and UA were higher in
CKD patients relative to healthy individuals, suggesting that
the measurement of uremic toxins in ISF can be carried out
successfully in CKD patients.126

Signaling proteins such as cytokines (6–70 kDa) and
cystatin C (13 kDa) are high molecular weight

biomarkers.127,128 The ISF/plasma ratio for these analytes has
been reported to have an inverse logarithmic relationship
with the weight due to the filtering by the tight junctions
during paracellular diffusion.12 It was found that the ISF/
serum ratio for IL-1β was greater than 1, implying that IL-1β
is primarily produced in ISF. In contrast, higher
concentrations of TNF-α were reported in systemic
circulation than in ISF. However, IL-6 has been observed to
show a variable pattern in concentration in ISF vs. plasma
over time.129,130 Cystatin C, a positively charged smaller
protein, has been found in significantly higher levels in ISF
than in blood, suggesting that it is isolated within the
interstitium. Further studies related to its abundant
concentration in ISF and its relevance in early detection of
kidney diseases are neccesary.126

ISF as a dermal fluid has gained considerable attention
for therapeutic drug monitoring mainly due to two reasons:
firstly, composition similarity between ISF and blood, and
secondly, low protein content of ISF which suggests that
drugs are likely present in their free or unbound form.131

Kiang et al. conducted a pharmacokinetic study on the
antibiotic profile in ISF for healthy and diseased
individuals.132 Penicillin showed lower concentrations in ISF
compared to blood, while vancomycin exhibited a linear
relationship between ISF and blood concentrations with a 30
minute lag time for steady-state distribution.133 Monitoring
L-dopa concentration in ISF has been explored, although
blood-to-ISF correlation remains unclear. However, due to the
molecular size and polarity, it has been hypothesized that
L-dopa levels in ISF are similar to that of blood.95 Recently, a
highly sensitive interface monitored L-dopa down to 100 μM,
demonstrating the feasibility of ISF for continuous
monitoring of this drug.134

Sampling of ISF. ISF offers a substantial advantage over
sweat because of little dilution of relevant analytes and close
correlation to blood. It is minimally invasive and does not
contain interfering biomolecules such as blood cells or
induce blood clotting. However, ISF sampling is challenging
mainly due to the low fluid volume, limited replenishment
rate, and analyte filtration.32 A biopsy involves the sampling
of tissue to extract ISF in an off-body setting but it is invasive
and prone to contamination.135 The earliest implemented
procedure method to extract ISF involved a nylon wick that is
removed for post-analysis once it is saturated with ISF.136 It
is invasive, slow, can extract very low ISF volumes, and
suffers from dilution. Alternatively, applying suction to the
skin can extract fluid faster but the suction blister technique
is inconsistent for continuous monitoring due to differences
in large analyte composition compared to serum, making it
unsuitable for certain biomarkers like cytokines or cystatin C.
Microdialysis implants a semi-permeable membrane tubing
in the dermis to extract ISF, allowing biomarker diffusion
into a fluid inside the tube. However, it is unsuitable for
ambulatory care as the biomarker composition in sampled
ISF is often 5–10 times less than the physiological one.10,32

Extraction of ISF using implantable subcutaneous sensors is
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widely adopted in CGM systems, but they can be invasive and
cause pain, infection, and scarring.137 The above-mentioned
techniques require long sampling times, expert training,
healing time for injuries, and local anesthesia. Therefore, less
invasive alternatives based on reverse iontophoresis (RI) and
microneedle (MN) array (Fig. 3D and E) for ISF extraction are
beneficial for continuous biomarker monitoring in
ambulatory care.50,123,124 RI applies low electrical current to
facilitate ion flow across the skin without puncturing or
damaging it. When the electric field is applied, the charged
ions and some neutral analytes move to the cathode due to
the negative charge of the skin. RI causes the electroosmotic
flow of ISF through the flow of ions and the formation of
ionic current due to sodium ions leading to its extraction.
However, this technique is limited to small cationic species.
The effectiveness of RI depends on factors like current
amplitude, time, pH, skin temperature, and skin
permeability. Since the flow occurs through the paracellular
route, the sampled ISF differs from physiological ISF due to
the filtering effect of tight junctions, similar to sweat,
resulting in dilution.32,138 Therefore, it is necessary to
understand its correlation to the true ISF and blood content.
Moreover, prolonged extraction of ISF using RI has been
linked to skin irritation making it inept at the current stage
for ambulatory monitoring. MN array is an emerging
technology to extract ISF in a minimally invasive manner
with immense potential for continuous monitoring. Unlike
invasive injections or needles for blood sampling, MN array
offers a painless, convenient method that enhances patient
compliance.34 MN arrays are made of micron-size needle-like
projections that can easily interface with skin to facilitate the
transport of the fluid. Any indentations created after the
application of the MN array are readily healed. MN arrays can
be solid, hollow, porous, dissolving, and hydrogel-based.
Some of the literature provides a very detailed account of
these technologies10,139 Solid and dissolving MN are mainly
for single-time use as they require additional accessories for
the collection and analysis of ISF.140 Porous, hollow, and
hydrogel-based integrated MN arrays have been exploited
relatively more for continuous biomarker detection with
simultaneous extraction and detection.141–143 A hollow MN
array integrated with an enzymatic detection platform is
beneficial as the imbalance created due to analyte
consumption leads to continuous diffusion of ISF.144

Moreover, MN arrays facilitate the direct quantification of
biomarkers.10,31 From an ambulatory care point of view, soft,
compliant, and highly biocompatible hydrogel-based MN
interfaces are relatively more suitable. However, this early-
stage approach is limited to the extraction of specific
biomarkers due to the charge and mesh size of the hydrogel
network, and the sub-microliter volumes extracted are
insufficient for diagnostics.145 Overall, MN-based ISF
sampling and analysis show promise for rapid and less
invasive localized screening of chronic diseases and drug
monitoring, but further research on stability, reproducibility,
and large-scale production is needed for clinical adoption.

Challenges in ISF-enabled ambulatory monitoring. ISF is a
promising biofluid for minimally invasive, rapid, continuous,
and accurate monitoring of biomarkers in an ambulatory
setting. Extraction of true dermal ISF is a major challenge as
the high resistivity of the dermis restricts the flow of the fluid
to achieve an optimal sampling volume and sampling rate.
Another issue is that ISF sampling can disrupt the epidermis,
thereby inducing an immune response and disturbing the
concentration of analytes in the ISF and its correlation with
the blood.32 Large molecules such as proteins, cytokines, and
several drugs of interest are present in much lower
concentrations than in blood, hence detection of these
biomarkers remains an obstacle.31

3. Sweat- and ISF-based biosensors
for ambulatory care
3.1 Chronic disease monitoring

Diabetes. Diabetes is a prevalent chronic metabolic
disorder that affects millions of individuals, leading to
potential cardiovascular or chronic kidney disease due to
inadequate regulation of blood glucose levels.137,146

Prediabetes, with high but below-diabetic blood sugar
levels, often goes undiagnosed and untreated for
years.150,151 The screening procedures require frequent
visits to hospitals or the use of costly and invasive finger-
pricking glucometers several times a day which is
cumbersome and prone to infection.152,153 Continuous and
minimally invasive glucose monitoring systems can enable
early detection and real-time feedback for glycemic
control, but existing non-invasive technologies based on
optical, acoustical, electric, and microwave techniques lack
sensitivity and selectivity and are susceptible to
physiological or environmental variations.154 Wearable
platforms using dermal fluids are promising alternatives
for less invasive and more accurate glucose monitoring.

The feasibility of using sweat glucose for diagnosing
prediabetes or diabetes remains controversial due to
inconsistent correlations with blood glucose.52,155

Understanding glucose partitioning, lag times, sweat rate
effects, composition, and variations is crucial to establish
universal screening thresholds.17 Also, sweat sampling,
contamination, sweat gland activation, pH deviations, and
skin temperature need to be considered. Besides, the low
concentration of glucose in sweat compared to blood with a
dilution factor of 100-fold demands a highly sensitive
detection platform.28,156 Therefore, further research in
materials, sweat sampling, and sensitive sensing mechanisms
is crucial to overcome these challenges. To date, wearable
sweat glucose monitoring sensors based on colorimetric and
electrochemical methods have been developed.156–159

Colorimetric sensing is a practical and affordable method for
sweat analysis, suitable for self-monitoring.160,161 Although
colorimetric sensors overall suffer from low limit of detection
(LOD), a filter paper-based wearable glucose sensor with a
LOD of 0.01 mM useful for hypoglycemia was reported.162
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However, such methods are often prone to uneven coloring
and require frequent replacements. A recent microfluidic
platform offers multimodal functionality and lighting-
independent colorimetric sensing of glucose, lactate,
chloride, pH, and sweat temperature.160 Field study during
exercise demonstrated its capability of ambulatory care for
identifying prediabetic conditions wherein sweat glucose
level changed with diet and exercise.

Electrochemical sensors are widely adapted and feasible
for real-time, accurate, and long-term diabetes
management.163–166 Skin-integrated electrochemical sensors
can facilitate real-time sweat glucose analysis, but the use of
batteries, electronics for wireless transmission, and external
displays impact the form factor and cost. Zhao et al.
developed an integrated, self-powered smartwatch powered
by amorphous silicon (a-Si) photovoltaic cells and a
rechargeable zinc–manganese oxide (Zn–MnO2) battery
(Fig. 4A).147 The enzymatic electrochemical sweat glucose
sensor displayed appreciable sensitivity and provided real-
time alerts corresponding to low (15–30 μM), medium (50–
100 μM), and high (150 μM) levels. This real-time feedback is
valuable for managing the health of hypoglycemic,

prediabetic, and diabetic people. Enzymatic electrochemical
glucose sensors primarily use glucose oxidase (GOx) which is
prone to instability due to pH and temperature changes in
sweat that can impact catalytic activity.167 Hence, sweat
glucose, pH, temperature, and humidity measurements can
be integrated into the glucose sensor for real time correction.
Correspondingly, significant efforts are being directed
towards the non-enzymatic approach for glucose sensing in
sweat.168,169 These sensors are mostly based on transition
metals or metal oxide and operated under alkaline conditions
(pH >11), but sweat has a neutral pH which can hamper the
operation stability and accuracy of these. Therefore studies
have been carried out to enable non-enzymatic glucose
monitoring in this pH range.170–172

The ISF glucose concentration is highly correlated with
blood glucose both during steady state and glycemic
conditions, making it a reliable alternative for sensitive and
accurate data acquisition.173–175 However, the time delay
between changes in ISF and blood glucose, influenced by
physiological conditions, remains a significant challenge.117

Currently, implantable CGM systems based on ISF are the
only clinically implemented devices with a huge market

Fig. 4 Sweat- and ISF-enabled detection platforms for diabetes management. (A) Illustration of self-powered smart integrated sweat glucose
sensors with electronic ink (E-ink) display for real-time monitoring (top). Reprinted with permission from Zhao et al.147 Copyright© 2019 American
Chemical Society. (B) (i) Pixel array and preferential glucose routes along the hair follicles. (ii) In vivo continuous glucose monitoring profiles
performed for 6 h during lunch and snack consumption. Red curve depicts ISF glucose extracted from two pixels (A and B) in tandem. Black curve
depicts blood glucose measurement using a commercial glucose meter. Reprinted with permission from Lipani et al.148 Copyright© 2018 Springer
Nature. (C) (i) Cross section of the ISF-enabled wearable device with microneedles piercing the skin and the schematics of the microelectrodes'
configuration for multiple analyte detection. (ii) Performance study of the sensor during wine consumption event followed by a meal consumption
(top) and a high-intensity workout followed by full meal consumption (bottom) for alcohol–glucose and lactate–glucose sensing, respectively. (iii)
Plot of ISF alcohol and glucose measurements (top left) and the corresponding standard breath analyser and blood glucose measurement (top
right). Plot of ISF lactate and glucose measurements (bottom left) and the corresponding standard blood lactate and blood glucose measurement
(bottom right). Reprinted with permission from Tehrani et al.149 Copyright© 2022 Springer Nature.
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acceptance. Continuous monitoring sensors such as Dexcom
G6 (Dexcom, San Diego, USA) and Freestyle Libre 2 (Abbott,
Chicago, USA) are the dominant players among
commercialized subcutaneous CGM devices.176,177 However,
less invasive monitoring alternatives based on RI and MN
array for ISF extraction are desired for glucose monitoring in
ambulatory care.

Glucowatch G2 Biographer, the first commercial device
based on RI for monitoring glucose for up to 12 h based on
ISF, received US-FDA approval in 2001. However, it was
discontinued as time delay, prolonged warm-up period, and
frequent blood sampling for calibration led to skin irritation
and blisters.178,179 Another limitation of RI is the dilution of
the extracted glucose due to large skin area extraction,
requiring the use of finger prick sampling for calibration.

Hence, recent efforts have focused on improving the user
experience.180 A transdermal patch with a path-selective pixel
array of Pt-decorated graphene electrodes was introduced to
address the dilution issue (Fig. 4B(i)). The patch utilized the
hair follicles' preferential pathway for electroosmotic flow,
which resulted in a glucose flux of 3.5 nmol mA−1 h−1 at ISF
concentration of 10 mM. As observed in Fig. 4B(ii), the RI-
extracted ISF closely followed the blood glucose profile with
15 min lag time in in vivo testing. This method enabled
calibration-free measurement across the hypo- to
hyperglycemic range, offering a non-invasive approach for
diabetes management. RI efficiency is also susceptible to skin
resistance changes occurring during perspiration; thus,
critical and selective evaluation of glucose in ISF is key for
accurate glycemic control. Large-scale clinical trials and
testing are needed for potential commercialization and wider
adoption of this technology.148

Clinical studies have reported that glucose detection using
MN arrays is associated with a low pain score and has been
verified for patient acceptability and clinical efficacy.181

Tehrani et al. introduced an integrated wireless solution for
continuous and simultaneous measurement of multiple
analytes based on poly(methyl methacrylate) MN
microelectrodes (Fig. 4C(i)).149 The sensor successfully
captured multiple lag-free biomarker profiles during wine
and food consumption and workout (Fig. 4C(ii)). Importantly,
the data were well correlated with standard measurements as
shown in Fig. 4C(iii). This technology underscores the
accuracy of MN for ISF-based glucose detection and
overcomes the practical limitations associated with current
CGMs. Soft, compliant, and biocompatible hydrogel-based
MN interfaces are desirable features for ambulatory diabetes
management. Wang et al. developed a highly sensitive and
responsive smart glucose-responsive hydrogel.182 The blood
glucose levels in diabetic mice showed a strong correlation
with quantitative readouts corresponding to the glucose
concentrations detected by the glucose-responsive MN array.
Although this approach achieved rapid and minimally
invasive measurements, the characterization results were
recorded using a CCD camera which is not practical for
wearable formats. Thus, hydrogel-based MN detection

platforms with intuitive visible read-out and controlled
insulin delivery are promising for diabetes theranostics, with
the possibility to apply these sensors for prediabetic and type
1 and 2 diabetic patients.

Diabetic ketoacidosis (DKA) is a severe diabetic
complication arising from insufficient insulin levels in the
body, thereby resulting in an excess of ketone bodies.183,184

The continuous monitoring of ketone bodies has not been
addressed despite significant advancements in new-
generation CGM devices capable of sensing glucose directly
in the ISF. Teymourian et al. demonstrated the capability of a
hollow MN array for real-time electrochemical monitoring of
HB levels in ISF for the first time in 2020.121 This method
relied on a β-hydroxybutyrate dehydrogenase (HBD)
enzymatic reaction for sensitive and selective HB detection,
exhibiting a LOD of 50 μM, prolonged operation stability,
and antifouling characteristics in artificial ISF. The same
group recently developed a non-invasive and rapid touch-
based dual biosensor to track dynamic rest sweat HB and
glucose on the fingertip using a single-strip substrate.54 This
biosensor demonstrated a personalized HB dose–response
relationship and a correlation between sweat and capillary
blood HB levels in healthy human subjects after taking
commercial ketone supplements. The development of dermal
fluid-based biosensors capable of simultaneous and long-
term glucose and ketone measurement is an area of active
interest aimed toward enhanced diabetes management.

Chronic kidney disease. Chronic kidney disease (CKD) is a
condition that leads to gradual loss of kidney function,
affecting 10% of adults worldwide, especially the elderly.
CKD is often asymptomatic initially, and the slow
progression of kidney failure takes months to decades.187,188

CKD is typically assessed by monitoring changes in
metabolites (urea and creatinine) and electrolytes (K+) that
reflect renal function.90 Glomerular filtration rate (GFR)
calculated from creatinine concentration indicates the
severity of kidney disease, while blood urea nitrogen provides
information about renal tubular function. Decreased kidney
function leads to elevated levels of these biomarkers in the
blood.189–191 In young adult men and women, the typical
value of GFR is around 125 mL min−1/1.73 m2, whereas
values less than 15 mL min−1/1.73 m2 signify kidney failure.
However, GFR-based diagnostics can only be used for stage
3–4 CKD patients, and failure to slow down the progression
can lead to death.192 The current standard for kidney disease
screening involves costly laboratory tests on blood and urine
samples, requiring trained professionals and specialized
facilities. Serum creatinine monitoring is a gold standard in
CKD management but requires frequent cumbersome sample
collection, and it is prone to pH and temperature changes
and contamination due to interfering biomolecules.49,55,90

Therefore, ambulatory monitoring of CKD biomarkers in
accessible dermal fluids such as sweat and ISF can overcome
the limitations of serum-based sampling.

Sweat creatinine and urea levels are higher in CKD
patients than in healthy controls.56,58 Thus, detection of
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these biomarkers in sweat via colorimetric or electrochemical
approaches is currently being studied extensively.193,194

Additionally, sweat pH is crucial for CKD as the dehydration
status of an individual has been linked to metabolic
alkalosis. Zhang et al. developed an epidermal integrated
microfluidic device to simultaneously measure creatinine,
urea, and pH relying on enzymatic detection and colorimetric
readout, for kidney disease screening and monitoring as
shown in Fig. 5A(i and ii).60 The concentrations of the
biomarkers correlated well with standard lab-based tests as
depicted in Fig. 5A(iii). Moreover, it allowed for patient-
friendly capture of sweat without physical exertion or
pharmacological stimulation. The development of
multicomponent integrated sensors to monitor physical,
biological, and chemical signals for carefree living of patients
is an emerging area for research.195 Despite the development
of advanced wireless systems, the requirement of large power

supplies and maintenance costs hamper their applicability.
Zhao et al. introduced a self-powered wearable sensor to
successfully monitor glucose, creatinine, and lactic acid in
sweat while capturing body motion using an enzymatically
modified conductive and stretchable fiber-based triboelectric
nanogenerator (F-TENG).196 This F-TENG can perform real-
time metabolic profiling in sweat by detecting glucose and
creatinine with a sensitivity similar to that of commercial
meters without relying on an external power source. However,
the sensitivity for lactic acid was affected by interfering
biomolecules in sweat. Nonetheless, this portable platform
has significant potential applications in medical
rehabilitation and early emergency intervention. It should be
noted that enzymatic reactions used for sweat urea sensing
may degrade over time, leading to reproducibility issues
during long-term monitoring. Recently, an epidermal
optofluidic sensor based on single-band Raman analysis

Fig. 5 Sweat- and ISF-enabled detection platforms for CKD management. (A) (i) Colorimetric detection platform depicting the spectrum of colors
corresponding to the relevant pH range (left), creatinine (top) and urea (right) in sweat. (ii) Exploded image illustrating the various components of
the epidermal sensor. (iii) Biomarker concentrations in sweat measured using an epidermal sensor against laboratory-based analysis (n = 8). Data
points with the same color belong to the same test. Reprinted with permission from Zhang et al.60 Copyright© 2019 Royal Society of Chemistry.
(B) (i) Schematic of the optofluidic sensor for sweat urea and lactate monitoring. The illustration shows the exploded image of the epidermal patch
(center). The zoomed-in illustration (left) shows the microfluidic sensor when the Raman laser is active and the corresponding spectral bands for
sweat urea and lactate. A laser blocker tape is used to block the out-of-focus beams from directly entering the skin to avoid any hazardous effects.
An image of the fabricated optofluidic chip for sweat analysis (right). (ii) Sweat Raman spectra for various urea concentrations depicting a sweat
lactate Raman band at 855 cm−1, urea at 1005 cm−1 and 1160 cm−1, and glucose at 1125 cm−1. The inset shows the area under the curve (AUC) of
the characteristic sweat urea band. (iii) Physiological sweat urea calibration curve in the 5–50 mmol l−1 range with a limit of detection of 0.47.
Reprinted with permission from Golparvar et al.185 Copyright© 2023 Elsevier. (C) (i) Schematic demonstrating the in vitro swelling and ISF
extraction of cross-linked gelatin methacryloyl (c-GelMA) MNs in an agarose model system for non-invasive urea monitoring. (ii) Plot depicting the
correlation of the detected urea concentration and recovery efficiency of the c-GelMA system in spiked agarose models mimicking the normal
and CKD states. Reprinted with permission from Fonseca et al.186 Copyright© 2020 Wiley-VCH GmbH. (D) (i) Fabrication procedure of the
epidermal hydrogel MN patch (HMNP). (ii) Schematic showing the proposed approach for blood-free detection of Cys C. The HMNP patch is
placed on the skin for ISF extraction for 5 min and then placed on the lateral flow strip for antibody detection, delivering a visual readout for
heathy and CKD patients in 15 min. Reprinted with permission from Chen et al.94 Copyright© 2022 Elsevier.
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(Fig. 5B(i)) was developed to quantify sweat lactate and urea
in a large dynamic range (0 to 270 mmol l−1).185 The platform
consisted of a flexible microfluidic device with low Raman
activity placed on the skin. The proposed single-band Raman
spectroscopy eliminated the inherent limitations of poor
shelf life, low reproducibility, and complex fabrication
procedures of surface Raman-based methods and facilitated
label-free portable detection. Moreover, this approach is
advantageous for the analysis of biomolecules in sweat as it
has a simpler Raman spectrum compared to blood.
Fig. 5B(ii and iii) show the Raman spectra for sweat with
varying urea concentrations with area under the curve
characteristic urea band displaying a linear correlation with
the concentration change. The device offered selective urea
and lactate measurements in human sweat (thermal and
exercise inducement) without interference from analytes such
as uric acid and creatinine. Most importantly, the platform
achieved highly reproducible and stable biomarker detection
in artificial sweat for 3 months, demonstrating its potential
for multiplexed ambulatory monitoring.

Urea and creatinine levels in ISF are highly correlated to
those in blood and serum.126 Continuous monitoring of
blood urea levels throughout is essential for understanding
urea kinetics and evaluating the effectiveness of
hemodialysis. Iontophoretically extracted urea can rapidly
reflect changes in plasma urea following hemodialysis in
CKD patient. This implies that non-invasive urea detection is
useful not only for CKD diagnosis but also for assessing
dialysis efficiency.197 The potential of RI for ISF urea
detection was explored using a screen-printed potentiometric
sensor wherein urease was immobilized on a micro-
structured polypyrene (PPy) matrix that displayed excellent
linearity in the range of 10–5000 mM with stable
performance for up to 40 days.198 However, calibration was
required, and a few subjects experienced tingling sensations
and erythema. MN extraction results in ISF that is more
indicative of true physiological ISF than RI. It has been
demonstrated that gold microneedles (AuMNs) functionalized
with a polymeric mediator and urease enzyme can be
successfully utilized to determine urea in ISF.199 Their
performance was evaluated in artificial ISF and alginate
epidermal/skin mimic spiked with urea, achieving detection
in the range of 50–2500 mM with a sensitivity of 52 nA mM−1

and 31 nA mM−1, respectively. However, this platform is
limited by the low chronoamperometric response and a lack
of in vivo measurements to validate the clinical efficacy of
metal-based MNs for long-term monitoring. Fonseca et al.
investigated the potential of swellable crosslinked gelatin
methacryloyl (c-GelMA) hydrogel-based MNs towards PoC
monitoring of kidney disorders as illustrated in Fig. 5C(i).186

The fabricated biocompatible MNs exhibited good insertion
ability to sample ISF for real-world applications and
successfully quantified urea at normal (5 mM) and CKD state
(20 mM) on a spiked agarose hydrogel model with excellent
recovery efficiency as shown in Fig. 5C(ii). Although, the
swellable characteristic is essential for ISF sampling the MNs

reached 63% of volume capacity within 4 min, implying that
this system is apt for short-term measurements. This
technology has potential for clinically safe CKD biomarker
monitoring due to its non-invasive character.

Cys C has been proposed as a promising biomarker for
the early diagnosis of acute kidney injury and CKD as it is
less affected by body composition or the age of the patients
and has been reported to be more accurate than creatinine
for eGFR estimation.200–202 Most traditional methods for Cys
C detection are immunoassays that utilize serum and are
time-consuming and costly to perform. Chen et al. integrated
a hydrogel MN patch(HMNP) with a lateral flow cassette
(LFCCys C) for at-home rapid detection of Cys C in dermal ISF
within 25 min (Fig. 5D(i and ii)).94 A crosslinker (polyethylene
glycol 8000: PEG8000) and an absorbent material (sodium
polyacrylate PAA-Na) were introduced in the poly(methyl vinyl
ether-alt-maleic acid (PMVE/MA))-based hydrogel MNs to
tailor the swelling characteristics for efficient extraction. The
HMNP is first pressed on the skin for 5 min for ISF extraction
and then attached to the LFCCys C sample port for antibody-
based detection in a blood-free PoC kit displaying a
distinctive visual readout for healthy and CKD subjects as
depicted in Fig. 5D(iii). In addition, the patch efficiently
extracted biomolecules in the range of 0.5–67 kDa, which
suggests its feasibility for extracting Cys C from ISF. This PoC
platform could clearly distinguish between healthy and CKD
rats. Such MN technologies support the feasibility of utilizing
ISF for the detection of various CKD biomarkers.
Furthermore, creatinine monitoring to date has been limited
to body fluids such as urine and saliva;49 thus, the
development of biosensors for creatinine detection in ISF has
a vast scope.

3.2 Chronic inflammation monitoring

Inflammatory diseases encompass a wide range of disorders
caused by various factors including infections, immune
system abnormalities, cell damage, neurological disorders,
toxic compounds, etc. Inflammation is the body's response to
injuries by inducing a complex cascade to initiate tissue
healing by recruiting leukocytes, pro-inflammatory cytokines
and chemical mediators, and acute-phase proteins. While
acute inflammation is a normal process for healing, chronic
inflammation can contribute to the development of various
illnesses such as cardiovascular diseases, diabetes, CKD,
cancer, rheumatoid arthritis, and neurodegenerative
disorders.203–206 The detection of inflammatory biomarkers is
key for diagnosis, prognosis, and selection of appropriate
therapy of chronic inflammatory disorders. Traditionally,
enzyme-linked immunosorbent assay (ELISA) and polymerase
chain reaction (PCR) are used to quantify these
biomarkers.207,208 Although sensitive and specific, these
techniques are time-consuming and limited to clinical
settings. Real-time detection of potential inflammatory
biomarkers for timely prediction of chronic inflammation
progression is a major challenge.
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Cytokines are significant mediators responsible for the
regulation of immunological and inflammatory responses.
Quantifying cytokines is clinically significant for
understanding immunological and inflammatory responses.
Blood analysis of cytokines aids the diagnosis, but their short
half-lives and degradation during sampling can lead to false
negatives.61 Furthermore, invasive measurements cannot
continuously track inflammation flares in real time. Hence,
non-invasive analysis of dermal fluids opens up new
opportunities for chronic inflammation management. Recent
studies have explored detecting cytokines in human sweat for
various disorders. Upasham et al. developed a flexible
wearable sweat sensor to study the relationship between
endocrine and inflammation pathways on exposure to
stress.209 The platform, used to detect cortisol and TNF-α,
incorporated a biocompatible hydrophilic nanoporous
membrane to facilitate the detection of ultralow volume (3
μL) of passive sweat via rapid wicking action. The sensor
successfully quantified TNF-α in sweat in a linear dynamic
range of 1–1000 pg ml−1, which is suitable for diagnostic
purposes. A wearable and non-invasive platform termed
SWEATSENSER was introduced for inflammatory bowel

disease (IBD) management.210 Real-time, multiplex, and
continuous detection of biomarkers IL-β and C-reactive
protein (CRP) in sweat was carried out to monitor
inflammation flare-ups. The sensor exhibited high sensitivity
in spiked sweat and showed a strong correlation with
standard ELISA measurements. Moreover, the SWEATSENSER
maintained stable on-body measurements for over 30 hours
with minimal variation in IL-1 β levels amongst healthy
subjects. This developed SWEATSENSER platform as depicted
in Fig. 6A(i) was further employed to detect flu directly in
passive sweat by real-time monitoring of various
inflammatory cytokines (IL-6, IL-8, IL-10, and TNF-α).62 As
shown in Fig. 6A(ii), the platform could successfully capture
the temporal dynamic changes in cytokine levels from early
pathogen attack to the recovery phase during infection. In
addition, the group recently demonstrated the viability of
monitoring ultralow levels of sweat IFN-γ, an important
inflammatory biomarker for cancer, to aid clinicians in
disease management.211 However, more comprehensive
studies for inflammatory biomarkers on diseased cohorts
based on integrated sampling and sensing systems and long-
lasting sensors are needed.

Fig. 6 Sweat- and ISF-enabled detection platforms for chronic inflammation monitoring. (A) (i) Schematic depicting the exploded image (left) of
the skin–SWEATSENSER interface which is functionalized with specific antibodies (right) for cytokine detection. (ii) Plots showing the
SWEATSENSER's capability to accurately monitor biomarker levels across different stages of infection. Temporal profiles of inflammatory
biomarkers from wellness to recovery (top) and the corresponding whisker plots for the reported levels of biomarkers (bottom). The band marked
with double arrows in the temporal profile plots represent the time snapshot of the cytokine profile during various stages. Reprinted with
permission from Jagannath et al.62 Copyright© 2021 Wiley-VCH GmbH. (B) (i) Illustration showing the fabrication of the wearable MN patch. (ii)
Schematic showing the application of the MN patch on the skin and the corresponding detection mechanism for in vivo cytokine monitoring. (iii)
Workflow demonstrating the lipopolysaccharide (LPS) or normal saline (NS) injection, blood collection, and MN detection for real-time in vivo
cytokine monitoring for 24 h. (iv) Real-time measurement for 24 h on rats using the MN patch. (v) Comparative analysis for detection of IL-6 in rats
of the MN patch and ELISA. For (iv) and (v), error bars indicate mean ± SEM, n = 5 per group. (vi) IL-6 detection in ISF vs. serum using ELISA after 4
h injection. (vii) Sensitivity of the MN patch on rats for 3 days where current percent = currentday n/currentday 1 × 100%, n = 3, 4, and 5. For (vi) and
(vii), error bars indicate mean ± SEM, n = 3. Reprinted with permission from Xu et al.22 Copyright © 2023 Wiley-VCH GmbH.
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In dermal ISF, concentrations of inflammatory biomarkers
are often lower than in blood.129 Additionally, the dense
tissue environment impairs analyte–antibody binding
kinetics, which impacts the sensing performance. Z. Wang
et al. developed a biocompatible and pain-free microneedle
patch for fast sampling and direct quantification of protein
biomarkers in ISF.130 An ultrabright fluorescent nanolabel
termed plasmonic flour was used to enhance the sensitivity
of the MN-based immunoassay, overcoming challenges of
conventional ELISA in terms of sensitivity and multiplexity.
The assay showed 160-fold higher sensitivity compared to
standard ELISA when assessing mouse IL-6, and good
qualitative correlation between levels in ISF and serum. A
novel electrochemical approach combining molecularly
imprinted polymers (MIPs) and MN arrays was utilized for
PoC testing of IL-6.212 This transdermal sensor detected IL-6
levels as low as 1 pg mL−1 in artificial ISF. In diseases such as
COVID-19, cancer, and sepsis, a sudden dysregulation of
inflammatory cytokines can lead to a life-threatening
cytokine storm. Most recent investigations have used an
in vivo capture and in vitro analysis two-step approach to find
biomarkers in sweat and ISF, which are time-consuming and
error prone. Therefore, J. Xu developed an integrated
wearable MN patch for real-time monitoring of a cytokine
storm in vivo.22 Fig. 6B(i and ii) show the fabrication process
of the MN patch and the cytokine detection strategy in rats.
The MNs were functionalized with conductive carbon
nanotubes (CNTs) to facilitate the capture of cytokines in ISF.
Antigen–antibody-specific binding takes place in seconds,
reaching a stable state in a few minutes. Thus, the patch can
measure real-time changes in cytokine levels with a short lag.
This wearable system displayed an LOD of 0.54 pg ml−1. The
workflow and the corresponding current response for real-
time measurement of LPS and NS injection are depicted in
Fig. 6B(iii and iv). The platform was able to achieve
continuous monitoring for 24 h in vivo with a quick response
corresponding to cytokine increase within several hours (1–4
h). In all groups of rats, MNs had shown excellent qualitative
agreement with ELISA as seen in Fig. 6B(v). Additionally, 4
hours after LPS injection, the IL-6 levels in the collected ISF
and blood both displayed similar results as determined by
ELISA (Fig. 6B(iv)). Fig. 6B(vii) shows that the current signal
stayed relatively stable for 3 days with a CV of 3.69% during
in vivo analysis. Similar fully integrated systems utilizing ISF
can help determine the immune status of patients and
provide a rapid, accurate, and appropriate treatment in
ambulatory settings.

3.3 Therapeutic drug monitoring (TDM)

A crucial aspect of ambulatory care is to minimize healthcare
costs through preventive medicine and TDM in outpatient
settings.214 Desirable TDM involves closely monitoring drug
levels in biofluids, like plasma, to personalize
pharmacotherapy, minimize drug toxicity, and fine-tune
dosage effectiveness.131 TDM is particularly important for

drugs with narrow therapeutic windows, where small dosage
variations can have significant effects, such as in antibiotic
administration.215,216 Furthermore, the effectiveness and
safety of a drug are also affected by wide interpatient
variations in drug absorption and metabolism.217 Currently,
TDM relies on frequent blood tests and is limited mainly due
to the cost and complexities associated with lab-based
techniques. Besides, interactions of drugs with plasma
proteins lead to inaccurate measurements. Urine is also used
for drug analysis due to its non-invasive nature and
quantifiable drug concentrations. However, the dependence
of drug concentration on the urine volume and tampering
with urine samples undermines the efficacy of the urine-
based drug testing.34,215,218 A facile platform for continuous
TDM can eliminate several clinical setbacks of the current
approaches.

Alternative matrices, such as sweat and ISF, that allow
real-time and non-invasive ambulatory monitoring could
considerably improve patient outcomes. Because these
matrices reflect unbound concentrations in blood, no extra
processes are required to identify clinically significant free
drug levels. Sweat-based TDM is the earliest method that
dates back to the 19th century and its feasibility has been
well proven for drug pharmacokinetic studies.132,219,220

However, drug concentrations are ultralow and challenging
to detect. Recently, electrochemical sensors have witnessed
significant growth in drug screening and serve as promising
alternatives to chromatography and spectrometry in terms of
sensitivity and selectivity.221 Tai et al. developed an
electrochemical wearable sweatband for non-invasive L-dopa
detection for Parkinson's disease management (Fig. 7A(i–iv)).68

The sensors, which incorporated gold dendritic nanostructures
on the electrodes, displayed a LOD of 1 μM in sweat.
Moreover, its long-term stability was enhanced using
glutaraldehyde to immobilize the tyrosinase enzyme for L-dopa
oxidation. The sweatband was employed to monitor the sweat
profile of L-dopa during both iontophoresis and exercise-
induced sweat after fava bean intake. In the case of
iontophoresis, when the subject consumes only fava beans,
the observed sweat levodopa level increases by 6.6 μM at 47
min and then subsequently declines as depicted in Fig. 7A(v).
Fig. 7A(vi) shows that if the subject consumes a sandwich
before fava bean intake, a slight delay of 13 min in the
pharmacokinetic peak time is observed as expected. The
exercise-induced sweat analysis followed the same trend for
the pharmacokinetic profile as mentioned above during
exercise-induced sweat. This showcases the potential benefits
of the wearable sweatband in continuously monitoring the
dynamic metabolic rate of L-dopa, highlighting its applicability
for dosage optimization.

Nevertheless, continuously produced resting sweat is a
more desired form of sweat for long-term monitoring
compared to short-term chemically or exercise-induced sweat.
In addition, the sedentary sweat secretion rates can be
associated with various underlying health conditions. Nyein
et al. designed a wearable patch for continuous analysis of
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levodopa in sweat during rest, showing that the
concentration of levodopa in natural sweat typically increases
with higher doses.16 It can be noted that most of the studies
for L-dopa monitoring have been based on fava or broad bean
intake rather than standard pill administration for TDM.
Hence, leveraging on natural sweat, Moon et al. developed a
fingertip electrochemical sensor to analyze sweat L-dopa
levels after oral tablet administration utilizing a highly
permeable hydrogel to collect and transport fingertip sweat
to a tyrosinase-based enzyme electrode.83 The
pharmacokinetic profile of L-dopa in sweat closely matched
with the blood L-dopa concentrations with a short lag time of
10 min. Despite the progress towards personalized
Parkinson's disease treatment using wearable platforms,
factors like diet, hydration, metabolism rates, and drug
absorption can influence the correlation between sweat and
plasma levodopa levels, necessitating larger population
studies for a better understanding.16

Acetaminophen, the most commonly prescribed over-the-
counter medication, can cause liver failure, kidney
dysfunction, and hepatotoxicity in case of overdose.222,223

Sweat has been found to exhibit a strong correlation with

blood concentrations of acetaminophen, making it a
potential non-invasive matrix for monitoring its levels and
metabolism.215,224 Mostly, voltammetry-based sensing
platforms are commonly integrated with wearables to detect
electroactive drugs. However, biofouling effects and
interference from endogenous electroactive substances have
been reported to affect the accuracy of voltammetric sensors.
To address these limitations, a wearable voltammetric sensor
incorporating a Nafion-coated and hydrogen-terminated
boron-doped diamond electrode (Nafion/H-BDDE) was
introduced.96 The sensor achieved accurate and reliable
quantification of acetaminophen in sweat without
interference from histidine, methionine, or ascorbic acid.
With only minor modification, the proposed surface
engineering technique can be used for quantification of
various electroactive drugs both endogenous and exogenous.
Recently, a wearable plasmonic sensor integrated with a
microfluidic system was introduced for non-invasive
acetaminophen drug monitoring in sweat.225 The sensor
utilized an Au nanosphere cone array with surface-enhanced
Raman scattering (SERS) activity to detect acetaminophen
selectively and sensitively at concentrations as low as 0.13

Fig. 7 Sweat- and ISF-enabled detection platforms for therapeutic drug monitoring. (A) (i) Image of sweatband sensor for L-dopa monitoring. (ii)
Illustration of the sensing mechanism of the sweatband with a zoomed-in cross-sectional view of the working electrode with gold dendrites (WE),
reference electrode (RE), and counter electrode (CE), respectively. (iii) Scanning electron microscope (SEM) image of the nanodendritic structures.
(iv) Real-time sweat L-dopa monitoring using the sweatband after the drug intake. (v) Sweat L-dopa monitoring during iontophoresis-induced
sweat on fava bean consumption without (top) and with (bottom) prior dietary intake. (vi) Sweat L-dopa monitoring during exercise-induced sweat
on fava bean consumption for 3 different subjects. Reprinted with permission from Tai et al.68 Copyright© 2019 American Chemical Society. (B) (i)
Illustration of conventional TDM approaches involving blood sampling, laboratory tests, and single- or few-point measurement. (ii) Illustration of
envisioned TDM approach involving ISF-enabled wearable patch for continuous monitoring to obtain drug pharmacokinetic characteristics. (iii)
Schematic representing the working principle of the μNEAB wearable patch for continuous drug monitoring. (iv) Representation of the assembled
patch applied on a rat model for in vivo TDM to assess the feasibility of ISF-based TDM for interpreting pharmacokinetics of antibiotics. MTC/MIC:
minimally toxic/inhibitory concentrations, IV: intravenous. Reprinted with permission from Lin et al.213 Copyright© 2022 AAAS.
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μM. This technology allows for effective monitoring of
dynamic pharmacokinetics. While most studies focus on
single-drug monitoring in sweat, a recent study explored a
wide range of drugs with diverse physiochemical
characteristics in sweat and plasma, demonstrating the
potential of sweat for at-home or remote TDM.215

ISF, with similar composition to plasma but with a lower
protein concentration, offers advantages for drug monitoring
such as accurate measurement of bioavailable drug
concentration, painless sampling, a simpler assay, and cost-
effectiveness. However, extracting sufficient ISF for analysis
is challenging. MN-integrated biosensors show promise in
enabling commercially viable TDM and diagnostics.131,220 A
recent in-human study employed a potentiometric
microneedle array-based biosensor for real-time monitoring
of β-lactam antibiotics in ISF leveraging the pH changes upon
hydrolysis of β-lactam antibiotics by β-lactamase.226 The
array, enabling detection of penicillin with a LOD of 6.8 μM,
demonstrated a free drug concentration–time profile in ISF
that was comparable to that of serum and a pharmacokinetic
profile in ISF that closely resembled the gold standard
method. This platform was also the first demonstration of an
ISF-enabled automated and integrated closed-loop system to
achieve individual dosing in humans. J. Wang's group
developed a hollow microneedle sensing platform for
continuous monitoring of levodopa, apomorphine, opioids,
and nerve agents in dermal ISF.20,227,228 The sensor was
integrated within the microneedle during insertion, and it
employed non-enzymatic square-wave voltammetry (SWV)
and enzymatic chronoamperometry for parallel drug
detection. The dual-mode L-dopa sensors showed high
sensitivity, selectivity, and stability in artificial ISF. In an
ex vivo mice skin model, the sensor exhibited distinct
voltammetric and amperometric responses proportional to
the drug concentration. This research group is presently
conducting a clinical trial to evaluate the safety and clinical
applicability of the biosensor.

DNA aptamers, which can be selected and synthesized for
virtually any target, exhibit high target affinity and specificity
based on precise three-dimensional complementarity,
expanding the range of analytes beyond those detected by
enzymes and ionophores.35 Wu et al. developed an aptamer-
based platform for detection of a prodrug and its metabolite at
neighboring MNs on an array using ISF.229 More recently, a
MN-based electrochemical aptamer biosensing patch (μNEAB-
patch) has been developed for measurement of circulating drug
pharmacokinetics in ISF as depicted in Fig. 7B(i–iv).213 The
platform employed a labeled aptamer immobilized on gold
nanoparticle-coated needles that underwent conformational
changes for continuous detection. The relationship between
the drug's circulation in blood [AUC (AUCblood)] and μNEAB-
patch response [(AUCISF) and the maximum sensor response
(Rmax)] were investigated as shown in Fig. 7B(v and vi). The
μNEAB-patch successfully achieved continuous detection of the
antibiotic tobramycin and vancomycin in ISF and exhibited a
strong correlation with circulating drug levels in animal

studies, demonstrating its potential clinical use for drug
exposure prediction. Although the recent technologies are
insightful, large-scale clinical studies to establish ISF-blood
correlation are critical to realizing personalized and precision
dosing for ambulatory care.

To summarize, Table 2 briefly discusses the various
aspects of the developed sweat- and ISF-enabled sensors for
non-invasive detection.

Outlook

During the COVID-19 pandemic, remote healthcare
monitoring emerged as a viable alternative to face-to-face
visits at hospitals, benefiting individuals, the elderly, and
patients with chronic illnesses. Remote ambulatory care is
valuable in enhancing the quality of care and patient
engagement while expediting early detection and
intervention for disease and drug management. The
increasing research on biofluid-enabled sensors, particularly
sweat and ISF, has shown great potential in precision
medicine and preventative healthcare. As detailed in this
review, there are barriers hindering their wider adoption in
ambulatory care, and addressing these challenges through
technological advancements remains an active area of
interest. Future directions include improving accuracy and
detection limits for biomarker analysis, understanding
partitioning pathways and correlations with blood,
conducting large-scale cohort studies, and addressing the
issue of small sample volumes in sweat and ISF for accurate
and reliable monitoring.

Microfluidic technology has been successful in
significantly increasing sweat collection volume by utilizing
a smart combination of hydrophilic and hydrophobic
materials.231 MN technology has immense potential for
non-invasive monitoring in ISF at a small scale; however,
its utility in comparison to conventional blood sampling
presently is impaired. An ideal monitoring system must
be able to sample ≥1 μL of ISF as sub-microliter volumes
are prone to dilution errors and noise affecting the
correlations. Researchers are actively working to address
this issue and achieve meaningful biomarker analysis of
clinical significance.31,232 Another key aspect of continuous
monitoring is the long-term stability of the sensing
platforms, which requires robust interface strategies and
stable functional materials capable of sustaining physical
strain and environmental variations. Comprehensive
considerations of material and structural characteristics
are essential in this regard. To ensure operation stability,
advancements in integrated circuit technologies can
simplify circuitry and reduce device size, while self-
powered nanogenerators or biofuel cells can address
power consumption issues.233,234 In addition, hybrid and
efficient energy management strategies are needed to meet
the demands of data transmission. Concurrent initiatives
to ensure data security and the implementation of high-
throughput fabrication technologies such as 3D printing
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or roll-to-roll manufacturing are essential for easy
translation of dermal fluid-enabled devices from
laboratory- to clinical-grade products.17,86 Age, sex,
comorbidities, geographic region, medicine, lifestyle, time,
and genetic variation affecting diagnostic accuracy can all
have a significant impact on the clinical interpretation of
biomarker data. A better understanding of the correlation
between the various biomarkers and certain diseases
utilizing advanced machine/deep learning (ML/DL) and
artificial intelligence (AI) can assist in the clinical
implementation of these biosensors.235 Therefore, creating
multifunctional systems for multiplexed detection of
biomarkers integrated with AI can enable closed-loop
systems with therapeutically relevant individualized outputs
for smart ambulatory care.
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