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Capillary microfluidic wearables have emerged as a versatile class of autonomous biosensing platforms for
continuous, non-invasive monitoring of biofluids such as sweat, saliva, tears, and interstitial fluid. This
review critically examines recent advances in skin-conformal device architectures that enable passive,
power-free fluid sampling and integration with biochemical sensing modalities. Systems are classified by
fluid handling strategy chrono-sampling versus continuous flow and sensing mode on-body versus off-
body analysis. Key design principles including the use of burst valves, evaporative reservoirs, multilayer
channel networks, and hydrogel-assisted interfaces are discussed in the context of minimizing evaporation,
backflow, and biofouling. Advances in electrochemical and optical biosensing for real-time quantification
of physiologically relevant analytes such as cortisol, glucose, lactate, pH, and electrolytes are evaluated
alongside emerging trends in multiplexing and closed-loop therapeutic integration. Finally, the review
highlights translational challenges in clinical validation, biocompatibility, and manufacturing scalability,
outlining a roadmap for future development of lab-on-skin diagnostics and personalized health
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1. Introduction

Wearable sensors have transformed personal health
monitoring by enabling continuous, real-time, and non-
invasive tracking of physiological and biochemical
markers."” These platforms address limitations of centralized
diagnostic systems by offering decentralized, user-centric
solutions for health assessment at home or the point of care.!
Advances in material science, wireless electronics, and rapid
prototyping have supported the development of lightweight,
skin-interfaced devices with integrated sensing, fluidics, and
data transmission capabilities.* "

First-generation wearable devices were primarily designed
to monitor physical signals such as body motion, heart rate,
respiration rate, blood pressure, temperature, sweat rate, and
conductivity"**** (Fig. 1a). As technology advanced, second-
generation wearables emerged with multifunctional
capabilities for biochemical sensing, enabling analysis of
electrolytes, glucose, metabolites, hormones, pH, and other
molecular markers present in sweat, saliva, interstitial fluid
(ISF), and tears."” This evolution has brought new diagnostic
potential but also introduced challenges in power-free sample
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handling, miniaturized integration, and consistent bio signal
extraction (Fig. 1b).

Capillary microfluidics addresses many of these
limitations by enabling autonomous, self-powered transport
of biofluids through engineered wettability and channel
design.”**® Typically composed of layered hydrophilic or
hydrophobic materials, these systems guide fluid through
defined paths without external pumps, often using skin-
contacting inlets or wicking textiles®'>' (Fig. 1c). Collected
biofluids are routed to sensing reservoirs sequentially,
ensuring signal fidelity and preventing backflow or cross-
contamination.'***  While flow saturation can impair
prolonged operation, optimized geometries and evaporative
disposal strategies mitigate these effects and support
continuous sensing.'

Wearable biosensors primarily rely on optical or
electrochemical transduction mechanisms.®'"*"*> Optical
systems often integrate colorimetric or fluorescence reagents
into microfluidic channels, while electrochemical systems
incorporate working electrodes between the skin and fluidic
reservoirs. Electrochemical detection operates via direct redox
activity or indirect signal amplification using redox
mediators.>*>* For long-term monitoring, reversible binding
elements such as aptamers® or electrode regeneration
protocols®® are essential. Clinical examples such as the
Eversense E3 glucose monitor demonstrate successful multi-
month deployment.?” Molecularly imprinted polymers (MIPs)
have become attractive transduction elements due to their
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Fig. 1 Overview of wearable biosensors integrating capillary microfluidics for non-invasive biofluid analysis. (a) Sweat, saliva, tears, and interstitial
fluid are key targets for molecular monitoring using platforms such as smart rings, contact lenses, microneedle patches, and mouthguard sensors.
(b) Wearable systems include components for biomarker detection (e.g., metabolites, nucleic acids), fluidics (e.g., paper, polymers, hydrogels),
sensing (electrochemical, optical), and wireless data transmission (Bluetooth, near field communication (NFC), cloud). (c) Core architecture features
stacked layers of adhesive backing, capillary microfluidics, biosensing interface, and signal readout modules. (d) Generational evolution highlights a
transition from vital sign tracking to real-time molecular sensing and next-generation Al-enabled predictive diagnostics.

specificity, chemical stability, and facile fabrication.**>°

These synthetic receptors mimic natural binding sites using
template molecules, offering sensitive and selective detection
across a range of analytes while requiring minimal power
and offering excellent shelf-life.*'*

Despite significant advances in wearable biosensing, many
recent reviews have focused narrowly on sensor materials,
microneedle integration, Al-driven data analytics, or adaptive
bioelectronics, with limited emphasis on the fluidic
subsystems essential for power-free operation, reliability, and
device longevity.>**® These works offer valuable insights
into emerging sensing modalities and system-level designs,
but they often address capillary microfluidics only
peripherally—if at all.*”~°

3880 | Lab Chip, 2025, 25, 3879-3920

In contrast, this review provides a systematic and cross-
cutting assessment of capillary microfluidics as the core
fluid-handling strategy for wearable biosensors. We uniquely
focus on autonomous, power-free sample acquisition and
routing, highlighting design distinctions between chrono-
sampling versus continuous flow and on-body versus off-body
sensing—dimensions often overlooked in prior literature.
Importantly, we cover all major non-invasive biofluids (sweat,
saliva, tears, ISF), and evaluate their distinct properties in the
context of fluid handling and sensor integration. This review
also integrates recent advances in electrochemical, optical,
and  biomolecular  biosensing—including  aptamers,
immunosensors, and MIPs—to demonstrate how capillary
systems support robust, multimodal sensing. By bridging

This journal is © The Royal Society of Chemistry 2025
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sensing and fluidic domains within a unified capillary
microfluidic framework, we address a critical gap left by
earlier reviews and advance the design of next-generation
wearable  diagnostics that are truly autonomous,
miniaturized, and clinically relevant. Fig. 1d summarizes the
architectural integration of capillary elements with sensing
and data modules, underscoring their importance in
ensuring robust fluid delivery and sensor functionality across
diverse health applications.

2. Biofluid composition, advantages,
and limitations

While blood is a gold standard for clinical diagnostics, its
invasive collection, need for trained personnel, and risk of
clotting limit its use in wearable applications.*®*" In contrast,
alternative biofluids such as sweat, saliva, tears, and ISF are
more suitable for continuous and minimally invasive
monitoring.>*>

2.1 Sweat as a bodily fluid

Sweat, secreted by eccrine glands, comprises 99% water and
1% solutes, including electrolytes (sodium Na', chloride CI,
and potassium K'), metabolites (lactate, glucose, urea),
proteins (cytokines, peptides), and trace elements (zinc,
copper, iron).*>*> Hormones like cortisol and disease
biomarkers such as elevated chloride (cystic fibrosis) are also
detectable.”*® 1ts diagnostic versatility has led to widespread
integration of sweat into wearable platforms for analytes such
as cortisol, chloride, and lactate.® However, individual
variability, = surface = contamination, low  biomarker
concentrations, and limited correlation to blood levels
present analytical challenges.>® The emerging field of
“iSudorology” emphasizes sweat's potential for real-time
digital diagnostics."”

2.2 Saliva as a bodily fluid

Saliva, composed of 99% water, contains a diverse
biomolecular profile, including electrolytes (Na‘, K', CI),
enzymes (amylase, lysozyme), immunoglobulins, mucins,
hormones (cortisol, melatonin), metabolites (glucose, urea),
nucleic acids, and microbial content.*®° Its continuous
secretion, non-invasive collection, and good correlation with
serum levels make it promising for wearable monitoring.**
Saliva-based sensing has shown utility in monitoring oral,
systemic, and neurological diseases, stress, and hormonal
changes.’®®* Nevertheless, intra- and inter-individual
variability, along with sensor stability in the

environment, remain barriers to deployment.’

oral

2.3 Tears as a bodily fluid

Tears are a continuously secreted, minimally invasive biofluid
with growing potential in wearable sensing. Many tear
biomarkers correlate well with blood concentrations, making
them suitable for real-time health monitoring.*> Smart

This journal is © The Royal Society of Chemistry 2025
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contact lenses, for example, have been developed for glucose
monitoring in diabetes.>**® Proteomic and inflammatory
markers in tears have also been utilized for diagnosing dry
eye disease,” while neurodegenerative biomarkers for
Alzheimer's and Parkinson's have shown promise for early
detection.®® Tear analysis supports intraocular pressure
monitoring and systemic disease detection, including cancer
and multiple sclerosis.”” However, low analyte concentrations
demand highly sensitive detection platforms,®® and long-
term sensor stability within the ocular environment remains
a key challenge® Establishing standardized tear biomarker
reference ranges is also essential for clinical utility.>”

2.4 ISF as a bodily fluid

ISF, occupying ~45% of human skin volume, serves as an
intermediary between blood and tissues and is an abundant
source of biomarkers.”®*® Its composition includes
metabolites, proteins, nucleic acids, exosomes, drugs, and
cytokines.®®®> While many ISF biomarkers mirror those in
plasma, diffusion barriers and electrostatic exclusion
mechanisms influence analyte concentrations based on size
and charge.”® ISF contains over 92% of RNA species found in
blood and is especially enriched in exosomes, making it a
rich matrix for molecular diagnostics.”® ISF offers several
advantages for continuous biosensing: it is non-clotting,
reflects local tissue states, and enables real-time monitoring
using minimally invasive tools like microneedles.>®*"¢>
However, dynamic dilution effects, cellular uptake, and
biological variability can complicate analyte
interpretation.’®®* Affinity-based sensors, though promising,
require improvements in longevity and fouling resistance for
extended use.®® ISF, like sweat and saliva, reinforces the
importance of advanced microfluidic integration. Achieving
real-time, autonomous biosensing depends on engineering
capillary microfluidic systems that allow continuous, pump-
free fluid handling. These platforms will be central to the
generation of personalized, real-time healthcare
diagnostics.

A comparative analysis of metabolites, hormones, and
electrolytes across sweat, saliva, ISF, and blood reveals
distinct concentration profiles shaped by molecular weight,
membrane permeability, and transport mechanisms. Among
these fluids, metabolite concentrations are consistently
highest in blood and ISF, reflecting their direct roles in
systemic homeostasis. In contrast, sweat and saliva typically
present more diluted analyte levels due to glandular filtration
and extracellular exchange processes. Table 1 summarizes
representative biomarker concentrations across these major
biofluids, while Table 2 provides physiological and
pathological relevance for each analyte. These values are
critical for the rational design of wearable biosensors, where
high selectivity and sensitivity are essential for accurate
detection in low-concentration matrices.

In support of these insights, a wireless smart contact lens
was recently developed for continuous, high-resolution

next
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Table 1 Concentration ranges of representative biomarkers across biofluids are commonly targeted in wearable sensing

Biomolecule Sweat (uM) Saliva (uM) ISF (uM) Blood (uM) Ref.

Cortisol 22.08-386.37 0.331-82.79 0.276-27.6 11.04-1104 63-67

Glucose 10-1000 30-80 3900-6900 3900-6900 68-70

Lactate 3700-50 000 0-3500 500-2000 1600-12 100 71-74

Sodium 10-90 x 10° 2-21 x 10° 135-145 x 10° 135-145 x 10° 75-79
Potassium 4-16 x 10° 1-36 x 10° 3.5-5 x 10° 3.5-5 x 10° 80-83

Chloride 10-70 x 10° 10-50 x 10° 98-107 x 10° 98-107 x 10° 84-88

Uric acid 2-10 x 10° 0.1-0.3 x 10° 0.2-0.4 x 10° 0.2-0.4 x 10° 89-92
Immunoglobulin A 0.0000625-0.00625 0.0167-4.0 0.0000667-0.00667 0.0107-0.6667 93-96
a-Amylase 714 x 107°-714 x 107 143 x 107°-0.0286 714 x107°-714x 107 2.86 x 10°-1.0 x 107> 97-100
Chromogranin A 0.00204-0.2044 0.00204-0.2044 0.00204-0.2044 0.511-2.862 101-105
Brain-derived 0.000370-0.0370 0.00248-0.1015 0.000370-0.0370 0.00222-0.5926 106-109
neurotrophic factor

Albumin 1.50-75.19 1.50-7.52 300.75-451.13 526.32-751.88 110-114
Creatinine 50-200 4-30 60-100 60-100 60, 115-117
Zinc 0.4-1.2 1-10 10-18 10-18 118-120
Copper 0.3-1 0.1-1.5 11-22 11-22 119, 121-125
Iron 0.1-1 1-10 10-30 10-30 126-128
Bicarbonate 1-40 x 10° 5-40 x 10° 22-29 x 10° 22-29 x 10° 43, 44, 129, 130
Phosphate 0.1-1 x 10° 2-10 x 10° 0.8-1.4 x 10° 0.8-1.4 x 10° 131-133
Amino acids (total) 1-10 x 10° 1-5 x 10° 2-5 x 10° 2-5 x 10° 134-137

Urea 2-10 x 10° 2-10 x 10° 2.5-7.1 x 10° 2.5-7.1 x 10° 138-140
Cholesterol 0.01-0.1 x 10° 0.01-0.1 x 10° 3.9-5.2 x 10° 3.9-5.2 x 10° 141-143
Triglycerides 0.01-0.1 x 10* 0.01-0.1 x 10° 0.4-1.8 x 10° 0.4-1.8 x 10° 144-146
Testosterone 0.0347-3.47 0.0347-0.6935 10.4-34.68 10.4-34.68 147-150
Estradiol 3.67 x10°-3.67x10™* 1.84x10°-1.84 x 10 3.67x10°-1.84 x10* 3.67 x 10 °-1.84 x 10*  151-154
Progesterone 0.318-3.18 0.159-1.59 0.636-63.6 0.636-63.6 155-158
C-reactive protein 0.00087-0.0870 0.00043-0.0435 0.00087-0.0870 0.00087-0.0870 159-161
Interleukin-6 4.76 X 10 °-4.76 x 107 4.76 X 10 °-2.38 x 10/ 0-4.76 X 10~ 0-4.76 x 10”7 162-165
Tumor necrosis factor-o.  5.88 x 10 °-5.88 x 107 5.88 x 10 °-2.94 x 10 0-1.18 X 10 ° 0-1.18 x 10°° 166-169

Leptin 0.00625-0.625 0.00625-0.3125 0.0625-6.25 0.0625-6.25 170-173
Adiponectin 0.00333-0.333 0.00333-0.1667 0.0667-1.0 0.0667-1.0 171, 174-176
Ghrelin 3.03x10°-3.03x10° 3.03x10°-1.52x10° 3.03x10°-3.03x10* 3.03x10°-3.03x10* 171, 177-179
Melatonin 430 x10°-4.30 x 10°  4.30x 10 °-2.15x10° 4.30 x 10 °-2.15x 10*  4.30x 10°-2.15x 10 * 155, 180-182
Serotonin 0.568-5.68 0.568-2.84 283.7-1134.9 283.7-1134.9 183-186
Dopamine 0.653-6.53 0.653-3.27 6.53 x 10 °-6.53 x 10 *  6.53 x 10 °-6.53 x 10 *  187-191
Epinephrine 0.0546-0.546 0.0546-0.273 5.46 X 10 °-5.46 X 10 " 5.46 x 10 °-5.46 x 10" 192-197
Vitamin C 5.68-56.78 5.68-28.39 22.71-113.54 22.71-113.54 198-203

Folate 2.27-22.66 2.27-11.33 4.53-45.33 4.53-45.33 204-206
Thyroid-stimulating 3.57 x10*-3.57 x 10 3.57 x 10 *-1.79 x 10°  0.0143-0.143 0.0143-0.143 207-209
hormone

monitoring of basal tear glucose.”> The device showed a  them ideally suited for wearable biosensors where
strong correlation between tear and blood glucose levels in ~ compact, power-free operation is critical.">'®'” The
both human and animal studies, particularly when subject-  selection of materials and fabrication methods must
specific lag times—typically 5 to 15 min—were appropriately  account for the target biofluid, device geometry, and

calibrated. Despite significantly lower glucose concentrations
in tears (approximately 0.1-0.6 mM) compared to blood (0.5-
3 mM), consistent glycemic patterns emerged once the effects
of diffusion delays and reflex tearing were addressed. Real-
time electrochemical sensing with sub-minute resolution
confirmed that tear glucose levels reliably mirrored blood
glucose dynamics, underscoring the feasibility of tear-based
biosensing as a non-invasive and practical approach for
glycemic monitoring.

3. Capillary microfluidics: material
selection and fabrication strategies

Capillary microfluidics enable self-driven fluid
manipulation via surface tension and wettability, making

3882 | Lab Chip, 2025, 25, 3879-3920

intended use (disposable versus long-term monitoring), as
these parameters influence extraction efficiency, flow
dynamics, and signal reliability. For example, capillary
channel dimensions must match the active sensing area
to ensure uniform biofluid distribution and minimal
sample loss. Material stability under mechanical stress
and environmental exposure is also essential, particularly
for skin-interfacing devices.

Materials ~ with tailored hydrophilic/hydrophobic
properties, electrostatic behavior, and biocompatibility are
key to optimizing capillary action and ensuring
consistent fluid transport.’*'*  Paper, polymer films,
hydrogels, and hybrid composites have been used
extensively, each offering specific advantages in
wettability, flexibility, and integration with sensors.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Representative biomolecules and their relevance to physiological functions and disease states for wearable biosensing applications

Biomolecule Physiological conditions Pathological conditions

Cortisol Stress response, immune modulation, maintaining homeostasis. Cushing's syndrome, characterized by excessive
Regulation of blood pressure, metabolism, and inflammatory cortisol levels; Addison's disease, caused by
responses insufficient cortisol production. Mental health

disorders like depression and anxiety

Glucose Glycolysis, glycogen storage, and glucose homeostasis, regulated by ~ Diabetes mellitus (type 1 and type 2),
hormones like insulin and glucagon. Essential for ATP production,  hyperglycemia, hypoglycemia, diabetic
oxidative stress management, and neurotransmitter synthesis®"’ ketoacidosis®""

Lactate An energy source for the myocardium, regulates smooth vascular Lactic acidosis, cardiovascular diseases like heart
muscle cells (VSMCs), promotes angiogenesis, and modulates failure and pulmonary hypertension, cancer
immune cell functions*? progression, and inflammatory conditions. It is

also associated with metabolic disorders and
mitochondrial dysfunction®'?

Sodium Maintaining fluid balance, nerve conduction, muscle contraction, Hyponatremia (low sodium levels), hypernatremia
and blood pressure regulation. It is essential for the functioning of  (high sodium levels), heart failure, kidney diseases,
the nervous system and muscle activity, as well as for maintaining and hypertension®'*
cellular osmotic pressure and blood volume

Potassium Maintaining normal levels of fluid inside cells, muscle contraction, = Hypokalemia (low potassium levels) and
nerve function, and blood pressure regulation hyperkalemia (high potassium levels) are

associated with muscle weakness, cardiac
arrhythmias, and other health issues®*®

Chloride Maintaining ionic homeostasis, osmotic pressure, acid-base Cystic fibrosis, myotonia congenita, Bartter's
balance, and electrical excitability. It is involved in cell volume syndrome, hyperchloremia, and hypochloremia®*®
regulation, transepithelial transport, and the regulation of
membrane potential in various tissues>"®

Uric acid A major antioxidant in human plasma, scavenging reactive oxygen Elevated uric acid levels are associated with gout,

Immunoglobulin A
(IgA)

o-Amylase

Chromogranin A

Brain-derived
neurotrophic factor
(BDNF)

Albumin

Creatinine

species and protecting against oxidative stress. It also plays a role in
immune responses and tissue healing®”

(IgA) is the most abundant antibody at mucosal surfaces, playing a
key role in host-pathogen defense, immune exclusion, and
maintaining homeostasis. It interacts with the intestinal microbiota
to enhance diversity and provides protection against pathogens by
immune exclusion. IgA also contributes to mucosal immunity by
neutralizing toxins and viruses, blocking colonization and
penetration of pathogenic bacteria, and promoting antigen
sampling®'®

o-Amylase plays a critical role in carbohydrate digestion by breaking
down starch into simpler sugars. It is involved in glucose
metabolism and has been studied as a stress biomarker due to its
activity in response to adrenergic system activation

Chromogranin A (CgA) plays a role in endocrine, cardiovascular,
metabolic, and immune system regulation. It is involved in the
formation of dense core secretory vesicles in neuroendocrine cells
and regulates calcium homeostasis, glucose metabolism, and
vascular physiology. CgA-derived peptides such as vasostatin,
catestatin, and pancreastatin contribute to these physiological
roles™"’

BDNF plays a critical role in neuronal survival, differentiation,
synaptic plasticity, and memory formation. It is involved in the
growth and maintenance of neurons, synaptic transmission, and
neurogenesis, particularly in the hippocampus and cortex**!

Maintaining oncotic pressure, preventing fluid leakage into
extravascular spaces. It acts as a carrier for various endogenous and
exogenous compounds, including fatty acids, hormones, and
drugs®*?

It is a byproduct of muscle metabolism, specifically from the
breakdown of creatine phosphate, which is involved in energy
production in muscles. It is excreted by the kidneys and serves as a
marker for kidney function

This journal is © The Royal Society of Chemistry 2025

kidney stones, cardiovascular diseases, and
metabolic syndrome. Low levels are linked to
neurological disorders such as multiple sclerosis
and Parkinson's disease®'”

IgA nephropathy, IgA vasculitis, celiac disease,
inflammatory bowel disease, dermatitis
herpetiformis, and autoimmune diseases like
rheumatoid arthritis and Sjogren's syndrome.
Aberrant IgA immune complexes can lead to
excessive immune cell activation, causing tissue
damage in autoimmune diseases*'®

Acute and chronic pancreatitis, diabetes,
Alzheimer's disease, and stress-related conditions.
Elevated levels are often diagnostic markers for
pancreatic disorders, while low levels are linked to
metabolic syndromes and other chronic conditions
Neuroendocrine tumors, cardiovascular diseases,
inflammatory diseases (e.g., rheumatoid arthritis,
systemic inflammatory response syndrome), and
neuropsychiatric conditions. It is also linked to
conditions like chronic atrophic gastritis, renal
insufficiency, and prostate cancer”*’

Several neurological and psychiatric disorders,
including Alzheimer's disease, Parkinson's disease,
depression, Huntington's disease, and multiple
sclerosis. Abnormal BDNF signaling is associated
with neurodegeneration, cognitive decline, and
mood disorders®*

Hypoalbuminemia, which can result from liver
diseases (e.g., cirrhosis), kidney diseases (e.g.,
nephrotic syndrome), malnutrition, burns, sepsis,
and critical illnesses. Hypoalbuminemia is linked
to increased morbidity and mortality, as it affects
vascular homeostasis and immune responses®**
Elevated levels are associated with kidney
dysfunction, including chronic kidney disease,
acute kidney injury, and conditions like diabetes,
hypertension, and glomerulonephritis. Low
creatinine levels may indicate reduced muscle
mass or liver disease

Lab Chip, 2025, 25, 3879-3920 | 3883
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Biomolecule Physiological conditions

Pathological conditions

Calcium Calcium plays a critical role in bone structure, muscle contraction,
nerve function, enzymatic processes, and blood coagulation. It is
also essential for cell signaling and maintaining the potential
difference across excitable cell membranes

Magnesium Magnesium is essential for over 300 biochemical reactions in the
body, including maintaining normal nerve and muscle function,
supporting a healthy immune system, keeping the heartbeat steady,
and aiding in bone health and energy production®*®

Zinc Zinc is essential for enzymatic reactions, immune function, cell
division, wound healing, and growth. It plays a role in the synthesis
of DNA, RNA, and proteins, and is critical for the function of over
300 enzymes. Zinc also supports the senses of taste and smell, and
is involved in hormonal regulation, including insulin and thyroid
hormones®*’

Copper Copper plays a critical role in oxidative metabolism, antioxidant
defense, neurotransmitter synthesis, immune system functioning,
angiogenesis, and regulation of gene expression. It is essential for
the production of red blood cells, maintenance of nerve cells, and
energy production®*°

Pathological conditions associated with calcium
include hypocalcemia, hypercalcemia,
osteoporosis, kidney stones, and cardiovascular
issues related to abnormal calcium levels***
Magnesium deficiency is associated with
cardiovascular diseases, type 2 diabetes,
osteoporosis, migraines, depression, and
neurological disorders. It can also lead to
hypocalcemia, hypokalemia, and cardiac
arrhythmias®®

Zinc deficiency is associated with conditions such
as acrodermatitis enteropathica, immune
dysfunction, delayed wound healing, growth
retardation, and increased susceptibility to
infections. Chronic diseases like diabetes,
neurodegenerative disorders, and certain cancers
are also linked to zinc imbalance®**

Copper dysregulation is associated with Menkes
disease, Wilson's disease, Alzheimer's disease,
Parkinson's disease, amyotrophic lateral sclerosis,
cardiovascular diseases, and certain cancers. It can
lead to oxidative stress, neurodegeneration, and
other systemic dysfunctions®*°

Iron Iron plays a critical role in oxygen transport (as hemoglobin), muscle Pathological conditions associated with iron

oxygenation (as myoglobin), DNA synthesis, cellular respiration (as
cytochromes), immune function, and myelin sheath formation

Bicarbonate Bicarbonate plays a vital role in the physiological pH buffering
system, maintaining acid-base homeostasis. It is involved in the
regulation of pH in the stomach and small intestine, neutralizing
acidic chyme, and is essential for metabolic functions such as
carbon dioxide transport and excretion

Phosphate Phosphate is essential for bone and teeth formation, energy
metabolism, cellular signaling, and pH buffering. It is also involved
in the synthesis of DNA and RNA, and the regulation of protein
phosphorylation®**

Amino acids (total) Amino acids serve as building blocks of proteins, regulators of
metabolic pathways, and precursors for hormones,
neurotransmitters, and other biomolecules. They are essential for
growth, repair, immune function, and maintaining homeostasis

Urea Urea plays a key role in osmoregulation, nitrogen excretion, and

include hemochromatosis (iron overload), anemia
(iron deficiency), organ damage due to iron
deposits in the liver, heart, and pancreas, and
conditions like diabetes and cirrhosis
Pathological conditions associated with
bicarbonate include metabolic acidosis, systemic
acidosis, kidney stones, hypertension, and brain
dysfunction. It is also implicated in cancer
progression and chronic kidney disease*”
Hypophosphatemia can lead to osteomalacia,
rickets, and muscle weakness, while
hyperphosphatemia is associated with chronic
kidney disease, cardiovascular complications, and
vascular calcification®*

Disorders in amino acid metabolism are associated
with metabolic diseases, cardiovascular diseases,
immune dysfunctions, and cancer. Specific
conditions include phenylketonuria, maple syrup
urine disease, and homocystinuria®*?
Pathological conditions associated with urea

urine concentration. It is involved in the urea cycle, which detoxifies include chronic kidney disease (CKD), uremia, and

ammonia into urea for excretion. Urea transporters facilitate its
movement across membranes, aiding in water balance and nutrient
recycling

Cholesterol Cholesterol is essential for cell membrane structure and fluidity,
serves as a precursor for steroid hormones (e.g:, cortisol,
aldosterone, testosterone, estrogens), vitamin D, and bile acids, and
facilitates the absorption of fat-soluble vitamins (A, D, E, K)**°

Triglycerides Triglycerides serve as the body's primary energy storage molecules,
stored in adipose tissue and released during periods of energy
demand. They are also involved in the transport of dietary fats via
lipoproteins like VLDL and chylomicrons

3884 | Lab Chip, 2025, 25, 3879-3920

cardiovascular diseases. High urea levels can lead
to oxidative stress, endothelial dysfunction, and
protein carbamylation, contributing to these
diseases®*

High levels of LDL cholesterol are associated with
atherosclerosis, coronary artery disease, stroke,
and peripheral arterial disease. Other conditions
include familial hypercholesterolemia and
hypothyroidism>?”

High triglyceride levels (hypertriglyceridemia) are
associated with cardiovascular diseases,
pancreatitis, metabolic syndrome, and
atherosclerosis. Extremely high levels can lead to
acute pancreatitis

This journal is © The Royal Society of Chemistry 2025
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Table 2 (continued)
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Biomolecule Physiological conditions

Pathological conditions

Testosterone

Estradiol Estradiol plays a critical role in the reproductive system, including
the development and maintenance of female secondary sexual
characteristics and the menstrual cycle. It also contributes to
cardiovascular health by improving lipid profiles and promoting
vasodilation, supports bone density by inhibiting bone resorption,
and has neuroprotective effects, including anti-inflammatory actions

and stimulation of neurogenesis
Progesterone

bone mass

C-reactive protein  C-reactive protein (CRP) is an acute-phase protein synthesized by the
liver in response to inflammatory cytokines. It plays a role in the
innate immune system by binding to damaged tissue, nuclear
antigens, and certain pathogens. CRP activates the complement
system, enhances phagocytosis, and promotes the clearance of
cellular debris and pathogens. It also regulates platelet adhesion
and chemotaxis during inflammation

Interleukin-6

Tumor necrosis

central nervous system>*>

Leptin Leptin regulates energy homeostasis, neuroendocrine function, and
metabolism. It signals the hypothalamus to suppress appetite,
increase energy expenditure, and regulate body weight. It also plays
roles in thermogenesis, glucose homeostasis, and reproductive

function

Melatonin Melatonin regulates sleep cycles, circadian rhythms, and acts as an
antioxidant. It modulates immune function, reduces oxidative stress,
and influences mitochondrial dynamics, including biogenesis,

fission, fusion, and mitophagy**

Serotonin Serotonin plays a role in mood regulation, gastrointestinal motility,
cardiovascular function, sleep, appetite, and blood clotting. It acts as
a neurotransmitter in the central nervous system and as a hormone

in peripheral systems

Dopamine Dopamine plays a role in motor control, reward and pleasure
systems, mood regulation, attention, learning, memory, sleep,
kidney function, and cardiovascular regulation

Epinephrine plays a key role in the fight-or-flight response,
increasing cardiac output, raising glucose levels in the blood, and
enhancing alertness. It also causes bronchodilation and vasodilation

Epinephrine

in skeletal muscles and the liver

This journal is © The Royal Society of Chemistry 2025

Testosterone plays a key role in male reproductive development,
including the formation of male reproductive tissues such as the
testicles and prostate. It promotes secondary sexual characteristics
like increased muscle and bone mass, body hair growth, and
deepening of the voice. It also regulates libido, sperm production,
and erythropoiesis (red blood cell production)

236

Progesterone plays a critical role in the menstrual cycle, pregnancy,
and lactation. It prepares the endometrium for implantation,
maintains pregnancy by suppressing uterine contractions, and
supports mammary gland development. Additionally, it has
neuroprotective effects, modulates immune responses, and regulates

Interleukin-6 (IL-6) plays a role in immune responses,
hematopoiesis, metabolism, and acts as both a pro-inflammatory
cytokine and an anti-inflammatory myokine. It is involved in
acute-phase responses, B and T lymphocyte activation, and
metabolic regulation during exercise

Tumor necrosis factor-o. (TNF-a) plays roles in immunomodulation,
factor-a fever, inflammatory response, inhibition of tumor formation, and
inhibition of viral replication. It regulates survival, proliferation, and
apoptosis of embryonic stem cells and progenitor cells, and is
involved in neurogenesis, myelination, and synaptic plasticity in the

5

Pathological conditions associated with
testosterone include hypogonadism, characterized
by low testosterone levels leading to symptoms like
reduced libido, erectile dysfunction, and decreased
muscle mass. High testosterone levels can be
linked to prostate cancer, cardiovascular risks, and
metabolic syndrome. Other conditions include
polycystic ovary syndrome (PCOS) in women and
androgenic alopecia

Estradiol is implicated in pathological conditions
such as breast cancer, cardiovascular diseases (e.g.,
stroke, deep vein thrombosis), and
neurodegenerative disorders like Alzheimer's
disease. It is also associated with conditions like
endometriosis, uterine fibroids, and
estrogen-induced cholestasis**”

Progesterone is implicated in pathological
conditions such as endometriosis, breast cancer,
endometrial hyperplasia, and progesterone
resistance. It is also associated with
neurodegenerative diseases and certain
gynecological disorders*®

CRP is associated with various pathological
conditions, including cardiovascular diseases (e.g.,
atherosclerosis, myocardial infarction), rheumatoid
arthritis, systemic lupus erythematosus, type 2
diabetes, Alzheimer's disease, and Parkinson's
disease. Elevated CRP levels are indicative of acute
and chronic inflammation, and it is used as a
biomarker for these conditions>*°

IL-6 is implicated in autoimmune diseases such as
rheumatoid arthritis, Castleman disease, and
juvenile idiopathic arthritis. It is also associated
with chronic inflammation, cytokine release
syndrome, and conditions like Alzheimer's disease
and multiple sclerosis***

TNF-a is associated with autoimmune diseases
such as rheumatoid arthritis, inflammatory bowel
disease, and psoriasis. It is also linked to chronic
inflammation, neuroinflammation, and diseases
like multiple sclerosis, asthma, and chronic
obstructive pulmonary disease®*?

Leptin is implicated in obesity, leptin resistance,
hypothalamic amenorrhea, metabolic syndrome,
and cardiovascular diseases. It is also associated
with immune dysfunctions and certain infectious
diseases due to its role in cytokine production®**
Melatonin is associated with sleep disorders (e.g.,
insomnia, circadian rhythm sleep disorders),
neurodegenerative diseases (e.g., Alzheimer's,
Parkinson's), metabolic disorders (e.g., type 2
diabetes), and certain cancers>?

Conditions associated with serotonin include
serotonin syndrome, depression, anxiety disorders,
schizophrenia, and gastrointestinal disorders like
irritable bowel syndrome

Dopamine is associated with Parkinson's disease,
schizophrenia, ADHD, depression, addiction, and
bipolar disorder**

Pathological conditions associated with
epinephrine include pheochromocytoma,
hypoglycemia, myocardial infarction, and cardiac
arrhythmias
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Advances in laser cutting and
democratized the fabrication of capillary networks,
supporting low-cost and rapid prototyping without
cleanroom infrastructure.>*” Laser-cut films enable precise
channel patterning, while 3D printing facilitates complex
multilayered designs with embedded capillary elements.
These techniques streamline development of capillary
microfluidic components tailored for diverse wearable
applications. The section below details material types
and fabrication methods, comparing their functional
benefits and limitations for wearable implementation.

3D printing have

a

View Article Online

Lab on a Chip
3.1 Material selection

3.1.1 Paper-based materials. Paper-based substrates have
gained considerable traction in capillary microfluidics due to
their low cost, biocompatibility, and compatibility with
simple, scalable fabrication methods such as wax printing,
inkjet printing, and roll-to-roll processes.****>*"  Their
porous structure supports passive fluid wicking, making
them particularly attractive for wearable and point-of-care
devices.”*® As shown in Fig. 2a, a representative platform

uses microfluidics coupled with screen-printed

paper

PDMS
pillars

3D micro-pattern

encapsulation

\
PDMS >
Cotton fabric

Interstitial Fluid and Sweat

Fig. 2 Representative materials used in wearable capillary microfluidic systems: (a) paper-based microfluidic patch with a screen-printed
electrode for sweat cortisol sensing.?*’ (b) Silicon-based microfluidic device for electrochemical sweat pH detection, integrating a paper inlet
and laser-fabricated microchannels.?’® (c) Polymer-based stretchable patch for glucose monitoring using a nanoporous gold electrode and
passive microfluidics.?®* (d) Hydrogel-disc-driven osmotic microfluidic system enabling fluid transport for biosensing through solute-induced

flow.25¢
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electrodes for cortisol detection in sweat. However, key
limitations include inconsistent flow due to pore
heterogeneity, poor reproducibility, and environmental
sensitivity to humidity and temperature,'”2%248259:252 Recent
efforts aim to enhance fluid control and durability through
material modification and new patterning techniques to
better suit wearable contexts.

3.1.2 Silicon-based materials. Silicon remains a widely
used substrate in microfluidic systems, favored for its
precision microfabrication, integration with electronics, and
suitability for high-resolution channel architectures via
photolithography and deep reactive ion etching."*"%?>?
Fig. 2b illustrates a hybrid silicon-paper device where paper
facilitates sweat entry into structured silicon channels. These
platforms offer high sensitivity and miniaturization, ideal for
lab-on-chip and biosensing applications.>®*  However,
silicon's high fabrication cost, mechanical brittleness, and
lack of flexibility limit its use in skin-conformal or disposable
wearable formats.>>*>*® Additionally, reliance on cleanroom-
based processes presents further barriers for scalable, low-
cost wearable deployment.

3.1.3 Polymer-based materials. Polymers such as
polydimethylsiloxane, (PDMS), poly(methyl methacrylate)
(PMMA), and polystyrene have gained widespread application
in capillary microfluidics due to their flexibility,
biocompatibility, optical transparency, and chemical
resistance,>®?°%2°6239:260  These properties make them
particularly suitable for wearable and point-of-care
applications. Fig. 2c illustrates a wearable PDMS-based
capillary microfluidic platform incorporating a nanoporous
gold electrode and PDMS pillar structure for sweat biomarker
detection.”®" Various fabrication methods including soft
lithography, injection molding, and hot embossing enable
the creation of reproducible and complex microfluidic
architectures.”*'*?°>2% However, polymeric materials face
challenges such as analyte absorption into the matrix, which
can compromise detection sensitivity and reproducibility.>**
Some polymers are also prone to temperature- and humidity-
induced performance drift.>>" Potential leaching of
monomers or additives raises concerns about contamination
and assay interference. Finally, while these materials are
common in research settings, their current fabrication
processes are not yet optimized for scalable mass production,
limiting commercial translation.

3.1.4 Hydrogels. Hydrogels are 3D polymer networks that
absorb significant water, mimicking tissue softness and
enhancing biocompatibility in wearable sensors and
biosensors.'>>*%2%47267 They can respond to external stimuli
like temperature or pH and are useful in drug delivery and
biosensing. Fig. 2(d) shows a hydrogel-based wearable patch
integrating sensors for sweat and interstitial fluid.**® Despite
their utility, hydrogels may deform due to swelling, reducing
structural integrity and sensing.>’®?®® Their fabrication is
complex, requiring tight control over polymerization and
crosslinking, and degradation or leaching may limit long-
term stability,>**2%°

This journal is © The Royal Society of Chemistry 2025
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3.1.5 Composite materials. Composite materials integrate
two or more components like polymers, metals, or
ceramics—to combine favorable mechanical and chemical
traits for wearable microfluidics.***>”" They support
robust, multifunctional designs for sensing and
diagnostics. However, issues like material compatibility,
fabrication complexity, and higher production costs can
limit their scalability.””>”® Careful matching of thermal,
chemical, and mechanical properties is essential to ensure
device stability and long-term functionality. Material choice
is central to designing wearable capillary microfluidics,
requiring balanced consideration of performance, cost,
fabrication ease, and biocompatibility,>%15717:274:275

3.2 Key design principles for capillary microfluidics in
wearable and point-of-care applications

A critical aspect of capillary microfluidic design is selecting
materials suited to the target biofluid and application.
Materials such as paper and fabric enable passive fluid
movement by capillary action without requiring external
pumps.”>?®  Their inherent porosity and hydrophilicity
facilitate efficient wicking of small fluid volumes, making
them well-suited for wearable sampling of sweat, saliva, tears,
and interstitial fluid.*”” Fabrics, in particular, offer capillary
channels formed by fiber gaps that allow liquid wicking
along threads, which is advantageous for on-body
applications due to their comfort and flexibility.>”%2”°
Biocompatible materials like PDMS, acrylics, and hydrogels
are also widely used in wearable systems."® These materials
are soft, stretchable, and conformable to skin, which helps
maintain device integrity during movement. Material
selection must be guided by both the physicochemical
properties of the interface—such as wettability, swelling
behavior, and fouling resistance—and the geometric features
of the fluidic network, such as channel width, depth, and
orientation."*"® Fluid transport performance is also strongly
influenced by the layout of the microfluidic system. Design
considerations include the shape and size of the channels,
the surface properties that govern fluid spreading
(wettability),**° and the ability to sustain passive flow without
external power."* Key components such as inlets, reservoirs,
burst valves, and retention zones must be optimized to
enable regulated fluid distribution and efficient use of small
sample volumes. Minimizing the need for external actuators
not only enhances portability but also improves usability in
decentralized or low-resource settings.'>'® In addition,
effective designs must reduce evaporation losses and resist
clogging or contamination from biofouling.”®' Sensors
should be seamlessly integrated for real-time biomarker
monitoring, and their performance should remain stable
across varying hydration states and environmental
exposures.”® For manufacturing and deployment, systems
must be cost-effective and robust. In wearable applications,
the device should also be soft, lightweight, breathable, and
safe for prolonged skin contact.’®® Fig. 3 summarizes these
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key design principles, outlining how materials, fluidic
geometry, sensor integration, and human factors together
determine the functionality and translational success of
wearable capillary microfluidic platforms.

4. Fabrication of wearable capillary
microfluidic devices

The fabrication of capillary microfluidic devices plays a
central role in defining their precision, scalability, and
compatibility with wearable systems. Key fabrication
strategies include rapid prototyping methods such as laser
cutting and 3D printing, as well as cleanroom-based
microfabrication approaches like photolithography, soft
lithography, and deep reactive ion etching.>'*'73>%4¢ Lager
cutting and 3D printing offer fast, cost-effective solutions for
prototyping and scale-up, as shown in Fig. 4a, where laser-cut
channels and 3D-printed molds demonstrate their utility in
creating fluid conduits with varying volumes."""*"°%?%* These
methods support quick iterations but may be limited by
resolution and material choices.'”**23* In contrast,
photolithography and deep etching provide high fidelity and
fine features but require expensive cleanroom infrastructure
and are less suited for flexible or wearable formats." Soft
lithography presents a compromise between precision and
accessibility, supporting fabrication of flexible PDMS-based
microfluidic systems (Fig. 4b), though it can still be time-

Wearability
Designing for comfort
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wearable devices
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and cost-effectiveness
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Management
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intensive and not ideal for high-throughput production. The
integration of capillary elements including flow resistors,
stop valves, trigger valves, and burst valves enables passive
and self-regulated flow, eliminating the need for external
pumps.® Notably, affordable stereolithography (SLA)-based
3D printing now enables the high-resolution, low-cost
fabrication of microneedles, with sensor manufacturing costs
reported as low as €0.10 per patch. This cost-effective
approach facilitates scalable production of microneedle
arrays for both biofluid extraction and continuous
biochemical monitoring, significantly improving the
accessibility and translational potential of MN-based sensors
for wearable and point-of-care diagnostics.*****° Together,
these fabrication strategies enable the realization of
autonomous microfluidic circuits tailored for wearable
sensing applications.

Capillary microfluidics leverages physical forces such as
surface tension, viscosity, and pressure to drive fluid flow
through pa