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Wearable biosensors leverage microfluidic technology for precise biofluid sampling and directional
transport, and utilize electrical or optical sensing mechanisms for reliable detection of target physiological
parameters. By synergizing microfluidics and sensing technologies, these devices provide innovative
solutions for biomarker monitoring, demonstrating broad potential in health tracking and chronic disease
management. With ongoing advances in smart materials, multiplex detection capabilities, and artificial
intelligence-driven technologies, wearable biosensors are evolving into cornerstone tools for telemedicine
and precision diagnostics. This work reviews recent progress in microfluidic-integrated wearable biosensors
for disease diagnostics and health monitoring. We systematically examine sensing approaches for different
analytes based on their biological characteristics, covering three key categories: (1) metabolite sensing,
including microneedle-based detection, noninvasive optical/electrical methods, multimodal platforms, and
closed-loop diabetes management systems; (2) protein sensing, encompassing both label-free and labeled
electrical/optical techniques; and (3) nucleic acid sensing, which involves sampling protocols, amplification
strategies, and label-free detection approaches. The review highlights the interaction between biomarker
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biological characteristics, sensing strategies, and microfluidic approaches in the development of wearable
biosensing platforms, and is expected to guide the development of next-generation intelligent disease

DOI: 10.1039/d5lc00892a

Published on 16 januar 2026. Downloaded on 13-04-2026 01:05:25.

rsc.li/loc

Introduction

Wearable biosensors are miniature, flexible devices that rapidly
and sensitively detect disease biomarkers by converting
biochemical recognition events into optical or electrical signals.
These devices are reshaping the way diseases are monitored
and diagnosed. With advances in manufacturing technologies,
the emergence of high-performance materials, and the deep
integration of artificial intelligence, diagnostic technologies are
experiencing unprecedented development opportunities—
among which innovations in wearable biosensor technology
stand out. Leveraging advantages such as miniaturization,
flexibility, real-time data acquisition, and non-invasive
detection, wearable sensors enable early diagnosis of potential
diseases and continuous monitoring of disease progression,
thereby expanding their applications in the healthcare sector.’

Metabolites, proteins, and nucleic acids are critical
biomarkers for a variety of diseases, and all are playing
significant roles in disease monitoring and diagnostics. First,
metabolites are the direct products of cellular metabolic
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diagnostics and health monitoring devices.

processes and provide real-time insights into the physical or
psychiatric condition. Due to their dynamic concentration
changes with time, metabolites are ideal for continuous
monitoring.” Common metabolites include glucose,” lactate,®
and uric acid (UA).” Glucose is a key indicator for diabetes
management and wearable continuous glucose monitors
(CGM) are widely used clinically.® Lactate is usually
associated with hypoxia, sepsis, and shock.” Elevated UA
levels may reflect metabolic syndrome."® Second, proteins
usually serve as highly specific disease indicators and are
often involved in pathological processes, immune responses,
and inflammation. For example, C-reactive protein (CRP)
reflects inflammatory states and is used in evaluating
infection, or chronic inflaimmation."* Cytokines, such as
interleukin-6 (IL-6) and tumour necrosis factor-o. (TNF-o), are
key indicators in autoimmune diseases and cancer-related
immune responses.'” Third, nucleic acids including DNA,
RNA, and micro-RNA (miRNA) offer an ideal tool for early
detection and stratification of diseases.”®> For instance,
miRNA-21 is usually overexpressed in various types of cancer;
SARS-CoV-2 RNA detection is the gold standard for COVID-19
diagnosis."*  Therefore, incorporating the biosensing
detection of metabolites, proteins, and nucleic acids into
wearable platforms allows for the comprehensive monitoring
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and management of multiple
personalized and preventative healthcare.

To more effectively analyze, detect, and monitor these
biomarkers, wearable biosensors sample a variety of
biofluids, including sweat,"”” " interstitial fluid,>*>*
saliva,*™>° tears,>*?® and exhaled breath.>*° For these
biofluids, common sampling methods mainly include
spontaneous excretion,>’ reverse iontophoresis,* vacuum
suction,* microneedle-based extraction,® and stimulation-
induced sampling.>* By enabling non-invasive or minimally-
sampling, they allow for the analysis of
macromolecules (e.g., proteins and nucleic acids),>*?3*
metabolites (e.g., glucose, lactate, and uric acid),****™*' and
hormones (e.g., cortisol).?>**™** Common electrical sensing
devices include electrochemical methods,***® flexible
capacitors,*”*® and field effect transistor (FET)-based
biosensors,” which offer advantages such as ease of
integration, low cost, and high accuracy, though
improvements in long-term stability are still needed.
Colorimetric sensing (e.g., paper-based assays) is simple and
cost-effective but generally limited in sensitivity.’°* Other
optical detection methods (e.g., fluorescence,”*® surface-
enhanced Raman,”””® and chemiluminescence provide
high sensitivity and strong resistance to interference but may
depend on external light sources or complex detection
modules.”*®* The choice of sensing strategy should be
tailored to the target analyte. High concentration analytes
such as CRP can utilize colorimetric approaches,’>*® while
the detection of low concentration inflammatory markers
(e.g., IL-6, TNF-a) benefits more from highly sensitive optical
techniques such as fluorescence.®>®

The integration of microfluidic technology has
significantly promoted the development of wearable
biosensors by providing precise control over biofluid
sampling, transport, and reaction processes.®*®* Structural
designs employing capillary forces, wettability, and
hydrophobic valves enable time-sequenced flow routing,
automatic fluid triggering, and reagent activation without
external power. Meanwhile, active microfluidic elements such
as micropumps, electroosmotic flow units, and iontophoretic
patches enhance fluid manipulation and control, especially
for low-volume biofluids such as sweat and interstitial
fluid.®*7® These strategies collectively improve sampling
stability, reduce evaporation and contamination, and enable
continuous or programmable sample delivery to downstream
sensing modules. In fabricating microfluidic devices, the
selection of flexible substrates is crucial.” Materials such as
PDMS,*>**  textiles,”’*® paper-based substrates,’*’> and
hydrogels”®”” provide excellent biocompatibility, flexibility,
and stability to ensure device reliability and user comfort.
These features support reliable long-term wear, reduce
motion-induced artifacts, and help maintain consistent
microfluidic ~ behavior  during  on-body  operation.
Furthermore, advanced manufacturing techniques, such as
photolithography,®®’® 3D printing,”>®" screen printing,*>®!
inkjet  printing, laser  cutting,®*  etching,
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evaporation, two-photon  polymerization, and
sputtering,®”"* enable high-precision, scalable, and cost-
effective production.””®"®  Together, these fabrication
strategies support the development of microfluidic systems
that are not only flexible and lightweight but also
multifunctional, chemically robust, and compatible with
large-scale production.

Currently, microfluidics-based flexible biosensors are
evolving from single-function detection to intelligent,
multifunctional systems.’**> As part of this transition, the
integration of artificial intelligence for data analysis and
cloud-enabled remote healthcare is emerging as a major
trend.>»*® Meanwhile, several wearable sensing platforms
have entered the commercialization stage, indicating the
growing demand and feasibility of real-world applications.
Due to their significant advantages in non-invasive sampling,
real-time monitoring, and user-friendly interfaces, wearable
biosensors have also attracted extensive research interest
from academia.

Numerous reviews have summarized recent advances in
wearable sensor technologies, highlighting their sensing
principles, target biomarkers, and potential applications.>*%*
For instance, Yu Cao et al reviewed comprehensively
wearable electrochemical sensors for non-invasive in vitro
diagnosis, emphasizing advancements in fluid sampling,
sensing mechanism, and materials for wearable microfluidic
fabrication.”®> Wei Gao et al. reviewed recently developed
photonic wearable biosensors and focused on how these
sensors leverage the unique properties of light to achieve
high-performance, non-invasive, real-time monitoring.’® They
pointed that targeting some other clinically valuable
biomarkers is of great significance, which places high
requirement on the sensitivity of devices. Tamoghna Saha
et al. focused on harvesting and manipulating sweat and ISF
for continuous and long-term sensing strategies using
wearable patches.®® They focused on sampling, extracting,
transporting, and managing of microfluidics and excellently
highlighted the future challenges that need to be resolved.
Similarly, Navid Kashaninejad and Nam-Trung Nguyen
reviewed recent on-skin wearable devices for biofluid
monitoring.”” They focused on how the highly stretchable
and flexible microfluidic systems can be utilized to provide
solutions for on-skin biofluid handling. They also presented
in detail the future directions of wearable biosensors,
including using droplet-based microfluidics,
superhydrophobic surfaces and topological liquid diodes.
Despite these comprehensive and excellent reviews, there
remains a need to systematically address sensing strategies
of microfluidics-integrated wearable biosensors tailored for
specific biomarkers. We hope that the insights presented
here will guide and inspire future research in wearable
biosensing. For other healthcare-related analytes that are
primarily addressed through chemical sensing approaches,
such as wearable sensors for ion detection and pH
monitoring, several comprehensive reviews have recently
provided in-depth discussions and perspectives.”® %
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Therefore, to maintain a clear focus and avoid redundancy,
these chemical sensing strategies are not covered in the
present review.

This review summarizes recent progress in wearable
biosensing technologies by organizing detection strategies
into three major analyte categories: metabolites, proteins,
and nucleic acids. For each category, we highlight
representative  sensing  mechanisms, sampling and
integration approaches, and device designs relevant to on-
body operation. The metabolite sections introduce
microneedle-based extraction, non-invasive electrical and
optical sensing, and emerging multimodal systems. The
protein section compares label-free and labeled electrical and
optical platforms, while the nucleic acid section discusses
sampling  strategies, = amplification =~ methods, and
amplification-free approaches with potential for wearable
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use. By outlining these technologies within a clear
framework, we aim to provide a concise reference that
supports the development of practical, real-time, and
personalized wearable health monitoring systems.

Overall principles for wearable
biosensors

Wearable biosensors have advanced rapidly and now show
exceptional promise in healthcare. A key enabler of this
progress is the integration of microfluidics, which
streamlines biofluid sampling, transport, and analysis within
miniaturized, flexible platforms. Fig. 1 summarizes the major
technologies underpinning these devices. Fig. 1A highlights
the broad range of biofluids—tears, exhaled breath, saliva,
sweat, blood, exudate wound, and interstitial fluid (ISF)—that
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Fig. 1 Wearable microfluidic biosensors for health monitoring. Wearable biosensors collect (A) various biofluids, (B) detect key biomarkers, (C)
using different sampling methods, and employ (D) diverse sensing mechanisms. They are built from (E) flexible substrates and functional materials,

and fabricated via (F) multiple microfabrication methods.
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can be collected through minimally or non-invasive means.
Smart contact lenses and eye patches enable real-time
monitoring of tear biomarkers; oral patches support in situ
sensing and drug delivery via saliva; electronic masks capture
breath condensate; and microneedle arrays or flexible
electrode patches facilitate ISF and sweat analysis.

The principal biomarker classes accessible to wearable
biosensors—metabolites, proteins, and nucleic acids—are
shown in Fig. 1B. All three classes are pivotal for health
surveillance and disease diagnosis. Metabolites, such as
glucose, lactate, and uric acid (UA), respond rapidly to
physiological changes, enabling real-time monitoring of
metabolic disorders; their detection is typically based on
enzymatic reactions. Proteins (e.g., CRP, IL-6, TNF-a) offer
high clinical specificity and diagnostic accuracy, with
detection usually relying on antigen-antibody interactions.
Nucleic acids, including DNA and RNA, can indicate early
stages of disease, and their detection is generally based on
DNA hybridization or polymerase chain reaction (PCR).

In wearable biosensors, various sampling methods are
used, including spontaneous excretion, reverse iontophoresis,
vacuum-driven extraction, microneedles, and stimulation-
induced collection (Fig. 1C). Spontaneous excretion collects
biofluids (such as sweat, tears, or saliva) directly from the
skin, eyes, or mouth. Reverse iontophoresis uses an electric
field to extract ions across membranes. Vacuum-driven
extraction relies on suction to obtain samples. Microneedles
penetrate the skin to access deeper biofluids. Stimulation-
induced methods apply external triggers (like heat or
electricity) to prompt sweat secretion for collection. Each
approach has unique advantages, allowing flexible adaptation
for different monitoring and analysis needs.

Fig. 1D provides an overview of the sensing mechanisms. To
extract meaningful information from these biomarkers, wearable
biosensors employ a variety of signal transduction strategies.
Electrical approaches include electrochemical systems, in which
analyte recognition or catalytic reactions at the working electrode
induce changes in current or potential, capacitors, which can
lead to changes in conductivity and permittivity upon
recognition, and field-effect transistors (FETs), which transduce
binding events or catalytic activity into shifts in the transfer
curve. Optical methods encompass colorimetry, fluorescence,
Raman spectroscopy (SERS), and other luminescent readouts,
offering intuitive and rapid diagnostics well suited for point-of-
care screening. Some of these methods usually demonstrate
higher sensitivity and specificity, making them ideal for
detecting low-abundance biomarker detection.

Material selection is equally critical (Fig. 1E). Common
flexible substrates—PDMS, PET, paper, hydrogels, and textiles—
offer biocompatibility, mechanical compliance, breathability,
and chemical stability. For sensing layers, nanomaterials across
dimensionalities are widely employed: 0-D materials such as
quantum dots (QDs) and gold nanoparticles (AuNPs), 1-D
materials such as nanowires and nanotubes, 2-D materials such
as graphene or other nanosheets, and 3-D materials like
hydrogels or metal-organic frameworks.

This journal is © The Royal Society of Chemistry 2026
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Finally, fabrication technology underpins device
performance (Fig. 1F). Additive methods—3D printing, inkjet
printing, screen printing, and physical vapor deposition—and
subtractive methods—UV lithography, soft lithography, wet
etching, and dry etching—jointly address the demands of
miniaturization, mechanical flexibility, scalable production,
and high analytical precision. Together, these advances are
propelling wearable biosensors toward cost-effective, sensitive,
and comfortable solutions for continuous health monitoring.

Wearable biosensors for metabolites

Wearable biosensors play a critical role in the detection of
metabolic biomarkers including glucose, uric acid, and
lactate in body fluids. One of the most important and
significant metabolites is glucose due to its application in
diagnosing diabetes. Accurate and timely monitoring of
glucose levels is critically important for effective diagnosis,
treatment, and management of diabetes. Although traditional
glucose measurement methods, such as venous or finger-
prick blood sampling, have been widely used clinically, they
cannot effectively capture the dynamic fluctuations of glucose
throughout the day due to influences from diet, physical
activity, and other factors. Moreover, these invasive methods
often cause discomfort and trauma to the patient. Therefore,
minimally invasive, or non-invasive continuous glucose
monitoring (CGM) has become highly desirable. CGM
systems generally detect glucose fluctuations within ISF
beneath the skin, where glucose levels closely correlate with
blood glucose concentrations. Recent studies have validated
the accuracy and efficacy of CGM technologies,
demonstrating their capability to perform dynamic, real-time
glucose monitoring with minimal discomfort.'%*">

In addition to glucose, key metabolites such as uric acid
(UA) and lactate are also present and hold significant
diagnostic value. UA is the final product of human purine
metabolism, and abnormal concentrations of uric acid are
closely associated with various diseases." It can be utilized in
critical clinical research areas such as the early diagnosis of
gout, risk assessment of chronic kidney disease (CKD), and
prediction of cardiovascular disease risks (CVD).'”” Lactate, a
byproduct of anaerobic metabolism, reflects physical exertion
and muscle fatigue when detected in sweat, and its
accumulation is a recognized biomarker for critical conditions
such as shock, sepsis, and heart failure. Therefore, wearable
lactate biosensors hold great promise for continuous
monitoring in clinical settings like intensive care units (ICUs).

This section summarizes recent advances in wearable
biosensors for metabolite monitoring and organizes current
technologies according to their sensing approaches. We first
discuss non-invasive electrical and optical sensing platforms,
which enable on-skin detection of metabolites without
penetrating the tissue. We then introduce minimally invasive
microneedle-based systems that access interstitial fluid for
continuous biochemical monitoring. Finally, we outline

future development directions, including closed-loop
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diabetes management and multimodal sensing, which
represent promising pathways toward more autonomous and
clinically meaningful wearable health technologies.
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blood sampling, enabling patients to comfortably wear them
for long-term, continuous tracking of glucose levels. Among
these, sweat-based glucose biosensors have been extensively

studied.'® Recent advancements in electrode materials, non-
enzymatic systems, and microfluidic architectures have
significantly enhanced the performance, sensitivity, and
integration capabilities of wearable biosensors for metabolite
detection."™ " This section summarizes key developments
in material innovation and device engineering strategies that

Non-invasive electrical methods for metabolite monitoring

Wearable biosensors based on sweat, saliva, or tears
represent promising non-invasive methods for glucose
monitoring.'°®'% These biosensors eliminate the need for
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Fig. 2 Non-invasive electrochemical methods for metabolite monitoring. (A) Gold-doped graphene/gold mesh composite structure for high
sensitivity metabolite monitoring. Reproduced from ref. 147 with permission from Springer Nature. (B) Electrolyte-gated graphene field-effect
transistor (EG-GFET) for high performance glucose sensing. Reproduced from ref. 127 with permission from John Wiley and Sons. (C) Anchoring of
single-atom Pt on a NiCo-LDH/TisC,T, heterostructure to enhance detection performance. Reproduced from ref. 41 with permission from
American Chemical Society. (D) Anchoring PyTS onto the surface of TizC,T, to enhance detection performance. Reproduced from ref. 121 with
permission from American Chemical Society. (E) 3D-structured microfluidic reaction chamber to increase the effective electrode surface area and
reduce inter-electrode spacing, thereby enhancing signal strength. Reproduced from ref. 122 with permission from Elsevier. (F) A tree-branch-
inspired microfluidic structure to expand the collection area for continuous tracking. Reproduced from ref. 125 with permission from John Wiley
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ref. 126 with permission from Springer Nature.
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support reliable and continuous metabolite analysis in
wearable biosensors.

To achieve robust, long-term glucose monitoring in tears,
Su-Kyoung Kim et al proposed a nanoporous hydrogel
embedded with bimetallic nanocatalysts designed for smart
contact lenses.''* Specifically, gold-platinum nanoparticles
(Au@Pt) modified hyaluronic acid (HA-SH) to form HA-
Au@Pt bimetallic nanocatalysts (HA-Au@Pt BiNCs),
significantly enhancing catalytic activity and stability. Animal
experiments showed a strong correlation between tear
glucose and blood glucose concentrations (Pearson's
coefficient p = 0.82), highlighting potential clinical
significance. Additionally, Dingxi Lu et al introduced an
electrochemical mouthguard sensor utilizing platinum-based
metallic hydrogels (PMH) for saliva glucose detection."*® This
sensor exhibited high sensitivity, excellent anti-interference
capability, and strong clinical agreement, providing a
practical solution for non-invasive diabetes monitoring.

Recent years have witnessed remarkable progress in
constructing high-performance biosensors through advanced
materials. Hyunjae Lee et al. innovatively employed a gold-
doped graphene/gold mesh composite structure to significantly
enhance the electrochemical activity of graphene electrodes,
successfully developing a sweat-based wearable patch for
diabetes monitoring (Fig. 2A)."*® This breakthrough marked the
first application of graphene materials in diabetes monitoring
and drug delivery. Another notable example is the electrolyte-
gated graphene field-effect transistor (EG-GFET) proposed by
Vicente Lopes: this device leverages direct interaction between
the electrolyte and graphene channel to form a high-
capacitance electric double layer (EDL), effectively amplifying
local charge variation signals (Fig. 2B).""” Meanwhile, GOx
immobilized on the graphene surface catalyzes glucose
oxidation, leading to H,0, accumulation near graphene and
inducing p-type doping (manifested as positive Dirac point
voltage shift), enabling detection at ultralow concentrations (aM
level). This study achieved the first glucose detection in diluted
tears with a sensitivity of 100 aM, establishing a new paradigm
for non-invasive monitoring. The research by Yu Zhang et al
pioneered the anchoring of single-atom platinum (Pt) on the
NiCo-LDH/Ti;C,T, (MXene) heterostructure, constructing a
unique “2D-2D” sandwich network architecture (Fig. 2C)."*® In
this design, the introduction of NiCo-LDH not only effectively
mitigates the aggregation issue of Ti;C,T, nanosheets but also
significantly accelerates electron transfer through strong
interfacial interactions, elevating the kinetics of glucose
electrocatalytic oxidation to new heights. This sensor achieves a
sub-micromolar detection limit, perfectly meeting the
requirements for detecting low-concentration glucose (10-200
puM) in sweat, and provides a novel design paradigm for the
development of other metabolite biosensors.

While enzymatic biosensors traditionally employ enzyme
to catalyze the oxidation, limitations in enzyme stability and
cost have driven the development of non-enzymatic
alternatives.'””'*® Yong Zhang et al. introduced Pt/Fe dual-
atomic catalysts into a flexible wearable electrode patch.'*°

This journal is © The Royal Society of Chemistry 2026
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By leveraging the synergistic effects between Fe and Pt atoms,
the system demonstrated enhanced catalytic efficiency, with
a high sensitivity of 184.27 yA mM ' cm >, strong anti-
interference capacity, and a broad detection range from 6.25
to 1500 uM. Similarly, Fan Chen et al. designed a novel non-
enzymatic material by anchoring 1,3,6,8-pyrenetetrasulfonic
acid tetrasodium salt (PyTS) onto the surface of TizC,T,
(MXene) via m-m conjugation, forming PyTS@TizC,Ty
(Fig. 2D)."*' The aromatic rings and sulfonate groups of
PyTS provide abundant redox-active sites, significantly
enhancing the electrocatalytic oxidation of UA. This material
offers enzyme-free stability, lower cost, faster response, a wide
linear range (5-100 uM), and an impressive detection limit of
0.48 uM. Ernesto De la Paz et al. developed a wearable lactate
patch based on reverse iontophoresis, wherein a mild electric
current applied to the skin surface induces electroosmotic flow
to drive negatively charged lactate molecules toward the anode
(Fig. 2E)."**> A PVA hydrogel substrate was used to significantly
enhance extraction efficiency, enabling practical and efficient
lactate sampling.

Microfluidic architectures play a central role in wearable
biosensors by enabling controlled fluid transport, efficient
analyte sampling, and stable reaction environments—greatly
enhancing overall sensing performance.**'**'*® Guodong
Liu et al. developed a 3D-structured microfluidic reaction
chamber that increases the effective electrode surface area
and reduces inter-electrode spacing, thereby enhancing
signal strength.'® The design also isolates sweat from direct
skin contact to minimize temperature and contamination
interference, allowing for stable, long-term, non-invasive
glucose monitoring. Inspired by plant transpiration, Jiaqi Niu
et al. introduced a tree-branch-inspired microfluidic structure
that expands the collection area by 10-100 times compared
to conventional layouts (Fig. 2F).'*® This design enables
spontaneous sweat flow without external pumps, relying
solely on material hydrophilicity and channel geometry (e.g.,
capillary force), achieving complete sweat refresh within one
minute while maintaining stable flow rates—ideal for
continuous tracking.

Paper-based microfluidic platforms, leveraging strong
intrinsic capillary action, have emerged as simple yet
powerful tools for passive sweat sampling and autonomous
fluid routing in wearable glucose sensing.'?® Their internal
channels promote both passive fluid sampling and
autonomous flow without external power sources or pumps,
reducing device invasiveness and system complexity. Shichao
Ding et al developed a fingertip-wearable micro-energy
system utilizing hydrogel-based osmotic pumps for passive
sweat extraction (Fig. 2G)."*® Laser-patterned Whatman filter
paper with serpentine channels served as fluid conduits,
prolonging sweat retention time and ensuring adequate
biochemical reaction. Shanshan Zhang et al. pioneered the
integration of an electrochemical sensor array, microfluidic
module, and iontophoresis electrode onto a single paper
substrate.’®” Using wax printing and origami techniques, they
created a low-cost, scalable platform. Conductive electrodes
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treated with PPAAM-doped PEDOT: PSS ink retained paper
porosity while improving conductivity and electrochemical
activity, resulting in a highly sensitive yet economical
wearable glucose sensor.

In summary, non-invasive electrical sensing technologies
have made substantial progress in improving the sensitivity,
selectivity, and integration of wearable metabolite biosensors,
particularly for glucose, uric acid, and lactate monitoring in
sweat, saliva, and tears. Innovations in advanced
nanomaterials, microfluidic architectures, and electrode
design have enabled real-time, continuous, and enzyme-free
detection with high precision and low detection limits. These
advancements provide a solid foundation for the
development of next-generation closed-loop diabetes
management systems, where continuous glucose monitoring
can be integrated with therapeutic feedback.

Non-invasive optical methods for metabolite monitoring

Microneedle-based glucose biosensors, while reducing the
discomfort associated with traditional blood sampling,
remain minimally invasive and can still cause minor skin
damage."*° Recently, significant research efforts have been
directed toward developing truly non-invasive glucose
monitoring approaches.'*""*> Using microfluidic sampling
and enrichment in combination with optical sensing has
become a major non-invasive detection strategy. Optical

B C Reference D Surface-enhanced Raman scattering

PDMS sealing layer —
lactate U gy coce
ColunmelncIum:uonallzed ® o

Nanofiber films pH S &

PAN nanofiber films —

CS part
PDMS wall for S —» B
Nanofiber substrate
forCs
lactate uroa glucose
Electrochemical ® e
—
assay reagents PH© cr
PDMS wall for ECS — Ag pads
Patterned PDMS for circuit
encapsulation (frontside) ECS part
M 00SmM 04nW 027H 03 0SmM
s (connect to flexible
PBICNT circuits —"1 [ — circuit board)
=
NFC ics ———s@>
Nanofiber substrate
for ECS

Patterned PDMS for circuit _,
encapsulation (backside)

Biochemical
ingorprint

Adhesive layer ——

et seRschp
Skin —— }‘ 5
e (]

3 -8
LN R
£

View Article Online

Lab on a Chip

approaches typically rely on either naked-eye colorimetric or
SERS methods.

Colorimetric assays offer a distinct advantage because their
signals can be read directly by the naked eye, making them a
focal point of extensive research.'*'** Xuecui Mei et al
developed a wearable nanofiber microfluidic analysis system
(NFMAS) consisting of three core layers: (i) a nanofiber
microfluidic network (NFMN), (ii) an electrochemical sensor
array, and (iii) a colorimetric sensor array.'*” This architecture
enables spontaneous sweat capture, directional transport, and
dual-mode (electrochemical and colorimetric) sensing, providing
high stability, strong anti-interference capability, a broad
dynamic range, and high sensitivity (Fig. 3A). Yunyun Wu et al.
developed a flexible, skin-interfaced microfluidic sensor in which
capillary forces within PDMS microchannels guide sweat flow,
while integrated capillary burst valves (CBVs) prevent backflow,
as indicated in Fig. 3B.>* A paper substrate loaded with enzymes
generates a color change that enables non-invasive, real-time
monitoring of B-hydroxybutyrate (BHB) in sweat. The device is
low-cost, user-friendly, flexible, biocompatible, and simple to
operate. Navya Mishra et al. achieved comparable results: by
integrating a finger-actuated pump-valve with a microfluidic
network, they overcame the passive nature of conventional sweat
sensors.”” The platform supports dual-mode readout—
colorimetric signals captured by a smartphone camera and
electrochemical measurements—enabling on-demand, time-
resolved, multi-analyte sweat analysis (Fig. 3C).
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Fig. 3 Non-invasive optical strategies for metabolite monitoring. (A) Wearable NFMAS for spontaneous sweat capturing, directional transporting,
and dual-mode (electrochemical and colorimetric) sensing. Reproduced from ref. 135 with permission from Elsevier. (B) A flexible, skin-interfaced
microfluidic sensor integrated with PDMS microchannels and CBVs for BHB detection. Reproduced from ref. 51 with permission from The Royal
Society of Chemistry. (C) A finger-actuated pump-valve combined with a microfluidic network device for dual-mode (electrochemical and
colorimetric) sensing. Reproduced from ref. 40 with permission from American Chemical Society. (D) Label-free surface-enhanced Raman
scattering (SERS) sensor based on plasmonic paper for sweat metabolite detection. Reproduced from ref. 140 with permission from American
Association for the Advancement of Science. (E) A lightweight and user-friendly system consisting of a multi-channel sweat collection structure

combined with an ultrathin silver nano-mushroom array for real-time

molecular fingerprint analysis of sweat. Reproduced with permission from

ref. 141 under a Creative Commons CC BY license. (F) A SERS-based wearable biosensor for continuous metabolite monitoring while minimizing
interference from other sweat constituents. Reproduced from ref. 142 with permission from Elsevier.
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Spectroscopy-based biosensors, especially SERS based
devices, have drawn substantial attention due to their
excellent comfort, non-invasiveness, and user-friendly
characteristics.”**™"*° Umesha Mogera et al. developed a
high-performance wearable sweat analysis platform utilizing
label-free surface-enhanced Raman spectroscopy (SERS), as
shown in Fig. 3D."*° By employing gold nanorods (AuNRs) to
amplify the Raman signal, their device successfully captured
the chemical fingerprint of UA, specifically at the
characteristic peak of 642 cm™. This enzyme-free system
offers exceptional sensitivity, enabling UA detection at as low
as 1 uM. Similarly, Xuecheng He et al. developed a multi-
channel sweat collection structure to improve sampling
volume."*" A rigid yet ultrathin (100 um) silver
nanomushroom array was used as a surface-enhanced SERS
substrate, coupled with laser excitation, CCD detection, and
wireless transmission modules (Fig. 3E). This lightweight and
user-friendly system supports real-time molecular fingerprint
analysis of sweat, offering a powerful tool for non-invasive
molecular-level monitoring in personalized medicine and
athletic health applications. To enable continuous metabolite
monitoring while minimizing interference from other sweat
constituents, Kuo Yang et al developed a SERS-based
wearable biosensor.’*> The device incorporates PDMS
microchannels and a manual valve to permit multiple on-
demand sampling events, while a self-assembled monolayer
of silver nanospheres on the substrate boosts SERS
sensitivity, allowing UA to be quantified over a 1-1000 uM
concentration range (Fig. 3F). Likewise, Yang Li et al
designed a flexible, wearable plasmonic paper-based
microfluidic (FWPPM) sensor that integrates SERS into a
compact five-layer architecture, enabling real-time, non-
invasive monitoring of uric acid in sweat.*

Minimally invasive microneedle biosensing for metabolite
monitoring

Microneedle-based biosensors have emerged as an important
class of wearable devices for minimally invasive metabolite
monitoring. Depending on their structural design and sensing
modality, microneedles consist of hollow microneedles for ISF
extraction, solid microneedles with surface-functionalized
coatings, or 3D-printed microneedles that integrate conductive
or enzyme-loaded layers. These microneedles penetrate the
skin's stratum corneum without reaching blood vessels or
nerves, enabling access to ISF while avoiding trauma. To
facilitate the widespread and reliable application of microneedle
biosensors in metabolic monitoring, researchers have made
substantial efforts in improving long-term stability, enhancing
detection accuracy, promoting integrated designs, and
optimizing wearer comfort.

Sampling strategies used in microneedle systems can be
broadly classified into active and passive methods. To achieve
high-throughput ISF collection, both active pumping
mechanisms (such as vacuum actuation, electroosmotic
flow,'** and reverse iontophoresis’**) and passive enhancement

This journal is © The Royal Society of Chemistry 2026
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strategies (e.g:, capillary action'*>'*®) have been employed. These
approaches aim to improve ISF extraction speed, consistency,
and sampling volume—key requirements for reliable metabolite
sensing. For instance, Taher Abbasiasl et al. proposed a vacuum-
driven microneedle-based system that integrates a hollow
microneedle with a finger-press-activated vacuum chamber, as
shown in Fig. 4A.*® Leveraging the self-recovery properties of
PDMS, this system requires no external power source and was
the first to demonstrate in vivo ISF sampling and electrochemical
analysis of glucose and pH, offering a promising solution for
continuous health monitoring. Similarly, Yanxiang Cheng et al.
combined mechanical microneedle penetration with reverse
iontophoresis, enabling glucose transport through uniform
microchannels to sensing electrodes. The integration of
microchannel access (MA) and reverse iontophoresis (RI)
significantly enhanced ISF extraction efficiency.'**

Beyond facilitating ISF extraction, the penetration
characteristics of microneedles play a crucial role in
determining how effectively microfluidic channels receive
and route biofluids, thereby shaping the stability of the
overall sensing process. To optimize penetration efficiency
and provide practical guidance, Yong Yang et al. developed a
microneedle penetration model.*” Additionally, to improve
sensor integration, they innovatively utilized PCB microvias
and acupuncture needle assembly techniques, enabling each
microneedle in the array to function as an independent
electrode for multi-region, multi-parameter detection. In
healthy volunteer trials, the system demonstrated strong
agreement with commercial glucometer readings.

Material innovation is another important strategy for
improving electrochemical performance in microneedle sensors.
Novel sensing materials were widely applied, including
platinum,"*® gold,'*® graphene,"*® carbon nanotubes'"'**> and
polymer-based materials,'>*"** which are increasingly becoming
key components due to their excellent conductivity, low cost,
and superior stability.'****” The team led by Samar H. Tawakey
innovatively developed a poly(methyl methacrylate) (PMMA)-
based microneedle array sensor (Fig. 4B)."*® By electrodepositing
a composite functional layer of nanostructured polyaniline
(NSPANI) and gold nanoparticles (AuNPs), they achieved
remarkable improvements in sensor performance. In this
design, the three-dimensional nanostructure of NSPANI not only
provides a larger specific surface area to enhance electron
transfer efficiency but also, through synergistic effects with
AuNPs, significantly boosts catalytic activity and surface binding
site density, thereby optimizing the immobilization of glucose
oxidase (GOx). Particularly noteworthy is the first successful
application of the NSPANI-SDS/AuNPs composite mediator,
which effectively addresses the longstanding industry challenge
of balancing sensitivity and stability in traditional biosensors.

Achieving long-term (14 day) continuous glucose monitoring
while improving wearer comfort is also of great significance. Jian
Yang et al. developed a smartphone-controlled microneedle-
based CGM system.'”® This system utilizes a flexible double-
sided electrode strip integrating a working electrode (WE),
reference electrode (RE), and counter electrode (CE), as shown in
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Fig. 4 Microneedle-based biosensors for metabolite monitoring. (A) Vacuum-assisted microneedle system integrating a hollow microneedle
array with a fingertip-activated vacuum chamber to drive interstitial fluid (ISF) extraction. Reproduced from ref. 33 with permission from John
Wiley and Sons. (B) PMMA-based microneedle array sensor modified with conductive nanocomposites to enhance sensitivity. Reproduced from
ref. 158 with permission from The Royal Society of Chemistry. (C) Smartphone-integrated continuous glucose monitoring (CGM) platform
featuring a hollow microneedle sensor and a 14 day wearable module. Reproduced from ref. 159 with permission from American Chemical
Society. (D) Fully integrated OECT-CGM system. i: Hollow microneedle patch for sampling. ii: Hydrogel buffer for glucose transport. iii: OECT
glucose sensor for detection. iv: Wireless readout system for data transmission. v: Schematic of the complete implantable patch showing cross-
section and scale. Reproduced with permission from ref. 104 under a Creative Commons CC BY license.

Fig. 4C. To enhance sensor stability, the team designed a
sandwich-structured enzyme immobilization strategy: the inner
layer consists of a carbon nanotube (CNTs)/Nafion conductive
layer to establish an efficient electron transport network; the
middle layer employs ferrocene derivatives (Fc-PEI) as an
electron mediator, forming a “molecular wire” structure with
glucose oxidase (GOx); and the outer layer is coated with a
biocompatible porous polyurethane (MPU) protective membrane
to minimize foreign body reactions and improve long-term
stability. In healthy rat models, the system successfully achieved
14 day continuous glucose monitoring, with data strongly
correlating (R* > 0.99) with commercial glucometers (Sinocare)
and FDA-approved CGM devices (FreeStyle Libre). These results
demonstrate that long-term microneedle-based CGM is feasible
and well-tolerated for continuous wearable glucose monitoring.
Beyond material engineering, device-level innovations have
also been explored to further enhance signal quality and long-
term stability. Organic electrochemical transistors (OECTSs),
known for their high signal amplification, superior signal-to-
noise ratio, and high gain, offer another promising strategy to
enhance sensor stability and detection accuracy. Jing Bai et al.
innovatively integrated OECTs (high gain), microneedles

1452 | Lab Chip, 2026, 26, 1444-1470

(minimally invasive), hydrogels (stable interface), and a
personalized electronic reader for electrochemical transistors
into a single wearable device (Fig. 4D), effectively addressing
the pain, noise interference, and bulkiness of conventional
CGM systems.'**

The diversity of microneedle structures—including hollow,
solid, and coated designs—also enables different sensing modes
for various metabolites. Microneedle-based wearable biosensors
represent a minimally invasive strategy for continuous
metabolite monitoring, particularly for analytes such as glucose
and lactate. This section outlines advances in microneedle
fabrication and sampling mechanisms, including vacuum
actuation and reverse iontophoresis, as well as their integration
with sensing systems, such as electrochemical electrodes and
organic electrochemical transistors (OECTs). Efforts have
focused on enhancing sampling efficiency, improving material
design, optimizing sensor architecture, and extending
operational stability. Future research will need to address
challenges such as ensuring long-term biocompatibility,
minimizing skin irritation during extended wear, and improving
the accuracy of detection under dynamic physiological
conditions. In addition, integration with wireless data
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transmission, energy autonomy, and closed-loop feedback
systems remains a key direction for realizing fully autonomous
wearable diagnostic platforms.
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management, where continuous sensing is combined with
automated feedback control to enable intelligent regulation of
glucose and other key metabolites. Another emerging trend is

multimodal sensing, which integrates electrical, optical, and
physical signals to improve measurement robustness, reduce
calibration drift, and provide more comprehensive physiological
insights. Together, these advances reflect the broader transition
from single-parameter monitoring to adaptive, personalized, and
clinically meaningful wearable systems.

Future directions of wearable metabolite biosensors

Wearable metabolite biosensors are moving toward higher levels
of integration and autonomous functionality. One important
direction is the development of closed-loop metabolic
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Closed-loop diabetes management. Benefiting from the
advances in wearable sensing technology, closed-loop diabetes
management systems have been further developed and are
expected to become a benchmark solution for intelligent, non-
invasive diabetes care. These systems typically integrate
continuous glucose monitoring (CGM), realtime data
processing, and on-demand insulin delivery into a single
wearable platform, enabling automated feedback control of
blood glucose levels. By combining microneedle-based ISF
extraction, electrochemical sensing, and microfluidic drug
release modules, such platforms aim to mimic the physiological
regulatory functions of the pancreas, offering personalized and
dynamic glucose regulation.

Hyunjae Lee et al. firstly used graphene doped with gold to
construct a wearable patch for sweat-based diabetes
monitoring and feedback therapy.''® After that, a fully-
electrically controlled closed-loop diabetes management system
has been studied. Xiaojin Luo et al. developed an innovative
flexible closed-loop diabetes management patch, which
integrates  hollow biodegradable microneedle arrays,
electrochemical sensors, and an electroosmotic pump to
achieve real-time monitoring of interstitial fluid (ISF) glucose
and on-demand insulin delivery in a closed-loop system
(Fig. 5A)."** Yiqun Liu et al studied a painless, closed-loop,
and miniaturized solution for diabetes management through
the innovative integration of hollow microneedle dual-function
design and modified electroosmotic pumps, demonstrating
enhanced stability and anti-interference capability (Fig. 5B)."!
Furthermore, Changwei Yang et al developed a glucose-
responsive dual-hormone microneedle patch (GRD-MN) that
integrates insulin and a glucagon-like analog (GCA) to mimic
the pancreatic hormonal regulation mechanism, enabling
closed-loop blood glucose control (Fig. 5C)."%®

Closed-loop systems are showing significant potential in
diabetes management. However, the realization of fully
autonomous, clinically reliable closed-loop systems still faces
several challenges, including ensuring long-term biosensor
stability, minimizing the time lag between changes in biomarker
concentration and the sensing response, and achieving precise
insulin dosing under variable physiological conditions.

Multimodal and multiplexed metabolite detection.
Simultaneous monitoring of multiple metabolites, also
known as multiplexed detection, enables a more
comprehensive assessment of an individual's metabolic
status and overall physiological health. By tracking multiple
biomarkers such as glucose, lactate, uric acid, and others
within a single platform, multiplexed systems provide a more
holistic view of metabolic dynamics and interrelated
physiological processes. This approach allows for the early
identification of complex conditions, supports more accurate
diagnosis, and facilitates personalized health management.
Furthermore, the combination of microfluidics, multi-
channel sensing arrays, and flexible substrates opens new
opportunities for multimodal analysis of multiple
metabolites, offering a more comprehensive and personalized
approach to metabolic health monitoring.
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Chuchu Chen introduced a flexible 3D-printed
microfluidic health monitor fabricated via direct ink writing
(DIW), which enables one-step formation of self-supporting
microchannels without the need for sacrificial material
removal (Fig. 5D)."® By replacing traditional enzymes with
Fe-N-C single-atom catalysts (SACs), the device dramatically
enhanced the sensitivity and stability of colorimetric
detection for glucose, lactate, and uric acid, improving the
assay's sensitivity by nearly two orders of magnitude. In
another work, Farshad Tehrani et al reported a novel
wearable sensor array that integrates disposable microneedle
arrays (for painless ISF sampling) with a reusable low-power
electronic module capable of wireless transmission
(Fig. 5E).°> This platform supports both single-analyte
(e.g., glucose, lactate, alcohol) and dual-analyte (e.g,
glucose-lactate, glucose-alcohol) monitoring. The use of
spatially separated microelectrodes effectively prevents
signal interference, providing a robust tool for
personalized diagnostics.

In a recent review by Kuldeep Mahato, the author
emphasized that patients with diabetes require simultaneous
monitoring of blood glucose, blood pressure, and
electrocardiogram  (ECG) signals to achieve more
comprehensive disease management, which is multimodal
biosensing (Fig. 5F).'®® Furthermore, the author proposed a
paradigm shift from static biomarker monitoring to dynamic
tracking of pathological processes. For instance, the
concurrent elevation of lactate and inflammatory cytokines
such as IL-6 may serves as an indicator of muscle injury
severity. Integrating multiple metabolic indicators into a
single wearable platform facilitates the development of
multiparametric, real-time personalized health monitoring
systems, thus enabling a shift from passive treatment to
proactive prevention and promoting the advancement of
smart healthcare and remote diagnostics. In recent years,
research on multimodal sensing in wearable devices has
grown increasingly extensive and in-depth.*"®%*7°

As a typical application of multimodal sensing scheme, an
advanced electronic skin system termed CARES (consolidated
artificial-intelligence-reinforced ~ electronic ~ skin)  was
introduced by Changhao Xu, which is designed for stress
response monitoring via integrated physiological and
biochemical sensing (Fig. 5G).”® In sensor design, a Prussian
blue/NiHCF composite was used to stabilize enzymatic
activity and protect against pH-induced degradation from
sweat. A polystyrene-ethylene-butylene-styrene (SEBS) layer
was incorporated to enhance the hydrophobicity of the PVC
substrate, minimizing ion carrier leakage. Iontophoresis-
driven sweat stimulation was achieved using carbachol,
ensuring sweat secretion under resting conditions and
avoiding exercise-induced interference. After 24 hour
continuous monitoring of daily activities—including eating,
exercise, and sleep—the system successfully captured
dynamic biomarker variations (e.g., postprandial rises in
glucose and uric acid, and electrolyte fluctuations during
physical activity). By integrating material innovation, Al, and
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multimodal sensing, CARES overcomes limitations of
traditional stress monitoring and offers a new paradigm for
wearable technologies in psychological health applications.
To sum up, this section provides a systematic overview of
wearable biosensors for metabolite detection, with a
particular emphasis on their application in non-invasive and
continuous monitoring. The main types of biofluids utilized,
the corresponding sensing strategies, and the materials and
fabrication techniques that support device performance are
outlined. Minimally invasive microneedle-based biosensors,
non-invasive optical methods, and biofluid-based detection
systems have each demonstrated promising progress in
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enhancing comfort, accuracy, and long-term usability. Some
representative works are summarized in Table 1. At the same
time, innovations in sensing materials—such as
nanostructured polymers, single-atom catalysts, and 2D
heterostructures—have pushed sensitivity to unprecedented
levels. Meanwhile, microfluidic engineering has enabled
efficient fluid sampling and integration, supporting robust
on-body analysis. However, the correlation mechanisms
between biofluids and blood glucose, as well as anti-
interference capabilities, still require further investigation. In
the future, innovations in nanomaterials and system
integration are expected to enhance sensor sensitivity,

Table 1 Comparative analysis of wearable biosensors for metabolite sensing

Sensing
Biofluid Biomarkers mechanism Material Fabrication method Ref
ISF Glucose FET PI substrate, PEDOT: PSS, IPN Sputtering, inkjet printing, 3D 104
hydrogel, GOx printing,
ISF Glucose Electrochemical PB, GOx PDMS molding, PVD, laser 143
cutting
ISF Glucose Electrochemical PDMS, PET, PB, PANI PDMS molding, screen 32
printing
ISF Glucose, lactate Electrochemical MeHA hydrogel PDMS molding, UV 103
crosslinking
ISF Glucose Electrochemical PB, GOx Laser cutting, 3D printing 147
ISF Glucose Electrochemical PB, Gox, TPU Soft lithography, sputtering, 77,
3D printing 160
ISF Glucose Electrochemical Au-MCNT, MB, graphene, Gox, Ink-printed, PVD, 161
ISF Urea Electrochemical PABA, Au, Ag/AgCl, urease enzyme, 3D printing, soft lithography, 80
Nafion sputtering, dip-coating
ISF/sweat Glucose, lactate Electrochemical SEBS copolymer, hydrogels, graphene, Laser cutting, screen printing 4
PB, PVDF
Sweat Glucose Electrochemical AuNPs/AMWCNTSs, PEDOT:PSS, Screen printing 162
Ag/AgCl
Sweat Urea Fluorescence PAM, Er/Tm@NaYF,, p-DMAC Hydrogel molding, 3D 133
printing
Sweat Glucose Colorimetric PVA hydrogel, HRP, Gox Physical crosslinking 155
Sweat BHB Colorimetric PDMS, paper, 3D printing, PDMS molding 51
Sweat Glucose Electrochemical PET, Pt;—NiCo-LDH/Ti;C,T, Screen printing 118
Sweat Glucose, lactate, VC, Electrochemical Paper, SEBS copolymer, PVA-PAM Laser cutting, screen printing 126
t-dopa hydrogels
Sweat Glucose, lactate, UA, ions, Electrochemical PI substrate, PVC-SEBS, PDMS, Inkjet printing, laser cutting, 93
pulse, temperature Ag/carbon, AuNPs etching
Sweat Lactate, urea SERS Si nanopillar arrays, PDMS Sputtering, RIE etching, soft 141
lithography
Sweat Glucose, lactate, UA Colorimetric Fe-N-C nanozyme DIW 163
Sweat UA SERS Cellulose paper, AuNRs, PDMS. Spin coating 140
Sweat Glucose Colorimetric PDMS, paper, AuNRs, GOx Laser cutting 164
Sweat Glucose Electrochemical CuO/CaTiO;/Nafion composite, Sputtering 165
Au-sputtered PI film, Ag/AgCl/PVB
Sweat Glucose, creatinine, UA Electrochemical Paper, PEDOT:PSS/AAM conductive Wax printing, 3D printing 127
ink, Ag/AgCl, wax, PB
Tear Glucose Optical Hydrogel Replica molding, drop-casting 109
Tear Glucose Electrochemical PVA, HA-Au@Pt, silicone elastomer Drop-casting 114
Tear UA Colorimetric Fluorosilicone acrylate, HRP, PDMS Laser ablation, 3D printing 166
Saliva Glucose Electrochemical Pt, Ag/AgCl, PDMS, GOx Sputtering, drop casting 108
Saliva Glucose Electrochemical PMH/Nafion, Ag/AgCl Screen printing 115
Sweat/saliva/urine UA Electrochemical PET, 3D-NSCAs Screen printing, laser cutting 167

DIW: direct ink writing, PB: Prussian blue, GOx: glucose oxidase, PVD: physical vapor deposition, MeHA: methacrylated hyaluronic acid, BHB:
B-hydroxybutyrate, MB: methylene blue, MCNT: multiwall carbon nanotubes, SEBS: styrene-ethylene-butylene-styrene block copolymer. VC:
vitamin C. t-dopa: levodopa. PI: polyimide. PVC: polyvinyl chloride. AuNPs: Au nanoparticles. SERS: surface-enhanced Raman spectroscopy.
RIE: reactive ion etching. IPN: interpenetrating network. AuNRs: Au nanorods. AMWCNT: aminated multi-walled carbon nanotubes. PVA:
polyvinyl alcohol. HA: hyaluronate. PMH: Pt metal hydrogel. 3D-NSCAs: 3D nitrogen-doped spherical carbon aerogels. PABA: polyaniline boronic
acid. PAM: polyacrylamide. p-DMAC: p-dimethylaminocinnamaldehyde.
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specificity, and user-friendliness, driving forward the
development of personalized diabetes care.
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biofluids. However, wearable protein sensing remains in
its early stages, primarily limited by challenges in effective

sample collection and

insufficient detection sensitivity.

Current research efforts are mainly focused on skin-patch-
based detection of C-reactive protein (CRP) and
inflammatory cytokines, as well as tear-fluid-based protein
sensing.”” Studies have demonstrated that CRP is indeed
present in the sweat of healthy individuals, and its
concentration in sweat shows a high correlation with
serum levels in both healthy and inflammatory
populations, providing a theoretical foundation for sweat-
based wearable protein detection.'””

Wearable biosensors for proteins

Proteins are one of the most essential and abundant types
of biomacromolecules in the human body. Dynamic
changes in their concentrations can serve as critical
indicators for the onset and progression of various
diseases. With advancements in wearable sensor
technologies, it has become feasible to achieve automated,
in situ, and continuous monitoring of protein levels in
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Fig. 6 Wearable biosensors for proteins in ISF and sweat. (A) The basic structure of a three-electrode system used for protein detection.
Reproduced from ref. 37 with permission under a Creative Commons CC BY license. (B) ZIF-67@AuNPs nanocomposite with a high surface area
and conductivity to enhance sensitivity in sweat CRP detection. Reproduced with permission. Reproduced from ref. 175 with permission from
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Reproduced from ref. 172 with permission from John Wiley and Sons. (E) Flexible MoS, FET platform for automatic sweat collection and real-time
TNF-a monitoring. Reproduced from ref. 178 with permission from American Chemical Society. (F) A FET based protein wearable sensor on a
flexible substrate. Reproduced from ref. 180 with permission from John Wiley and Sons. (G) A wearable microneedle patch with a carbon nanotube
biointerface for ISF cytokine detection. Reproduced from ref. 184 with permission from John Wiley and Sons. (H) A closed-loop platform for ocular
surface inflammation (OSI) management. Reproduced from ref. 192 with permission from American Association for the Advancement of Science.
() A wireless wearable patch for noninvasive, real-time and picomolar-level detection of CRP in sweat. Reproduced from ref. 171 with permission
from Springer Nature.
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In this section, we systematically review recent advances
in wearable biosensors for protein detection, focusing on
optical and electrical sensing approaches. Among electrical
wearable biosensors, label-free techniques—particularly
those utilizing electrochemical and FET mechanisms—have
become increasingly dominant. In contrast, labeled
approaches, including nanoparticle-based detection and
sandwich immunoassays, are relatively less common in
electrical systems. In optical wearable biosensors, label-
free techniques remain prevalent due to their compatibility
with wearable device requirements. However, labeled
methods, such as sandwich immunoassays, still play a
role in certain optical sensing applications. Similarly,
highly efficient sampling strategies have been integrated
into wearable protein biosensing devices, including
spontaneous  excretion, reverse iontophoresis, and
stimulation-induced sampling."”>""7*

Label-free wearable electrical biosensors for protein detection

Wearable electrical sensors for protein detection, similar to
metabolite sensors, commonly utilize a variety of device
configurations, including three-electrode systems, capacitors,
and FETs, as shown in Fig. 6A-F. These sensor configurations
are highly effective for detecting specific proteins in biofluids
such as sweat, ISF, and tears using multiple enhancing
methods and integration strategies.

Fig. 6A illustrates the basic structure of a three-
electrode system used for protein detection.’” Typically,
nanomaterials such as gold nanoparticles (AuNPs) are
modified on the working electrode, along with affinity
or active antibody molecules capable of specifically
recognizing proteins. Upon binding, a change in the
electrical signal occurs, enabling the quantitative analysis
of protein molecules. Further modification and
application of high-performance nanomaterials can
promote enhanced sensitivity as shown in Fig. 6B. Jie
Fu et al employed a ZIF-67@AuNPs nanocomposite with
a high surface area and conductivity to modify the
working electrode, achieving excellent sensitivity and
anti-interference performance."””> Multiplexed monitoring
can also be applied in wearable protein biosensors as
shown in Fig. 6C. Yuji Gao et al. introduced VeCare,
the first integrated wound monitoring platform designed
for bedside wuse in chronic wounds such as venous
ulcers.”® This flexible immunosensing system allows
multiplex detection of inflammatory biomarkers including
TNF-o,, IL-6, IL-8, and TGF-f1. A sawtooth-shaped
capillary network (tapering from 200 to 160 um)
facilitates directional fluid transport, while aptamers
modified with AuNPs-graphene enable minute-level, in situ
detection of wound biomarkers. Recent advances have also
demonstrated fully wearable platforms capable of real-time
protein detection in undiluted sweat. For example, Huang
et al. developed an ultra-flexible graphene field-effect
transistor integrated with a Janus membrane (Fig. 6D) that
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enables automatic sweat collection and impurity filtering,
allowing continuous and label-free monitoring of cytokines
such as TNF-a directly on skin.'”?

Another widely used device configuration is the field-effect
transistor (FET)-based sensor."’°"’? By modifying the gate
with nanomaterials and aptamer molecules, a shift in the
transfer curve or working curve occurs upon specific binding,
which is then used for quantification, as shown in Fig. 6E
and 7F. As shown in Fig. 6E, Huang et al. developed a highly
deformable MoS, FET integrated with a nanosphere array
capable of automatic sweat collection and impurity isolation,
allowing direct quantification of TNF-o in undiluted sweat
with a detection range of 10 fM-1 nM.'”® This ultrathin
device maintains stable electrical performance under
bending, folding, and crumpling, highlighting its strong
potential for continuous, wearable cytokine monitoring.
Similarly, Fig. 6F illustrates a comparable detection principle,
employing PET as the flexible substrate."®® Upon aptamer-
protein binding, the G-quadruplex is formed, which induces
changes in carrier concentration near the graphene, resulting
in a specific signal variation.

Although proteins are abundantly present in blood, the
invasive nature of blood sampling limits its suitability for
continuous monitoring. ISF, which shares a highly similar
protein composition with serum and plasma as confirmed by
proteomic studies (e.g;, Bao Quoc Tran et al),'®" offers a
promising alternative. An increasing number of studies have
demonstrated the feasibility of using microneedle-based
platforms for ISF protein analysis."®*'®® For example,
Jingxian Xu et al. developed a wearable microneedle patch
with a carbon nanotube biointerface that integrates ISF
sampling, cytokine capture (via immobilized antibodies), and
electrochemical detection (Fig. 6G).'®** These developments
collectively indicate that microneedle-assisted ISF sampling
is becoming a powerful and rapidly expanding direction for
minimally invasive, on-body protein monitoring.

Tear fluid also contains a variety of disease-associated
proteins, including insulin-like growth factor-binding protein
3 (IGFBP3) and vascular endothelial growth factor (VEGF) for
diabetes,'®7'%® AB42 and tau protein for Alzheimer's
disease,"®'*® and matrix metalloprotein-9 (MMP-9) and
lactoferrin for dry eye syndrome.’®’ These proteins offer
valuable insights into disease onset and progression. Due to
its non-invasive and easy accessibility, tear-based protein
detection has become an important direction for wearable
biosensors. However, challenges such as limited sample
volume and low analyte concentration remain. Jiuk Jang et al.
proposed a closed-loop platform for ocular surface
inflammation (OSI) management, combining a graphene
FET-based smart lens for wireless, real-time MMP-9
monitoring with a transparent, stretchable heating patch
composed of Ag nanofiber networks (Fig. 6H).""> Controlled
via a smartphone, the patch delivers thermal therapy at 42
°C. With no electronics in the central lens area, visual clarity
is maintained while enabling high-sensitivity OSI detection
and treatment in a mobile health framework.
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Fig. 7 Wearable biosensors for proteins in tear. (A) A non-invasive tear patch biosensor for detection of multiple analytes. Reproduced from ref.
33 with permission from American Chemical Society.’®® (B) An Al-integrated wearable system for rapid, non-invasive detection of tear protein.
Reproduced from ref. 35 with permission under a Creative Commons CC BY license. (C) A dual-function lens platform based on optical sensing
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Reproduced from ref. 33 with permission from John Wiley and Sons.>° (F) A microfluidic detection platform for semi-quantitative detection of
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Labeled wearable electrical biosensors for protein detection platform covering sweat collection, reagent mixing, and signal
readout—marking a major milestone in continuous protein
sensing via sweat. Elizabeth C. Wilkirson et al. developed a
highly sensitive impedance sensor by combining AuNP-antibody
complexes with IDEs for protein detection in ISE.** Upon
binding to target proteins, the complexes altered the local
dielectric constant, resulting in measurable impedance changes
in the IDEs, achieving a detection limit as low as 1.33 pg mL™"
In summary, wearable sensing strategies incorporating labels
can significantly enhance detection sensitivity; however, they
often require precise design and fabrication of microfluidic
architectures—an aspect that is likely to define future
development directions.

Compared to label-free approaches, labeled detection methods
generally offer superior specificity and sensitivity, enabling
reliable identification of target molecules within complex
biological matrices. However, their typically high operational
complexity poses challenges for integration into portable
wearable sensors. Notably, some recent studies have addressed
these limitations through innovative design strategies.

Jiaobing Tu et al. developed a wireless wearable patch named
InflaStat, which represents the first system capable of
noninvasive, real-time, picomolar-level CRP detection in sweat
using labeled methods."””" InflaStat integrates three main
components: a sweat induction module utilizing iontophoresis
and microfluidic channels, an electrochemical sensing module
based on laser-engraved graphene (LEG) electrodes, and a
flexible printed circuit for data acquisition and Bluetooth  Wearable optical sensors—primarily based on colorimetric,
transmission (Fig. 6I). Together, they form a fully automated  fluorescence, and surface-enhanced Raman scattering (SERS)

Label-free wearable optical biosensors for protein detection
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techniques—play an important role in protein detection.
Various optical devices have been developed for the analysis
of proteins in biofluids such as tears, exhaled breath, blood,
and interstitial fluid. Due to the simplicity and portability
required for wearable applications, most of these sensors
adopt label-free  detection strategies, which offer
straightforward operation while maintaining adequate
sensitivity for real-time health monitoring.

Jia Xu et al. developed a non-invasive tear patch biosensor
composed of a multilayer structure, including a hydrophilic
textile substrate, a sensing layer for colorimetric reactions, a
tear secretion stimulant layer, and protective sealing layers
(Fig. 7A).">® This patch allows simultaneous detection of
multiple analytes (pH, ascorbic acid, glucose, and protein),
using the color change from bromophenol blue-protein
binding, showing good sensitivity, selectivity, and anti-
interference, making it suitable for home-based applications.
To improve quantitative readouts of the colorimetric zones,
Zihu Wang et al. proposed an Al-integrated wearable system
(AI-WMCS) that combines flexible microfluidics with deep
learning algorithms for rapid, non-invasive, and multiplex
detection of vitamin C, pH, Ca®’, and protein (Fig. 7B).*
Constructed with PDMS, the system features four
microchannels guiding tear fluid into circular chambers,
requiring only 20 pL of tear volume and filling within 4
seconds. The cloud-based analysis platform (CSDAS), based
on a CNN-GRU neural network, enables real-time prediction
of biomarker concentrations with a detection limit down to
0.1gL™.

Smart contact lenses have also gained attention for tear
protein sensing. However, conventional designs face
limitations such as reliance on electronic components, visual
obstruction, and potential corneal damage. To overcome
these issues, Ying Ye et al. introduced a dual-function lens
platform based on optical sensing principles (Fig. 7C).*® The
lens monitors intraocular pressure (IOP) via a photonic
crystal-based anti-opal structure, where pressure-induced
lattice shifts lead to a visible blue shift in reflected light,
enabling circuitry-free detection.

Simultaneously, Au nanobowl-based SERS substrates allow
MMP-9 detection with a limit as low as 0.9 ng mL™. Aravind
M. et al. addressed tear collection limitations by designing a
PDMS lens with selective adhesion properties, enabling
spontaneous tear separation without external force and
enabling sensitive lactoferrin detection via fluorescence and
colorimetry (Fig. 7D)."**

Breath monitoring is also significant for disease
diagnostics. Integrating biosensors into wearable face
masks offers a promising noninvasive approach for disease
diagnosis by detecting aerosolized proteins present in
exhaled breath, using various optical sensing techniques.
However, most exhaled proteins exist at extremely low
concentrations, necessitating highly sensitive detection
methods. To address this challenge, Shen-hui Cai et al
developed a mask-integrated gold foil adsorption array
that serves as an efficient sampling platform for capturing
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aerosolized  proteins. The collected proteins are
subsequently eluted, enzymatically digested, and analyzed
through  nano-liquid chromatography tandem mass
spectrometry (nano-LC-MS/MS). This workflow enables
highly sensitive identification of exhaled aerosol proteins
(Fig. 7E).*°

Labeled wearable optical biosensors for protein detection

Labeled optical detection of proteins has shown great
promise in enhancing the sensitivity of wearable biosensors,
offering the potential for highly accurate and specific
biomarker detection. By utilizing labels such as AuNP or
enzymatic tags, these systems can amplify the signal,
making it possible to detect even low-abundance proteins in
complex biological samples. However, the integration of
labelling agents introduces added complexity, both in terms
of the required reagents and the need for more
sophisticated detection equipment. As a result, only a
limited number of studies have explored this approach in
wearable biosensor development.

Lucas Dosnon et al. developed a microfluidic detection
platform embedded in sanitary pads (MenstruAl) that
enables semi-quantitative detection of inflammatory, cancer,
and endometriosis biomarkers (CRP, CEA, CA-125) in
menstrual blood using a fully instrument-free and visually
readable LFA strip (Fig. 7F).>°® The system incorporates a
dissolvable PVP membrane to precisely regulate a sample
volume of 150 pL and a Fusion5 membrane to filter red
blood cells, minimizing background noise. Al-enabled
smartphone analysis further enhances automation and
result interpretation. Elizabeth C. Wilkirson et al. integrated
LFA with microneedle sampling to create a non-invasive
wearable platform for detecting protein biomarkers in ISF
(Fig. 7G)."™ ISF is passively delivered through
microchannels into an LFIA strip without external actuation,
enabling blood-free, rapid (<20 minutes), and equipment-
free detection of biomarkers such as tetanus toxoid IgG and
SARS-CoV-2 neutralizing antibodies.

In summary, proteins play vital roles in disease diagnosis
and monitoring, and wearable biosensors offer a promising
route for their non-invasive and continuous detection. This
section highlights recent advances in the electrochemical or
optical detection of key proteins, such as CRP, cytokines,
MMP-9, and CEA in sweat, ISF, tears, and wound exudate
using multiple microfluidic platforms. Some representative
works are summarized in Table 2. Despite this progress,
protein sensing in wearable formats remains constrained by
limited sampling efficiency, low analyte concentrations, and
the need for high sensitivity and specificity in complex
biological matrices. To overcome these challenges, future
efforts should focus on enhancing biomarker enrichment
strategies, integrating multifunctional materials with signal
amplification, and developing closed-loop systems for real-
time monitoring and therapeutic intervention. Standardizing
protein sensing protocols and validating clinical correlations
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Table 2 Comparative analysis of wearable biosensors for protein sensing
Sensing Labeled or
Biofluid Biomarkers mechanism label-free  Material Fabrication method Ref
Sweat CRP Electrochemical Labeled PI, LEG, AuNPs, PET, hydrogels Laser cutting 171
Sweat CRP, cholesterol Electrochemical Label-free LEG, ZIF-67@ AuNPs, GO-3-CD, PI,  Screen printing, laser cutting 175
PET, PDMS
Sweat IL-6 Electrochemical Label-free AuNPs, PET Screen printing 37
Sweat IFN-y FET Label-free Graphene, Nafion, Cr/Au, PET Photolithography, E-beam 180
deposition, CVD
Sweat IL-1, CRP Electrochemical Label-free Gold, polymeric membrane Screen printing 11
Sweat 1L-31, cortisol Electrochemical Label-free PI, gold microelectrodes Deposition, 3D printing 195,
196
Sweat 1L-6, IL-8, IL-10, Electrochemical Label-free Gold/zinc oxide, PI Sputtering, deposition 197
TNF-a
Sweat TNF-o FET Label-free Graphene, PEN, Cr/Au, PDMS Sputtering, CVD, 198
photolithography, E-beam
evaporation
Sweat SARS-CoV-2 Inflammatory  Label-free Graphene, PET, Cr/Au CVD, photolithography, E-beam 177
cytokines evaporation, 3-D printing
Exhaled Proteins (e.g., Spectrum Label-free KN95, gold foil Deposition 30
breath cytokeratins,
cytokines)
ISF IL-6, TNF-a, IL-13 Electrochemical Label-free Aminated CNT-chitosan, Au, PDMS  Sputtering, UV photolithography 184
ISF IgG, SARS-CoV-2 Colorimetric Labeled NC membrane, glass fiber, PMMA, Soft lithography, laser cutting, 199
antibodies PET LFIA assembly
ISF CXCL9 Electrochemical Labeled Gold Photolithography 48
Wound  TNF-q, IL-6, IL-8, Electrochemical Label-free Polyurethane, AuNPs, PET Photolithography, evaporation, 31
exudate  TGF-B1 laser cutting
Tear AA, albumin, glucose Colorimetric Label-free Paper, textile fiber, wax, TBPB, Wax patterning, laser cutting 193
GOx/HRP-TMB, DI, PMo, PDMS
Tear VC, proteins Colorimetric Label-free DI, TBPB, PDMS, paper Spin coating, laser cutting 35
Tear MMP-9 SERS Label-free Poly(HEMA) hydrogel, AuNBs Sputtering 36
Tear MMP-9 Electrochemical Label-free AgNF, AgNW, Elastofilcon A, PI, CVD, electrospinning 192
PDMS, graphene
Blood CRP, CEA, CA-125 Colorimetric Labeled AuNPs, paper 3D printing 200

LEG: laser-engraved graphene. CNT: carbon nanotube. NC: nitrocellulose. PMMA: poly(methyl methacrylate). LFIA: lateral flow
immunochromatographic assay. AA: ascorbic acid. TBPB: tetrabromophenol blue. DI: 2,6-dichlorophenol indophenol. PMo: phosphomolybdic
acid. CVD: chemical evaporation deposition. AgNF: silver nanofibers. AgNW: silver nanowires. IFN-y: interferon-gamma. Nano-LC-MS/MS:
nanoliquid chromatography-tandem mass spectrometry. AuNBs: gold nanobowls. Poly(HEMA): poly(2-hydroxyethyl methacrylate). CA: cancer

antigen. CXCL9: C-X-C motif chemokine ligand 9.

will also be essential to advance wearable biosensors toward
reliable, personalized healthcare applications.

Wearable nucleic acid biosensors

Nucleic acids (NA)—primarily DNA and RNA—are essential
macromolecules that play a fundamental role in maintaining
the normal physiological functions of living organisms. They
are present in various biofluids, including blood, saliva,
urine, exhaled breath, and sweat. In wearable biosensor
systems, nucleic acids serve dual roles: as recognition
probes®’! for the specific detection of biomolecules such as
proteins, pathogens, and nucleic acids themselves, and as
reporter elements®®? that transduce target-binding events into
detectable signals.>®®> Compared to traditional protein-based
assays, nucleic acid molecules—particularly synthetically
engineered ones—offer several notable advantages: they
enable reagentless detection, exhibit high thermal stability,
are easily and precisely modifiable, and possess
programmable structural properties.>**>?*> These features

1460 | Lab Chip, 2026, 26, 1444-1470

have driven the widespread adoption of nucleic acid-based
strategies in wearable biosensing platforms, enabling highly
sensitive and selective detection of target analytes.>*® >

Despite the significant advantages of wearable nucleic acid
sensing, its development is hindered by several critical
challenges, primarily in three areas: effective sample collection,
efficient nucleic acid amplification, and high-sensitivity signal
detection. This section focuses on recent advances in non-
invasive or minimally invasive detection of nucleic acid
biomarkers using wearable technologies. Emphasis is placed on
the detection of pathogenic nucleic acids (e.g:, viral DNA/RNA
and bacterial DNA/RNA) and endogenous nucleic acids (e.g,
circulating tumour DNA (ctDNA), cell-free DNA (cfDNA), and
microRNAs (miRNAs)), which hold significant clinical relevance
for disease diagnosis and monitoring.

Sampling strategies in wearable nucleic acid biosensors

The concentration of nucleic acids in biofluids such as sweat,
saliva, and tears is significantly lower than in blood, posing a
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substantial challenge to sensor sensitivity. Moreover,
extracted nucleic acids are highly prone to degradation,
necessitating preservation of their integrity and stability
throughout the processes of collection, transport, and
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detection. These constraints make the development of
efficient, stable, and contamination-free sampling strategies
particularly critical. In this regard, microfluidic structures
play an essential role by enabling controlled routing, rapid
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isolation, and protected transport of trace nucleic acids,
helping  to degradation and  external
contamination. Consequently, establishing reliable
microfluidic interfaces for non-invasive or minimally invasive
acquisition of nucleic acid samples from the skin surface
remains one of the key technical hurdles for wearable nucleic
acid biosensing.

To address the difficulties of sampling and operational
stability in wearable nucleic acid sensing, Peter Q. Nguyen
and colleagues pioneered the development of lyophilized,
cell-free synthetic biology biosensors integrated into
lightweight, flexible substrates and textiles.”*® These systems
operate without the need for invasive sampling or complex
microfluidic pumps, instead relying on passive hydration
activation and target molecule diffusion. Upon target
recognition, the system can simultaneously generate a visible
color change and a quantifiable fluorescence signal,
wirelessly transmitted via optical fiber (Fig. 8A). The authors
demonstrated a prototype facemask embedded with a freeze-
dried CRISPR sensor for wearable COVID-19 diagnostics
(Fig. 8B). Respiratory droplets from the wearer rehydrate and
activate the embedded sensing elements; if viral nucleic acids
(e.g., SARS-CoV-2) are present, the system emits a detectable
fluorescent  signal, enabling noninvasive, real-time
monitoring of health status and pathogen exposure.

To improve ISF sampling efficiency for low-abundance
nucleic acid detection, Bin Yang et al. proposed a synergistic
strategy combining reverse iontophoresis with hydrogel
microneedles.>'® Furthermore, they developed an “on-line”
detection system for continuous in vivo monitoring of
circulating cfDNA. Unlike conventional methods involving
offline extraction and laboratory analysis, this integrated
microneedle array directly captures cfDNA from ISF using a
CRISPR-functionalized tip (Fig. 8C). The captured nucleic
acids are specifically recognized by CRISPR-Cas9, and the
resulting molecular interaction is transduced into an
electrical signal through a graphene-based bio-interface. This
device streamlines the detection workflow and offers
excellent sensitivity and specificity, representing a promising
direction for future clinical applications.

minimize

Amplification strategies in wearable NA biosensors

Nucleic acid amplification techniques—including PCR,
LAMP, RPA, and CRISPR-based methods—are fundamental to
sensitive molecular diagnostics. While PCR remains the gold
standard in laboratory settings, its reliance on thermal
cycling renders it energy-intensive and thus less suitable for
integration into wearable systems. In contrast, isothermal
amplification methods such as LAMP (loop-mediated
isothermal amplification) and RPA (recombinase polymerase
amplification) offer more practical alternatives for wearable
applications due to their operational simplicity and lower
power requirements. However, the seamless integration of
these techniques into miniaturized, resource-constrained
wearable platforms—while maintaining high sensitivity and
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specificity—remains a  significant  engineering and
biochemical challenge. Additionally, issues such as complex
primer design and non-specific amplification continue to
hinder robust performance in field-deployable systems.

Recent developments in nucleic acid diagnostics have
begun shifting from benchtop POCT systems toward
miniaturized, flexible platforms that are more compatible
with future wearable integration. Kong et al. designed a soft
PDMS-based microfluidic patch that performs recombinase
polymerase amplification (RPA) using only human body heat
(Fig. 8D), enabling electricity-free amplification of HIV-1 DNA
with smartphone fluorescence readout (detection limit ~ 100
copies per mL).>" In parallel, Yang et al. developed a
bandage-like wearable RPA microfluidic patch that utilizes
human body heat (30-37 ©°C) to drive isothermal
amplification and enables rapid, visual detection of nucleic
acids on skin.**> The flexible Ecoflex-PDMS structure
conforms to various body locations and allows fluorescence-
based readout of RPA amplicons within 10 min,
demonstrating a practical pathway toward truly wearable
nucleic acid diagnostics.

Complementing these optical approaches, Kim et al
developed an electrochemical RPA biosensor that operates at
human body temperature and enables highly sensitive
detection of viral nucleic acids through on-chip isothermal
amplification coupled with differential pulse voltammetry
(Fig. 8E).”™ The system achieves detection limits in the
femtogram-per-microliter range for SARS-CoV-2 target genes,
illustrating the potential of low-power electrochemical
amplification modules for future wearable NA sensing.
Together, these studies indicate a clear trend toward
integrating sampling, amplification, and molecular readout
within soft, low-power, and skin-compatible architectures—
laying the foundation for next-generation wearable nucleic
acid diagnostics.

Amplification-free strategies in wearable NA biosensors

In wearable nucleic acid diagnostics, amplification-free
strategies enable the direct detection of target nucleic acids
without relying on conventional amplification techniques
such as PCR or RPA. These approaches improve sensitivity by
enhancing signal output or minimizing background
interference, making them particularly advantageous for
resource-limited settings or applications requiring rapid
response. Microfluidic enrichment and electrochemical
amplification are commonly employed in these
platforms,'*>14721°

One promising technological route toward wearable
nucleic acid detection is the integration of CRISPR systems.
Hajian et al. immobilized catalytically deactivated Cas9
(dCas9) complexed with a sequence-specific sgRNA onto a
graphene field-effect transistor, where the binding of target
genomic DNA directly modulates the electrical characteristics
of the graphene channel, enabling rapid (=15 min) and
highly sensitive (~1.7 fM) detection without nucleic acid

This journal is © The Royal Society of Chemistry 2026
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amplification.®® Although the authors did not explore
wearable applications, this amplification-free, near-single-
molecule electrical readout mechanism is inherently
compatible ~ with  flexible electronics,  high-density
microfluidics, and low-power readout circuits, and is
therefore considered a highly promising direction for future
wearable nucleic acid sensing.

Beyond CRISPR-based strategies, Wang et al. recently
demonstrated an ultrahigh-sensitivity molecular
electromechanical sensing (MoIEMS) platform that couples
aptamer-functionalized tetrahedral DNA nanoprobes with a
liquid-gated graphene FET to electrically detect ions,
proteins, and unamplified nucleic acids."® By leveraging
nanoscale electromechanical actuation and minimized
Debye screening, the system achieves femtomolar- to
attomolar-level detection and can identify SARS-CoV-2 RNA
directly from clinical samples without amplification.
Although currently demonstrated in a benchtop format, its
compact g-FET architecture, low-voltage operation, and
inherent compatibility with flexible substrates suggest
strong potential for future translation into wearable nucleic
acid sensing systems.

Wearable nucleic acid biosensors offer a promising
approach for the non-invasive detection of clinically relevant
DNA and RNA biomarkers, enabling early diagnosis and real-
time monitoring of infectious and chronic diseases. Recent
advances have demonstrated various sensing strategies based
on CRISPR, graphene field-effect transistors, and microfluidic
integration, along with innovative amplification methods
such as isothermal amplification and amplification-free
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signal transduction. Despite these advancements, the
development of wearable nucleic acid biosensors currently
lags protein and metabolite detection, primarily due to
inherent technical challenges in nucleic acid testing: complex
amplification processes, single-molecule-level sensitivity
requirements, and interference from complex biomatrix
components. However, with breakthroughs in amplification-
free detection technologies, this field is now at a turning
point. These biosensors hold immense potential for real-time
monitoring of respiratory viruses (e.g., influenza, COVID-19),
outbreak prevention, and early community transmission
alerts. If challenges in sensing sensitivity, signal stability,
and mass production can be addressed, such biosensors will
become critical tools for large-scale infectious disease
control, enabling molecular diagnostics to transition from
laboratories to dynamic, personalized monitoring systems.

Comparative analysis of different
sensing mechanisms

In recent years, wearable biosensors have achieved significant
breakthroughs in health monitoring by enabling real-time
and continuous tracking of various critical biomarkers. As
summarized in Fig. 9, the sensing mechanisms used in
wearable platforms can be broadly grouped into two main
categories: electrical sensing and optical sensing. These two
routes differ not only in how signals are generated and read
out, but also in what types of targets they are best suited to
detect and how well they support long-term on-body
operation. In general, electrical approaches are particularly
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Fig. 9 Comparative advantages and limitations of electrical and optical wearable biosensing strategies.
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strong in enabling continuous, high-temporal-resolution
monitoring through direct electrical readouts, but in practice
they are most mature and reliable for small-molecule
metabolites. By contrast, optical approaches offer intuitive,
visually interpretable signals and often benefit from highly
specific recognition chemistries, yet they are typically less
suitable for truly continuous monitoring on the body. These
complementary strengths and limitations motivate a growing
interest in hybrid designs that combine electrical and optical
advantages, aiming to achieve multimodal, continuous health
monitoring with improved robustness and interpretability.

Wearable electrical sensing: strengths and limitations

Electrical sensing methods, including electrochemical
patches, FET-based detectors, and microneedle-enabled ISF
extraction systems, represent one of the most mature and
reliable technological routes in wearable biosensing. In
metabolite monitoring, these platforms have demonstrated
strong analytical performance, offering high sensitivity, fast
response, and stable signal transduction that can be readily
interfaced with low-power electronics. In particular,
electrochemical glucose sensing has reached a high level of
technological maturity, as evidenced by the widespread
clinical adoption of commercial continuous glucose
monitoring (CGM) devices, reflecting robust accuracy and
user-level reliability.>”*° Nevertheless, the advantages of
electrical sensing are not universally transferable across
analyte classes. For proteins and nucleic acids, continuous
real-time monitoring remains challenging due to slower
binding kinetics, limited availability of stable and selective
recognition interfaces, and the need for signal amplification
or multi-step assay formats. In addition, electrical signals can
be susceptible to nonspecific adsorption and matrix effects
from complex biofluids, leading to cross-interference,
baseline drift, and compromised specificity without careful
surface engineering and calibration strategies.

Wearable optical sensing: strengths and limitations

Optical sensing strategies offer a complementary pathway
for wearable biosensing, with several distinct advantages
and inherent limitations. A key strength of optical methods
lies in the intuitive nature of optical signals, which can
often be directly interpreted by the naked eye or simple
imaging devices such as smartphone cameras, enabling low-
cost and user-friendly readout. In addition, the use of highly
specific recognition elements—such as antibody-antigen
interactions or nucleic acid hybridization—confers excellent
molecular selectivity, making optical platforms particularly
well suited for protein and nucleic acid detection. These
approaches also facilitate multiplexed analysis through
spectral  encoding or spatial patterning, allowing
simultaneous monitoring of multiple analytes within a
single device. However, optical sensing typically suffers from
limited reliability and reproducibility under on-body
conditions. Signal intensity can be strongly influenced by
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ambient lighting, optical path variations, probe leaching,
and photobleaching, which complicate quantitative analysis.
Moreover, many optical assays rely on accumulation-based
or endpoint readouts, restricting their ability to provide
continuous, real-time monitoring. These factors currently
limit the long-term stability and robustness of optical
wearable sensors, especially for extended use in dynamic
physiological environments.

Overall, the strengths of electrical sensing in mature,
quantitative metabolite monitoring and the strengths of
optical sensing in specific, multiplexed biomolecular
detection are highly complementary. Accordingly, next-
generation wearable systems are increasingly moving toward
hybrid, multimodal designs—often coupled with data
processing/analytics—to improve robustness, interpretability,
and clinical translatability.

Key challenges for wearable
biosensing
Sample collection and stability

Sample collection is a major challenge for wearable
biosensors, and the difficulties differ across biofluids. For
sweat sensing, the main issues are unstable sweat
production and flow rate, as well as channel blockage or
residue buildup, which can reduce repeatability. For
interstitial fluid (ISF), sampling is not fully noninvasive:
minimally invasive methods such as microneedles may
cause skin irritation and require careful safety validation,
and the collected volume is usually small, which limits
continuous testing. Saliva sensing is strongly affected by the
oral environment, where food intake and daily activities can
introduce large interference; saliva can also clog channels
because of its complex composition. Tear sensing is even
more difficult for long-term continuous sampling, and
device contact may trigger reflex tearing and discomfort. For
exhaled breath, the key limitation is that target analytes are
often at very low concentrations, making stable detection
difficult. Overall, these biofluid-specific challenges highlight
the need for tailored sampling designs to achieve reliable
wearable measurements.

To overcome these challenges, sampling and collection
methods such as paper-based microfluidics, capillary
bursting valves, and pump-driven systems have been
extensively studied recently. A growing number of super-
absorbent polymers and stimuli-responsive hydrogels are
being researched and applied in sampling systems,
showing great potential to further improve sampling
efficiency. Meanwhile, to enhance the robustness of
sampling, one-way valves and sealing structures are often
employed to prevent backflow of samples or
contamination from external air. In summary, achieving
stable sampling and fluid-driven control relies heavily on
ingenious physical structure design and the strategic
application of functional materials.

This journal is © The Royal Society of Chemistry 2026
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Bio-interface stability under on-body conditions

Maintaining a reliable biotic-abiotic interface remains a
major obstacle for both electrical and optical wearable
sensors, as on-body conditions often induce electrode drift,
fouling, reagent degradation, and optical interference. To
address this issue, high-performance antifouling coatings,
selective membranes, and flexible substrates have been
integrated into the devices. Additionally, the incorporation of
reference channels enables dynamic calibration and
background subtraction, effectively mitigating baseline drift.
These strategies collectively contribute to enhancing the
interfacial reliability of wearable sensors.

Limited correlation with systemic physiology

In wearable biosensing, blood-based testing remains the
clinical gold standard because it most directly reflects
systemic physiology and provides well-established diagnostic
thresholds. In contrast, for peripheral biofluids—such as
interstitial fluid, sweat, tears, and saliva—the quantitative
relationship to blood biomarkers is often not yet fully
established and may vary with time, location, individual
physiology, and sampling conditions. Differences in transport
pathways, local tissue processes, secretion dynamics, and
potential contamination can introduce delays and
nonlinearity, making direct interpretation of wearable
readouts more challenging. Addressing it requires a dual
approach combining both engineering and clinical
perspectives. Clinically, the focus should shift toward
monitoring dynamic changes in biomarker concentrations
and establishing correlations among multiple indicators.
This can be complemented by invasive validation studies and
synchronized animal experiments to build robust
physiological correlations. On the engineering side, adopting
multi-modal sensing strategies can yield richer datasets,
which can then be processed using advanced data science
and AI algorithms to extract meaningful insights from
complex, noisy, and multi-dimensional data.’>**>'>*>

Conclusion

Wearable biosensors are rapidly moving from proof-of-
concept demonstrations toward practical health monitoring,
yet key gaps remain in reliable sampling, long-term on-body
stability, and the interpretation of signals across different
biofluids. Building on the advances reviewed in this work
across metabolites, proteins, and nucleic acids, future
progress is expected to center on three directions. First,
multimodal integration—combining electrical and optical
readouts with physical parameters such as temperature, flow,
and motion—can improve robustness and reduce drift in
real-world use. Second, Al-driven analytics can help convert
noisy, multi-source signals into actionable information,
supporting individualized baselines and trend-based
assessment rather than single-point readings. Third,
systematic clinical validation and standardization are

This journal is © The Royal Society of Chemistry 2026
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essential, including unified sampling protocols, clearer
relationships between peripheral biofluids and blood, and
longitudinal human studies. Together, these efforts will help
translate wearable Dbiofluid sensing from laboratory
prototypes into reliable tools for disease screening, therapy
support, and continuous health management.
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