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Abstract

Flexible electrochemical sensors have. emerged as a promising platform for real-time, noninvasive
health monitoring, driven by rapid advances in nanomaterials, fabrication methods, and system
integration. Over the past decade,\ubstantial efforts have focused on improving their mechanical
flexibility, analytical sensitivity, and biocompatibility, thereby expanding their potential in clinical
diagnostics and personalized healthcare. Despite this progress, several key challenges continue to
hinder practical translation: This review provides a comprehensive overview of recent advances in
flexible electrochemical sensors, with particular emphasis on nanomaterial engineering, device
fabrication strategiesy, and biomedical applications. Representative applications in sweat,
interstitialefluid, .tears, and saliva are summarized and critically discussed. The review also
examines current limitations, including challenges in sample collection, the variable reliability of
biofluid biomarkers, and interference from complex biological matrices. Finally, future
perspectives are presented on the integration of artificial intelligence and machine learning with
flexible electrochemical sensors to enable improved data interpretation, interference correction,

and more accurate biomarker identification in complex biofluids.
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Introduction

Flexible electrochemical sensors have emerged as a powerful alternative to conventional rigid
sensing systems, offering enhanced mechanical compliance' and user comfort,? particulatly for
wearable biomedical applications.> * These devices enable decentralized, real-time analysis With
minimal invasiveness, making them well-suited for continuous health. monitoring.”” This
advancement aligns with the growing demand for personalized mediciné and at-home diagnostics.®

Electrochemical detection, known for its high sensitivity,” rapid fesponse;:% ™!

and low power
consumption,'? has become a preferred approach for quantifying physiological analytes in sweat,'?
saliva,'* interstitial fluid (ISF),!® and tears.!® As a result, flexible electrochemical sensors are now
being explored for a wide range of clinical and non-clinical.applications, including chronic disease

management,'” sports performance tracking,'® and infectious disease diagnostics.'’

The progress of flexible electrochemical sensors isdeeply roeted in advances in materials design
and novel fabrication techniques. The incorporation of functi:)nal nanomaterials, such as carbon
nanotubes (CNTs), graphene, metal nanomaterials and metal-organic frameworks (MOFs), has
significantly enhanced sensor performance by increasing surface area, introducing or improving

catalytic properties, and facilitating rapid=eleetron transfer.'s

Additionally, biocompatible
conductive inks and hydrogels.enable improved integration with soft tissues and biointerfaces,
supporting stable signal transduction over prolonged use.?” 2! These sensors are typically
fabricated on substrates such as polyimide (PI),*> polyethylene terephthalate (PET),?
polydimethylsiloxane (PDMS),g\ silicone,?* and thermoplastic polyurethane (TPU),” which

provide mechanical flexibility without compromising electrical performance.

From a fabrication perspective, additive manufacturing methods such as fused deposition
modeling (FDM),? stereolithography (SLA),?’ and direct ink writing (DIW)* have enabled
scalable, cost-effective production of flexible electrochemical sensors with customizable
geometries. (These teéchniques also facilitate the integration of microfluidic channels and
multiplexéd electrode arrays, advancing multi-analyte detection and lab-on-skin platforms.?% *°
Moreover, the convergence of flexible electronics with wireless communication modules and
microprocessors has made it possible to develop self-contained wearable diagnostic devices

capable of/real-time data acquisition, storage, and transmission.* 3! Fig. 1 illustrates various

flexible electrochemical sensors incorporating enhanced nanomaterials and fabrication techniques.
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Figure 1. Applica ion exible electrochemical sensors with advanced nanomaterials and
fabrication technig oduced with permission from Refs. * 243241 Ay, gold; CNT, carbon
nanotube; COF ‘ alent’organic framework; DIW, direct ink writing; FDM, fused deposition
modeling; [ i uid; MOF, metal-organic framework; MXene, Ti3C,Tx; SLA,

Despite remarkable advances in materials engineering, fabrication techniques, and system
integr: , the field of flexible electrochemical sensors remains fragmented across individual

, device architectures, and sensing strategies. As a result, many studies focus on device-
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level performance while offering limited insight into how nanomaterials, fabrication approaches,
and sampling media collectively determine analytical reliability, long-term stability;, and
translational potential. An integrated review is therefore needed to synthesize recent progress,

clarify persistent challenges, and define future priorities for this rapidly evolving field.

Compared with previous reviews that mainly focus on specific biofluids, individual classes of
nanomaterials, or particular flexible sensor designs, the present review provides.a comprehensive
and integrated perspective that connects material design, fabrication methodology, biofluid-
specific sensing environments, and practical translation. In this revie\; we discuss flexible
electrochemical sensors from three interconnected perspectives:nmaterial design, fabrication
strategy, and biofluid-specific application. Particular attention is given to critical limitations,
including biofouling, signal drift, long-term operational stability, and the integration of reliable
power sources and advanced data-processing systems. We further outline future opportunities for
autonomous, Al-assisted, and biodegradable sensing platforms'that may enable the next generation

of personalized and precision health monitoting.

Nanomaterials for enhancing., flexible electrochemical sensor
performance

In the early 2000s, CNTs marked the first incorporation of nanomaterials into flexible
electrochemical sensors.*> Subsequent developments introduced a broader range of functional
nanostructures, including | graphene, metal oxides, and nanohybrids such as gold-CNT and
graphene/polymer composites.!®:More recently, advanced hybrid systems, particularly conductive
polymer/MOFs andigraphene/MOFs, have further expanded material design strategies for flexible
sensing platform§: Owing to the unique features offered by nanomaterials, several critical issues
encountered 4n earlier generations of sensors have been addressed, leading to significant

enhancements i analytic performance.*> 44

Some of the maifiremaining challenges are as follows: high limits of detection (LOD) arising from
low.active surface area, noisy signaling and slow response dynamics,* lack of flexibility,? surface
fouling,*® and constraints in simultaneous multi-analyte sensing.*”-*® The distinctive characteristics

of nanomaterials, notably their large surface area, excellent electrical conductivity, tunable

https://mc04.manuscriptcentral.com/ecssp-ecs
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biocompatibility, and strong electrocatalytic activity, enhance the sensitivity, response speed,

prolonged stability, and flexibility of these sensors.*>°

Carbon nanomaterials

Carbon nanomaterials, including reduced graphene oxides (rGOs),”! CNTs,* and carbon black
(CB),> bring together the combination of high electrical conductivity, large specific surface area
with tunable surface chemistry for functionalization, and méchanical "flexibility.** These
characteristics collectively make them ideal candidates for both,printed electrodes and flexible,
skin-like substrates.>>%® Consequently, carbon-based nanomaterials ¢onstitute the technological
backbone of numerous wearable electrochemical sensingsplatformsand have been extensively
applied in a wide range of enzymatic sensing®’ for glucose,’? lactate,’® and urea,” as well as in the

detection of coagulation biomarkers®® and aptamer®'based targets.
.

Among graphene and its derivatives, rGO is particularly attractive because it can be easily
fabricated into conductive inks or fibers.®* The hydroxyl groups on the surface of tGO can facilitate
the immobilization of enzymes or aptamers.®, Laser-induced graphene (LIG), with its three-
dimensional, highly conductive porous networkiproduced by laser irradiation of PI or paper, has
become a rapidly expanding research topic inthe development of wearable electrodes.®* > The
resistance of LIGs is tunable by adjusting the laser wavelength, power, and atmosphere,*® allowing

structural and electrical optimization for specific sensing tasks. LIG-based flexible electrochemical

67, 68 69, 70

N . . . .
sensors have been applied'in non-enzymatic detection, enzymatic sensing, as well as

immunosensor-based.platforms.’!

Percolated CNT networks on elastomeric substrates (such as PDMS or TPU),”? free-standing CNT
thin films,” and ultrathin transferred CNT films represent promising and increasingly adopted
strategies to improve mechanical stability and provide higher conductivity under both stretching
and bending.,”* Hybridization of CNTs with conductive polymers (such as PEDOT:PSS41 or
polyanilifie™) or décoration with nanometals/metal oxides (e.g., Au, Pt, Ni-Co, TiO2, MnO:)
significantly enhances the electron transfer rate, facilitates charge transport between the analyte

(such as glucose) and the electrode, and results in higher sensor sensitivity.® 7

CNTs have also been integrated into hybrid systems with MOFs and graphene to improve

selectivity, as well as supporting the development of self-powered sensors based on enzymatic

https://mc04.manuscriptcentral.com/ecssp-ecs
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biofuel cells.”” Fabricating CNTs into fibers or yarns, instead of their powder or film form, enables
them to be woven into lightweight and elastic wearable textiles that function as sensors capable of
monitoring glucose, lactate, or electrolytes in biofluids such as sweat.*! In addition, sereen, inkjet,
and aerosol jet printing (AJP) of CNT-based inks provides scalable and cost-effective routes for

fabricating wearable sensors on flexible substrates.”®!

Metal-organic frameworks

The high specific surface area, tunable pore sizes, and abundant active sites for loading enzymes,
aptamers, or redox mediators have made MOFs promising candidates for flexible electrochemical
sensors.®23* These features not only facilitate efficient mass transportiof analytes but also enhance

the stability of biomolecules.®

For example, zeolitic imidazolate framework-8 (ZIF-8)
incorporated with glucose oxidase in wearable glucose sensorsiimproves catalytic activity and

extends the otherwise short enzyme lifetime.¢

Although the tunable pores and abundant active sitesare adV;ntages of MOFs, their intrinsically
low conductivity remains a major challenge.®”»®® One strategy to overcome this limitation is the
fabrication of hybrid films combining MOFs with highly conductive nanomaterials such as gold
nanoparticles (AuNPs)® and CNTSs.?Y. Formexample, AuUNP-MOF-CNT hybrid films have
demonstrated multi-analyte sensing capability, with high sensitivity, reduced protein fouling, and
more stable and precise electrochemical signals.’’> °> Recent research has focused on several
strategies to improve MOF performance in'wearable sensors. These include direct MOF thin-film
growth on flexible substrates to ihlprove adhesion and homogeneity, synthesizing conductive 2D
MOFs®? to minimize or eliminate the need for conductive additives, and incorporating MOFs into
hydrogels®® or conduetive polymers® to support better mechanical flexibility and long-term

operational stability.
Covalent organic frameworks

Covalent organic frameworks (COFs), porous crystalline conjugated polymers composed of
lightweight atoms (C, H, N, and 0)°%, have recently been applied in electrochemical sensors.”” %8
However, their intrinsic conductivity is generally insufficient, even in m-conjugated structures,
which necessitate hybridization with conductive nanomaterials such as nanometals, graphene, or

CNTS.99_102
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The porous structure of COFs, along with their - stacking interactions!®* and abundant surface

102

binding sites, provides a biostable substrate for immobilizing nanometals,'” metal ions,!*

aptamers,'% and aromatic analytes on the electrode surface. This structural advantage prevents
aggregation and enhances stability, sensitivity, and selectivity of the resultingssensors.1% 107
Despite these advantages, COF-based electrodes still face challenges related.to electrochemical
fouling caused by redox reaction intermediates and biofouling resulting from theéyadsorption of

proteins, cells, or lipids, both of which can deteriorate sensor performance.' %
~
Nonetheless, the nanocomposites of COFs have demonstrated applicability in electrochemical

sensors for a range of analytes, including biomolecules, heavy metalssand antibiotics.!%*1% As
research continues to evolve, COFs are expected to play an increasingly important role in
electrochemical sensing, with future studies likely to focus onaddressing current challenges and

further expanding their applications.!'®

Metal nanomaterials y

The most popular nanometals for flexible electrochemical sensors are gold (Au),'” silver (Ag),!!°
platinum (Pt),!'! and copper (Cu).!'? Their exeeptional electrical conductivity, strong catalytic
activity toward redox reactions, high surfacearea; hybridization capability with other functional
materials, biocompatibility (particularly in Au and Pt), and ink printing!!® on flexible substrates
make them highly attractive for flexible electrochemical sensing platforms.!'* Collectively, these
properties enable the development of highly sensitive, fast-responding, stable, and antibacterial

sensors with low LOD.!!> 116 HoWever, the main challenges of nanometals are their high cost and

limited flexibility when integrated into large-area wearable platforms.!!’

AuNPs and AgNPs have been widely applied in sensors for decades, owing to their excellent
electron conductivity and strong capability to immobilize enzymes.'!® Building on these well-
established metal. nanomaterials, recent studies have further focused on improving their
processability, flexibility, and integration with wearable sensing platforms. In the past five years,
inkjet printing of manometals (Au, Ag, and emerging Ga-based inks) has advanced considerably
and become increasingly applied in flexible sensor platforms.''?! In addition, Pt and Au
nanostructures have been utilized in implantable biosensors, expanding their biomedical

applicability.'*?

https://mc04.manuscriptcentral.com/ecssp-ecs
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To address the high cost of noble metals, more cost-effective alternatives such as CuNPs, have
been introduced and explored.!?® Furthermore, the integration of artificial intelligénce (Al) for
voltammetric data analysis has been explored, enabling smart, real-time health monitering when

combined with nanoparticle-based electrochemical sensors and microfluidic systems.!?* 123

Single-atom catalysts and single-atom nanozymes

Single-atom catalysts (SACs) and single-atom nanozymes (SANs) have recently emerged as a
powerful class of nanomaterials for biosensing, offering maximized atemic¢ utilization, well-
defined active sites, and enzyme-like catalytic activity with superiorstability compared to natural
enzymes.'?613% Our group has performed pioneered work in this fieldjdemonstrating that isolated
metal atoms (e.g., Fe, Co, Ni) anchored on carbon, nitrogen-doped carbon, or porous supports can
serve as highly efficient electrocatalysts and artificial enzymes for biosensing applications.'*!-13
Recent work from our group further highlights the versatility of SANs in analytical applications,
including single-atom nanozyme-based signal amplification st?ategies and well-defined structure—
activity correlations for flexible biosensirig.3s* 2% 128133/These studies underscore the growing

potential of SACs and SANs as robust, low-loading, and cost-effective alternatives to conventional

nanometals and natural enzymes for next-generation flexible electrochemical sensors.

Overall, the materials discussed.above illustrate that no single nanomaterial is universally optimal
for all flexible electrochemical sensor designs. CNTs and graphene-based materials provide
excellent conductivity, mechanical flexibility, and processability, but they may suffer from
aggregation or insufficient select\f(/ity without modification. MOFs and COFs offer high surface
area and tunable architectures but generally require hybridization with conductive components
because of their relatively,poor intrinsic conductivity. Nanometals provide strong electrocatalytic
activity but raise concernsirelated to cost and large-area flexibility. SACs/SANs introduce highly
efficient catalytic sites with growing promise for low-loading and robust sensing, but still face

challenges in scalable synthesis, structural characterization, and device integration.

Recent studies show that performance gains increasingly arise not from the use of one material
alone, but from) rational hybridization strategies that balance conductivity, catalytic activity,
biocompatibility, and mechanical durability. This materials perspective naturally leads to
fabrication.considerations, because the practical value of each nanomaterial depends strongly on

how effectively it can be patterned, integrated, and scaled into flexible device architectures.

https://mc04.manuscriptcentral.com/ecssp-ecs
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Fabrication techniques for flexible electrochemical sensors

The benefits of advanced nanomaterials can only be realized when they arefincorporated into
device architectures through fabrication methods that preserve both electrochemical performance
and mechanical compliance. For this reason, fabrication strategy is not assécondary consideration
but a central determinant of sensor sensitivity, reproducibility, stability, and scalability. In addition,
the chosen fabrication route directly affects the feasibility /of integrating microfluidics,
microneedles (MNs), wireless components, and multiplexeddelectrode dayouts. This section
discusses the main fabrication approaches used for flexible electrochemical sensors, from
established patterning methods to emerging 3D-printing technologies, with attention to how each

method supports different material systems and application scenatios.

Conventional planar fabrication techniques N

Doctor blading, the most straightforward method, 1s a simple and low-cost technique that spreads
viscous inks over substrates, suitable for producing uniform conductive, catalytic, or polymeric
films.?> 3% 37 Screen printing is another.widely adopted, cost-effective technique that offers high
throughput and roll-to-roll manufacturing, making it a dominant method for producing commercial
disposable electrochemical sensors.!” 13140 However, both doctor blading and screen printing
suffer from limited resolution,/making,them less suitable for fabricating highly miniaturized
electrode geometries. By contrast, photolithography is a precise microfabrication technique that
enables high-resolution patterning of electrodes and microstructures in flexible electrochemical
sensors.'*! Nevertheless, photolithography typically requires cleanroom facilities and multiple

processing steps, impeding its adaptability for large-scale flexible sensor manufacturing.
Laser-induced graphene

LIG is a mask-free fabrication technique widely employed for developing flexible electrochemical
sensors.*%Iny this.method, a laser beam is used to locally carbonize and convert the surface of a
carbon-rich polymer substrate into a porous, conductive network. This allows direct patterning of
electrode structures without chemical etching or metal deposition, significantly simplifying the
fabrication process compared to screen printing and photolithography. However, the morphology
and conductivity of LIG strongly depend on laser parameters, and small deviations may lead to

inconsistent pore structures or uneven conductivity across the electrode surface.

https://mc04.manuscriptcentral.com/ecssp-ecs
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3D printing

Recently, 3D printing technologies have emerged,'*® providing versatile solutions for producing
flexible electrochemical sensors. Compared with traditional manufacturing ‘methods, 3D, printing
offers significant advantages, including the ability to create complex 3D geometries with full
design customization, rapid prototyping, broad accessibility, and cost-effectiveness. Additionally,
3D printing can be integrated with novel nanomaterials, enabling furthér improvements in sensor
sensitivity and stability. Notably, 3D printing technologies enable’the combination of flexible
electrochemical sensors with functional components to improve sample collection, such as 3D-

printed microfluidic platforms and 3D-printed MN arrays for efficient extraction of ISF.% 142

FDM, also known as fused filament fabrication, is widely.explored for fabricating electrodes of
electrochemical sensors.!*> '#* Although commonly used filaments such as polylactic acid and
acrylonitrile butadiene styrene are electrically insulating, their conductivity can be significantly
enhanced by blending them with carbon materials, such as grap%ene, CNTs and CB. This approach
enables the fabrication of cost-effective eleétrodes with high mechanical strength and flexibility.!#
SLA, known for its high printing resolution,'* s frequently used to produce insulating components
for flexible -electrochemical sensors, “particularly when precise geometry, flexibility,
biocompatibility, and long-term durability’are required.'*® SLA has also demonstrated strong
potential in producing high-quality'MN arrays, either by direct printing or by serving as high-
precision molds for subsequent replication.'*” *® Notably, SLA holds strong advantages in
fabricating microfluidics that can'beéintégrated with electrochemical sensors, promoting real-time

monitoring with high performance.'®

For fabrications that require the use of nanoparticles, biomaterials, or polymers to customize
electrodes or achieve speeific surface functionalization, other 3D printing techniques such as
DIW,?® inkjet printing,'>® and AJP'! are particularly advantageous. DIW enables high material
loading with' minimalewaste and excellent uniformity; inkjet printing deposits precise picoliter
droplets at'targeted locations to maximize efficiency; and AJP allows maskless and contactless

deposition of diverse inks for microstructure fabrication.

Each fabrication method offers a different balance among resolution, throughput, material
compatibility, structural complexity, and manufacturing cost. Conventional techniques such as

doctor blading, screen printing, and photolithography remain important for planar electrode

https://mc04.manuscriptcentral.com/ecssp-ecs
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production. In contrast, LIG enables mask-free patterning of conductive electrode structures;while
3D printing provides greater flexibility for rapid prototyping, customized geometries; and

integration with auxiliary structures such as microfluidics and MNs.

The broader trend in the field is therefore moving toward hybrid fabrication workflows:that
combine the strengths of multiple methods rather than relying on a single process. This transition
is especially important for biomedical applications, where sensor performance mustbe considered
together with wearability, sampling strategy, and long-term user comfort. Against this background,
the following section examines how material and fabrication advances arz being translated into

practical sensor systems for different biofluids.

Applications of flexible electrochemical sensors in biofluid analysis

The convergence of advanced nanomaterials and flexible fabrication methods has accelerated the
development of electrochemical sensor systems for wearable and minimally invasive biomedical
monitoring. Because these devices can conform to soft and curved biological surfaces, they are
well suited for continuous analysis of alternativeibiofluids such as sweat, ISF, tears, and saliva.!>*
154 However, the suitability of each biofluid depends not only on sensor sensitivity, but also on
sample accessibility, correlation, with blood biomarkers or other clinical features of interest,
susceptibility to interference, and'compatibility with long-term on-body operation. Therefore, this
section is organized according to \different biofluid types to provide a comparison of their sensing
opportunities and practical’/challenges. Within each biofluid category, representative studies were
selected to highlight ¢linically relevant biomarkers, sensing mechanisms, flexible device

architectures, and fabrication methods.

Sweat-based sensors

Sweat, as.areadily and noninvasively accessible biofluid,'>> '*® has garnered increasing attention
for real-time health monitoring due to its rich composition of biomarkers, including electrolytes
and‘metabolites."” 1°® Flexible electrochemical sensors designed for sweat analysis provide a
promising platform for continuous, real-time and noninvasive monitoring of human physiological
status.” These skin-conformable sweat sensors,'>” with high sensitivity and rapid response,'*

epable dynamic monitoring of key health indicators, making them highly valuable for personalized

https://mc04.manuscriptcentral.com/ecssp-ecs
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160, 161

and preventive medicine. Table 1 summarizes representative sweat-based flexible

electrochemical sensors and their corresponding target biomarkers.

Xu et al. developed an in-ear integrated array of electrochemical and electrophysiologieal sensors
mounted on a flexible substrate surrounding a user-generic earphone for the,simultaneous
monitoring of sweat lactate levels and brain activity.'*’ Fig. 2A illustrates the overall appearance
and structural design of the flexible electrochemical sweat sensor, in which the working electrode
(WE) surface (red box) incorporates lactate oxidase, which catalyzes'the oxidation of lactate into
pyruvate and H>O». The generated H>O» is subsequently reduced in the pre;nce of Prussian Blue,
producing a current directly proportional to the lactate concentrations During physical activity, the
device successfully captured rising lactate levels along with dynamic electroencephalogram
changes, demonstrating its capability for unobtrusive, continuous brain—body monitoring. This

approach provides new opportunities to study neurophysiologic-metabolic interactions and

supports long-term health assessment and disease management. '’

Flexible sensors for continuous glucose monitoring are.essential tools for the effective treatment
and long-term management of diabetes.>* RecentlyyLi et al. developed a flexible, wearable, non-
enzymatic electrochemical sensor for continuous glucose detection in sweat, as shown in Fig. 2B.
To enhance catalytic performance in wearable glucose sensing, PtNPs were hybridized with
MXene (Ti3CoTx) nanosheets to form a Pt/MXene composite catalyst, which enables accurate
detection in a neutral environment and a broad linear detection range. In addition, the sensor design
optimized sweat sampling. The'mierofluidic patch, consisting of a collection reservoir and a test
reservoir, reduced the interfetence caused by sweat accumulation. To further ensure stable
electrochemical performance, the Pt/MXene composite was immobilized onto a conductive
hydrogel matrix. In/a human trial, the sweat glucose concentration detected by the sensor showed
trends consistent with energy replenishment and consumption in the body, suggesting sensor
reliability.'®?

To address-the limitations of most flexible sweat sensors, which often suffer from poor stability,
limited (specificity, and sensitivity to time and temperature fluctuations, a long-term stable and
highly sensitive flexible electrochemical sensor based on nanocomposite-modified porous
graphene fabricated by a facile laser treatment was developed for biomarker detection in sweat
(Fig. 2C).% The dual glucose and pH sensor was integrated with a flexible microfluidic sweat-

sampling network for accurate and continuous detection of glucose and pH. As an affordable,

https://mc04.manuscriptcentral.com/ecssp-ecs
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flexible, and multifunctional approach, LIG electrodes were employed to fabricate the
electrochemical platform. In addition, patterned porous graphene nanocomposites/were used to

achieve sensitive, selective, and accurate monitoring of biomarkers.*

Microfluidic devices, fabricated by 3D printing, have gradually emerged as a popular platform. for
sweat analysis due to their multifunctional integration, mechanical flexibility, biocompatibility,
enclosed microenvironments, and low sample volume requirement.!® A neckband-integrated
flexible microfluidic sensor was developed for real-time glucose monitoring in sweat (Fig. 2D).
The microfluidic channels, fabricated by a cleanroom-free 3D-printing ted;lique, were integrated
with a flexible sensor. These microfluidic channels enable autonemous capillary-driven flow
across the sensor surface, allowing real-time analyte detection: Fluid flow analysis demonstrated
that the sensing chamber and outlets could be filled homogeneously within 8s. This flexible pump-
less microfluidic sensor was mounted onto a 3D-printed neckband to collect and analyze sweat.
Additionally, the flexible sensor was linked to a miniature *Bluetooth-enabled potentiostat for
wireless analysis. The performance of thefsensor was validated using high-performance liquid
chromatography, confirming accuracy and reliability of glucose level measurements derived from

the microfluidic device.!%*

Beyond glucose monitoring, 3D-printed microfluidic devices have also been employed for ion
detection in sweat. Farahani et al. integrated the 3D-printed potentiometric sensor into microfluidic
devices for Mg?" analysis. Notably, they utilized a functional, 3D-printable, photocurable
methacrylate-based ion-selectivesmembrane to enable selective measurement of Mg2+ without
interference. 3D printing not only improved the reproducibility of the sensor but also enabled the
direct fabrication of both the microfluidic device and the potentiometric sensor, simplifying the
production while offeting high modifiability and miniaturization.'* In addition, 3D-printed

167 and

microfluidic devices have been used for the detection of K','® cortisol, '® lactate
glucose,'®® demonstrating the broad versatility of 3D-printed microfluidic devices in sweat-based

flexible electrochemical sensors.

Table 1. Summary of flexible sweat-based electrochemical sensors and target biomarkers.

Sensors Biomarkers Detection mechanism Ref.
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Pt/MXene-based flexible ) o
] Glucose Non-enzymatic glucose oxidation
non-enzymatic sensor

Non-enzymatic glucose sensing with

LIG wearable patch Glucose, pH o
pH calibration
In-ear integrated sensor ) o Multimodal electrophysiological and
Brain activity, lactate ) , i
array enzymatic electrochemical sensing
Nanofiber-based Glucose, lactate, pH, Integrated electrochemical’and
microfluidic systems CI', urea colorimetric sensing arrays

Glucose, lactate, uric AuNPs/MXene-enhanced

AuNPs/Ti;C,Tx MMFSA
acid electrochemical sensing
CuNi-MOF@rGO flexible y _ Cu/Ni dual-metal-site-assisted
, ) Uric acid, dopamine o
electrochemical biosensor electrocatalytic oxidation
Multifunctional conductive , Tyrosine sensing with pH-based
) pH, tyrosine o
hydrogel wearable biosensor calibration
PVF fibers-based
Hanotibers-base Lactate FECT-based detection
electrochemical transistors
Stretchable ionic—electronic Enzyme-assisted detection after
' . Lactate, cholesterol , d _
bilayer hydrogel electronics dissolution/diffusion of biomarkers
A S
Ti3C,Tx/MB HIS paper Glucose, lactate Enzymatic amperometric sensing

162

36

140

169

139

170

171

172

173

174

FECT: Fiber-based organic.electrochemical transistors
HIS: highly integrated sensing

LIG: laser-induced graphene

MB: methylene blue

MMESA multimodal and multichannel flexible

MOF: metal-organic framework

MXene: T13C2Tx

NP: nanoparticle
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PVF: polyvinyl formal
rGO: reduced graphene oxide

Due to the presence of various metabolites and ions, as well as the potential for continuous
sampling, sweat plays an important role in the development of flexible electro¢hemical sensors.
Sweat-based sensors offer clear advantages, including noninvasive samp@g, user comfort, and
compatibility with continuous epidermal monitoring, making them particularly useful for tracking
electrolytes, metabolites, and short-term physiological changes during ‘exercise or daily activity.
However, sweat sampling remains a major challenge. A key issue is how to obtain an adequate
amount of sweat within a short period without introdu¢ing contamination.!”> Some sweat-based
sensors rely on exercise to stimulate sweat productiongwhile others incorporate active stimulation
devices to induce sweating.> However, exercise-induced"Sweating is unsuitable for elderly
individuals, seriously ill patients, or people :who naturally produce little sweat, whereas active
stimulation may raise safety concerns due to the use.of electrical or chemical stimuli. In addition,
sweat evaporation, environmental contamination, local secretion-rate variation, and person-to-

person differences can introduce uncertainty,and complicate quantitative interpretation.

To address these issues, 3D-printed microfluidic channels have been used to isolate sweat samples
from the surrounding air, reduce evaporation and contamination, and improve monitoring accuracy.
Beyond sampling control, fesearehers have also sought to minimize interference from other
chemical species in sweat during biomarker detection. In this context, newly synthesized materials
have been applied to enhance the selectivity and sensitivity of sweat sensors. For example, single-
atom catalysts developediin our group have been demonstrated to improve monitoring accuracy

and effectively suppress interference from sweat components.>

Taken together, future sweat-based flexible electrochemical sensors will benefit not only from
improvedssensitivitys but also from better sampling control, more reliable calibration strategies,
and closer integration with microfluidics and data-processing algorithms. With these
considerations in mind, ISF-based sensing offers a useful contrast because it provides a closer
biochemical link to systemic physiology, although it also requires more sophisticated device

design and sampling methodology.
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compositional similarity to blood.'”® Recently, ISF-based flexible electrochemical $ensors
integrated with MN arrays have been developed to detect various biomarkers in ISF.! 217~ 180Taple

2 summarizes flexible electrochemical sensors based on ISF.

ISF is commonly used to monitor glucose levels due to the strong correlationbetween the glucose
concentrations in ISF and blood.!8! 182 Py et al. presented a flexible, electronies-based epidermal
biomicrofluidics device to monitor glucose continuously (Fig. 3A). This/flexible sensor overcomes
the main limitation of wearable glucose sensors, unreliable measurements, by using a correction
model to eliminate the effect of individual differences and a 3D nanostruct;ed working electrode
surface for precise in situ glucose measurement, thereby meeting theréquirements for clinical
diagnosis and diabetes management. In addition, the entire device was fabricated using DIW,
enabling low-cost and facile manufacturing, which i§ beneficial for large-scale production.
Notably, a temperature control component was integrated.into the device for thermal activation,
improving skin permeability to facilitate the efficiency of transdermal ISF extraction. Moreover,
a flexible electrode pair responsible for réverse iontophoresis is integrated with ion-transport
microchannels within the skin under the effect of a.weak electric field, to further enable efficient

transdermal ISF extraction.'3°

MN, as a minimally invasive tool for ISE extraction, are widely used for sample collection in
wearable electrochemical sensors,.due to their virtually painless, low-risk, and user-friendly
nature.'> ¥ As a result, MN-based sensors are increasingly explored for health monitoring and

184, 185

disease diagnosis, with teeent/ applications in the detection of glucose,'*® ions,!7®

creatinine,'®¢ dopamine!” and VEGF'®’ in ISF.

A flexible MN-based electrochemical platform fabricated by 3D printing, integrating a SAN-
modified electrodes provides superior sensitivity and selectivity for glucose monitoring (Fig. 3B).
SANSs are a class of artificial enzymes in which the catalytic sites are isolated at the atomic level,
exhibiting stable .¢hemical properties and mimicking natural enzymatic activity, leading to
distinctive catalytic behavior.!?® Fe-N-C SANs show outstanding catalytic activity toward H,O»,
enabling their extensive use in diverse sensing platforms, including glucose, uric acid and lactate.*
24 In"this sensor, the modification of Fe-N-C SANSs significantly enhanced electrochemical
perfermance, providing high sensitivity and selectivity for glucose with a low LOD of 0.285 pM
and a broad linear range of 0.1 uM to 50 mM. By employing a 3D-printed finger-activated pump,

the hollow MNs can extract artificial ISF, enabling continuous tracking of glucose fluctuations.
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Additionally, the generated electrochemical signals can be wirelessly transmitted to a smartphone
in real time, allowing user-friendly data access and facilitating remote monitorings* Finally, the
electrochemical sensor offers promising possibilities for point-of-care (POE) health.monitoring
applications. Beyond glucose sensing, this 3D-printed platform also shows_strong potential for

detecting various other biomarkers in ISF.

In order to monitor multiple ions concentrations (Na®, K*, Ca?" and H') and pH lévels in situ, a
flexible MN patch coupled electrode array (MNP-EA) was developed(Figs3C).!7° The hyaluronic
acid (HA) was blended into methacrylated HA to meet the structural r;1uirements of MNPs,
providing both excellent swelling capacity and adequate mechanicalstrength. Using this polymer
blend, the MNPs produced by laser engraving achieved ‘rapid and sufficient ISF extraction,
yielding approximately 6.87 uL per needle in 5 minutes. The MNP-EA was shown to be able to
monitor electrolyte imbalances induced by dietary intake in mice, electrolyte variation after

exercise in humans, and electrolyte abnormalities induced by $alt stress in plants.

Table 2. Flexible ISF-based electrochemical sensors and target biomarkers.

Sensors Biomarkers Ref.
Flexible MNP-coupled electrode array Na', K, Ca?", H" 176
Flexible epidermal biomicrofluidi€¢ device Glucose 180
Poly (N-phenylglycine) flexiblebigsensor Glucose 17
Wireless multisensor-integrated bioeléctronics Creatinine 186
Microneedles with interdigitated electrodes VEGF 187
ZnO/PDMS-based microelectrode array Dopamine 179
SU-8/SWCNTs microneedle electrode array Glucose 136
Protein hydrogel CGM system Glucose 188

CGM: continuous glucose monitoring
MNP: microneedle patch

PDMS: polydimethylsiloxane
SU-8:photocurable polymer

SWCNTs: single-wall carbon nanotubes
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Compared with sweat sensing, flexible ISF-based electrochemical sensors offerstronger potential for
clinically relevant monitoring because ISF composition is often more closely related to blood chemistry.
By accessing biomarker-rich ISF through minimally invasive MNs, these sensots provide an attractive
strategy for real-time health monitoring, particularly for continuous glucose and drug monitoring, where
quantitative reliability is essential. However, several challenges remain, \including limited analyte
concentrations, potential skin irritation caused by MNs, and the need for/safe, stable, and reproducible ISF
sampling.

With the development of 3D printing technology, the fabrication.precision and structural quality of MNs
have been significantly improved, helping to meet the requirements of ISF-based sensing platforms. Future
advances in ISF sensing will likely depend not only on improving electrochemical sensitivity, but also on
further enhancing device comfort, long-term skin compatibility; and reproducible ISF extraction. These
issues differ from those in sweat analysis and help explain why tear=based sensing, despite its own sampling

limitations, has emerged as an attractive option‘for highly localized and specialized monitoring.
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earable platforms such as smart contact lenses or eye patches, enabling continuous
detection of ocular and systemic biomarkers.!*> These devices hold great potential

or early disease diagnosis, personalized medicine, and chronic disease management, particularly
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for conditions such as diabetes and dry eye syndrome.'®> " Recent flexible 4ear-based

electrochemical sensors are listed in Table 3.

Table 3. Flexible tear-based electrochemical sensors and target biomarkers.

Sensors Biomarkers Ref.
Fe/Co bimetallic oxides Glucose 16
PB analogues/Ag smart contact lenses Temperature 32
Self-powered integrated OECT sensor Glucase, Ca** 137
AuNP-deposited carbon cloth NO 194
Ni-Co-MOF hydrogel Urea 195
Carbon micromesh electrode Ascorbie acid, pH 196
Smart contact lenses Glugose 197

MOF: metal-organic frameworks
NP: nanoparticle
OECT: Organic electrochemical transistor

PB: Prussian blue

Smart contact lenses are attracting growing interest in the field of wearable bioelectronics for
health monitoring. '3 ' ot naturally collected by contact lenses, contact lens-
integrated sensors offer a viable way to monitor metabolites in tears.!*” To address the large liquid
volume requirement Of echromatographic methods and the power-supply limitations of wearable
bioelectronics, a flexible and self-powered integrated organic electrochemical transistor (OECT)
sensor was deyeloped.for multiple sensing of glucose and Ca** in tears (Fig. 4A). Organic solar
cells were applied in OECT sensors to supply power and enable self-sustained operation,
overcomifng the limitation of insufficient long-term availability associated with battery-powered

systems. !’

Similarly, La et al. also developed a safe and flexible tear-based aqueous battery to supply a contact
lens sensor (Fig. 4B).>> The battery exhibited stable cyclic electrochemical performance, with a

discharge capacity of 195.37 pAh in a tear-like solution within the voltage range from 0.2V to
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1.0V, which was sufficient to supply a temperature sensor. Copper hexacyanoferrate and AgNPs
were selected as cathode and anode, respectively. It is worth noting that the normal operation of
the battery is facilitated by the K" and CI" naturally present in tears, which eliminates the need for
additional electrolytes or packaging and greatly reduces leakage risks, thereby enhancing the safety
of tear-based power systems for contact lenses. Inductively coupled plasma mass spectrometry
results confirmed that Ag"™ and AgNPs remain below toxicity thresholds afterieyclic battery

operations. In addition, cytotoxicity tests demonstrated biocompatibility of the designed battery.>?
~
Flexible tear-based electrochemical sensors provide a noninvasive and convenient strategy for

health monitoring, particularly for ocular-related conditions. Their integration with smart contact
lenses enables continuous and real-time biomarker detection, while recent advances in self-
powered OECT sensors and tear-based aqueous batteries further address the power-supply
limitations of wearable ocular devices. However, practical translation still faces several challenges,
including insufficient tear volume, tear dilution, potential itritation, device stability, and long-term
biocompatibility. Therefore, future tear-based flexible electrochemical sensors should focus not
only on improving sensing performance, but also on enhancing sampling reliability, power
autonomy, mechanical comfort, and ecular safety. Compared with tear sensing, saliva-based
sensing offers a more accessible and easily,collected biofluid, making it another promising route

for noninvasive health monitoring:
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Saliva-based sensors

As an easily accessible oral fluid, saliva has emerged as a widely used biological medium for
diagnostic applications.??® Additionally, some studies have shown that saliva holds strong promise
for rapid on-site cancer screening, and it is increasingly recognized as a noninvasive and patient-
friendly biofluidfor disease diagnosis and cancer detection.?’!: 22 Combined with electrochemical
analysis methods such as potentiometry, amperometry, voltammetry, and electrochemical
impedance spectroscopy,??’ various saliva-based electrochemical sensors have been developed for
the detection of ions,?” cortisol,’” morphine,®®* and uric acid.*®® Table 4 summarizes the main

research on saliva-based flexible electrochemical sensors.
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Table 4. Flexible saliva-based electrochemical sensors and target biomarkers.

Sensors Biomarkers Ref.
Graphene-based electrode Cortisol 37
Carbon/elastomer-based ion-selective electrode Na* 203
Flexible graphite paper Morphine 204
Pd NPs/N-doped carbon pH ~ 206
CuNPs@Cu-MOF H>0» 138
MOFs modified graphene fiber microelectrode Uric acid, tyresine 205
SPPE/Au/p-beta-CD polymer film Estriol 207

MOF: Metal-organic framework
p-beta-CD: poly-beta-cyclodextrin IS

SPPE: Screen-printed carbon electrode in pOlyethylene

Reactive oxygen species (ROS) are ‘considered. as the most notable features of inflammation.2%
Hence, the accumulation of H>O», a typical ROS, in saliva can serve as a suitable indicator for
diagnosing periodontitis, due to the easy accessibility and diagnostic relevance of saliva.?’” Wang
et al. modified a screen-printed electrode (SPE) with titanium carbide nanosheets (Ti3C2TxNSs)
and a copper nanoparticles-anchoredicopper-based MOF (CuNPs@Cu-MOF) to fabricate an H,O,
flexible electrochemical sensor.!*® The sensor possesses outstanding flexibility, allowing it to
easily conform to various human body profiles. Its excellent electrocatalytic activity originates
from the high surface areaof Cu NPs, the hierarchical structure of Cu-MOF, the enhanced electron
transfer capability \provided by TisCoTxNSs, and the extraordinary synergistic effect of
CuNPs@CuMOF and Ti3CoTxNSs. As a result, the sensor achieves a sensitivity of 254.9 pA mM"
"'em? andaL.OD.as low as 84.5 nM. The sensor can also monitor H.Ox release at the cellular level,

demonstrating its practical feasibility.'*®

Noninvasive monitoring of stress hormones, such as cortisol, offers a method to quantify circadian
rhythms and psychological stress.?!%2!? Compared to blood tests for cortisol, which are impractical

in daily life, saliva-based POC diagnostics show great promise for circadian rhythm and stress
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detection due to their ease of sampling and noninvasive nature.?!* 2! A dental-floss-based, POC
platform, combined with redox-molecule embedded molecularly imprinted polymer structures and
thread microfluidics, was developed for real-time and noninvasive detection, of cortisol in saliva
(Fig. 5).37 The platform used dental floss as both the sampling and transport.medium, delivering
saliva to a flexible electrochemical sensor via capillary microfluidics \to detect cortisol
concentrations. High surface area graphene-based electrode substrates were modified onto the WE
surface to achieve the detection of cortisol as low as 0.048 pg/mL acress:a broad detection range
of up to 10,000 pg/mL. Based on thread design, microfluidics minimized interference and achieved
consistent repeatability for detecting cortisol in saliva. Owing to:this microfluidics design, the
sensor reached 98.6-102.4% recovery, indicating high accuracy and stability. In addition, when
combined with a wireless readout module, the platform provided a convenient way to monitor

cortisol levels.?’

Saliva sampling is easy, safe, painless and noninvasive, and salivary disease biomarkers are also
considered capable of diagnosing disease conditions in-humans.?® Although flexible saliva-based
electrochemical sensors have been developed for'detecting multiple biomarkers, saliva analysis
still faces important limitations and interferences. Firstly, the correlation between saliva-based
and blood-based or other established biomarker profiles depends in part on saliva production rates,
is biomarker-specific, and needs further verification. Moreover, biomarkers analysis in saliva is
easily affected by food intake, réducingdetection accuracy.'* Finally, saliva samples vary widely
between individuals due to mat@ effects, viscosity differences, variations in salivary flow rate,

and individual dietary habits, all of which can introduce interference in saliva-based sensors.'* 213
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Figure 5. Dental-floss-based POC platform integrating redox-molecule-embedded molecularly
imprinted polymer structures with thread microfluidics for real-time and noninvasive detection of

cortisol in saliva. Reproduced by permission from Ref.?’
Future perspective and conclusion

Although flexible electrochemical sensors have advanced rapidly, the.temaining barriers to
practical deployment are increasingly translational rather than purely analytical: In many recent
studies, excellent sensitivity has already been demonstrated under ¢ontrollediconditions, yet real-
world performance is still limited by sample availability, biofluid-to-blood correlation, calibration
drift, biofouling, user variability, power supply, and data complexity. These challenges cannot be
solved by materials or electronics alone. Along with increasing, involvement of biomarker and
clinical expertise, they require coordinated progress in device engineering, sample management,
system integration, and algorithm-assisted interpretation.»The following discussion therefore

. . . . . 4
considers the major challenges and future directions in'an integrated framework.

The first major issue is limited sample availability, which negatively affects detection accuracy.
To overcome this, microfluidic integration is an effective strategy. In recent years, several studies
have integrated the microfluidic system ‘inte. flexible electrochemical sensors for precise
manipulation and transport of small volumes of body fluids, particularly in sweat-based sensors.>®
162,163 Meanwhile, microfluidics canvalso avoid evaporation and contamination of body fluids.?!®
In addition, microfluidic channels allow: autonomous fluid flow via capillary action, eliminating
the need for external pumps. Fur\tﬁermore, the iontophoresis approach is a promising strategy to

stimulate body fluid production and increase sweat sample volume.'*% !

For ISF-based sensors, MNs can be used as an effective means to extract ISF beneath the skin.* In
the fabrication of MN, 3D printing techniques play a crucial role. The customizable geometry and
high fabricationsprecision.make 3D-printed MN arrays highly suitable for ISF sampling. The use
of 3D printing €nables rapid prototyping and low-cost fabrication of MNs with complex
architectures for enhanced fluid transport and mechanical strength. In addition, the 3D-printed
MNs can be made using biocompatible and conductive materials, which facilitates direct

intggration of sensors and electrodes for in situ electrochemical detection.

Powersupply also remains a limiting factor for long-term operation of flexible electrochemical

sensors, particularly when continuous monitoring, wireless communication, and real data
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processing are required. This challenge may be addressed through the integration of flexible

energy-storage and energy-harvesting components, such as thin-film batteries, flexible

supercapacitors, solar cells, biofuel cells, and triboelectric or thermoelectricigenerators, '37 218 219

Moreover, data transmission is another critical issue that must be considered for the practical
application of flexible electrochemical sensors. Wireless data transmission enhances the

portability and practicality of sensors; therefore, low-power wireless £ommunication modules,

h'% and near-field communication,??° have been integrated into sensor systems.

~
To address data complexity and variability, Al and machine learning (ML) have been incorporated

such as Bluetoot

into the development of flexible electrochemical sensors. These methodsiean enhance the accuracy
of sensor readouts by filtering electrochemical noise, which is a’ common limitation when
analyzing biomarkers. Al can help identify target compounds and determine specific biomarkers
during sensor detection. By delivering raw data to_ML, algorithms, Al can be used to more
accurately classify compounds across various matrices. ‘Additionally, Al-driven interference
correction can streamline data processing, from complex biological matrices, which may

effectively minimize matrix effects typically encountered in biofluid samples.??!

Flexible electrochemical biosensors have, emetged as promising platforms for continuous,
noninvasive or minimally invasive health, monitoring through the integration of functional
nanomaterials, flexible substrates, and advanced fabrication technologies. This review
summarized recent progress/ in nanoematerials, including carbon nanomaterials, metal
nanomaterials, polymers, MOFs, and COFs, with emphasis on their roles in improving sensitivity,
flexibility, biocompatibility, €atalytic activity, and storage stability. Fabrication strategies,
particularly emerging 3D-printing and hybrid manufacturing techniques, were discussed in terms
of their ability to support.customized sensor architectures, microfluidic integration, and minimally
invasive sampling., In addition, flexible electrochemical sensor applications were reviewed
according to four major body fluids, including sweat, ISF, tears, and saliva, with attention to their
advances, structural designs, sensing functions, and biofluid-specific challenges. Comparative
analysis across these biofluids indicates that practical performance depends not only on analytical
sensitivity, butalso on sample accessibility, biological reliability, interference tolerance, device

comfort, manufacturability, power supply, and data transmission.
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Exploiting the potential of Al and ML for data analysis is discussed as an important strategy for
improving signal interpretation and enabling smart health monitoring. For example, ML 'models
can be trained using time-series electrochemical signals together with related physiological and
environmental parameters, such as pH, temperature, sweat rate, and ionic strength, to correct
baseline drift and reduce interference from complex biofluids.???> Such Al:assisted analysis can
help distinguish true biomarker changes from noise or nonspecific signal variations, thereby
improving the accuracy and reliability of long-term monitoring.?** ?2'Al-assisted analysis may
also help to define to what extent biofluid-based biomarkers provide cliniallly interpretable data
and, ultimately, predict health outcomes. This latter capability willbe enhanced as better sensors

continue to be developed.

Looking forward, the most important opportunities lie in developing sensor platforms that integrate
robust sampling, stable long-term operation, wireless communication, and Al-assisted data
analysis in a clinically meaningful manner. Continued pr?)gress in these directions should
accelerate the translation of flexible electrochemical sensotrs from promising laboratory devices to

practical tools for personalized healthcare.
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