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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, substantial 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 strategies, and biomedical applications. Representative applications in sweat, 

interstitial fluid, 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 compliance1 and user comfort,2 particularly for 

wearable biomedical applications.3, 4 These devices enable decentralized, real-time analysis with 

minimal invasiveness, making them well-suited for continuous health monitoring.5-7 This 

advancement aligns with the growing demand for personalized medicine and at-home diagnostics.8 

Electrochemical detection, known for its high sensitivity,9 rapid response,10, 11 and low power 

consumption,12 has become a preferred approach for quantifying physiological analytes in sweat,13 

saliva,14 interstitial fluid (ISF),15 and tears.16 As a result, flexible electrochemical sensors are now 

being explored for a wide range of clinical and non-clinical applications, including chronic disease 

management,17 sports performance tracking,18 and infectious disease diagnostics.19 

The progress of flexible electrochemical sensors is deeply rooted in advances in materials design 

and novel fabrication techniques. The incorporation of functional 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 electron transfer.18 Additionally, biocompatible 

conductive inks and hydrogels enable improved integration with soft tissues and biointerfaces, 

supporting stable signal transduction over prolonged use.20, 21 These sensors are typically 

fabricated on substrates such as polyimide (PI),22 polyethylene terephthalate (PET),23 

polydimethylsiloxane (PDMS),23 silicone,24 and thermoplastic polyurethane (TPU),25 which 

provide mechanical flexibility without compromising electrical performance. 

From a fabrication perspective, additive manufacturing methods such as fused deposition 

modeling (FDM),26 stereolithography (SLA),27 and direct ink writing (DIW)28 have enabled 

scalable, cost-effective production of flexible electrochemical sensors with customizable 

geometries. These techniques also facilitate the integration of microfluidic channels and 

multiplexed electrode arrays, advancing multi-analyte detection and lab-on-skin platforms.29, 30 

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.4, 31 Fig. 1 illustrates various 

flexible electrochemical sensors incorporating enhanced nanomaterials and fabrication techniques. 
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Figure 1. Applications of flexible electrochemical sensors with advanced nanomaterials and 

fabrication techniques. Reproduced with permission from Refs. 4, 24, 32-41 Au, gold; CNT, carbon 

nanotube; COF, covalent organic framework; DIW, direct ink writing; FDM, fused deposition 

modeling; ISF, interstitial fluid; MOF, metal–organic framework; MXene, Ti3C2TX; SLA, 

stereolithography. 

 

Despite remarkable advances in materials engineering, fabrication techniques, and system 

integration, the field of flexible electrochemical sensors remains fragmented across individual 

biofluids, 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 review, we discuss flexible 

electrochemical sensors from three interconnected perspectives: material 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, AI-assisted, and biodegradable sensing platforms that may enable the next generation 

of personalized and precision health monitoring. 

 

Nanomaterials for enhancing flexible electrochemical sensor 

performance 

In the early 2000s, CNTs marked the first incorporation of nanomaterials into flexible 

electrochemical sensors.42 Subsequent developments introduced a broader range of functional 

nanostructures, including graphene, metal oxides, and nanohybrids such as gold-CNT and 

graphene/polymer composites.18 More recently, advanced hybrid systems, particularly conductive 

polymer/MOFs and graphene/MOFs, have further expanded material design strategies for flexible 

sensing platforms. Owing to the unique features offered by nanomaterials, several critical issues 

encountered in earlier generations of sensors have been addressed, leading to significant 

enhancements in analytic performance.43, 44  

Some of the main remaining challenges are as follows: high limits of detection (LOD) arising from 

low active surface area, noisy signaling and slow response dynamics,45 lack of flexibility,2 surface 

fouling,46 and constraints in simultaneous multi-analyte sensing.47, 48 The distinctive characteristics 

of nanomaterials, notably their large surface area, excellent electrical conductivity, tunable 
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biocompatibility, and strong electrocatalytic activity, enhance the sensitivity, response speed, 

prolonged stability, and flexibility of these sensors.49, 50 

 

Carbon nanomaterials 

Carbon nanomaterials, including reduced graphene oxides (rGOs),51 CNTs,52 and carbon black 

(CB),53 bring together the combination of high electrical conductivity, large specific surface area 

with tunable surface chemistry for functionalization, and mechanical flexibility.54 These 

characteristics collectively make them ideal candidates for both printed electrodes and flexible, 

skin-like substrates.55, 56 Consequently, carbon-based nanomaterials constitute the technological 

backbone of numerous wearable electrochemical sensing platforms and have been extensively 

applied in a wide range of enzymatic sensing57 for glucose,52 lactate,58 and urea,59 as well as in the 

detection of coagulation biomarkers60 and aptamer61 based targets. 

Among graphene and its derivatives, rGO is particularly attractive because it can be easily 

fabricated into conductive inks or fibers.62 The hydroxyl groups on the surface of rGO can facilitate 

the immobilization of enzymes or aptamers.63 Laser-induced graphene (LIG), with its three-

dimensional, highly conductive porous network produced by laser irradiation of PI or paper, has 

become a rapidly expanding research topic in the development of wearable electrodes.64, 65 The 

resistance of LIGs is tunable by adjusting the laser wavelength, power, and atmosphere,66 allowing 

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

sensors have been applied in non-enzymatic detection,67, 68 enzymatic sensing,69, 70 as well as 

immunosensor-based platforms.71 

Percolated CNT networks on elastomeric substrates (such as PDMS or TPU),72 free-standing CNT 

thin films,73 and ultrathin transferred CNT films represent promising and increasingly adopted 

strategies to improve mechanical stability and provide higher conductivity under both stretching 

and bending.74 Hybridization of CNTs with conductive polymers (such as PEDOT:PSS41 or 

polyaniline75) or decoration with nanometals/metal oxides (e.g., Au, Pt, Ni–Co, TiO₂, MnO₂) 

significantly enhances the electron transfer rate, facilitates charge transport between the analyte 

(such as glucose) and the electrode, and results in higher sensor sensitivity.8, 76  

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 
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biofuel cells.77 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.41 In addition, screen, inkjet, 

and aerosol jet printing (AJP) of CNT-based inks provides scalable and cost-effective routes for 

fabricating wearable sensors on flexible substrates.78-81 

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.82-84 These features not only facilitate efficient mass transport of analytes but also enhance 

the stability of biomolecules.85 For example, zeolitic imidazolate framework-8 (ZIF-8) 

incorporated with glucose oxidase in wearable glucose sensors improves catalytic activity and 

extends the otherwise short enzyme lifetime.86  

Although the tunable pores and abundant active sites are advantages of MOFs, their intrinsically 

low conductivity remains a major challenge.87, 88 One strategy to overcome this limitation is the 

fabrication of hybrid films combining MOFs with highly conductive nanomaterials such as gold 

nanoparticles (AuNPs)89 and CNTs.90 For example, AuNP–MOF–CNT hybrid films have 

demonstrated multi-analyte sensing capability with high sensitivity, reduced protein fouling, and 

more stable and precise electrochemical signals.91, 92 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 improve adhesion and homogeneity, synthesizing conductive 2D 

MOFs93 to minimize or eliminate the need for conductive additives, and incorporating MOFs into 

hydrogels94 or conductive polymers95 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 O)96, have recently been applied in electrochemical sensors.97, 98 

However, their intrinsic conductivity is generally insufficient, even in π-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 π–π stacking interactions103 and abundant surface 

binding sites, provides a biostable substrate for immobilizing nanometals,102 metal ions,104 

aptamers,105 and aromatic analytes on the electrode surface. This structural advantage prevents 

aggregation and enhances stability, sensitivity, and selectivity of the resulting sensors.106, 107 

Despite these advantages, COF-based electrodes still face challenges related to electrochemical 

fouling caused by redox reaction intermediates and biofouling resulting from the adsorption of 

proteins, cells, or lipids, both of which can deteriorate sensor performance.103  

Nonetheless, the nanocomposites of COFs have demonstrated applicability in electrochemical 

sensors for a range of analytes, including biomolecules, heavy metals, and antibiotics.104-106 As 

research continues to evolve, COFs are expected to play an increasingly important role in 

electrochemical sensing, with future studies likely to focus on addressing current challenges and 

further expanding their applications.108 

Metal nanomaterials 

The most popular nanometals for flexible electrochemical sensors are gold (Au),109 silver (Ag),110 

platinum (Pt),111 and copper (Cu).112 Their exceptional electrical conductivity, strong catalytic 

activity toward redox reactions, high surface area, hybridization capability with other functional 

materials, biocompatibility (particularly in Au and Pt), and ink printing113 on flexible substrates 

make them highly attractive for flexible electrochemical sensing platforms.114 Collectively, these 

properties enable the development of highly sensitive, fast-responding, stable, and antibacterial 

sensors with low LOD.115, 116 However, the main challenges of nanometals are their high cost and 

limited flexibility when integrated into large-area wearable platforms.117 

AuNPs and AgNPs have been widely applied in sensors for decades, owing to their excellent 

electron conductivity and strong capability to immobilize enzymes.118 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 nanometals (Au, Ag, and emerging Ga-based inks) has advanced considerably 

and become increasingly applied in flexible sensor platforms.119-121 In addition, Pt and Au 

nanostructures have been utilized in implantable biosensors, expanding their biomedical 

applicability.122  
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To address the high cost of noble metals, more cost-effective alternatives such as CuNPs have 

been introduced and explored.123 Furthermore, the integration of artificial intelligence (AI) for 

voltammetric data analysis has been explored, enabling smart, real-time health monitoring when 

combined with nanoparticle-based electrochemical sensors and microfluidic systems.124, 125 

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 atomic utilization, well-

defined active sites, and enzyme-like catalytic activity with superior stability compared to natural 

enzymes.126-130 Our group has performed pioneered work in this field, demonstrating 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.131-134 

Recent work from our group further highlights the versatility of SANs in analytical applications, 

including single-atom nanozyme-based signal amplification strategies and well-defined structure–

activity correlations for flexible biosensing.3, 4, 24, 128, 135 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 selectivity 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 concerns related 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. 
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Fabrication techniques for flexible electrochemical sensors 

The benefits of advanced nanomaterials can only be realized when they are incorporated into 

device architectures through fabrication methods that preserve both electrochemical performance 

and mechanical compliance. For this reason, fabrication strategy is not a secondary 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 multiplexed electrode layouts. 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 scenarios. 

Conventional planar fabrication techniques 

Doctor blading, the most straightforward method, is a simple and low-cost technique that spreads 

viscous inks over substrates, suitable for producing uniform conductive, catalytic, or polymeric 

films.32, 136, 137 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.17, 138-140 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.141 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.36 In 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. 
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3D printing 

Recently, 3D printing technologies have emerged,135 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 further 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.4, 142  

FDM, also known as fused filament fabrication, is widely explored for fabricating electrodes of 

electrochemical sensors.143, 144 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 graphene, CNTs and CB. This approach 

enables the fabrication of cost-effective electrodes with high mechanical strength and flexibility.143 

SLA, known for its high printing resolution,145 is frequently used to produce insulating components 

for flexible electrochemical sensors, particularly when precise geometry, flexibility, 

biocompatibility, and long-term durability are required.146 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.147, 148 Notably, SLA holds strong advantages in 

fabricating microfluidics that can be integrated with electrochemical sensors, promoting real-time 

monitoring with high performance.149  

For fabrications that require the use of nanoparticles, biomaterials, or polymers to customize 

electrodes or achieve specific surface functionalization, other 3D printing techniques such as 

DIW,28 inkjet printing,150 and AJP151 are particularly advantageous. DIW enables high material 

loading with minimal waste 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 
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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 must be considered 

together with wearability, sampling strategy, and long-term user comfort. Against this background, 

the following section examines how material and fabrication advances are 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 alternative biofluids such as sweat, ISF, tears, and saliva.152-

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 clinically relevant biomarkers, sensing mechanisms, flexible device 

architectures, and fabrication methods.  

 

Sweat-based sensors 

Sweat, as a readily and noninvasively accessible biofluid,155, 156 has garnered increasing attention 

for real-time health monitoring due to its rich composition of biomarkers, including electrolytes 

and metabolites.157, 158 Flexible electrochemical sensors designed for sweat analysis provide a 

promising platform for continuous, real-time and noninvasive monitoring of human physiological 

status.7 These skin-conformable sweat sensors,159 with high sensitivity and rapid response,139 

enable dynamic monitoring of key health indicators, making them highly valuable for personalized 
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and preventive medicine.160, 161 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 electrophysiological sensors 

mounted on a flexible substrate surrounding a user-generic earphone for the simultaneous 

monitoring of sweat lactate levels and brain activity.140 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 H2O2. The generated H2O2 is subsequently reduced in the presence of Prussian Blue, 

producing a current directly proportional to the lactate concentration. 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.140 

Flexible sensors for continuous glucose monitoring are essential tools for the effective treatment 

and long-term management of diabetes.24 Recently, Li 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 (Ti3C2TX) 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 microfluidic patch, consisting of a collection reservoir and a test 

reservoir, reduced the interference 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.162 

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).36 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, 
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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.36 

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.163 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 technique, were integrated 

with a flexible sensor. These microfluidic channels enable autonomous 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 the sensor was validated using high-performance liquid 

chromatography, confirming accuracy and reliability of glucose level measurements derived from 

the microfluidic device.164  

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 Mg2+ analysis. Notably, they utilized a functional, 3D-printable, photocurable 

methacrylate-based ion-selective membrane 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 offering high modifiability and miniaturization.149 In addition, 3D-printed 

microfluidic devices have been used for the detection of K+,165 cortisol, 166 lactate 167 and 

glucose,168 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 

non-enzymatic sensor 
Glucose Non-enzymatic glucose oxidation 162 

LIG wearable patch Glucose, pH 
Non-enzymatic glucose sensing with 

pH calibration 
36 

In-ear integrated sensor 

array 
Brain activity, lactate 

Multimodal electrophysiological and 

enzymatic electrochemical sensing 
140 

Nanofiber-based 

microfluidic systems 

Glucose, lactate, pH, 

Cl-, urea 

Integrated electrochemical and 

colorimetric sensing arrays 
169 

AuNPs/Ti3C2Tx MMFSA 
Glucose, lactate, uric 

acid 

AuNPs/MXene-enhanced 

electrochemical sensing 
139 

CuNi-MOF@rGO flexible 

electrochemical biosensor 
Uric acid, dopamine 

Cu/Ni dual-metal-site-assisted 

electrocatalytic oxidation 
170 

Multifunctional conductive 

hydrogel wearable biosensor 
pH, tyrosine 

Tyrosine sensing with pH-based 

calibration 
171 

PVF nanofibers-based 

electrochemical transistors 
Lactate FECT-based detection 172 

Stretchable ionic–electronic 

bilayer hydrogel electronics 
Lactate, cholesterol 

Enzyme-assisted detection after 

dissolution/diffusion of biomarkers  
173 

Ti3C2Tx/MB HIS paper Glucose, lactate Enzymatic amperometric sensing 174 

 

FECT: Fiber-based organic electrochemical transistors 

HIS: highly integrated sensing 

LIG: laser-induced graphene 

MB: methylene blue 

MMFSA: multimodal and multichannel flexible 

MOF: metal–organic framework 

MXene: Ti3C2TX 

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 electrochemical sensors. 

Sweat-based sensors offer clear advantages, including noninvasive sampling, 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 introducing contamination.175 Some sweat-based 

sensors rely on exercise to stimulate sweat production, while others incorporate active stimulation 

devices to induce sweating.2 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, researchers 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 developed in our group have been demonstrated to improve monitoring accuracy 

and effectively suppress interference from sweat components.3  

Taken together, future sweat-based flexible electrochemical sensors will benefit not only from 

improved sensitivity, 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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Figure 2. Applications of flexible sweat-based electrochemical sensors. (A) In-ear integrated array 

of electrochemical and electrophysiological sensors. Reproduced with permission from Ref.140 (B) 

Flexible wearable non-enzymatic electrochemical sensor for continuous glucose detection. 

Reproduced with permission from Ref.162 (C) Long-term stable and highly sensitive flexible 

electrochemical sensor based on nanocomposite-modified porous graphene. Reproduced with 

permission from Ref.36 (D) Neckband-integrated flexible microfluidic biosensor. Reproduced with 

permission from Ref.164 

Interstitial fluid-based sensors 

In recent years, the correlation between biomarker concentrations in sweat and blood has been 

increasingly questioned, and the need to induce sweating has further limited the application of 

sweat-based sensors 176. In this case, ISF, formed by blood filtration through the capillaries,177 has 

emerged as an ideal alternative to blood for biomarker sampling or direct testing, due to its 79% 
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compositional similarity to blood.178 Recently, ISF-based flexible electrochemical sensors 

integrated with MN arrays have been developed to detect various biomarkers in ISF.17, 179, 180 Table 

2 summarizes flexible electrochemical sensors based on ISF.  

ISF is commonly used to monitor glucose levels due to the strong correlation between the glucose 

concentrations in ISF and blood.181, 182  Pu et al. presented a flexible, electronics-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 nanostructured working electrode 

surface for precise in situ glucose measurement, thereby meeting the requirements for clinical 

diagnosis and diabetes management. In addition, the entire device was fabricated using DIW, 

enabling low-cost and facile manufacturing, which is 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 reverse 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.180 

MN, as a minimally invasive tool for ISF extraction, are widely used for sample collection in 

wearable electrochemical sensors, due to their virtually painless, low-risk, and user-friendly 

nature.15, 183 As a result, MN-based sensors are increasingly explored for health monitoring and 

disease diagnosis,184, 185 with recent applications in the detection of glucose,136 ions,176 

creatinine,186 dopamine179 and VEGF187 in ISF. 

A flexible MN-based electrochemical platform fabricated by 3D printing, integrating a SAN-

modified electrode, provides superior sensitivity and selectivity for glucose monitoring (Fig. 3B). 

SANs are a class of artificial enzymes in which the catalytic sites are isolated at the atomic level, 

exhibiting stable chemical properties and mimicking natural enzymatic activity, leading to 

distinctive catalytic behavior.126 Fe-N-C SANs show outstanding catalytic activity toward H2O2, 

enabling their extensive use in diverse sensing platforms, including glucose, uric acid and lactate.4, 

24 In this sensor, the modification of Fe-N-C SANs significantly enhanced electrochemical 

performance, providing high sensitivity and selectivity for glucose with a low LOD of 0.285 μM 

and a broad linear range of 0.1 μM 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 monitoring.4 Finally, the 

electrochemical sensor offers promising possibilities for point-of-care (POC) 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+, Ca2+ and H+) and pH levels in situ, a 

flexible MN patch coupled electrode array (MNP-EA) was developed (Fig. 3C).176 The hyaluronic 

acid (HA) was blended into methacrylated HA to meet the structural requirements of MNPs, 

providing both excellent swelling capacity and adequate mechanical strength. Using this polymer 

blend, the MNPs produced by laser engraving achieved rapid and sufficient ISF extraction, 

yielding approximately 6.87 μL 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 salt stress in plants.  

 

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

Sensors Biomarkers Ref. 

Flexible MNP-coupled electrode array Na+, K+, Ca2+, H+ 176 

Flexible epidermal biomicrofluidic device Glucose 180 

Poly (N-phenylglycine) flexible biosensor Glucose 17 

Wireless multisensor-integrated bioelectronics 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 offer stronger 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 sensors 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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Figure 3. Applications of flexible ISF-based electrochemical sensors. (A) Flexible, electronics-

integrated epidermal microfluidic device for continuous glucose monitoring. Reproduced with 

permission from Ref.180 (B) Flexible MN-based electrochemical glucose detection platform 

featuring a SAN-modified electrode. Reproduced with permission from Ref.4  (C) Flexible MN 

patch-coupled electrode array for monitoring multiple ion concentrations and pH levels. 

Reproduced with permission from Ref.176 

Tear-based sensors 

Tear fluid serves as an attractive medium for noninvasive health monitoring due to its easy 

accessibility and rich composition of biomarkers, including ions, glucose, electrolytes, and 

hormones189-191. Flexible electrochemical sensors tailored for tear analysis can be seamlessly 

integrated into wearable platforms such as smart contact lenses or eye patches, enabling continuous 

and real-time detection of ocular and systemic biomarkers.192 These devices hold great potential 

for early disease diagnosis, personalized medicine, and chronic disease management, particularly 
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for conditions such as diabetes and dry eye syndrome.193, 194 Recent flexible tear-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 Glucose, Ca2+ 137 

AuNP-deposited carbon cloth NO 194 

Ni-Co-MOF hydrogel Urea 195 

Carbon micromesh electrode Ascorbic acid, pH 196 

Smart contact lenses Glucose 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.198, 199 Since tears are naturally collected by contact lenses, contact lens-

integrated sensors offer a viable way to monitor metabolites in tears.137 To address the large liquid 

volume requirement of chromatographic methods and the power-supply limitations of wearable 

bioelectronics, a flexible and self-powered integrated organic electrochemical transistor (OECT) 

sensor was developed for multiple sensing of glucose and Ca2+ in tears (Fig. 4A). Organic solar 

cells were applied in OECT sensors to supply power and enable self-sustained operation, 

overcoming the limitation of insufficient long-term availability associated with battery-powered 

systems.137  

Similarly, Li et al. also developed a safe and flexible tear-based aqueous battery to supply a contact 

lens sensor (Fig. 4B).32 The battery exhibited stable cyclic electrochemical performance, with a 

discharge capacity of 195.37 μAh 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 Cl- 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 after cyclic battery 

operations. In addition, cytotoxicity tests demonstrated biocompatibility of the designed battery.32 

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 irritation, 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 ocular 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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Figure 4. Applications of flexible tear-based electrochemical sensors. (A) Flexible and self-

powered integrated organic electrochemical transistor sensor. Reproduced with permission from 

Ref.137 (B) Flexible tear-based contact lens sensor. Reproduced with permission from Ref.32 

  

Saliva-based sensors 

As an easily accessible oral fluid, saliva has emerged as a widely used biological medium for 

diagnostic applications.200 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 biofluid for disease diagnosis and cancer detection.201, 202 Combined with electrochemical 

analysis methods such as potentiometry, amperometry, voltammetry, and electrochemical 

impedance spectroscopy,200 various saliva-based electrochemical sensors have been developed for 

the detection of ions,203 cortisol,37 morphine,204 and uric acid.205 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 H2O2 138 

MOFs modified graphene fiber microelectrode Uric acid, tyrosine 205 

SPPE/Au/p-beta-CD polymer film Estriol 207 

MOF: Metal-organic framework 

p-beta-CD: poly-beta-cyclodextrin 

SPPE: Screen-printed carbon electrode in polyethylene 

 

Reactive oxygen species (ROS) are considered as the most notable features of inflammation.208 

Hence, the accumulation of H2O2, a typical ROS, in saliva can serve as a suitable indicator for 

diagnosing periodontitis, due to the easy accessibility and diagnostic relevance of saliva.209 Wang 

et al. modified a screen-printed electrode (SPE) with titanium carbide nanosheets (Ti3C2TxNSs) 

and a copper nanoparticles-anchored copper-based MOF (CuNPs@Cu-MOF) to fabricate an H2O2 

flexible electrochemical sensor.138 The sensor possesses outstanding flexibility, allowing it to 

easily conform to various human body profiles. Its excellent electrocatalytic activity originates 

from the high surface area of Cu NPs, the hierarchical structure of Cu-MOF, the enhanced electron 

transfer capability provided by Ti3C2TxNSs, and the extraordinary synergistic effect of 

CuNPs@Cu-MOF and Ti3C2TxNSs. As a result, the sensor achieves a sensitivity of 254.9 μA mM-

1 cm-2 and a LOD as low as 84.5 nM. The sensor can also monitor H2O2 release at the cellular level, 

demonstrating its practical feasibility.138 

Noninvasive monitoring of stress hormones, such as cortisol, offers a method to quantify circadian 

rhythms and psychological stress.210-212 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.213, 214 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 across 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.37 

Saliva sampling is easy, safe, painless and noninvasive, and salivary disease biomarkers are also 

considered capable of diagnosing disease conditions in humans.200 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, reducing detection accuracy.14 Finally, saliva samples vary widely 

between individuals due to matrix effects, viscosity differences, variations in salivary flow rate, 

and individual dietary habits, all of which can introduce interference in saliva-based sensors.14, 215  
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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.37 

Future perspective and conclusion 

Although flexible electrochemical sensors have advanced rapidly, the remaining barriers to 

practical deployment are increasingly translational rather than purely analytical. In many recent 

studies, excellent sensitivity has already been demonstrated under controlled conditions, 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 

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 into flexible electrochemical sensors for precise 

manipulation and transport of small volumes of body fluids, particularly in sweat-based sensors.36, 

162, 163 Meanwhile, microfluidics can also avoid evaporation and contamination of body fluids.216 

In addition, microfluidic channels allow autonomous fluid flow via capillary action, eliminating 

the need for external pumps. Furthermore, the iontophoresis approach is a promising strategy to 

stimulate body fluid production and increase sweat sample volume.180, 217  

For ISF-based sensors, MNs can be used as an effective means to extract ISF beneath the skin.4 In 

the fabrication of MN, 3D printing techniques play a crucial role. The customizable geometry and 

high fabrication precision make 3D-printed MN arrays highly suitable for ISF sampling. The use 

of 3D printing enables 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 

integration of sensors and electrodes for in situ electrochemical detection. 

Power supply 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 thermoelectric generators. 137, 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 communication modules, 

such as Bluetooth164 and near-field communication,220 have been integrated into sensor systems. 

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

into the development of flexible electrochemical sensors. These methods can enhance the accuracy 

of sensor readouts by filtering electrochemical noise, which is a common limitation when 

analyzing biomarkers. AI can help identify target compounds and determine specific biomarkers 

during sensor detection. By delivering raw data to ML algorithms, AI can be used to more 

accurately classify compounds across various matrices. Additionally, AI-driven interference 

correction can streamline data processing from complex biological matrices, which may 

effectively minimize matrix effects typically encountered in biofluid samples.221 

Flexible electrochemical biosensors have emerged 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 nanomaterials, including carbon nanomaterials, metal 

nanomaterials, polymers, MOFs, and COFs, with emphasis on their roles in improving sensitivity, 

flexibility, biocompatibility, catalytic 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, but also on sample accessibility, biological reliability, interference tolerance, device 

comfort, manufacturability, power supply, and data transmission.  
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Exploiting the potential of AI 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.222 Such AI-assisted analysis can 

help distinguish true biomarker changes from noise or nonspecific signal variations, thereby 

improving the accuracy and reliability of long-term monitoring.223, 224 AI-assisted analysis may 

also help to define to what extent biofluid-based biomarkers provide clinically interpretable data 

and, ultimately, predict health outcomes. This latter capability will be 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 AI-assisted data 

analysis in a clinically meaningful manner. Continued progress in these directions should 

accelerate the translation of flexible electrochemical sensors from promising laboratory devices to 

practical tools for personalized healthcare. 

 

 

Acknowledgments  

This work was supported by NASA grant 80NSSC25M7148 and NIOSH grant R01OH012579. 

 

 

 

 

 

 

 

Page 28 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



For Review Only

References 

1. Lin, T.,  Xu, Y.,  Zhao, A.,  He, W. and Xiao, F., Flexible electrochemical sensors integrated with 
nanomaterials for in situ determination of small molecules in biological samples: A review. Analytica 
Chimica Acta,  1207, 339461 (2022). http://doi.org/10.1016/j.aca.2022.339461. 
2. Gao, F.,  Liu, C.,  Zhang, L.,  Liu, T.,  Wang, Z.,  Song, Z.,  Cai, H.,  Fang, Z.,  Chen, J.,  Wang, 
J., et al., Wearable and flexible electrochemical sensors for sweat analysis: a review. Microsystems & 
Nanoengineering,  9, 1 (2023). https://doi.org/10.1038/s41378-022-00443-6. 
3. Ding, S.,  Li, S.,  Lyu, Z.,  Zhou, J.,  Tang, S.,  Fang, L.,  Zang, W.,  Zhang, P.,  Kim, S.,  Li, T., 
et al., Single-atom materials boosting wearable orthogonal uric acid detection. Med-X,  2, 12 (2024). 
http://doi.org/10.1007/s44258-024-00027-1. 
4. Chen, C.,  Fu, Y.,  Lin, Y.,  Liu, Y.,  Du, D. and Qiu, K., 3D-printed hollow microneedle-based 
electrochemical sensor for wireless glucose monitoring. Analyst,  151, 1182-1194 (2026). 
http://doi.org/10.1039/D5AN01058F. 
5. Gomes, N. O.,  Teixeira, S. C.,  Calegaro, M. L.,  Machado, S. A. S.,  de Fátima Ferreira Soares, 
N.,  de Oliveira, T. V. and Raymundo-Pereira, P. A., Flexible and sustainable printed sensor strips for on-
site, fast decentralized self-testing of urinary biomarkers integrated with a portable wireless analyzer. 
Chemical Engineering Journal,  472, 144775 (2023). http://doi.org/10.1016/j.cej.2023.144775. 
6. Goud, K. Y.,  Mahato, K.,  Teymourian, H.,  Longardner, K.,  Litvan, I. and Wang, J., Wearable 
electrochemical microneedle sensing platform for real-time continuous interstitial fluid monitoring of 
apomorphine: Toward Parkinson management. Sensors and Actuators B: Chemical,  354, 131234 (2022). 
http://doi.org/10.1016/j.snb.2021.131234. 
7. Zhang, Y.,  Sun, Y.,  Han, J.,  Zhang, M.,  Li, F. and Yang, D., High-sensitivity flexible 
electrochemical sensor for real-time multi-analyte sweat analysis. Talanta,  287, 127644 (2025). 
https://doi.org/10.1016/j.talanta.2025.127644. 
8. Gazzato, L. and Frasconi, M., Carbon Nanotubes and Their Composites for Flexible 
Electrochemical Biosensors. Analysis & Sensing,  5, e202400038 (2025). 
https://doi.org/10.1002/anse.202400038. 
9. Gao, F.,  Song, J.,  Xu, Z.,  Xu, L.,  Guo, Y.,  Miao, L. and Luo, X., All-polymer free-standing 
electrodes for flexible electrochemical sensors. Sensors and Actuators B: Chemical,  334, 129675 (2021). 
https://doi.org/10.1016/j.snb.2021.129675. 
10. Zhao, Y.,  Jin, K.-Q.,  Li, J.-D.,  Sheng, K.-K.,  Huang, W.-H. and Liu, Y.-L., Flexible and 
Stretchable Electrochemical Sensors for Biological Monitoring. Advanced Materials,  37, 2305917 
(2025). https://doi.org/10.1002/adma.202305917. 
11. Thomas, N.,  Lähdesmäki, I. and Parviz, B. A., A contact lens with an integrated lactate sensor. 
Sensors and Actuators B: Chemical,  162, 128-134 (2012). https://doi.org/10.1016/j.snb.2011.12.049. 
12. Deroco, P. B.,  Wachholz Junior, D. and Kubota, L. T., Paper-based Wearable Electrochemical 
Sensors: A New Generation of Analytical Devices. Electroanalysis,  35, e202200177 (2023). 
https://doi.org/10.1002/elan.202200177. 
13. Xu, L.,  Zhou, Z.,  Fan, M. and Fang, X., Advances in wearable flexible electrochemical sensors 
for sweat monitoring: A mini-review. International Journal of Electrochemical Science,  18, 13-19 
(2023). https://doi.org/10.1016/j.ijoes.2023.01.009. 
14. Mani, V.,  Beduk, T.,  Khushaim, W.,  Ceylan, A. E.,  Timur, S.,  Wolfbeis, O. S. and Salama, K. 
N., Electrochemical sensors targeting salivary biomarkers: A comprehensive review. TrAC Trends in 
Analytical Chemistry,  135, 116164 (2021). https://doi.org/10.1016/j.trac.2020.116164. 
15. Dong, Y.,  Mao, S.,  Chen, S.,  Ma, J.,  Jaffrezic-Renault, N. and Guo, Z., Opportunities and 
challenges of microneedle electrochemical sensors for interstitial fluid detection. TrAC Trends in 
Analytical Chemistry,  180, 117891 (2024). https://doi.org/10.1016/j.trac.2024.117891. 

Page 29 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.1016/j.aca.2022.339461
https://doi.org/10.1038/s41378-022-00443-6
http://doi.org/10.1007/s44258-024-00027-1
http://doi.org/10.1039/D5AN01058F
http://doi.org/10.1016/j.cej.2023.144775
http://doi.org/10.1016/j.snb.2021.131234
https://doi.org/10.1016/j.talanta.2025.127644
https://doi.org/10.1002/anse.202400038
https://doi.org/10.1016/j.snb.2021.129675
https://doi.org/10.1002/adma.202305917
https://doi.org/10.1016/j.snb.2011.12.049
https://doi.org/10.1002/elan.202200177
https://doi.org/10.1016/j.ijoes.2023.01.009
https://doi.org/10.1016/j.trac.2020.116164
https://doi.org/10.1016/j.trac.2024.117891


For Review Only

16. Zhou, F.,  Zhao, H.,  Chen, K.,  Cao, S.,  Shi, Z. and Lan, M., Flexible electrochemical sensor 
with Fe/Co bimetallic oxides for sensitive analysis of glucose in human tears. Analytica Chimica Acta,  
1243, 340781 (2023). https://doi.org/10.1016/j.aca.2023.340781. 
17. Jin, X.,  Li, G.,  Xu, T.,  Su, L.,  Yan, D. and Zhang, X., Fully integrated flexible biosensor for 
wearable continuous glucose monitoring. Biosensors and Bioelectronics,  196, 113760 (2022). 
https://doi.org/10.1016/j.bios.2021.113760. 
18. Li, X.,  Zhang, Z.-Y. and Li, F., Flexible electrochemical sensors based on nanomaterials: 
Constructions, applications and prospects. Chemical Engineering Journal,  504, 158101 (2025). 
https://doi.org/10.1016/j.cej.2024.158101. 
19. Rao, K. T.,  Gangwar, R.,  Bhagavathi, A.,  Khatun, S.,  Sahu, P. K.,  Putta, C. L.,  Rengan, A. K.,  
Subrahmanyam, C.,  Garlapati, S. K. and Krishna Vanjari, S. R., Silk-polyurethane composite based 
flexible electrochemical biosensing platform for pathogen detection. Biosensors and Bioelectronics,  271, 
117024 (2025). https://doi.org/10.1016/j.bios.2024.117024. 
20. Marchianò, V.,  Tricase, A.,  Caputo, M.,  Farinini, E.,  Leardi, R.,  Imbriano, A.,  Leech, D.,  
Kidayaveettil, R.,  Gentile, L.,  Torsi, L., et al., Tailoring Water-Based Graphite Conductive Ink 
Formulation for Enzyme Stencil-Printing: Experimental Design to Enhance Wearable Biosensor 
Performance. Chemistry of Materials,  36, 358-370 (2024). 
http://doi.org/10.1021/acs.chemmater.3c02229. 
21. Dey, A.,  Roy, K.,  Subba, S. H.,  Lee, G. and Park, S. Y., MXene/polymer dot-decorated flexible 
sensor for cancer cell-responsive hydrogel with tunable elastic modulus, porosity, and conductivity. 
Talanta,  281, 126874 (2025). https://doi.org/10.1016/j.talanta.2024.126874. 
22. Kim, H.-U.,  Koyappayil, A.,  Seok, H.,  Aydin, K.,  Kim, C.,  Park, K.-Y.,  Jeon, N.,  Kang, W. 
S.,  Lee, M.-H. and Kim, T., Concurrent and Selective Determination of Dopamine and Serotonin with 
Flexible WS2/Graphene/Polyimide Electrode Using Cold Plasma. Small,  17, 2102757 (2021). 
https://doi.org/10.1002/smll.202102757. 
23. Zuo, J.,  Shen, Y.,  Gao, J.,  Song, H.,  Ye, Z.,  Liang, Y. and Zhang, S., Highly sensitive 
determination of paracetamol, uric acid, dopamine, and catechol based on flexible plastic electrochemical 
sensors. Analytical and Bioanalytical Chemistry,  414, 5917-5928 (2022). http://doi.org/10.1007/s00216-
022-04157-6. 
24. Chen, C.,  Fu, Y.,  Sparks, S. S.,  Lyu, Z.,  Pradhan, A.,  Ding, S.,  Boddeti, N.,  Liu, Y.,  Lin, Y.,  
Du, D., et al., 3D-Printed Flexible Microfluidic Health Monitor for In Situ Sweat Analysis and Biomarker 
Detection. ACS Sensors,  9, 3212-3223 (2024). http://doi.org/10.1021/acssensors.4c00528. 
25. Zhu, G.,  Li, H.,  Peng, M.,  Zhao, G.,  Chen, J. and Zhu, Y., Highly-stretchable porous 
thermoplastic polyurethane/carbon nanotubes composites as a multimodal sensor. Carbon,  195, 364-371 
(2022). https://doi.org/10.1016/j.carbon.2022.04.033. 
26. Chávez, M.,  Arduini, F. and Escarpa, A., Shaping the next-generation of fused deposition 
modeling three-dimensional-printing-based electrochemical (bio)sensing: Drawing a realistic horizon. 
Current Opinion in Electrochemistry,  53, 101730 (2025). https://doi.org/10.1016/j.coelec.2025.101730. 
27. Srimongkol, S.,  Wiroonpochit, P.,  Utra, K.,  Sethayospongsa, R.,  Muthitamongkol, P.,  
Methachan, B.,  Butsri, N. and Srisawadi, S., Carbon-based conductive rubber composite for 3D printed 
flexible strain sensors. Polymers for Advanced Technologies,  34, 287-298 (2023). 
https://doi.org/10.1002/pat.5887. 
28. Joharji, L.,  Alam, F. and El-Atab, N., Direct Ink Writing of Strained Carbon Nanotube-Based 
Sensors: Toward 4D Printable Soft Robotics. ACS Omega,  9, 14638-14647 (2024). 
http://doi.org/10.1021/acsomega.4c01171. 
29. Park, S.,  Kim, S.,  Lee, S.,  Tsukruk, V. V.,  Park, S. and Lim, H.-R., Advanced Microfluidic-
Based Wearable Electrochemical Sensors for Continuous Biochemical Monitoring. Advanced Electronic 
Materials,  11, 2500010 (2025). https://doi.org/10.1002/aelm.202500010. 
30. Wei, L.,  Fang, G.,  Kuang, Z.,  Cheng, L.,  Wu, H.,  Guo, D. and Liu, A., 3D-printed low-cost 
fabrication and facile integration of flexible epidermal microfluidics platform. Sensors and Actuators B: 
Chemical,  353, 131085 (2022). https://doi.org/10.1016/j.snb.2021.131085. 

Page 30 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1016/j.aca.2023.340781
https://doi.org/10.1016/j.bios.2021.113760
https://doi.org/10.1016/j.cej.2024.158101
https://doi.org/10.1016/j.bios.2024.117024
http://doi.org/10.1021/acs.chemmater.3c02229
https://doi.org/10.1016/j.talanta.2024.126874
https://doi.org/10.1002/smll.202102757
http://doi.org/10.1007/s00216-022-04157-6
http://doi.org/10.1007/s00216-022-04157-6
http://doi.org/10.1021/acssensors.4c00528
https://doi.org/10.1016/j.carbon.2022.04.033
https://doi.org/10.1016/j.coelec.2025.101730
https://doi.org/10.1002/pat.5887
http://doi.org/10.1021/acsomega.4c01171
https://doi.org/10.1002/aelm.202500010
https://doi.org/10.1016/j.snb.2021.131085


For Review Only

31. Cho, S.,  Ha, J.-H.,  Moon, J.,  Ahn, J.,  Kim, G.,  Ma, X.,  Fan, K.,  Song, R.,  Lee, D.,  Han, H., 
et al., Wireless, Battery-Free, Optoelectronic, Multi-Modal Sensor Integrated With Colorimetric Dressing 
for Diabetic Ulcer Management. Advanced Functional Materials,  36, e32167 (2026). 
https://doi.org/10.1002/adfm.202532167. 
32. Li, Z.,  Miao, X.,  Li, J.,  Lee, J.,  Li, X.,  Ahn, H.-J.,  Wu, A.,  Zhao, W.,  Yun, J. and Lee, S. W., 
Tear-Based Battery Embedded with Prussian Blue Analogues and Silver Nanoparticles for Smart Contact 
Lenses. ACS Nano,  19, 19477-19487 (2025). http://doi.org/10.1021/acsnano.5c05610. 
33. Kantaros, A.,  Katsantoni, M.,  Ganetsos, T. and Petrescu, N., The Evolution of Thermoplastic 
Raw Materials in High-Speed FFF/FDM 3D Printing Era: Challenges and Opportunities. Materials,  18, 
1220 (2025). http://doi.org/10.3390/ma18061220. 
34. Kafle, A.,  Luis, E.,  Silwal, R.,  Pan, H. M.,  Shrestha, P. L. and Bastola, A. K., 3D/4D Printing 
of Polymers: Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and Stereolithography 
(SLA). Polymers,  13, 3101 (2021). http://doi.org/10.3390/polym13183101. 
35. Shah, M. A.,  Lee, D. G.,  Lee, B. Y. and Hur, S., Classifications and Applications of Inkjet 
Printing Technology: A Review. IEEE Access,  9, 140079-140102 (2021). 
http://doi.org/10.1109/ACCESS.2021.3119219. 
36. Lorestani, F.,  Zhang, X.,  Abdullah, A. M.,  Xin, X.,  Liu, Y.,  Rahman, M. M.,  Biswas, M. A. 
S.,  Li, B.,  Dutta, A.,  Niu, Z., et al., A Highly Sensitive and Long-Term Stable Wearable Patch for 
Continuous Analysis of Biomarkers in Sweat. Advanced Functional Materials,  33, 2306117 (2023). 
https://doi.org/10.1002/adfm.202306117. 
37. Sharma, A.,  Hossain, N. I.,  Thomas, A. and Sonkusale, S., Saliva-Sensing Dental Floss: An 
Innovative Tool for Assessing Stress via On-Demand Salivary Cortisol Measurement with Molecularly 
Imprinted Polymer and Thread Microfluidics Integration. ACS Applied Materials & Interfaces,  17, 
25083-25096 (2025). http://doi.org/10.1021/acsami.5c02988. 
38. Wu, Z.,  Sun, D.-W.,  Pu, H.,  Wei, Q. and Lin, X., Ti3C2Tx MXenes loaded with Au 
nanoparticle dimers as a surface-enhanced Raman scattering aptasensor for AFB1 detection. Food 
Chemistry,  372, 131293 (2022). https://doi.org/10.1016/j.foodchem.2021.131293. 
39. Zhang, K.,  Xi, Z.,  Wu, Z.,  Lu, G. and Huang, X., Visible-Light-Induced Selective Oxidation of 
Amines into Imines over UiO-66-NH2@Au@COF Core–Shell Photocatalysts. ACS Sustainable 
Chemistry & Engineering,  9, 12623-12633 (2021). http://doi.org/10.1021/acssuschemeng.1c04112. 
40. Razaq, A.,  Bibi, F.,  Zheng, X.,  Papadakis, R.,  Jafri, S. H. and Li, H., Review on Graphene-, 
Graphene Oxide-, Reduced Graphene Oxide-Based Flexible Composites: From Fabrication to 
Applications. Materials,  15, 1012 (2022). http://doi.org/10.3390/ma15031012. 
41. Ferrier, D. C. and Honeychurch, K. C., Carbon Nanotube (CNT)-Based Biosensors. Biosensors,  
11, 486 (2021). http://doi.org/10.3390/bios11120486. 
42. Wang, J., Carbon-Nanotube Based Electrochemical Biosensors: A Review. Electroanalysis,  17, 
7-14 (2005). https://doi.org/10.1002/elan.200403113. 
43. Baranwal, J.,  Barse, B.,  Gatto, G.,  Broncova, G. and Kumar, A., Electrochemical Sensors and 
Their Applications: A Review. Chemosensors,  10, 363 (2022). 
http://doi.org/10.3390/chemosensors10090363. 
44. Duan, H.,  Peng, S.,  He, S.,  Tang, S.-Y.,  Goda, K.,  Wang, C. H. and Li, M., Wearable 
Electrochemical Biosensors for Advanced Healthcare Monitoring. Advanced Science,  12, 2411433 
(2025). https://doi.org/10.1002/advs.202411433. 
45. Singh, R.,  Gupta, R.,  Bansal, D.,  Bhateria, R. and Sharma, M., A Review on Recent Trends and 
Future Developments in Electrochemical Sensing. ACS Omega,  9, 7336-7356 (2024). 
http://doi.org/10.1021/acsomega.3c08060. 
46. Campuzano, S.,  Pedrero, M.,  Yáñez-Sedeño, P. and Pingarrón, J. M., Antifouling (Bio)materials 
for Electrochemical (Bio)sensing. International Journal of Molecular Sciences,  20, 423 (2019). 
http://doi.org/10.3390/ijms20020423. 
47. Sen, D. and Lazenby, R. A., Electrochemical Biosensor Arrays for Multiple Analyte Detection. 
Analysis & Sensing,  4, e202300047 (2024). https://doi.org/10.1002/anse.202300047. 

Page 31 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1002/adfm.202532167
http://doi.org/10.1021/acsnano.5c05610
http://doi.org/10.3390/ma18061220
http://doi.org/10.3390/polym13183101
http://doi.org/10.1109/ACCESS.2021.3119219
https://doi.org/10.1002/adfm.202306117
http://doi.org/10.1021/acsami.5c02988
https://doi.org/10.1016/j.foodchem.2021.131293
http://doi.org/10.1021/acssuschemeng.1c04112
http://doi.org/10.3390/ma15031012
http://doi.org/10.3390/bios11120486
https://doi.org/10.1002/elan.200403113
http://doi.org/10.3390/chemosensors10090363
https://doi.org/10.1002/advs.202411433
http://doi.org/10.1021/acsomega.3c08060
http://doi.org/10.3390/ijms20020423
https://doi.org/10.1002/anse.202300047


For Review Only

48. Heikenfeld, J.,  Jajack, A.,  Rogers, J.,  Gutruf, P.,  Tian, L.,  Pan, T.,  Li, R.,  Khine, M.,  Kim, J.,  
Wang, J., et al., Wearable sensors: modalities, challenges, and prospects. Lab on a Chip,  18, 217-248 
(2018). http://doi.org/10.1039/C7LC00914C. 
49. Ferrag, C. and Kerman, K., Grand Challenges in Nanomaterial-Based Electrochemical Sensors. 
Frontiers in Sensors,  1, 583822 (2020). http://doi.org/10.3389/fsens.2020.583822. 
50. Ramesh, M.,  Janani, R.,  Deepa, C. and Rajeshkumar, L., Nanotechnology-Enabled Biosensors: 
A Review of Fundamentals, Design Principles, Materials, and Applications. Biosensors,  13, 40 (2023). 
http://doi.org/10.3390/bios13010040. 
51. Saha, B.,  Baek, S. and Lee, J., Highly Sensitive Bendable and Foldable Paper Sensors Based on 
Reduced Graphene Oxide. ACS Applied Materials & Interfaces,  9, 4658-4666 (2017). 
http://doi.org/10.1021/acsami.6b10484. 
52. Yuwen, T.,  Shu, D.,  Zou, H.,  Yang, X.,  Wang, S.,  Zhang, S.,  Liu, Q.,  Wang, X.,  Wang, G.,  
Zhang, Y., et al., Carbon nanotubes: a powerful bridge for conductivity and flexibility in electrochemical 
glucose sensors. Journal of Nanobiotechnology,  21, 320 (2023). http://doi.org/10.1186/s12951-023-
02088-7. 
53. Silva, T. A.,  Moraes, F. C.,  Janegitz, B. C. and Fatibello-Filho, O., Electrochemical Biosensors 
Based on Nanostructured Carbon Black: A Review. Journal of Nanomaterials,  2017, 4571614 (2017). 
https://doi.org/10.1155/2017/4571614. 
54. Yuk, H.,  Lu, B. and Zhao, X., Hydrogel bioelectronics. Chemical Society Reviews,  48, 1642-
1667 (2019). http://doi.org/10.1039/C8CS00595H. 
55. Zhu, C.,  Yang, G.,  Li, H.,  Du, D. and Lin, Y., Electrochemical Sensors and Biosensors Based 
on Nanomaterials and Nanostructures. Analytical Chemistry,  87, 230-249 (2015). 
http://doi.org/10.1021/ac5039863. 
56. Choi, S.,  Han, S. I.,  Kim, D.,  Hyeon, T. and Kim, D.-H., High-performance stretchable 
conductive nanocomposites: materials, processes, and device applications. Chemical Society Reviews,  48, 
1566-1595 (2019). http://doi.org/10.1039/C8CS00706C. 
57. Song, Z.,  Zhou, S.,  Qin, Y.,  Xia, X.,  Sun, Y.,  Han, G.,  Shu, T.,  Hu, L. and Zhang, Q., 
Flexible and Wearable Biosensors for Monitoring Health Conditions. Biosensors,  13, 630 (2023). 
http://doi.org/10.3390/bios13060630. 
58. Saputra, H. A. and Karim, M. M., Enzymatic and Enzyme-Free Electrochemical Lactate Sensors: 
A Review of the Recent Developments. Electrochemical Science Advances,  5, e202400021 (2025). 
https://doi.org/10.1002/elsa.202400021. 
59. Liu, Y.-L.,  Liu, R.,  Qin, Y.,  Qiu, Q.-F.,  Chen, Z.,  Cheng, S.-B. and Huang, W.-H., Flexible 
Electrochemical Urea Sensor Based on Surface Molecularly Imprinted Nanotubes for Detection of 
Human Sweat. Analytical Chemistry,  90, 13081-13087 (2018). 
http://doi.org/10.1021/acs.analchem.8b04223. 
60. Mruthunjaya, A. K. V. and Torriero, A. A. J., Electrochemical Monitoring in Anticoagulation 
Therapy. Molecules,  29, 1453 (2024). http://doi.org/10.3390/molecules29071453. 
61. Eteya, M. M.,  Rounaghi, G. H. and Deiminiat, B., Label-Free Determination of Atrazine Using a 
Novel Electrochemical Aptasensor Based on Multiwalled Carbon Nanotube/Graphene Oxide 
Nanocomposite and Chitosan. Electrocatalysis,  15, 384-393 (2024). http://doi.org/10.1007/s12678-024-
00882-x. 
62. Chen, Y.,  Xu, B.,  Gong, J.,  Wen, J.,  Hua, T.,  Kan, C.-W. and Deng, J., Design of High-
Performance Wearable Energy and Sensor Electronics from Fiber Materials. ACS Applied Materials & 
Interfaces,  11, 2120-2129 (2019). http://doi.org/10.1021/acsami.8b16167. 
63. Amiri, M.,  Nekoueian, K. and Saberi, R. S., Graphene-family materials in electrochemical 
aptasensors. Analytical and Bioanalytical Chemistry,  413, 673-699 (2021). 
http://doi.org/10.1007/s00216-020-02915-y. 
64. Ye, R.,  James, D. K. and Tour, J. M., Laser-Induced Graphene: From Discovery to Translation. 
Advanced Materials,  31, 1803621 (2019). https://doi.org/10.1002/adma.201803621. 

Page 32 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.1039/C7LC00914C
http://doi.org/10.3389/fsens.2020.583822
http://doi.org/10.3390/bios13010040
http://doi.org/10.1021/acsami.6b10484
http://doi.org/10.1186/s12951-023-02088-7
http://doi.org/10.1186/s12951-023-02088-7
https://doi.org/10.1155/2017/4571614
http://doi.org/10.1039/C8CS00595H
http://doi.org/10.1021/ac5039863
http://doi.org/10.1039/C8CS00706C
http://doi.org/10.3390/bios13060630
https://doi.org/10.1002/elsa.202400021
http://doi.org/10.1021/acs.analchem.8b04223
http://doi.org/10.3390/molecules29071453
http://doi.org/10.1007/s12678-024-00882-x
http://doi.org/10.1007/s12678-024-00882-x
http://doi.org/10.1021/acsami.8b16167
http://doi.org/10.1007/s00216-020-02915-y
https://doi.org/10.1002/adma.201803621


For Review Only

65. Wang, F.,  Wang, K.,  Zheng, B.,  Dong, X.,  Mei, X.,  Lv, J.,  Duan, W. and Wang, W., Laser-
induced graphene: preparation, functionalization and applications. Materials Technology,  33, 340-356 
(2018). http://doi.org/10.1080/10667857.2018.1447265. 
66. Lin, J.,  Peng, Z.,  Liu, Y.,  Ruiz-Zepeda, F.,  Ye, R.,  Samuel, E. L. G.,  Yacaman, M. J.,  
Yakobson, B. I. and Tour, J. M., Laser-induced porous graphene films from commercial polymers. 
Nature Communications,  5, 5714 (2014). http://doi.org/10.1038/ncomms6714. 
67. Zhu, J.,  Liu, S.,  Hu, Z.,  Zhang, X.,  Yi, N.,  Tang, K.,  Dexheimer, M. G.,  Lian, X.,  Wang, Q.,  
Yang, J., et al., Laser-induced graphene non-enzymatic glucose sensors for on-body measurements. 
Biosensors and Bioelectronics,  193, 113606 (2021). https://doi.org/10.1016/j.bios.2021.113606. 
68. Li, L.,  Han, Y.,  Zhang, Y.,  Wu, W.,  Du, W.,  Wen, G. and Cheng, S., Laser-Induced Graphene 
Decorated with MOF-Derived NiCo-LDH for Highly Sensitive Non-Enzymatic Glucose Sensor. 
Molecules,  29, 5662 (2024). http://doi.org/10.3390/molecules29235662. 
69. Mamleyev, E. R.,  Heissler, S.,  Nefedov, A.,  Weidler, P. G.,  Nordin, N.,  Kudryashov, V. V.,  
Länge, K.,  MacKinnon, N. and Sharma, S., Laser-induced hierarchical carbon patterns on polyimide 
substrates for flexible urea sensors. npj Flexible Electronics,  3, 2 (2019). http://doi.org/10.1038/s41528-
018-0047-8. 
70. Settu, K.,  Chiu, P.-T. and Huang, Y.-M., Laser-Induced Graphene-Based Enzymatic Biosensor 
for Glucose Detection. Polymers,  13, 2795 (2021). http://doi.org/10.3390/polym13162795. 
71. Brustoloni, C. J.-M.,  Soltan Khamsi, P.,  Kammarchedu, V. and Ebrahimi, A., Systematic Study 
of Various Functionalization Steps for Ultrasensitive Detection of SARS-CoV-2 with Direct Laser-
Functionalized Au-LIG Electrochemical Sensors. ACS Applied Materials & Interfaces,  16, 49041-49052 
(2024). http://doi.org/10.1021/acsami.4c09571. 
72. Kim, J. H.,  Hwang, J.-Y.,  Hwang, H. R.,  Kim, H. S.,  Lee, J. H.,  Seo, J.-W.,  Shin, U. S. and 
Lee, S.-H., Simple and cost-effective method of highly conductive and elastic carbon 
nanotube/polydimethylsiloxane composite for wearable electronics. Scientific Reports,  8, 1375 (2018). 
http://doi.org/10.1038/s41598-017-18209-w. 
73. Fu, W.,  Yu, B.,  Ji, D.,  Zhou, Z.,  Li, X.,  Wang, R.,  Lu, W.,  Sun, Y. and Dai, Y., Intelligent 
fibers and textiles for wearable biosensors. Responsive Materials,  2, e20240018 (2024). 
https://doi.org/10.1002/rpm.20240018. 
74. Lee, S.-J. and Kim, C.-L., Highly flexible, stretchable, durable conductive electrode for human-
body-attachable wearable sensor application. Polymer Testing,  122, 108018 (2023). 
https://doi.org/10.1016/j.polymertesting.2023.108018. 
75. Kaewda, C. and Sriwichai, S., Label-Free Electrochemical Dopamine Biosensor Based on 
Electrospun Nanofibers of Polyaniline/Carbon Nanotube Composites. Biosensors,  14, 349 (2024). 
http://doi.org/10.3390/bios14070349. 
76. Channabasavana Hundi Puttaningaiah, K. P., Innovative Carbonaceous Materials and 
Metal/Metal Oxide Nanoparticles for Electrochemical Biosensor Applications. Nanomaterials,  14, 1890 
(2024). http://doi.org/10.3390/nano14231890. 
77. Furukawa, H.,  Cordova, K. E.,  O’Keeffe, M. and Yaghi, O. M., The Chemistry and Applications 
of Metal-Organic Frameworks. Science,  341, 1230444 (2013). http://doi.org/10.1126/science.1230444. 
78. Basu, A., Chapter 7 - Smart electronic yarns and wearable fabrics for human biomonitoring. In 
Nanosensors and Nanodevices for Smart Multifunctional Textiles, Ehrmann, A.;  Nguyen, T. A.; Nguyen 
Tri, P., Eds. Elsevier: 2021; pp 109-123. https://doi.org/10.1016/B978-0-12-820777-2.00007-8. 
79. Bappy, M. O.,  Song, K. and Zhang, Y., Recent advances in printed devices for next-generation 
sensing. APL Electronic Devices,  1, 021505 (2025). http://doi.org/10.1063/5.0264012. 
80. Bounegru, A. V. and Apetrei, C., Carbonaceous Nanomaterials Employed in the Development of 
Electrochemical Sensors Based on Screen-Printing Technique—A Review. Catalysts,  10, 680 (2020). 
http://doi.org/10.3390/catal10060680. 
81. Cantù, E.,  Tonello, S.,  Abate, G.,  Uberti, D.,  Sardini, E. and Serpelloni, M., Aerosol Jet Printed 
3D Electrochemical Sensors for Protein Detection. Sensors,  18, 3719 (2018). 
http://doi.org/10.3390/s18113719. 

Page 33 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.1080/10667857.2018.1447265
http://doi.org/10.1038/ncomms6714
https://doi.org/10.1016/j.bios.2021.113606
http://doi.org/10.3390/molecules29235662
http://doi.org/10.1038/s41528-018-0047-8
http://doi.org/10.1038/s41528-018-0047-8
http://doi.org/10.3390/polym13162795
http://doi.org/10.1021/acsami.4c09571
http://doi.org/10.1038/s41598-017-18209-w
https://doi.org/10.1002/rpm.20240018
https://doi.org/10.1016/j.polymertesting.2023.108018
http://doi.org/10.3390/bios14070349
http://doi.org/10.3390/nano14231890
http://doi.org/10.1126/science.1230444
https://doi.org/10.1016/B978-0-12-820777-2.00007-8
http://doi.org/10.1063/5.0264012
http://doi.org/10.3390/catal10060680
http://doi.org/10.3390/s18113719


For Review Only

82. Gittins, J. W.,  Ge, K.,  Balhatchet, C. J.,  Taberna, P.-L.,  Simon, P. and Forse, A. C., 
Understanding Electrolyte Ion Size Effects on the Performance of Conducting Metal–Organic Framework 
Supercapacitors. Journal of the American Chemical Society,  146, 12473-12484 (2024). 
http://doi.org/10.1021/jacs.4c00508. 
83. Souza, J. E. d. S.,  Oliveira, G. P. d.,  Alexandre, J. Y. N. H.,  Neto, J. G. L.,  Sales, M. B.,  
Junior, P. G. d. S.,  Oliveira, A. L. B. d.,  Souza, M. C. M. d. and Santos, J. C. S. d., A Comprehensive 
Review on the Use of Metal–Organic Frameworks (MOFs) Coupled with Enzymes as Biosensors. 
Electrochem,  3, 89-113 (2022). http://doi.org/10.3390/electrochem3010006. 
84. Arivazhagan, M.,  Prabu, S.,  Elancheziyan, M. and Jakmunee, J., Recent advances and future 
perspectives in electrochemical sensing of biomarkers by using MOF-based electrode materials. Emergent 
Materials,  8, 1067-1085 (2025). http://doi.org/10.1007/s42247-024-00941-5. 
85. Gonçalves, J. M.,  Martins, P. R.,  Rocha, D. P.,  Matias, T. A.,  Julião, M. S. S.,  Munoz, R. A. 
A. and Angnes, L., Recent trends and perspectives in electrochemical sensors based on MOF-derived 
materials. Journal of Materials Chemistry C,  9, 8718-8745 (2021). http://doi.org/10.1039/D1TC02025K. 
86. Kuang, X.,  Zhao, G.,  Guo, J.,  Tang, Q.,  Yu, J. and Wang, F., Development of a ZIF-8/LIG-
based electrochemical biosensor for accurate and reliable glucose monitoring in blood. Microchimica 
Acta,  192, 436 (2025). http://doi.org/10.1007/s00604-025-07302-x. 
87. Li, M.,  Zhang, G.,  Boakye, A.,  Chai, H.,  Qu, L. and Zhang, X., Recent Advances in Metal-
Organic Framework-Based Electrochemical Biosensing Applications. Front. Bioeng. Biotechnol.,  9, 
797067 (2021). http://doi.org/10.3389/fbioe.2021.797067. 
88. Khosropour, H.,  Keramat, M.,  Tasca, F. and Laiwattanapaisal, W., A comprehensive review of 
the application of Zr-based metal–organic frameworks for electrochemical sensors and biosensors. 
Microchimica Acta,  191, 449 (2024). http://doi.org/10.1007/s00604-024-06515-w. 
89. Nandhini, C.,  Arul, P.,  Huang, S.-T.,  Tominaga, M. and Huang, C.-H., Electrochemical sensing 
of dual biomolecules in live cells and whole blood samples: A flexible gold wire-modified copper-organic 
framework-based hybrid composite. Bioelectrochemistry,  152, 108434 (2023). 
https://doi.org/10.1016/j.bioelechem.2023.108434. 
90. Mokhtar, N. A. I. M.,  Zawawi, R. M.,  Khairul, W. M. and Yusof, N. A., Electrochemical and 
optical sensors made of composites of metal–organic frameworks and carbon-based materials. A review. 
Environmental Chemistry Letters,  20, 3099-3131 (2022). http://doi.org/10.1007/s10311-022-01403-2. 
91. Feng, X.,  Zhao, J.,  Wu, S.,  Kan, Y.,  Li, H. and Zhang, W., An Electrochemical Sensor Based 
on AuNPs@Cu-MOF/MWCNTs Integrated Microfluidic Device for Selective Monitoring of 
Hydroxychloroquine in Human Serum. Chemosensors,  13, 200 (2025). 
http://doi.org/10.3390/chemosensors13060200. 
92. Xu, X.,  Li, W.,  Xin, H.,  Tang, L.,  Zhou, X.,  Zhou, T.,  Xuan, C.,  Tian, Q. and Pan, D., 
Engineering of CuMOF-SWCNTs@AuNPs-Based Electrochemical Sensors for Ultrasensitive and 
Selective Monitoring of Imatinib in Human Serum. ACS Omega,  9, 4744-4753 (2024). 
http://doi.org/10.1021/acsomega.3c08002. 
93. Ghosh, A.,  Fathima Thanutty Kallungal, S. and Ramaprabhu, S., 2D Metal-Organic Frameworks: 
Properties, Synthesis, and Applications in Electrochemical and Optical Biosensors. Biosensors,  13, 123 
(2023). http://doi.org/10.3390/bios13010123. 
94. Xu, X.,  Lu, S. and Zhang, Z., Hydrogel/MOF Dual-Modified Photoelectrochemical Biosensor for 
Antibiofouling and Biocompatible Dopamine Detection. Langmuir,  40, 10718-10725 (2024). 
http://doi.org/10.1021/acs.langmuir.4c00727. 
95. Kidanemariam, A. and Cho, S., Recent Advances in the Application of Metal–Organic 
Frameworks and Coordination Polymers in Electrochemical Biosensors. Chemosensors,  12, 135 (2024). 
http://doi.org/10.3390/chemosensors12070135. 
96. Chen, X.,  Geng, K.,  Liu, R.,  Tan, K. T.,  Gong, Y.,  Li, Z.,  Tao, S.,  Jiang, Q. and Jiang, D., 
Covalent Organic Frameworks: Chemical Approaches to Designer Structures and Built-In Functions. 
Angewandte Chemie International Edition,  59, 5050-5091 (2020). 
https://doi.org/10.1002/anie.201904291. 

Page 34 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.1021/jacs.4c00508
http://doi.org/10.3390/electrochem3010006
http://doi.org/10.1007/s42247-024-00941-5
http://doi.org/10.1039/D1TC02025K
http://doi.org/10.1007/s00604-025-07302-x
http://doi.org/10.3389/fbioe.2021.797067
http://doi.org/10.1007/s00604-024-06515-w
https://doi.org/10.1016/j.bioelechem.2023.108434
http://doi.org/10.1007/s10311-022-01403-2
http://doi.org/10.3390/chemosensors13060200
http://doi.org/10.1021/acsomega.3c08002
http://doi.org/10.3390/bios13010123
http://doi.org/10.1021/acs.langmuir.4c00727
http://doi.org/10.3390/chemosensors12070135
https://doi.org/10.1002/anie.201904291


For Review Only

97. Chen, S.,  Yuan, B.,  Liu, G. and Zhang, D., Electrochemical Sensors Based on Covalent Organic 
Frameworks: A Critical Review. Front. Chem.,  8, 601044 (2020). 
http://doi.org/10.3389/fchem.2020.601044. 
98. Jarju, J. J.,  Lavender, A. M.,  Espiña, B.,  Romero, V. and Salonen, L. M., Covalent Organic 
Framework Composites: Synthesis and Analytical Applications. Molecules,  25, 5404 (2020). 
http://doi.org/10.3390/molecules25225404. 
99. Tajik, S.,  Beitollahi, H.,  Nejad, F. G.,  Dourandish, Z.,  Khalilzadeh, M. A.,  Jang, H. W.,  
Venditti, R. A.,  Varma, R. S. and Shokouhimehr, M., Recent Developments in Polymer Nanocomposite-
Based Electrochemical Sensors for Detecting Environmental Pollutants. Industrial & Engineering 
Chemistry Research,  60, 1112-1136 (2021). http://doi.org/10.1021/acs.iecr.0c04952. 
100. Anu Prathap, M. U.,  Kaur, B. and Srivastava, R., Electrochemical Sensor Platforms Based on 
Nanostructured Metal Oxides, and Zeolite-Based Materials. The Chemical Record,  19, 883-907 (2019). 
https://doi.org/10.1002/tcr.201800068. 
101. Govindhan, M.,  Lafleur, T.,  Adhikari, B.-R. and Chen, A., Electrochemical Sensor Based on 
Carbon Nanotubes for the Simultaneous Detection of Phenolic Pollutants. Electroanalysis,  27, 902-909 
(2015). https://doi.org/10.1002/elan.201400608. 
102. Sun, J.,  Liu, Y.,  Lv, S.,  Huang, Z.,  Cui, L. and Wu, T., An Electrochemical Sensor Based on 
Nitrogen-doped Carbon Nanofiber for Bisphenol A Determination. Electroanalysis,  28, 439-444 (2016). 
https://doi.org/10.1002/elan.201500287. 
103. Hernández-García, F.,  Álvarez-Romero, G. A.,  Colorado-Peralta, R.,  Cruz-Navarro, J. A. and 
Morales-Morales, D., Review—Advances on Covalent Organic-Frameworks as Innovative Materials for 
Designing Electrochemical Sensors. Journal of The Electrochemical Society,  171, 077521 (2024). 
http://doi.org/10.1149/1945-7111/ad659b. 
104. Yan, J.,  Zhang, C.,  Cheng, Q.,  Liu, H.,  Wang, S.,  Zhang, M. and Wang, L., Covalent Organic 
Frameworks/MWCNT Nanocomposites for Electrochemical Detection of the H1N1 Influenza Virus. ACS 
Applied Nano Materials,  7, 13241-13250 (2024). http://doi.org/10.1021/acsanm.4c01758. 
105. Wang, M.,  Hu, M.,  Liu, J.,  Guo, C.,  Peng, D.,  Jia, Q.,  He, L.,  Zhang, Z. and Du, M., Covalent 
organic framework-based electrochemical aptasensors for the ultrasensitive detection of antibiotics. 
Biosensors and Bioelectronics,  132, 8-16 (2019). https://doi.org/10.1016/j.bios.2019.02.040. 
106. Dezhakam, E.,  Vayghan, R. F.,  Dehghani, S.,  Kafili-Hajlari, T.,  Naseri, A.,  Dadashpour, M.,  
Khalilzadeh, B. and Kanberoglu, G. S., Highly efficient electrochemical biosensing platform in breast 
cancer detection based on MOF-COF@Au core-shell like nanostructure. Scientific Reports,  14, 29850 
(2024). http://doi.org/10.1038/s41598-024-78836-y. 
107. Song, Y. and Ma, S., Pore engineering in metal–organic frameworks and covalent organic 
frameworks: strategies and applications. Chemical Science,  16, 11740-11767 (2025). 
http://doi.org/10.1039/D5SC01635E. 
108. Xue, R.,  Liu, Y.-S.,  Huang, S.-L. and Yang, G.-Y., Recent Progress of Covalent Organic 
Frameworks Applied in Electrochemical Sensors. ACS Sensors,  8, 2124-2148 (2023). 
http://doi.org/10.1021/acssensors.3c00269. 
109. Avelino, K. Y. P. S.,  Oliveira, L. S.,  Lucena-Silva, N.,  Andrade, C. A. S. and Oliveira, M. D. 
L., Flexible sensor based on conducting polymer and gold nanoparticles for electrochemical screening of 
HPV families in cervical specimens. Talanta,  226, 122118 (2021). 
https://doi.org/10.1016/j.talanta.2021.122118. 
110. Rosati, G.,  Ravarotto, M.,  Scaramuzza, M.,  De Toni, A. and Paccagnella, A., Silver 
nanoparticles inkjet-printed flexible biosensor for rapid label-free antibiotic detection in milk. Sensors 
and Actuators B: Chemical,  280, 280-289 (2019). https://doi.org/10.1016/j.snb.2018.09.084. 
111. Oh, D. E.,  Lee, C.-S.,  Kim, T. W.,  Jeon, S. and Kim, T. H., A Flexible and Transparent 
PtNP/SWCNT/PET Electrochemical Sensor for Nonenzymatic Detection of Hydrogen Peroxide Released 
from Living Cells with Real-Time Monitoring Capability. Biosensors,  13, 704 (2023). 
http://doi.org/10.3390/bios13070704. 

Page 35 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.3389/fchem.2020.601044
http://doi.org/10.3390/molecules25225404
http://doi.org/10.1021/acs.iecr.0c04952
https://doi.org/10.1002/tcr.201800068
https://doi.org/10.1002/elan.201400608
https://doi.org/10.1002/elan.201500287
http://doi.org/10.1149/1945-7111/ad659b
http://doi.org/10.1021/acsanm.4c01758
https://doi.org/10.1016/j.bios.2019.02.040
http://doi.org/10.1038/s41598-024-78836-y
http://doi.org/10.1039/D5SC01635E
http://doi.org/10.1021/acssensors.3c00269
https://doi.org/10.1016/j.talanta.2021.122118
https://doi.org/10.1016/j.snb.2018.09.084
http://doi.org/10.3390/bios13070704


For Review Only

112. Theyagarajan, K. and Kim, Y.-J., Recent Developments in the Design and Fabrication of 
Electrochemical Biosensors Using Functional Materials and Molecules. Biosensors,  13, 424 (2023). 
http://doi.org/10.3390/bios13040424. 
113. Kim, J.,  Kumar, R.,  Bandodkar, A. J. and Wang, J., Advanced Materials for Printed Wearable 
Electrochemical Devices: A Review. Advanced Electronic Materials,  3, 1600260 (2017). 
https://doi.org/10.1002/aelm.201600260. 
114. Hasan, M. M. and Hossain, M. M., Nanomaterials-patterned flexible electrodes for wearable 
health monitoring: a review. Journal of Materials Science,  56, 14900-14942 (2021). 
http://doi.org/10.1007/s10853-021-06248-8. 
115. Raza, T.,  Qu, L.,  Khokhar, W. A.,  Andrews, B.,  Ali, A. and Tian, M., Progress of Wearable 
and Flexible Electrochemical Biosensors With the Aid of Conductive Nanomaterials. Front. Bioeng. 
Biotechnol.,  9, 761020 (2021). http://doi.org/10.3389/fbioe.2021.761020. 
116. Darwish, M. A.,  Abd-Elaziem, W.,  Elsheikh, A. and Zayed, A. A., Advancements in 
nanomaterials for nanosensors: a comprehensive review. Nanoscale Advances,  6, 4015-4046 (2024). 
http://doi.org/10.1039/D4NA00214H. 
117. Yao, S.,  Swetha, P. and Zhu, Y., Nanomaterial-Enabled Wearable Sensors for Healthcare. 
Advanced Healthcare Materials,  7, 1700889 (2018). https://doi.org/10.1002/adhm.201700889. 
118. Ibrahim, N.,  Jamaluddin, N. D.,  Tan, L. L. and Mohd Yusof, N. Y., A Review on the 
Development of Gold and Silver Nanoparticles-Based Biosensor as a Detection Strategy of Emerging and 
Pathogenic RNA Virus. Sensors,  21, 5114 (2021). http://doi.org/10.3390/s21155114. 
119. Sui, Y. and Zorman, C. A., Review—Inkjet Printing of Metal Structures for Electrochemical 
Sensor Applications. Journal of The Electrochemical Society,  167, 037571 (2020). 
http://doi.org/10.1149/1945-7111/ab721f. 
120. Kathirvelan, J., Recent developments of inkjet-printed flexible sensing electronics for wearable 
device applications: a review. Sensor Review,  41, 46-56 (2020). http://doi.org/10.1108/SR-08-2020-0190. 
121. Fernandes, I. J.,  Aroche, A. F.,  Schuck, A.,  Lamberty, P.,  Peter, C. R.,  Hasenkamp, W. and 
Rocha, T. L. A. C., Silver nanoparticle conductive inks: synthesis, characterization, and fabrication of 
inkjet-printed flexible electrodes. Scientific Reports,  10, 8878 (2020). http://doi.org/10.1038/s41598-020-
65698-3. 
122. Zhou, J.,  Zhou, S.,  Fan, P.,  Li, X.,  Ying, Y.,  Ping, J. and Pan, Y., Implantable Electrochemical 
Microsensors for In Vivo Monitoring of Animal Physiological Information. Nano-Micro Letters,  16, 49 
(2023). http://doi.org/10.1007/s40820-023-01274-4. 
123. Kwon, Y.,  Kim, J.,  Kim, H.,  Kang, T. W.,  Lee, J.,  Jang, S. S.,  Lee, Y. and Yeo, W.-H., 
Printed Nanomaterials for All-in-One Integrated Flexible Wearables and Bioelectronics. ACS Applied 
Materials & Interfaces,  16, 68016-68026 (2024). http://doi.org/10.1021/acsami.4c17939. 
124. Flynn, C. D. and Chang, D., Artificial Intelligence in Point-of-Care Biosensing: Challenges and 
Opportunities. Diagnostics,  14, 1100 (2024). http://doi.org/10.3390/diagnostics14111100. 
125. Wang, Z.,  Dong, Y.,  Sui, X.,  Shao, X.,  Li, K.,  Zhang, H.,  Xu, Z. and Zhang, D., An artificial 
intelligence-assisted microfluidic colorimetric wearable sensor system for monitoring of key tear 
biomarkers. npj Flexible Electronics,  8, 35 (2024). http://doi.org/10.1038/s41528-024-00321-3. 
126. Jiao, L.,  Yan, H.,  Wu, Y.,  Gu, W.,  Zhu, C.,  Du, D. and Lin, Y., When Nanozymes Meet 
Single-Atom Catalysis. Angewandte Chemie International Edition,  59, 2565-2576 (2020). 
https://doi.org/10.1002/anie.201905645. 
127. Zhu, C.,  Fu, S.,  Shi, Q.,  Du, D. and Lin, Y., Single-Atom Electrocatalysts. Angewandte Chemie 
International Edition,  56, 13944-13960 (2017). https://doi.org/10.1002/anie.201703864. 
128. Liu, M.,  Xu, W.,  Tang, Y.,  Wu, Y.,  Gu, W.,  Du, D.,  Lin, Y. and Zhu, C., Tuning Atomically 
Dispersed Metal Sites in Nanozymes for Sensing Applications. Angewandte Chemie International 
Edition,  64, e202424070 (2025). https://doi.org/10.1002/anie.202424070. 
129. Xu, W.,  Wu, Y.,  Gu, W.,  Du, D.,  Lin, Y. and Zhu, C., Atomic-level design of metalloenzyme-
like active pockets in metal–organic frameworks for bioinspired catalysis. Chemical Society Reviews,  53, 
137-162 (2024). http://doi.org/10.1039/D3CS00767G. 

Page 36 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.3390/bios13040424
https://doi.org/10.1002/aelm.201600260
http://doi.org/10.1007/s10853-021-06248-8
http://doi.org/10.3389/fbioe.2021.761020
http://doi.org/10.1039/D4NA00214H
https://doi.org/10.1002/adhm.201700889
http://doi.org/10.3390/s21155114
http://doi.org/10.1149/1945-7111/ab721f
http://doi.org/10.1108/SR-08-2020-0190
http://doi.org/10.1038/s41598-020-65698-3
http://doi.org/10.1038/s41598-020-65698-3
http://doi.org/10.1007/s40820-023-01274-4
http://doi.org/10.1021/acsami.4c17939
http://doi.org/10.3390/diagnostics14111100
http://doi.org/10.1038/s41528-024-00321-3
https://doi.org/10.1002/anie.201905645
https://doi.org/10.1002/anie.201703864
https://doi.org/10.1002/anie.202424070
http://doi.org/10.1039/D3CS00767G


For Review Only

130. Jiao, L.,  Xu, W.,  Wu, Y.,  Yan, H.,  Gu, W.,  Du, D.,  Lin, Y. and Zhu, C., Single-atom catalysts 
boost signal amplification for biosensing. Chemical Society Reviews,  50, 750-765 (2021). 
http://doi.org/10.1039/D0CS00367K. 
131. Cheng, N.,  Li, J.-C.,  Liu, D.,  Lin, Y. and Du, D., Single-Atom Nanozyme Based on 
Nanoengineered Fe–N–C Catalyst with Superior Peroxidase-Like Activity for Ultrasensitive Bioassays. 
Small,  15, 1901485 (2019). https://doi.org/10.1002/smll.201901485. 
132. Niu, X.,  Shi, Q.,  Zhu, W.,  Liu, D.,  Tian, H.,  Fu, S.,  Cheng, N.,  Li, S.,  Smith, J. N.,  Du, D., 
et al., Unprecedented peroxidase-mimicking activity of single-atom nanozyme with atomically dispersed 
Fe–Nx moieties hosted by MOF derived porous carbon. Biosensors and Bioelectronics,  142, 111495 
(2019). https://doi.org/10.1016/j.bios.2019.111495. 
133. Ding, S.,  Barr, J. A.,  Lyu, Z.,  Zhang, F.,  Wang, M.,  Tieu, P.,  Li, X.,  Engelhard, M. H.,  Feng, 
Z.,  Beckman, S. P., et al., Effect of Phosphorus Modulation in Iron Single-Atom Catalysts for Peroxidase 
Mimicking. Advanced Materials,  36, 2209633 (2024). https://doi.org/10.1002/adma.202209633. 
134. Lyu, Z.,  Ding, S.,  Fang, L.,  Li, X.,  Li, T.,  Xu, M.,  Pan, X.,  Zhu, W.,  Zhou, Y.,  Du, D., et al., 
Two-Dimensional Fe–N–C Single-Atomic-Site Catalysts with Boosted Peroxidase-Like Activity for a 
Sensitive Immunoassay. Analytical Chemistry,  95, 4521-4528 (2023). 
http://doi.org/10.1021/acs.analchem.2c05633. 
135. Chen, C.,  Fu, Y.,  Liu, Y.,  Dutta, P.,  Lin, Y.,  Du, D. and Qiu, K., Next-generation health 
monitoring: The role of nanomaterials in 3D-printed wearable devices. Materials Today,  86, 317-339 
(2025). https://doi.org/10.1016/j.mattod.2025.03.005. 
136. Kim, J.,  Kim, H.,  Park, S.,  Han, S. Y.,  Hong, H.,  Yang, D. S.,  Kim, Y. J.,  Lee, J.,  Kim, J.,  
Cho, S.-W., et al., Individually-addressable composite microneedle electrode array by mold-and-place 
method for glucose detection. Sensors and Actuators B: Chemical,  401, 134884 (2024). 
https://doi.org/10.1016/j.snb.2023.134884. 
137. Lin, B.,  Wang, M.,  Zhao, C.,  Wang, S.,  Chen, K.,  Li, X.,  Long, Z.,  Zhao, C.,  Song, X.,  Yan, 
S., et al., Flexible organic integrated electronics for self-powered multiplexed ocular monitoring. npj 
Flexible Electronics,  6, 77 (2022). http://doi.org/10.1038/s41528-022-00211-6. 
138. Wang, K.,  Zheng, X.,  Qi, M.,  Zhang, W.,  Du, J.,  Han, Q.,  Li, C.,  Dong, B.,  Wang, L. and 
Xu, L., Flexible screen-printed electrochemical platform to detect hydrogen peroxide for the indication of 
periodontal disease. Sensors and Actuators B: Chemical,  390, 133955 (2023). 
https://doi.org/10.1016/j.snb.2023.133955. 
139. Zhang, Y.,  Li, Z.,  Fan, X.,  Liu, Y.,  Li, Z.,  Zheng, Z.,  Lin, Z.,  Zhang, W.,  Mu, Q.,  Mo, G., et 
al., A fully integrated, non-invasive, and multimodal wearable device for sweat stimulation, collection 
and multiple physiological signals analysis. Chemical Engineering Journal,  505, 159209 (2025). 
https://doi.org/10.1016/j.cej.2025.159209. 
140. Xu, Y.,  De la Paz, E.,  Paul, A.,  Mahato, K.,  Sempionatto, J. R.,  Tostado, N.,  Lee, M.,  Hota, 
G.,  Lin, M.,  Uppal, A., et al., In-ear integrated sensor array for the continuous monitoring of brain 
activity and of lactate in sweat. Nature Biomedical Engineering,  7, 1307-1320 (2023). 
http://doi.org/10.1038/s41551-023-01095-1. 
141. Pradhan, R.,  Kalkal, A.,  Jindal, S.,  Packirisamy, G. and Manhas, S., Four electrode-based 
impedimetric biosensors for evaluating cytotoxicity of tamoxifen on cervical cancer cells. RSC Advances,  
11, 798-806 (2021). http://doi.org/10.1039/D0RA09155C. 
142. Chen, S.,  Qiao, Z.,  Niu, Y.,  Yeo, J. C.,  Liu, Y.,  Qi, J.,  Fan, S.,  Liu, X.,  Lee, J. Y. and Lim, C. 
T., Wearable flexible microfluidic sensing technologies. Nature Reviews Bioengineering,  1, 950-971 
(2023). http://doi.org/10.1038/s44222-023-00094-w. 
143. Omar, M. H.,  Razak, K. A.,  Ab Wahab, M. N. and Hamzah, H. H., Recent progress of 
conductive 3D-printed electrodes based upon polymers/carbon nanomaterials using a fused deposition 
modelling (FDM) method as emerging electrochemical sensing devices. RSC Advances,  11, 16557-16571 
(2021). http://doi.org/10.1039/D1RA01987B. 
144. Fu, Y.,  Chen, C.,  Li, X.,  Song, Y.,  Simpson, C. D.,  Naeher, L. P.,  Qiu, K. and Du, D., 
Fabrication and optimization of a hybrid 3D-printed flexible electrochemical biosensor for sensitive 

Page 37 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.1039/D0CS00367K
https://doi.org/10.1002/smll.201901485
https://doi.org/10.1016/j.bios.2019.111495
https://doi.org/10.1002/adma.202209633
http://doi.org/10.1021/acs.analchem.2c05633
https://doi.org/10.1016/j.mattod.2025.03.005
https://doi.org/10.1016/j.snb.2023.134884
http://doi.org/10.1038/s41528-022-00211-6
https://doi.org/10.1016/j.snb.2023.133955
https://doi.org/10.1016/j.cej.2025.159209
http://doi.org/10.1038/s41551-023-01095-1
http://doi.org/10.1039/D0RA09155C
http://doi.org/10.1038/s44222-023-00094-w
http://doi.org/10.1039/D1RA01987B


For Review Only

detection of 1-hydroxypyrene glucuronide, an associated wildfire exposure biomarker. Talanta,  307, 
129778 (2026). https://doi.org/10.1016/j.talanta.2026.129778. 
145. Osman, A. and Lu, J., 3D printing of polymer composites to fabricate wearable sensors: A 
comprehensive review. Materials Science and Engineering: R: Reports,  154, 100734 (2023). 
https://doi.org/10.1016/j.mser.2023.100734. 
146. Palucci Rosa, R. and Rosace, G., Nanomaterials for 3D Printing of Polymers via 
Stereolithography: Concept, Technologies, and Applications. Macromolecular Materials and 
Engineering,  306, 2100345 (2021). https://doi.org/10.1002/mame.202100345. 
147. Wang, Q.,  Liu, Q.,  Zhong, G.,  Xu, T. and Zhang, X., Wearable Vertical Graphene-Based 
Microneedle Biosensor for Real-Time Ketogenic Diet Management. Analytical Chemistry,  96, 8713-
8720 (2024). http://doi.org/10.1021/acs.analchem.4c00960. 
148. Razzaghi, M.,  Alexander Ninan, J. and Akbari, M., Advancements in Materials for 3D-Printed 
Microneedle Arrays: Enhancing Performance and Biocompatibility. Micromachines,  15, 1433 (2024). 
http://doi.org/10.3390/mi15121433. 
149. Farahani, S.,  Glasco, D. L.,  Elhassan, M. M.,  Sireesha, P. and Bell, J. G., Integration of 3D 
printed Mg2+ potentiometric sensors into microfluidic devices for bioanalysis. Lab on a Chip,  24, 4096-
4104 (2024). http://doi.org/10.1039/D4LC00407H. 
150. Wang, C.,  Park, M. J.,  Choo, Y. W.,  Huang, Y.,  Phuntsho, S. and Shon, H. K., Inkjet printing 
technique for membrane fabrication and modification: A review. Desalination,  565, 116841 (2023). 
https://doi.org/10.1016/j.desal.2023.116841. 
151. Tonello, S.,  Fapanni, T.,  Bonaldo, S.,  Giorgi, G.,  Narduzzi, C.,  Paccagnella, A.,  Serpelloni, 
M.,  Sardini, E. and Carrara, S., Amperometric Measurements by a Novel Aerosol Jet Printed Flexible 
Sensor for Wearable Applications. IEEE Transactions on Instrumentation and Measurement,  72, 1-12 
(2023). http://doi.org/10.1109/TIM.2022.3225014. 
152. Wicaksono, I.,  Tucker, C. I.,  Sun, T.,  Guerrero, C. A.,  Liu, C.,  Woo, W. M.,  Pence, E. J. and 
Dagdeviren, C., A tailored, electronic textile conformable suit for large-scale spatiotemporal 
physiological sensing in vivo. npj Flexible Electronics,  4, 5 (2020). http://doi.org/10.1038/s41528-020-
0068-y. 
153. Liu, H. and Zhao, C., Wearable electrochemical sensors for noninvasive monitoring of health—a 
perspective. Current Opinion in Electrochemistry,  23, 42-46 (2020). 
https://doi.org/10.1016/j.coelec.2020.03.008. 
154. Yao, Y.,  Huang, W.,  Chen, J.,  Liu, X.,  Bai, L.,  Chen, W.,  Cheng, Y.,  Ping, J.,  Marks, T. J. 
and Facchetti, A., Flexible and Stretchable Organic Electrochemical Transistors for Physiological Sensing 
Devices. Advanced Materials,  35, 2209906 (2023). https://doi.org/10.1002/adma.202209906. 
155. Rovira, M.,  Lafaye, C.,  Wang, S.,  Fernandez-Sanchez, C.,  Saubade, M.,  Liu, S.-C. and 
Jimenez-Jorquera, C., Analytical assessment of sodium ISFET based sensors for sweat analysis. Sensors 
and Actuators B: Chemical,  393, 134135 (2023). https://doi.org/10.1016/j.snb.2023.134135. 
156. Lorestani, F.,  Zhang, X.,  Ataie, Z.,  Kedzierski, A.,  Liu, Y.,  López, A.,  Dutta, A.,  Kacala, K.,  
Niu, Z.,  Sheikhi, A., et al., A Granular Hydrogel-Enabled Wearable Electrochemical Biosensing Platform 
for Continuous Non-Invasive Sweat Lactate Detection. Small,  21, 2502655 (2025). 
https://doi.org/10.1002/smll.202502655. 
157. Wang, W.,  Chen, Y.,  Xiao, C.,  Xiao, S.,  Wang, C.,  Nie, Q.,  Xu, P.,  Chen, J.,  You, R.,  
Zhang, G., et al., Flexible SERS wearable sensor based on nanocomposite hydrogel for detection of 
metabolites and pH in sweat. Chemical Engineering Journal,  474, 145953 (2023). 
https://doi.org/10.1016/j.cej.2023.145953. 
158. Wang, C.,  He, A.,  Han, G.,  Veronica, A.,  Wang, X. and Nyein, H. Y. Y., An Ultrastable 
Wearable Electrochemical Sensor for Prolonged Monitoring of Electrolyte Loss and Hydration. ACS 
Sensors,  10, 4954-4962 (2025). http://doi.org/10.1021/acssensors.5c00691. 
159. Khosravi, S.,  Soltanian, S.,  Servati, A.,  Khademhosseini, A.,  Zhu, Y. and Servati, P., Screen-
Printed Textile-Based Electrochemical Biosensor for Noninvasive Monitoring of Glucose in Sweat. 
Biosensors,  13, 684 (2023). http://doi.org/10.3390/bios13070684. 

Page 38 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1016/j.talanta.2026.129778
https://doi.org/10.1016/j.mser.2023.100734
https://doi.org/10.1002/mame.202100345
http://doi.org/10.1021/acs.analchem.4c00960
http://doi.org/10.3390/mi15121433
http://doi.org/10.1039/D4LC00407H
https://doi.org/10.1016/j.desal.2023.116841
http://doi.org/10.1109/TIM.2022.3225014
http://doi.org/10.1038/s41528-020-0068-y
http://doi.org/10.1038/s41528-020-0068-y
https://doi.org/10.1016/j.coelec.2020.03.008
https://doi.org/10.1002/adma.202209906
https://doi.org/10.1016/j.snb.2023.134135
https://doi.org/10.1002/smll.202502655
https://doi.org/10.1016/j.cej.2023.145953
http://doi.org/10.1021/acssensors.5c00691
http://doi.org/10.3390/bios13070684


For Review Only

160. Gao, M.,  Zhang, X.,  Li, S.,  Gao, H.,  Li, X.,  Xu, D. and Xu, L., Boric acid-functionalized 
PANI-ABA/PA hydrogel-based flexible pH sensor for real-time sweat monitoring. Analytica Chimica 
Acta,  1362, 344188 (2025). https://doi.org/10.1016/j.aca.2025.344188. 
161. Raymundo-Pereira, P. A.,  Gomes, N. O.,  Machado, S. A. S. and Oliveira, O. N., Wearable 
glove-embedded sensors for therapeutic drug monitoring in sweat for personalized medicine. Chemical 
Engineering Journal,  435, 135047 (2022). https://doi.org/10.1016/j.cej.2022.135047. 
162. Li, Q.-F.,  Chen, X.,  Wang, H.,  Liu, M. and Peng, H.-L., Pt/MXene-Based Flexible Wearable 
Non-Enzymatic Electrochemical Sensor for Continuous Glucose Detection in Sweat. ACS Applied 
Materials & Interfaces,  15, 13290-13298 (2023). http://doi.org/10.1021/acsami.2c20543. 
163. Ece, E.,  Ölmez, K.,  Hacıosmanoğlu, N.,  Atabay, M. and Inci, F., Advancing 3D printed 
microfluidics with computational methods for sweat analysis. Microchimica Acta,  191, 162 (2024). 
http://doi.org/10.1007/s00604-024-06231-5. 
164. Mwaurah, M. M.,  Vinoth, R.,  Nakagawa, T.,  Mathiyarasu, J. and Mohan, A. M. V., A 
Neckband-Integrated Soft Microfluidic Biosensor for Sweat Glucose Monitoring. ACS Applied Nano 
Materials,  7, 17017-17028 (2024). http://doi.org/10.1021/acsanm.4c03164. 
165. Liang, B.,  Cao, Q.,  Mao, X.,  Pan, W.,  Tu, T.,  Fang, L. and Ye, X., An Integrated Paper-Based 
Microfluidic Device for Real-Time Sweat Potassium Monitoring. IEEE Sensors Journal,  21, 9642-9648 
(2021). http://doi.org/10.1109/JSEN.2020.3009327. 
166. Nah, J. S.,  Barman, S. C.,  Zahed, M. A.,  Sharifuzzaman, M.,  Yoon, H.,  Park, C.,  Yoon, S.,  
Zhang, S. and Park, J. Y., A wearable microfluidics-integrated impedimetric immunosensor based on 
Ti3C2Tx MXene incorporated laser-burned graphene for noninvasive sweat cortisol detection. Sensors 
and Actuators B: Chemical,  329, 129206 (2021). https://doi.org/10.1016/j.snb.2020.129206. 
167. Berkheimer, Z. A.,  Tahir, A.,  Nordin, G. P.,  Paixão, T. R. L. C.,  Woolley, A. T.,  do 
Nascimento, G. H. M.,  de Araujo, W. R. and Pradela-Filho, L. A., Extruded filament electrodes for 
lactate biosensing in continuous-injection paper-based microfluidic devices. Biosensors and 
Bioelectronics,  278, 117390 (2025). https://doi.org/10.1016/j.bios.2025.117390. 
168. Zhao, Y.,  Jiang, S.,  Cai, G.,  Wang, L.,  Zhao, J. and Feng, S., A programmable magnetic digital 
microfluidic platform integrated with electrochemical detection system. Microsystems & 
Nanoengineering,  11, 82 (2025). http://doi.org/10.1038/s41378-025-00914-6. 
169. Mei, X.,  Yang, J.,  Liu, J. and Li, Y., Wearable, nanofiber-based microfluidic systems with 
integrated electrochemical and colorimetric sensing arrays for multiplex sweat analysis. Chemical 
Engineering Journal,  454, 140248 (2023). https://doi.org/10.1016/j.cej.2022.140248. 
170. Wang, C.,  Zhang, Y.,  Liu, Y.,  Zeng, X.,  Jin, C.,  Huo, D.,  Hou, J. and Hou, C., A wearable 
flexible electrochemical biosensor with CuNi-MOF@rGO modification for simultaneous detection of uric 
acid and dopamine in sweat. Analytica Chimica Acta,  1299, 342441 (2024). 
https://doi.org/10.1016/j.aca.2024.342441. 
171. Xu, Z.,  Qiao, X.,  Tao, R.,  Li, Y.,  Zhao, S.,  Cai, Y. and Luo, X., A wearable sensor based on 
multifunctional conductive hydrogel for simultaneous accurate pH and tyrosine monitoring in sweat. 
Biosensors and Bioelectronics,  234, 115360 (2023). https://doi.org/10.1016/j.bios.2023.115360. 
172. Shen, Y.,  Chai, S.,  Zhang, Q.,  Zhang, M.,  Mao, X.,  Wei, L.,  Zhou, F.,  Sun, R. and Liu, C., 
PVF composite conductive nanofibers-based organic electrochemical transistors for lactate detection in 
human sweat. Chemical Engineering Journal,  475, 146008 (2023). 
https://doi.org/10.1016/j.cej.2023.146008. 
173. Arwani, R. T.,  Tan, S. C. L.,  Sundarapandi, A.,  Goh, W. P.,  Liu, Y.,  Leong, F. Y.,  Yang, W.,  
Zheng, X. T.,  Yu, Y.,  Jiang, C., et al., Stretchable ionic–electronic bilayer hydrogel electronics enable in 
situ detection of solid-state epidermal biomarkers. Nature Materials,  23, 1115-1122 (2024). 
http://doi.org/10.1038/s41563-024-01918-9. 
174. Li, M.,  Wang, L.,  Liu, R.,  Li, J.,  Zhang, Q.,  Shi, G.,  Li, Y.,  Hou, C. and Wang, H., A highly 
integrated sensing paper for wearable electrochemical sweat analysis. Biosensors and Bioelectronics,  
174, 112828 (2021). https://doi.org/10.1016/j.bios.2020.112828. 

Page 39 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1016/j.aca.2025.344188
https://doi.org/10.1016/j.cej.2022.135047
http://doi.org/10.1021/acsami.2c20543
http://doi.org/10.1007/s00604-024-06231-5
http://doi.org/10.1021/acsanm.4c03164
http://doi.org/10.1109/JSEN.2020.3009327
https://doi.org/10.1016/j.snb.2020.129206
https://doi.org/10.1016/j.bios.2025.117390
http://doi.org/10.1038/s41378-025-00914-6
https://doi.org/10.1016/j.cej.2022.140248
https://doi.org/10.1016/j.aca.2024.342441
https://doi.org/10.1016/j.bios.2023.115360
https://doi.org/10.1016/j.cej.2023.146008
http://doi.org/10.1038/s41563-024-01918-9
https://doi.org/10.1016/j.bios.2020.112828


For Review Only

175. Van Hoovels, K.,  Xuan, X.,  Cuartero, M.,  Gijssel, M.,  Swarén, M. and Crespo, G. A., Can 
Wearable Sweat Lactate Sensors Contribute to Sports Physiology? ACS Sensors,  6, 3496-3508 (2021). 
http://doi.org/10.1021/acssensors.1c01403. 
176. Zhu, D. D.,  Tan, Y. R.,  Zheng, L. W.,  Lao, J. Z.,  Liu, J. Y.,  Yu, J. and Chen, P., Microneedle-
Coupled Epidermal Sensors for In-Situ-Multiplexed Ion Detection in Interstitial Fluids. ACS Applied 
Materials & Interfaces,  15, 14146-14154 (2023). http://doi.org/10.1021/acsami.3c00573. 
177. Aroche, A. F.,  Nissan, H. E. and Daniele, M. A., Hydrogel-Forming Microneedles and 
Applications in Interstitial Fluid Diagnostic Devices. Advanced Healthcare Materials,  14, 2401782 
(2025). https://doi.org/10.1002/adhm.202401782. 
178. Samant, P. P. and Prausnitz, M. R., Mechanisms of sampling interstitial fluid from skin using a 
microneedle patch. Proceedings of the National Academy of Sciences,  115, 4583-4588 (2018). 
http://doi.org/10.1073/pnas.1716772115. 
179. Rajendiran, V.,  Kim, D. H.,  Krishnakumar, A.,  Dhivya, P.,  Tsuchiya, K.,  Sunami, Y. and 
Mani, G. K., Cleanroom-Free Fabrication of Flexible Microneedle Array Patches for Minimally Invasive 
Monitoring of Dopamine. Journal of Electronic Materials,  53, 6243-6249 (2024). 
http://doi.org/10.1007/s11664-024-11338-9. 
180. Pu, Z.,  Zhang, X.,  Yu, H.,  Tu, J.,  Chen, H.,  Liu, Y.,  Su, X.,  Wang, R.,  Zhang, L. and Li, D., 
A thermal activated and differential self-calibrated flexible epidermal biomicrofluidic device for wearable 
accurate blood glucose monitoring. Science Advances,  7, eabd0199 (2021). 
http://doi.org/10.1126/sciadv.abd0199. 
181. Heikenfeld, J.,  Jajack, A.,  Feldman, B.,  Granger, S. W.,  Gaitonde, S.,  Begtrup, G. and 
Katchman, B. A., Accessing analytes in biofluids for peripheral biochemical monitoring. Nature 
Biotechnology,  37, 407-419 (2019). http://doi.org/10.1038/s41587-019-0040-3. 
182. Yang, Y.,  Sheng, C.,  Dong, F. and Liu, S., An integrated wearable differential microneedle array 
for continuous glucose monitoring in interstitial fluids. Biosensors and Bioelectronics,  256, 116280 
(2024). https://doi.org/10.1016/j.bios.2024.116280. 
183. Le, Z.,  Yu, J.,  Quek, Y. J.,  Bai, B.,  Li, X.,  Shou, Y.,  Myint, B.,  Xu, C. and Tay, A., Design 
principles of microneedles for drug delivery and sampling applications. Materials Today,  63, 137-169 
(2023). https://doi.org/10.1016/j.mattod.2022.10.025. 
184. Dixon, R. V.,  Skaria, E.,  Lau, W. M.,  Manning, P.,  Birch-Machin, M. A.,  Moghimi, S. M. and 
Ng, K. W., Microneedle-based devices for point-of-care infectious disease diagnostics. Acta 
Pharmaceutica Sinica B,  11, 2344-2361 (2021). https://doi.org/10.1016/j.apsb.2021.02.010. 
185. García-Guzmán, J. J.,  Pérez-Ràfols, C.,  Cuartero, M. and Crespo, G. A., Microneedle based 
electrochemical (Bio)Sensing: Towards decentralized and continuous health status monitoring. TrAC 
Trends in Analytical Chemistry,  135, 116148 (2021). https://doi.org/10.1016/j.trac.2020.116148. 
186. Zhang, S.,  Meng, S.,  Tan, R.,  Zhang, K.,  Wang, Z.,  Xu, X.,  Zhi, C.,  Liang, X. and Hu, J., 
Wireless, Multisensor Integrated Bioelectronics for Real-Time Monitoring and Assessment of Muscle 
Atrophy. Nano Letters,  25, 4187-4195 (2025). http://doi.org/10.1021/acs.nanolett.4c05245. 
187. Das, R.,  Istif, E.,  Cebecioglu, R.,  Ali, M.,  Atik, Y.,  Dağ, Ç.,  Celikbas, E.,  Demirci, G.,  Acar, 
F.,  Hasanreisoğlu, M., et al., Microneedles with Interdigitated Electrodes for In Situ Impedimetric VEGF 
Sensing. Advanced Materials Interfaces,  12, 2400789 (2025). https://doi.org/10.1002/admi.202400789. 
188. Tong, X.,  Jiang, T.,  Yang, J.,  Song, Y.,  Ao, Q.,  Tang, J. and Zhang, L., Continuous glucose 
monitoring (CGM) system based on protein hydrogel anti-biofouling coating for long-term accurate and 
point-of-care glucose monitoring. Biosensors and Bioelectronics,  277, 117307 (2025). 
https://doi.org/10.1016/j.bios.2025.117307. 
189. Zhang, S.,  Liu, J.,  Li, M.,  Zeng, Y. and Xu, T., Microsampling and exosome-enriched optical 
biochip for non-invasive detection of breast cancer exosomes in clinical human tear fluid. Biosensors and 
Bioelectronics,  282, 117507 (2025). https://doi.org/10.1016/j.bios.2025.117507. 
190. Ponzini, E.,  Santambrogio, C.,  De Palma, A.,  Mauri, P.,  Tavazzi, S. and Grandori, R., Mass 
spectrometry-based tear proteomics for noninvasive biomarker discovery. Mass Spectrometry Reviews,  
41, 842-860 (2022). https://doi.org/10.1002/mas.21691. 

Page 40 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

http://doi.org/10.1021/acssensors.1c01403
http://doi.org/10.1021/acsami.3c00573
https://doi.org/10.1002/adhm.202401782
http://doi.org/10.1073/pnas.1716772115
http://doi.org/10.1007/s11664-024-11338-9
http://doi.org/10.1126/sciadv.abd0199
http://doi.org/10.1038/s41587-019-0040-3
https://doi.org/10.1016/j.bios.2024.116280
https://doi.org/10.1016/j.mattod.2022.10.025
https://doi.org/10.1016/j.apsb.2021.02.010
https://doi.org/10.1016/j.trac.2020.116148
http://doi.org/10.1021/acs.nanolett.4c05245
https://doi.org/10.1002/admi.202400789
https://doi.org/10.1016/j.bios.2025.117307
https://doi.org/10.1016/j.bios.2025.117507
https://doi.org/10.1002/mas.21691


For Review Only

191. Ma, X.,  Ahadian, S.,  Liu, S.,  Zhang, J.,  Liu, S.,  Cao, T.,  Lin, W.,  Wu, D.,  de Barros, N. R.,  
Zare, M. R., et al., Smart Contact Lenses for Biosensing Applications. Advanced Intelligent Systems,  3, 
2000263 (2021). https://doi.org/10.1002/aisy.202000263. 
192. Bai, W.,  Yu, X.,  Li, Q.,  Tan, H.,  Ma, K.,  Bai, H.,  Li, S.,  Hu, J.,  Yao, Y.,  Zhuang, W., et al., 
Recent advances in the study of tear biomarkers and contact lens-based biosensors. Chemical Engineering 
Journal,  499, 156540 (2024). https://doi.org/10.1016/j.cej.2024.156540. 
193. Kim, J.,  Kim, M.,  Lee, M.-S.,  Kim, K.,  Ji, S.,  Kim, Y.-T.,  Park, J.,  Na, K.,  Bae, K.-H.,  Kyun 
Kim, H., et al., Wearable smart sensor systems integrated on soft contact lenses for wireless ocular 
diagnostics. Nature Communications,  8, 14997 (2017). http://doi.org/10.1038/ncomms14997. 
194. Patra, D. C. and Mondal, S. P., Paper-based Electrochemical Sensor Integrated with Gold 
Nanoparticle-Decorated Carbon Cloth as a Working Electrode for Nitric Oxide Detection in Artificial 
Tears. ACS Applied Bio Materials,  7, 5247-5257 (2024). http://doi.org/10.1021/acsabm.4c00425. 
195. Mukundan, G. and Badhulika, S., Nickel-cobalt metal-organic frameworks based flexible 
hydrogel as a wearable contact lens for electrochemical sensing of urea in tear samples. Microchimica 
Acta,  191, 252 (2024). https://doi.org/10.1007/s00604-024-06339-8. 
196. Liu, X.,  Song, J.,  Yin, B.,  Jiang, T.,  Pang, H.,  Yang, L. and Wu, S., A powerless, gas-
permeable, flexible and transparent carbon micromesh electrode for simultaneous ascorbic acid detection 
and pH monitoring. Materials Today Chemistry,  26, 101236 (2022). 
https://doi.org/10.1016/j.mtchem.2022.101236. 
197. Mirzajani, H.,  Istif, E.,  Abbasiasl, T.,  Mirlou, F.,  Özkahraman, E. E.,  Hasanreisoglu, M. and 
Beker, L., Femtosecond Laser Ablation Assisted NFC Antenna Fabrication for Smart Contact Lenses. 
Advanced Materials Technologies,  7, 2101629 (2022). https://doi.org/10.1002/admt.202101629. 
198. Chen, W.,  Chen, S.,  Zhao, X.,  Yang, L.,  Zhao, Y.,  Wei, R. and Wu, J., Kirigami Design Smart 
Contact Lens for Highly Sensitive Eyelid Pressure Measurement. ACS Sensors,  10, 814-824 (2025). 
https://doi.org/10.1021/acssensors.4c02361. 
199. Kim, T. Y.,  Shin, S.,  Choi, H.,  Jeong, S. H.,  Myung, D. and Hahn, S. K., Smart Contact Lenses 
with a Transparent Silver Nanowire Strain Sensor for Continuous Intraocular Pressure Monitoring. ACS 
Applied Bio Materials,  4, 4532-4541 (2021). https://doi.org/10.1021/acsabm.1c00267. 
200. Cardoso, A. G.,  Viltres, H.,  Ortega, G. A.,  Phung, V.,  Grewal, R.,  Mozaffari, H.,  Ahmed, S. 
R.,  Rajabzadeh, A. R. and Srinivasan, S., Electrochemical sensing of analytes in saliva: Challenges, 
progress, and perspectives. TrAC Trends in Analytical Chemistry,  160, 116965 (2023). 
https://doi.org/10.1016/j.trac.2023.116965. 
201. Kuwabara, H.,  Katsumata, K.,  Iwabuchi, A.,  Udo, R.,  Tago, T.,  Kasahara, K.,  Mazaki, J.,  
Enomoto, M.,  Ishizaki, T.,  Soya, R., et al., Salivary metabolomics with machine learning for colorectal 
cancer detection. Cancer Science,  113, 3234-3243 (2022). https://doi.org/10.1111/cas.15472. 
202. Linh, V. T. N.,  Kim, H.,  Lee, M.-Y.,  Mun, J.,  Kim, Y.,  Jeong, B.-H.,  Park, S.-G.,  Kim, D.-H.,  
Rho, J. and Jung, H. S., 3D plasmonic hexaplex paper sensor for label-free human saliva sensing and 
machine learning-assisted early-stage lung cancer screening. Biosensors and Bioelectronics,  244, 115779 
(2024). https://doi.org/10.1016/j.bios.2023.115779. 
203. Lim, H.-R.,  Lee, S. M.,  Mahmood, M.,  Kwon, S.,  Kim, Y.-S.,  Lee, Y. and Yeo, W.-H., 
Development of Flexible Ion-Selective Electrodes for Saliva Sodium Detection. Sensors,  21, 1642 
(2021). https://doi.org/10.3390/s21051642. 
204. Marra, M. C.,  Rocha, R. G.,  Souza, M. M. C.,  Richter, E. M. and Muñoz, R. A. A., Fast 
electrochemical treatment of graphite sheet flexible electrodes towards improved morphine detection in 
biological samples. Electrochimica Acta,  521, 145894 (2025). 
https://doi.org/10.1016/j.electacta.2025.145894. 
205. Huang, W.,  Xu, Y.,  Yang, Y.,  Sun, J.,  Hu, M.,  Hao, F. and Xiao, F., Wearable Sensor for 
Continuous Monitoring Multiple Biofluids: Improved Performances by Conductive Metal-Organic 
Framework with Dual-Redox Sites on Flexible Graphene Fiber Microelectrode. Advanced Functional 
Materials,  35, 2424018 (2025). https://doi.org/10.1002/adfm.202424018. 

Page 41 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1002/aisy.202000263
https://doi.org/10.1016/j.cej.2024.156540
http://doi.org/10.1038/ncomms14997
http://doi.org/10.1021/acsabm.4c00425
https://doi.org/10.1007/s00604-024-06339-8
https://doi.org/10.1016/j.mtchem.2022.101236
https://doi.org/10.1002/admt.202101629
https://doi.org/10.1021/acssensors.4c02361
https://doi.org/10.1021/acsabm.1c00267
https://doi.org/10.1016/j.trac.2023.116965
https://doi.org/10.1111/cas.15472
https://doi.org/10.1016/j.bios.2023.115779
https://doi.org/10.3390/s21051642
https://doi.org/10.1016/j.electacta.2025.145894
https://doi.org/10.1002/adfm.202424018


For Review Only

206. Zhang, W.,  Liu, X.,  Lin, Y.,  Ma, L.,  Kong, L.,  Min, G.,  Wu, R.,  Mengane, S. K.,  Yang, L.,  
Patil, A. B., et al., Palladium nanoparticles/wool keratin-assisted carbon composite-modified flexible and 
disposable electrochemical solid-state pH sensor. Chinese Physics B,  31, 028201 (2022). 
https://doi.org/10.1088/1674-1056/ac3ca9. 
207. Oliveira, I. G. S.,  Gallina, F. C.,  da Silva, A. P.,  da Silva, A. C.,  Bimbi Júnior, F. E.,  de 
Carvalho, A. E.,  Lanza, M. R. V.,  Martelli, S. M. and Barros, W. R. P., Disposable and flexible screen-
printed-carbon electrode modified with Au/poly-beta-cyclodextrin as electrochemical platform for estriol 
detection. Microchemical Journal,  206, 111521 (2024). https://doi.org/10.1016/j.microc.2024.111521. 
208. Waddington, R. J.,  Moseley, R. and Embery, G., Periodontal Disease Mechanisms: Reactive 
oxygen species: a potential role in the pathogenesis of periodontal diseases. Oral Diseases,  6, 138-151 
(2000). https://doi.org/10.1111/j.1601-0825.2000.tb00325.x. 
209. Zheng, X.,  Zhang, F.,  Wang, K.,  Zhang, W.,  Li, Y.,  Sun, Y.,  Sun, X.,  Li, C.,  Dong, B.,  
Wang, L., et al., Smart biosensors and intelligent devices for salivary biomarker detection. TrAC Trends 
in Analytical Chemistry,  140, 116281 (2021). https://doi.org/10.1016/j.trac.2021.116281. 
210. Xu, C.,  Song, Y.,  Sempionatto, J. R.,  Solomon, S. A.,  Yu, Y.,  Nyein, H. Y. Y.,  Tay, R. Y.,  
Li, J.,  Heng, W.,  Min, J., et al., A physicochemical-sensing electronic skin for stress response 
monitoring. Nature Electronics,  7, 168-179 (2024). https://doi.org/10.1038/s41928-023-01116-6. 
211. Sharma, A.,  Wulff, A.,  Thomas, A. and Sonkusale, S., Ultrasensitive electrochemical sensor for 
detection of salivary cortisol in stress conditions. Microchimica Acta,  191, 103 (2024). 
https://doi.org/10.1007/s00604-023-06169-0. 
212. Varkevisser, M.,  Van Dongen, H. P. A. and Kerkhof, G. A., Physiologic Indexes in Chronic 
Insomnia During a Constant Routine: Evidence for General Hyperarousal? Sleep,  28, 1588-1596 (2005). 
https://doi.org/10.1093/sleep/28.12.1588. 
213. Huang, Z.,  Chen, H.,  Ye, H.,  Chen, Z.,  Jaffrezic-Renault, N. and Guo, Z., An ultrasensitive 
aptamer-antibody sandwich cortisol sensor for the noninvasive monitoring of stress state. Biosensors and 
Bioelectronics,  190, 113451 (2021). https://doi.org/10.1016/j.bios.2021.113451. 
214. Sasaki, Y.,  Zhang, Y.,  Fan, H.,  Ohshiro, K.,  Zhou, Q.,  Tang, W.,  Lyu, X. and Minami, T., 
Accurate cortisol detection in human saliva by an extended-gate-type organic transistor functionalized 
with a molecularly imprinted polymer. Sensors and Actuators B: Chemical,  382, 133458 (2023). 
https://doi.org/10.1016/j.snb.2023.133458. 
215. Bartlett, C.-A.,  Taylor, S.,  Fernandez, C.,  Wanklyn, C.,  Burton, D.,  Enston, E.,  
Raniczkowska, A.,  Black, M. and Murphy, L., Disposable screen printed sensor for the electrochemical 
detection of methamphetamine in undiluted saliva. Chemistry Central Journal,  10, 3 (2016). 
http://doi.org/10.1186/s13065-016-0147-2. 
216. Ursem, R. F. R.,  Steijlen, A.,  Parrilla, M.,  Bastemeijer, J.,  Bossche, A. and De Wael, K., Worth 
your sweat: wearable microfluidic flow rate sensors for meaningful sweat analytics. Lab on a Chip,  25, 
1296-1315 (2025). http://doi.org/10.1039/D4LC00927D. 
217. Peringeth, K.,  Ganguly, A.,  Pal, A.,  Roy Chowdhury, J.,  Kaswan, K.,  Ho, H.-Y.,  Yu, J.-H.,  
Kao, F.-C. and Lin, Z.-H., Self-powered microfluidic-based sensor for noninvasive sweat analysis. 
Sensors and Actuators B: Chemical,  423, 136859 (2025). https://doi.org/10.1016/j.snb.2024.136859. 
218. Xu, C.,  Song, Y.,  Han, M. and Zhang, H., Portable and wearable self-powered systems based on 
emerging energy harvesting technology. Microsystems & Nanoengineering,  7, 25 (2021). 
http://doi.org/10.1038/s41378-021-00248-z. 
219. Tang, W.,  Sun, Q. and Wang, Z. L., Self-Powered Sensing in Wearable Electronics─A Paradigm 
Shift Technology. Chemical Reviews,  123, 12105-12134 (2023). 
http://doi.org/10.1021/acs.chemrev.3c00305. 
220. Lazaro, A.,  Villarino, R.,  Lazaro, M.,  Canellas, N.,  Prieto-Simon, B. and Girbau, D., Recent 
Advances in Batteryless NFC Sensors for Chemical Sensing and Biosensing. Biosensors,  13, 775 (2023). 
https://doi.org/10.3390/bios13080775. 

Page 42 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1088/1674-1056/ac3ca9
https://doi.org/10.1016/j.microc.2024.111521
https://doi.org/10.1111/j.1601-0825.2000.tb00325.x
https://doi.org/10.1016/j.trac.2021.116281
https://doi.org/10.1038/s41928-023-01116-6
https://doi.org/10.1007/s00604-023-06169-0
https://doi.org/10.1093/sleep/28.12.1588
https://doi.org/10.1016/j.bios.2021.113451
https://doi.org/10.1016/j.snb.2023.133458
http://doi.org/10.1186/s13065-016-0147-2
http://doi.org/10.1039/D4LC00927D
https://doi.org/10.1016/j.snb.2024.136859
http://doi.org/10.1038/s41378-021-00248-z
http://doi.org/10.1021/acs.chemrev.3c00305
https://doi.org/10.3390/bios13080775


For Review Only

221. Cernat, A.,  Groza, A.,  Tertis, M.,  Feier, B.,  Hosu-Stancioiu, O. and Cristea, C., Where artificial 
intelligence stands in the development of electrochemical sensors for healthcare applications-A review. 
TrAC Trends in Analytical Chemistry,  181, 117999 (2024). https://doi.org/10.1016/j.trac.2024.117999. 
222. Bocan, A.,  Siavash Moakhar, R.,  del Real Mata, C.,  Petkun, M.,  De Iure-Grimmel, T.,  Yedire, 
S. G.,  Shieh, H.,  Khorrami Jahromi, A.,  Mahshid, S. S. and Mahshid, S., Machine-Learning-Aided 
Advanced Electrochemical Biosensors. Advanced Materials,  37, 2417520 (2025). 
https://doi.org/10.1002/adma.202417520. 
223. Sankhala, D.,  Sardesai, A. U.,  Pali, M.,  Lin, K.-C.,  Jagannath, B.,  Muthukumar, S. and Prasad, 
S., A machine learning-based on-demand sweat glucose reporting platform. Scientific Reports,  12, 2442 
(2022). https://doi.org/10.1038/s41598-022-06434-x. 
224. Shahub, S.,  Upasham, S.,  Ganguly, A. and Prasad, S., Machine learning guided electrochemical 
sensor for passive sweat cortisol detection. Sensing and Bio-Sensing Research,  38, 100527 (2022). 
https://doi.org/10.1016/j.sbsr.2022.100527. 

 

Page 43 of 43

https://mc04.manuscriptcentral.com/ecssp-ecs

ECS Sensors Plus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t

https://doi.org/10.1016/j.trac.2024.117999
https://doi.org/10.1002/adma.202417520
https://doi.org/10.1038/s41598-022-06434-x
https://doi.org/10.1016/j.sbsr.2022.100527

